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The accepted role of the protein Kv2.1 in arterial smooth muscle
cells is to form K* channels in the sarcolemma. Opening of Kv2.1
channels causes membrane hyperpolarization, which decreases
the activity of L-type Cay1.2 channels, lowering intracellular Ca?*
(ICa?*];) and causing smooth muscle relaxation. A limitation of this
model is that it is based exclusively on data from male arterial
myocytes. Here, we used a combination of electrophysiology as
well as imaging approaches to investigate the role of Kv2.1 chan-
nels in male and female arterial myocytes. We confirmed that Kv2.1
plays a canonical conductive role but found it also has a structural
role in arterial myocytes to enhance clustering of Cay1.2 channels.
Less than 1% of Kv2.1 channels are conductive and induce mem-
brane hyperpolarization. Paradoxically, by enhancing the structural
clustering and probability of Cay1.2-Cay1.2 interactions within these
clusters, Kv2.1 increases Ca®* influx. These functional impacts of
Kv2.1 depend on its level of expression, which varies with sex. In
female myocytes, where expression of Kv2.1 protein is higher than
in male myocytes, Kv2.1 has conductive and structural roles. Female
myocytes have larger Cay1.2 clusters, larger [Ca**];, and larger myo-
genic tone than male myocytes. In contrast, in male myocytes, Kv2.1
channels regulate membrane potential but not Cay1.2 channel clus-
tering. We propose a model in which Kv2.1 function varies with sex:
in males, Kv2.1 channels control membrane potential but, in female
myocytes, Kv2.1 plays dual electrical and Cay1.2 clustering roles.
This contributes to sex-specific regulation of excitability, [Ca®*];
and myogenic tone in arterial myocytes.

voltage-gated calcium channels | voltage-gated potassium channels |
calcium channel clustering

he smooth muscle cells lining the walls of small resistance

arteries and arterioles contract in response to increases in
intravascular pressure (1). Due to its important role in regulating
blood pressure, the molecular and biophysical mechanisms un-
derlying this myogenic response have been the subject of intense
investigation for decades. This work has led to the formulation of
a model in which the myogenic response is initiated when membrane
stretch activates Na*-permeable canonical TRPC6, melastatin-type
TRPM4, and TRPP1 (PKD2) channels (24). The opening of these
channels depolarizes arterial smooth muscle cells, thereby activating
voltage-gated, dihydropyridine-sensitive L-type Cayl.2 Ca**
channels. Ca** influx through Cay1.2 channels causes a local
elevation in intracellular free Ca** ([Ca®'];) called a “Cay1.2
sparklet” (5-7). The simultaneous activation of multiple Cay1.2
sparklets produces a global increase in [Ca®*]; that triggers
contraction.

A salient property of Cay1.2 channels is their intrinsic ability
to form clusters via a stochastic self-assembly mechanism (8).
Channels within these clusters undergo functional coupling in
response to local elevations in [Ca**]; (9-11). Coupled gating of
clustered Cay 1.2 channels is dynamic and involves cytoplasmic C
tail-C tail interactions initiated by Ca®* binding to calmodulin
(11, 12). The consequence of Cay1.2 channel coupling is that it
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allows more Ca®" influx than random openings of independently
gating channels. Coupled gating of Cay1.2 channels accounts for
~50% of Ca** influx in arterial smooth muscle (7). At present,
however, the mechanisms controlling clustering of Cay1.2 chan-
nels are unknown.

Negative feedback regulation of Ca®* influx via Cay1.2 channels
occurs through the activation of voltage-dependent Kv2.1 and
Kvl.5 K* channels as well as large-conductance, Ca**-activated
K* (BK) channels (13-15). In cerebral arterial myocytes, Kv2.1
associates with “silent” Kv9.3 subunits in heteromeric complexes.
This association has important physiological consequences, as it
results in hyperpolarizing shifts in the voltage-dependent activation
of Kv2.1 currents, making Kv2.1/Kv9.3 channel currents the pre-
dominant K* conductance determining membrane potential over
the lower physiological range of intravascular pressures (40 to 80
mmHg) (16). Acute pharmacological blockade or knockdown of
Kv2.1 eliminates a substantial component of delayed rectifier
current in arterial myocytes, suggesting that Kv2.1 channels are
activated by membrane depolarization and conduct K* in these
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cells (14, 16-19). Accordingly, acute inhibition of Kv2.1 with
stromatoxin 1 (ScTx1) caused constriction in rat cerebral artery
smooth muscle (14).

Intriguingly, almost all plasma membrane Kv2.1 channels are
nonconductive in heterologous cells (20-22). If also true for
native cells, it would raise an important but difficult question:
What is the function of these nonconductive Kv2.1 channels?
Recent studies suggest a potential answer to this question. Like
Cay1.2 channels, Kv2.1 channels are expressed in clusters in the
surface membrane of neurons and mammalian heterologous
expression systems (23-29). Importantly, Vierra et al. (30) re-
cently showed that clustered Kv2.1 colocalizes with Cay1.2
channels and that coexpression with Kv2.1 translates into an
increase in the cluster size and activity of coexpressed Cay1.2
channels in both HEK-293 cells and hippocampal neurons. In
smooth muscle cells, Cay1.2 clustering is critical for functional
coupling and the development of myogenic tone (6, 7). It is
currently unknown whether Kv2.1 channels have similar roles in
smooth muscle to regulate Cayl1.2 channel clustering and
hence function.

Here, we tested the hypothesis that Kv2.1 channels have dual
conducting and structural roles in arterial smooth muscle. Our
data challenge the conventional view that Kv2.1 has solely a
conductive role in arterial myocytes. Rather, our data support
our hypothesis that in arterial myocytes, Kv2.1 plays both con-
ductive and structural roles with opposing functional conse-
quences. Conductive Kv2.1 channels oppose vasoconstriction by
inducing membrane hyperpolarization. Paradoxically, by pro-
moting the structural clustering of the Cay1.2 channel, Kv2.1
enhances Ca®* influx and induces vasoconstriction. We found
that Kv2.1 protein is expressed to a larger extent in female than
in male arterial smooth muscle. Sex-specific disparities in Kv2.1
expression shift the balance between the membrane hyperpo-
larization and Ca®* entry actions of Kv2.1, leading to differences
in the regulation of membrane potential, [Ca®*];, and myogenic
tone between males and female arterial myocytes.

Results

Sexual Dimorphism in the Expression of Kv2.1 Channels in Arterial
Smooth Muscle. We began our study by recording voltage-gated
K* (Ix) currents elicited in response to 500-ms depolarizations to
voltages ranging from —50 to +50 mV in male and female
mesenteric artery smooth muscle cells (S Appendix, Fig. S1). In
these cells, Ix currents are produced by the opening of Kv and
BK channels. To quantify the contribution of Kv (Ix,) and BK
(Igk) currents to Ig, K* currents were recorded before and after
the application of the specific BK channel blocker iberiotoxin
(IBTX; 100 nM). Accordingly, we identified Igk as the IBTX-
sensitive component of composite K* currents. IBTX-insensitive
currents are produced by Kv channels (i.e., Ixy). SI Appendix,
Fig. S14 shows Ik, Ixy, and Igx currents from representative
wild-type (WT) female and male mesenteric myocytes. Note that
Ik tended to be larger in female than in male myocytes (SI Ap-
pendix, Fig. S1B). This was due to larger Ik, (SI Appendix, Fig.
S1C), but not Ik, in female myocytes (SI Appendix, Fig. S1D).

We sought to determine whether these differences in I, were
associated with variations in Kv2.1 channel activity. To do this,
we recorded Ix in male and female WT and Kv2.1-null
(Kv2.177) myocytes before and after the application of the
Kv2.1 blocker ScTx1 (100 nM) (14) in the sustained presence of
IBTX (100 nM) (Fig. 14). Kv2.1 currents (Iky2.1) were evoked by
500-ms steps to voltages ranging from —50 to +50 mV. In con-
cordance with the Ik, data above, Ik, were about 60% smaller
in male than in female WT m}focytes. ScTx1-sensitive currents
were never observed in Kv2.17"~ myocytes (Fig. 1B).

Next, we determined Kv2.1 protein expression levels in male
and female mesenteric arteries (Fig. 1 C and D). Immunoblots of
WT arteries showed prominent bands at 110 kDa, the expected
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Fig. 1. Female mesenteric myocytes express more Kv2.1 protein and have
larger ionic Kv2.1 currents than male myocytes. (A) Igy2.1 records (+50 mV)
from representative WT and Kv2.1™~ male and female smooth muscle cells.
Ikva2.1 traces were obtained by subtracting the currents after the application
of ScTx1 from control currents (i.e., I). (B) Current-voltage relationship of
Ik2.1. (C) Images of immunoblots of Kv2.1 and p-actin using WT and Kv2.17/~
mesenteric arteries. (D) The bar plot shows the intensities of the Kv2.1 band
in all arteries examined. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Error bars indicate mean + SEM.

molecular mass of Kv2.1 (19, 31). This band was absent in lysates
obtained from Kv2.17'~ arteries. Interestingly, the intensity of
the Kv2.1 band in the immunoblots was 45 + 5% higher in WT
female versus male arteries, suggesting sex-specific differences in
the expression of this channel protein. Consistent with the
electrophysiological data (Fig. 14 and SI Appendix, Fig. S1), we
found that Kvl1.5, a major contributor to the ScTx1-insensitive
component of Ix (15), and BK channel protein levels were
similar in WT male and female arteries (SI Appendix, Fig. S2).

Most Kv2.1 Channels in the Sarcolemma of Male and Female Arterial
Myocytes Are Nonconductive. A limitation of our immunoblot
analysis is that it was performed using whole-artery homogenates
and hence did not allow us to determine the level of plasma
membrane Kv2.1 expression in mesenteric myocytes. To de-
termine the number of plasma membrane Kv2.1 channels, we
calculated the time integral of the ON gating charge associated
with activation of Kv2.1 channels (Qunxy21), Which is pro-
portional to the number of these voltage-gated channels in the
plasma membrane. The ON gating charge is described by the
equation Qunkv2.1 = Nkv21 * gxv2.1, Where N is the number of
channels and g is the number of elementary charges per channel,
and is independent of the open probability (P,) and amplitude of
elementary Kv2.1 currents (iky2.1). Thus, Qun kv2.1 can be used to
estimate the number of Kv2.1 channels in the sarcolemma of
isolated mesenteric myocytes.

We recorded Q,, under conditions in which K*, Ca®*, Na*,
and CI” ionic conductances were eliminated before and after the
application of the tarantula venom peptide guangxitoxin-1E
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(GxTx1E; 1 pM; Fig. 24 and SI Appendix, Fig. S3), which binds
to and immobilizes the voltage sensors of Kv2.1 channels (32).
Consequently, Qo ky2.1 Was defined as the GxTx1E-sensitive
component of Q,, in arterial myocytes. As shown in Fig. 2 4
and B and consistent with the immunoblot data above, the am-
plitude of Qg xyv2.1 Was larger (~50%) in female than in male
arterial myocytes. Two observations indicate that the Qopky2.1
we recorded were indeed the result of voltage-induced move-
ment of charged particles in the S4 segment of sarcolemmal
Kv2.1 channels and not produced by other voltage-gated chan-
nels (e.g., Cay1.2, Kv1.5) or membrane capacitance. First, we did
not detect GxTx1E-sensitive gating currents in Kv2.17~ myo-
cytes. Second, the voltage dependence of Qq kv2.1 Was sigmoidal
and not linear as would be expected if it were produced solely by
charging the plasma membrane (Fig. 2C). The voltage at which
half of the normalized Qg kv2.1 Was detected (V) was similar
in male (Vi = -3 = 2 mV) and female (Vi, = -2 + 1 mV)
myocytes. While our Qo kv2.1 V12 values are more depolarized
than the values of ~—25 mV reported in previous studies of
gating currents in heterologous cells with exogenous expression
of Kv2.1 (21, 33-36), we note that a recent study (32) yielded a
value (—10 mV) more similar to that obtained here. All of these
previous studies were performed on cells expressing homomeric
recombinant Kv2.1 channels, and our study records gating cur-
rents from endogenous Kv2.1 channels. Arterial myocytes are
known to express Kv9.3 electrically silent subunits (16, 37, 38),
and while gating currents from heteromeric Kv2.1/Kv9.3 chan-
nels have not been reported, they could be distinct from those
that arise from homomeric Kv2.1 channels.

For comparison, we determined the voltage dependencies of
the normalized conductance (G/Gpax) using the Ik, data in
Fig. 14 and superimposed it on the Qun kv2.1/Qmax data (Fig. 2C).
The V1, of G/Gyax Was similar in male (Vi =20 + 2 mV) and
female (Vi, = 18 + 3 mV) myocytes. As expected (39), the
Qon kv2.1 relationship is shifted toward more negative potentials
than the voltage dependence of G/Gp,.x in male and female
myocytes.
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Fig. 2. Most Kv2.1 channels in the sarcolemma of male and female arterial
myocytes are nonconductive. (A) Kv2.1 gating currents (GxTx1E-sensitive)
from representative WT and Kv2.17~ male and female mesenteric smooth
muscle cells. (B) Bar plot of the total charge associated with Qon,kv2.1 gating
currents. (C) Plots of the voltage dependencies of Qon kv2.1/Qmax (dashed
lines) and Kv2.1 G/Gpax (solid lines) in WT male (Left) and female (Right)
myocytes. *P < 0.05. Error bars indicate mean + SEM.
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Next, we determined the total number of sarcolemma Kv2.1
channels in female and male myocytes. The number of Kv2.1
channels equals the total Kv2.1 charge movement per cell di-
vided by the charge movement per channel. According to Islas
and Sigworth (40), a total of 12.5 gating charges (q.) move per
Kv2.1 channel gating cycle. Thus, the total amount of charge
movement per channel is 12.5 * 1.6 x 107" C (i.e., 2 x 107'* C).
Therefore, using our maximal Qqpkv2.1, We calculated that the
total number of Kv2.1 channels was 183,000 + 27,716 in female
myocytes versus 75,000 = 21,628 in male myocytes (P < 0.05),
assuming that the charge movement in native myocyte Kv2.1/
Kv9.3 channels is similar to that previously determined for
homomeric Kv2.1 (39).

The number of conducting channels could be calculated using
the equation I = N * i * P,, where N is the number of conducting
channels, i is the amplitude of elementary currents, P, is the
open probability, and I is the amplitude of the macroscopic cur-
rent. For heteromeric Kv2.1/Kv9.3 channels, the iy, at +60 mV
is 1.8 pA (37). To our knowledge, the maximum P, of Kv2.1/Kv9.3
heteromeric channels has not been reported. However, because
differences in the amplitude of macroscopic Kv2.1 and Kv2.1/
Kv9.3 currents at voltages where the maximum P, has been
reached (e.g., +60 mV) seem to be exclusively due to differences
in the amplitude of elementary currents only (e.g., Kv9.3 ex-
pression does not increase Kv2.1 expression) (16, 37), it is rea-
sonable to assume that the maximum P,s of Kv2.1 and Kv2.1/
Kv9.3 channels are likely similar. Accordingly, we used the maxi-
mum P, value (i.e., 0.7) reported by Islas and Sigworth (40).

Assuming that the maximum P, and amplitude of elementary
current of Kv2.1 channels in male and female WT myocytes are
similar, and using our Ik, values, the number of conducting
Kv2.1 channels was 194 (Nkyz.1 female = 244 pA/[1.8 pA * 0.7])
and 62 (Nkyz2.1,male = 79 pA/[1.8 pA * 0.7]) in female and male
myocytes, respectively. The percentage of functional Kv2.1-
containing channels is therefore about 0.1% in both male and
female myocytes. Thus, as is the case in heterologous expression
systems (20-22), the vast majority of Kv2.1 channels in the sar-
colemma of arterial myocytes are nonconductive.

Kv2.1 Channels Differentially Regulate the Membrane Potential,
[Ca’*];, and Myogenic Tone of Male and Female Arterial Myocytes.
A key question raised by the electrophysiological data above is
whether such a small fraction of conducting Kv2.1 channels (i.e.,
~0.1%) have a functional impact on pressurized male and female
mesenteric artery smooth muscle (Fig. 3). Because the generally
accepted role of Kv2.1 channels is to mediate K* flux and hence
regulate membrane excitability, we began by recordin_% membrane
potential, V,,, from pressurized, denuded WT and Kv2.17~ mesenteric
artery segments using sharp electrodes (Fig. 34). At the physiological
intravascular pressure of 80 mmHg, the smooth muscle cells of WT
female arteries were more depolarized (V,, = —28 + 2 mV) than those
in male arteries (V;,, = —40 = 2 mV) (Fig. 3B). This was unexpected, as
female myocytes express a larger number of conducting Kv2.1 channels
than male myocytes.

Notably, chronic loss of Kv2.1 expression and function had
different effects on the membrane potential of male and female
smooth muscle (Fig. 3B). Consistent with their generally ac-
cepted role of opposing membrane depolarization, the mem-
brane potential of male Kv2.17/~ artery smooth muscle was more
depolarized (V,, = =33 + 2 mV) than that of their WT counter-
parts (Vn, = =40 + 2 mV). In contrast, female Kv2.17~ arteries
were more hyperpolarized (V,, = =33 + 2 mV) than WT female
artery smooth muscle (V,, = =28 + 2 mV). As such, the differ-
ences between the V,,, of WT male and female myocytes were
eliminated in myocytes lacking Kv2.1 expression.

We also investigated the acute effects of blocking Kv2.1
channels on smooth muscle membrane potential (Fig. 3C). Ap-
plication of ScTx1 (100 nM) depolarized male and female
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Fig. 3. Differential effects of acute and chronic loss of Kv2.1 channel
function in male and female arteries. (A) Sharp-electrode records of the
membrane potential of smooth muscle in pressurized (80-mmHg) WT female
and male arteries. (B) Bar plot of the mean + SEM membrane potential in
WT and Kv2.1~"~ male and female arteries. (C) Bar plot of the ScTx1-induced
depolarization on male and female pressurized (80 mmHg) arteries. (D) Two-
dimensional [Ca®*]; images from representative pressurized (80-mmHg) WT
and Kv2.17'~ female and male arteries. (Scale bars, 25 um.) (D, Right) Bar plot
showing [Ca®*]; in WT and Kv2.1~~ female and male arteries at intravascular
pressures ranging from 20 to 120 mmHg. (E) Pressure—tone relationships of
WT and Kv2.17~ female and male arteries. *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001. Error bars indicate mean + SEM.

arteries by 7 +£ 2 and 7 + 1 mV, respectively. ScTx1 had no effect
on Kv2.17/~ arteries.

Next, we measured wall [Ca®*]; (Fig. 3D) and myogenic tone
(Fig. 3E) in male and female WT and Kv2.17~ pressurized ar-
teries. Our data indicate that [Ca**]; and myogenic tone are
higher in female than in male arteries. Consistent with our
membrane potential data, male Kv2.17~ had higher [Ca®*]; and
myogenic tone than WT arteries. In sharp contrast, female
Kv2.17"~ had lower [Ca®*]; and myogenic tone than female WT
arteries. Together, these data suggest that while acute changes in
Kv2.1 function alter male and female smooth muscle excitability,
chronic loss of these channels has sex-specific effects on smooth
muscle function.

Expression of Kv2.1 Increases the Activity and Open Times of Cay1.2
Channels in Female but Not in Male Arterial Myocytes. The mem-
brane potential of arterial myocytes is set by a balance of out-
ward and inward currents. In principle, our observation that
female WT myocytes are more depolarized than male WT
myocytes could be the result of lower hyperpolarizing currents
and/or up-regulation of an inward depolarizing current in female
cells. One current we recently showed to be up-regulated by
Kv2.1 channel expression in HEK-293 cells and hippocampal
neurons is the L-type Cay1.2 channel current (Ic,) (30), which
can depolarize smooth muscle and also directly increase [Ca®*];.

Thus, we recorded macroscopic ionic Cay1.2 currents (Ic,s)
from WT and Kv2.17/~ male and female arterial myocytes (Fig.

O’Dwyer et al.

4A4). Ic, were evoked by 300-ms step depolarizations from the
holding potential of —80 mV to voltages ranging from —70 to
+60 mV. We found that the amplitude of I, was larger in fe-
male than in male WT myocytes. Furthermore, loss of Kv1.2
channels was associated with a decrease in I, amplitude in cells
of both sexes, but the decrease in I, was larger in female than in
male Kv2.17/~ myocytes. The overall impact of eliminating Kv2.1
expression is that the differences between the I, amplitude of
WT male and female myocytes were eliminated in myocytes
lacking Kv2.1 expression.

We also determined the voltage dependence of the normal-
ized Ic, conductance (G/Gpnax) (Fig. 4B). This analysis indi-
cates that the I, G/Gpay relationship in WT female myocytes
(Vip = —10.2 + 0.8 mV) was shifted toward more negative mem-
brane potentials than in male myocytes (Vy, = —1.8 + 1.1 mV). The
Vi of the G/Gpax relationship of female Kv2.17/~ myocytes
(~1.9 + 2.0 mV) was similar to that of WT (P = 0.98) and Kv2.17/~
male myocytes (-5.8 = 1.1 mV, P = 0.06) (Fig. 4B).

We next investigated the basis of the different I, ampli-
tudes of WT male and female myocytes. Immunoblot analysis
showed that Cay1.2 protein expression was similar in WT and
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Fig. 4. Expression of Kv2.1 increases the Cay1.2 channel currents in female
but not in male arterial myocytes. (A, Left) Ic, records (+10 mV) from rep-
resentative WT and Kv2.17~ male and female myocytes. (A, Right) Voltage
dependence of I, at membrane potentials ranging from —80 to +60 mV. (B)
Voltage dependence of the G/Gpayx Of I, in WT and Kv2.17~ male and fe-
male myocytes. (C, Top) Image of a representative Cay1.2 immunoblot.
(C, Bottom) Bar plot showing the Cay1.2 band intensity in WT and Kv2.17/~
male and female arteries. (D, Top) Cay1.2 gating current records (nitrendi-
pine-sensitive) from representative WT and Kv2.17~ female and male mes-
enteric smooth muscle cells. (D, Bottom) Bar plot showing the Qon cavi2
gating currents. (E) Plots of the voltage dependencies of Qon,cav1.2/Qmax iN
WT and Kv2.17~ male (Top) and female (Bottom) myocytes. Error bars in-
dicate mean + SEM.
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Kv2.17~ male and female arteries (Fig. 4C). As done above for
Kv2.1, we followed up these experiments by recording Cay1.2
gating currents, which provide a direct measurement of the
channels in the sarcolemma of arterial myocytes (Fig. 4D).
Cay1.2 gating currents were recorded before and after the
Cayl.2 voltage sensor immobilizer nitrendipine (10 pM) was
applied (SI Appendix, Fig. S4) (41) under conditions in which
ionic current was eliminated. Consistent with our immunoblot
data, the maximal (at +20 mV) Qop cav1 2 Was similar in WT and
Kv2.17/~ male and female myocytes (P = 0.67). Finally, we found
that the voltage dependence of the normalized Qg cavi2 Was fit
with a sigmoidal function and that V;,, and k values were similar
in WT and Kv2.17"~ male and female myocytes (Fig. 4 D and E).

We used Qon cavi2 data to calculate the number of Cay1.2
channels in the membrane as was done for Kv2.1 channels above.
According to Noceti et al. (42), a total of 9.1 q. gating charges
move per Cay1.2 channel gating cycle. Because Qqpn cavi2 Was
similar in male and female myocytes, we combined the data into
a single group. This analysis suggested that the number of Cay1.2
channels in mesenteric myocytes was 192,612 + 19,168 channels.

Next, we recorded elementary Cay1.2 currents (ic,) (Fig. 5).
Cay1.2 channel openings were evoked by 2-s step depolariza-
tions to potentials ranging from —30 to +20 mV. Currents were
recorded in cell-attached patches, with 110 mM Ba®* in the pi-
pette solution used as the charge carrier. Fig. 54 shows representa-
tive records of ic, from female and male WT and Kv2.17~ myocytes
at =30, —10, and +10 mV with the expected amplitude for this
voltage and ionic conditions. The voltage dependence of unitary
Cay1.2 current amplitudes is shown in Fig. 5B. These data were fit
with a linear function that revealed that the conductance of ic, was
similar in WT (female 15 + 1 pS; male 14 + 1 pS) and Kv2.17~
(female 14 + 1 pS; male 16 + 1 pS) myocytes.

We determined the P, of single Cay1.2 channels in WT and
Kv2.17~ female and male myocytes (Fig. 5C). Note that the P, at
the voltage where the peak of I, was recorded (i.e., +10 mV;
Fig. 44) was largest in WT female myocytes but similar among
WT male and Kv2.17/~ male and female cells. A consistent ob-
servation during analysis was that WT female ic, openings
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Fig. 5. Cay1.2 channels have a higher open probability and longer open
times in female than in male myocytes. (A) Elementary Cay1.2 current re-
cords at =30, —10, and +10 mV from representative WT and Kv2.17"~ male
and female myocytes. (B) Amplitude of ic, at voltages ranging from —30 to
+20 mV. Solid lines are linear fits to the data. (C) Bar plot of the open
probability (P,) of single Cay1.2 channel currents at +10 mV in WT and
Kv2.17~ male and female myocytes. *P < 0.05, ***P < 0.001. Error bars in-
dicate mean + SEM.
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appeared to be longer than those in WT male and Kv2.1~/~ male
and female myocytes. Thus, we analyzed the open times of single
Cay1.2 channel openings in these cells at —10 mV (SI Appendix,
Fig. S5). Although the Cay1.2 channel open-time histogram for
all cells could be fit with the sum of 2 exponential log-transformed
functions with a short and long time constant of 0.7 and 20 ms,
respectively, the proportion of short and long openings varied
among individual myocytes. The fraction of long Cay/1.2 openings
was nearly 12-fold larger in WT female cells (12%) than in WT
male (1%) and Kv2.17~ myocytes from mice of either sex (1%).

Kv2.1 Channel Expression Increases Cay1.2 Channel Cluster Size in
Female Myocytes to a Larger Extent than in Male Myocytes. We
have previously shown that physical coupling of clustered Cay1.2
channels shifts the voltage dependence of I, toward more
negative potentials and increases the P, and open times of
Cay1.2 channels (9, 11, 12). Thus, the electrophysiological dif-
ferences between male and female WT and Kv2.17~ myocytes
are similar to those observed with varying degrees of Cay1.2
clustering and functional Cay1.2 coupling (9, 11, 12, 43). Three
previously published lines of evidence support the hypothesis
that Kv2.1 regulates the spatial organization and functional state
of Cay1.2 channels. First, Kv2.1 channels exist in large clusters in
diverse brain neurons (23-26). A recent study indicated that
Kv2.1 colocalizes with Cay1.2 channels coexpressed in heterol-
ogous HEK-293 cells (29). Finally, Vierra et al. (30) have re-
cently shown that Kv2.1 coexpression leads to increased
clustering and activity of coexpressed Cay1.2 channels in both
hippocampal neurons and HEK-293 cells. Thus, we tested the
hypothesis that Kv2.1 expression increases Cay1.2 clustering in
arterial myocytes using ground-state depletion (GSD) super-
resolution imaging (Fig. 6).

SI Appendix, Fig. S6 shows representative total internal re-
flection fluorescence (TIRF) images of immunolabeled Cay1.2
clusters in male and female WT and Kv2.17'~ arterial myocytes.
We found that Cayl.2-associated fluorescence intensity was
similar in WT and Kv2.17~ female and male myocytes, consis-
tent with the immunoblot and gating current data (Fig. 4 C and
D), leading to the conclusion that overall Cay1.2 expression does
not vary among these samples. Fig. 6 illustrates representative
superresolution maps of immunolabeled Cay1.2 clusters in male
and female WT and Kv2.1~~ myocytes. Note that Cay1.2 clus-
ters were significantly larger in female WT (4,131 + 209.4 nm?)
than in male WT (3,492 + 192 nm?) myocytes. When we com-
pared the cluster size of Cay1.2 channels in WT vs. Kv2.17/~
myocytes, there was a s'/gnificant difference in females (WT,
4,131 + 209 nm? Kv2.17~, 3,395 + 178 nm?) but not in males
(WT, 3,492 + 192 nm?; Kv2.17, 3,870 + 228 nm?); note that the
sex-specific differences in cluster size observed in WT myocytes
were eliminated in the Kv2.17/~ cells. These data are consistent
with the view that, as in hippocampal neurons and HEK-293 cells
(30), Kv2.1 channels promote Cay1.2 channel clustering in ar-
terial myocytes, and that this effect is more prominent in female
myocytes that express higher levels of Kv2.1.

Kv2.1 Channels Colocalize with Cay1.2 Channels and Promote Cay1.2-
Cay1.2 Channel Interactions. We used a proximity ligation assay
(PLA) to determine if Kv2.1 and Cay1.2 are within 50 nm of
each other in arterial myocytes (Fig. 74). We detected multiple
puncta, indicative of Cay1.2-Kv2.1 channel proximity in male
and female WT but not Kv2.17~ myocytes. These observations
suggest that Kv2.1 channels colocalize with Cay1.2 channels in
mesenteric arterial myocytes.

Having determined that Kv2.1 and Cayl.2 channels are in
close association in arterial myocytes, we investigated whether
Kv2.1 promotes Cay1.2 channel-channel interactions. To test
this hypothesis, we applied a bimolecular fluorescence comple-
mentation approach using Cay1.2 channels fused with either the
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Fig. 6. Kv2.1 channel expression increases Cay1.2 channel cluster size in
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cell. *P < 0.05.

N or C terminus of the split-Venus fluorescent protein system to
yield Cay1.2-VN155(I152L) and Cay1.2-VCI155, respectively. In
isolation, VN155(I152L) and VC155 are nonfluorescent. How-
ever, when brought into close proximity by interaction of the
separately tagged Cay1.2 subunits, they can reconstitute a full,
fluorescent Venus protein. Thus, split-Venus fluorescence can be
used to report spontaneous interactions between adjacent
Cay1.2 channels (12, 44, 45). Accordingly, we compared basal
split-Venus fluorescence in HEK-293 cells expressing Cay1.2-
VN and Cay1.2-VC channels with or without Kv2.1. Because
Venus reconstitution is virtually irreversible, once the C tails of
adjacent Cay1.2-VN and Cay1.2-VC physically interact to form
a fluorescent Venus, the channels will likely remain coupled at
their C tails for the duration of the experiment.

For these experiments, Venus fluorescence and Ic, were
recorded from the same cells before and after the application of
a conditioning protocol involving five 500-ms pulses from —80 to
+20 mV. Cayl1.2 clusters increased in Venus fluorescence in
2 ways: noninteracting Venus proteins dimerized to create new,
fluorescent areas (Fig. 7B, ROI 1), or preexisting clusters display
additional channel-channel interactions post stimulation (Fig.
7B, ROI 2 and 3). Indeed, fluorescence in cells transfected with
Cay1.2-Venus increased by 5% upon stimulation, while Cay1.2-
Venus cotransfected with Kv2.1 increased by 27% (Fig. 7C).

Basal (i.e., before preconditioning pulse) I, was nearly 3-fold
larger in cells coexpressing Kv2.1 and Cayl1.2-VN/VC versus
Cay1.2-VN/VC alone, respectively (Fig. 7D). The nonconducting
form of Kv2.1, Kv2.1P404W (46), was used for transfection in
these experiments so as not to confound any I, recordings. The
conditioning protocol increased both I, and Venus fluorescence
to a larger extent in cells coexpressing Kv2.1 and Cay1.2 than in
cells expressing Cay1.2 alone (Fig. 7D). Furthermore, note that
membrane depolarization shifted the voltage dependence of
G/Gnax in cells coexpressing Cay 1.2 and Kv2.1 but not in cells
transfected with Cay1.2 only (Fig. 7E). These data suggest that
coexpression of nonconducting Kv2.1P404W increases the proba-
bility of Cay1.2-Cay1.2 channel interactions, both at rest and
during membrane depolarization. Together, these data support
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a model that Kv2.1 can enhance Cay1.2 activity by increasing
Cay1.2 clustering and interaction.

Discussion

Kv2.1 protein is expressed in female and male arterial myocytes,
where its assumed functional role has been as a voltage-gated ion
channel that, upon opening, hyperpolarizes the membrane po-
tential of these cells to impact myocyte [Ca®*]; and myogenic
tone (16). Here, we propose a model in which Kv2.1 channels
have a more complex function to exert opposing actions on
vascular smooth muscle. In its canonical role, the opening of
conducting Kv2.1 hyperpolarizes arterial myocytes, which de-
creases the P, of Cay1.2 channels. This lowers [Ca2+]i, inducing
relaxation. Our data indicate that Kv2.1 protein has an addi-
tional nonconducting structural role in arterial myocytes: to en-
hance Cay1.2 clustering and activity, thereby increasing [Ca**];
and inducing contraction. It is paradoxical that Kv2.1 could
control both relaxation and contraction in arterial smooth mus-
cle. Notably, we find that the relative contribution of the elec-
trical and structural roles of Kv2.1 to the control of membrane
potential and Cay1.2 activity, respectively, varies with sex. In
male myocytes, the dominant role for Kv2.1 channels is as an ion
channel regulating membrane potential. In female myocytes,
however, Kv2.1 channels have dual electrical and structural roles
in both controlling membrane potential and enhancing Cay1.2
function, respectively.

Our data suggest that Kv2.1 enhances I¢, by increasing the P,
of Cay1.2 channels, as the number of Cay1.2 channels and the
amplitude of their unitary currents remain unchanged, regardless
of differences in Kv2.1 expression in WT and Kv2.1~~ myocytes.
Kv2.1 also shifted the voltage dependence of activation of
Cayl.2 channels toward more hyperpolarized potentials and
increased their open times, suggesting that Kv2.1 facilitates
Cay1.2 gating and stabilizes its open conformation. In combi-
nation with recently published work (11, 12), the data presented
here suggest a potential mechanism by which Kv2.1 acts to in-
crease the P, of Cay1.2 channels. We found by PLA that Kv2.1
and Cayl.2 are in close proximity (i.e., 40 to 60 nm) to one
another in arterial myocytes. The increase in Cay1.2 P, and open
times along with the shift of their voltage dependence of acti-
vation are similar to those observed during physical coupling of
clustered Cay1.2 channels (11, 12). Our data support this model
in that female myocytes, which have higher Kv2.1 expression,
had increased Cay1.2 cluster area, and coexpression of Kv2.1
increased the probability of interactions of the C tails of clus-
tered Cay1.2 channels in HEK-293 cells. The exact mechanism
by which Kv2.1 organizes Cayl.2 channels is unclear, but our
results support that this may involve an increase in the proba-
bility of C tail-C tail interactions, which enhances functional
coupling.

Our recent paper describes a potential mechanism by which
Kv2.1 could increase Cay1.2 channel clustering in arterial
smooth muscle (8). In these cells, Cay1.2 cluster formation is
determined by a stochastic self-assembly process in which cluster
size is determined by 3 distinct biological probabilities: cluster
nucleation (P,), removal (Pg), and growth (P,). P, is the first
step in cluster formation and is the probability that an ion
channel-containing vesicle will be randomly inserted at any site
in the membrane. Changes in P, lead to variations in cluster
density. Changes in density as well as cluster size are determined
by Pg, the probability of clusters being endocytosed or degraded
from the membrane. Lastly, P, is the probability of a channel
being inserted immediately adjacent to preexisting channels. The
growth probability of a cluster is P, multiplied by the number of
available neighbors. Thus, an increase in P, increases cluster
area. In Figs. 2 and 6, we show that the level of Kv2.1 expression
in female myocytes increased Cayl.2 channel cluster area,
without significant changes in the number of channels in the
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membrane (i.e., similar P,) or total Cayl.2 protein expression.
This suggests that Kv2.1 could be acting to increase the Py of
Cay1.2 channels.

Importantly, loss of Kv2.1 expression decreased but did not
eliminate Cay1.2 channel clusters in arterial myocytes of both
sexes. This suggests that Kv2.1 expression is not required for the
formation of Cay1.2 clusters. Indeed, Cay1.2 cluster size in male
WT and Kv2.17/~ myocytes is similar, indicating that the re-
lationship between Kv2.1 expression, Cay1.2 cluster size, and
Ca?" influx is not linear. Thus, a critical number of Kv2.1
channels or ratio of Kv2.1 to Cay1.2 expression levels could be a
key determinant for how Kv2.1 alters Cay1.2 organization and
function. Our Kv2.1 and Cay1.2 gating current data support this
view. We estimated that the total number of Cay1.2 channels is
~192,000 per arterial myocyte (i.e., ~80 channels per um?) re-
gardless of Kv2.1 genotype or sex. However, the number of Kv2.1
channels varies in a sex-specific manner. Female and male
myocytes express ~183,000 (~76 channels per pm?) and 75,000
channels (~31 channels per pm?), respectively. Thus, the ratio of
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Kv2.1:Cay1.2 channels is ~1:1 in female versus 0.4:1 in male
mesenteric myocytes. That the size of Cay1.2 clusters and the
amplitude of I, were similar in male WT and Kv2.17/~ myocytes
suggests that this 0.4:1 expression ratio is not sufficient to alter
Cay1.2 organization and function. We note that this nonlinearity
could also suggest that, in addition to Kv2.1 expression levels,
other factors might contribute to the observed sex-specific dif-
ferences in Cay1.2 function. Future studies should investigate
whether the ~1:1 Kv2.1:Cay1.2 channel ratio observed in female
myocytes is the lower limit or optimal point for the modulation
of Cay1.2 cluster size and channel-channel interactions, and any
additional mechanisms that may act in concert with Kv2.1 ex-
pression level to impact Cay1.2 function.

An intriguing finding in this study is that, as in heterologous
expression systems (20-22), the vast majority of Kv2.1 channels
in male and female arterial myocytes are nonconductive. One
potential hypothesis is that conductive and nonconductive Kv2.1
channels have separate functional roles, with conductive chan-
nels regulating membrane potential and nonconductive channels
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acting to increase the P, and P, of clustered Cay1.2 channels.
Several observations are consistent with this hypothesis. First,
our data suggest that Kv2.1 and Cay1.2 colocalize. Second, we
show that at sites where Kv2.1 and Cay1.2 channels cocluster,
Cay1.2-Cay1.2 interactions take place. Third, it has been pro-
posed that the bulk of clustered Kv2.1 channels may be in a
nonconductive state (21). These observations suggest the hy-
pothesis that nonconductive Kv2.1 channels are involved in the
clustering and activity of Cay1.2 channels.

While the evidence for nonconductive Kv2.1 channels playing
a role in Cay1.2 clustering is strong, our data do not allow us to
determine if the sole function of clustered Kv2.1 is to bring
Cay1.2 channels together. However, our recent paper (30) as
well as other work from the Trimmer (46, 47) and Tamkun (48)
laboratories support that clustered Kv2.1 channels are involved
in the formation of endoplasmic reticulum-plasma membrane
junctions in HEK-293 cells and hippocampal neurons. In hippo-
campal neurons, Kv2.1-expressing endoplasmic reticulum-plasma
membrane junctions contain functional ryanodine receptors that
produce Ca®* sparks both at rest and during membrane de-
polarization (30). Whether this same phenomenon happens in ar-
terial smooth muscle cells is currently unknown. Future experiments
should investigate whether Kv2.1 promotes the formation of sar-
coplasmic reticulum-sarcolemmal junctions in arterial myocytes as
it does in HEK-293 cells and hippocampal neurons. Further studies
should consider if, in arterial myocytes, these Kv2.1-containing
junctions form in combination with junctophilin-2 (49), and
whether due to their differing levels of Kv2.1 expression these
structures are more prominent in female than in male myocytes.

An additional question raised by this study is the nature of the
mechanisms underlying the differential expression of Kv2.1
channels in male and female arterial myocytes. To our knowl-
edge, there are no published studies addressing whether the
expression of Kv2.1 or Kv9.3 in smooth muscle is regulated by
sex hormones. Interestingly, Vierra et al. (30) did not detect sex-
specific differences in Kv2.1 expression or Cay1.2 clustering and
function in hippocampal neurons. However, others have sug-
gested that estrogen down-regulates Kv1.5 but has no effect on
Kv2.1 expression in female mouse ventricular myocytes (50).
Interestingly, we find that Kv1.5 expression is similar in male and
female arterial myocytes. Thus, the control of expression of these
proteins by sex hormones is complex and likely varies among cell
types. A follow-up study should investigate the role of sex hor-
mones in the regulation of Kv2.1 in arterial myocytes.

The experiments in this study were performed using a global
constitutive Kv2.1 knockout mouse. Therefore, we cannot rule
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Cay1.2 channels enhances Cay1.2 clustering in HEK-293 cells
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