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Abstract Arachidonic acid (AA) is a polyunsaturated fatty
acid involved in a complex network of cell signaling. It is well
known that this fatty acid can directly modulate several cellu-
lar target structures, among them, ion channels. We explored
the effects of AA on high conductance Ca2+- and voltage-
dependent K+ channel (BKCa) in vascular smooth muscle cells
(VSMCs) where the presence of β1-subunit was functionally
demonstrated by lithocholic acid activation. Using patch-
clamp technique, we show at the single channel level that
10 μM AA increases the open probability (Po) of BKCa

channels tenfold, mainly by a reduction of closed dwell times.
AA also induces a left-shift in Po versus voltage curves
without modifying their steepness. Furthermore, AA acceler-
ates the kinetics of the voltage channel activation by a fourfold
reduction in latencies to first channel opening. When AAwas
tested on BKCa channel expressed in HEK cells with or
without the β1-subunit, activation only occurs in presence of
the modulatory subunit. These results contribute to highlight
the molecular mechanism of AA-dependent BKCa activation.
We conclude that AA itself selectively activates the β1-
associated BKCa channel, destabilizing its closed state proba-
bly by interacting with the β1-subunit, without modifying the
channel voltage sensitivity. Since BKCa channels physiologi-
cally contribute to regulation of VSMCs contractility and
blood pressure, we used the whole-cell configuration to show

that AA is able to activate these channels, inducing significant
cell hyperpolarization that can lead to VSMCs relaxation.
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Introduction

Arachidonic Acid (AA), a physiologically relevant 20-carbon
omega-6 polyunsaturated fatty acid (PUFA), is an integral
component of cell membrane phospholipids, which can be
obtained from diet nutrients or synthesized in the liver. In
humans, plasma concentration can normally be found in a
range of 2.5–13.1 μM [8, 41] and could be significantly
increased in pathological conditions, such as ischemia [1,
22] and preeclampsia [41]. AA can be released from phos-
pholipids by activation of phospholipase A2, and it can then be
transformed through different enzymatic pathways mediated
by ciclooxigenase, lipooxigenase and cytochrome P450, into a
great variety of metabolites (prostacyclins, leucotrienes and
epoxyeicosatrienoic acids, respectively) involved in a com-
plex network of cell signaling. These have been implicated in
different physiological processes, such as endothelium-
dependent blood vessel relaxation, platelet aggregation, stom-
ach mucus and acid secretion, and smooth muscle tone regu-
lation, among others. Moreover, the role of AAmetabolites as
pro-inflammatory factors has also been demonstrated in sev-
eral pathological states [9, 13, 36, 38, 42].

Although AA was mainly thought only as a precursor of
active metabolites, it is now well-known that AA and other
fatty acids (FA) can directly modulate different particular
protein structures. Among them, different ion channels (i.e.,
KV, Na

+
V, Ca

2+
V, K2P, and BKCa) can be inhibited or activated

by AA [4, 12, 15, 29, 34] (reviewed byMeves (2008) [32]). In
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particular, the action of PUFAs involving the high conduc-
tance Ca2+- and voltage-dependent (BKCa) channel as the
target is emerging as an important non-pharmacological
mechanism able to lower blood pressure, since these channels
are clearly involved in the physiological regulation of vascular
smoothmuscle contractility and blood pressure in animals and
humans [37]. Furthermore, changes in BKCa expression or
function are associated with human ageing, hypertension, and
diabetes [17, 30, 39, 45]. BKCa channels are activated by
membrane depolarization and intracellular Ca2+ concentra-
tion. They are tetramers of pore-forming α-subunits (encoded
by KCNMA1 gene, also named Slo1) and can be associated to
one of four auxiliary β-subunits codified by KCNMB1-4
genes. Each one of these confers distinctive functional and
pharmacological properties to the resulting α–β channel com-
plex [18, 26, 44]. The differential expression of β-subunits in
different cell types could explain the diversity of functions and
regulations on the BKCa channel among diverse tissues and
could be used to obtain a tissue-selective BKCa channel acti-
vation, using the auxiliary subunit as a specific molecular
target. An example of this is the activation of BKCa channel
by lithocholate, which is only observed in the presence of β1-
subunit [5, 7]. Particularly, in vascular smooth muscle cells
(VSMCs), BKCa channels are highly expressed in association
with the β1-subunit [24, 25]. Recently, Hoshi and colleagues
demonstrated that BKCa channels associated with the auxiliary
β1-subunit are directly activated by docosahexaenoic acid
(DHA), a PUFA of omega-3 series and its administration on
anesthetized wild-type mice lowers blood pressure. On the
other hand, the same treatment has no effect on BKCa channel
knockout mice [21].

In the case of AA, although it is known that it directly
activates BKCa channels [1, 11, 43], the molecular mecha-
nisms of channel activation are not completely understood.
Sun et al. have shown in their work with BKCa expression in
Xenopus laevisoocytes that AA activates the channel depend-
ing on the β-subunit that is present at the time [43]. These
authors examined the action of AA on BKCa channels
expressed with or without the β2-to β4-subunits, thus finding
that it is possible to observe a significant activation of the
channel only in the presence of the β2- or β3- subunits.
Nevertheless, the effects of AA over this channel when found
only with β1-subunit are still unknown.

In the present study, we evaluated the effect of AA onBKCa

channel mediated currents in native human VSMCs where the
presence of the β1-subunit was functionally tested. By using
the patch-clamp technique at the single channel level, we
observed that this FA induces a significant increase in the
open probability of BKCa channels, mainly by reducing closed
dwell time to a great extent. Moreover, we found that AA
accelerates the kinetics of voltage channel activation. In whole
cell configuration, we demonstrated that AA is able to activate
the BKCa channe l and induce s ign i f i can t ce l l

hyperpolarization in a more physiological context. Finally,
by testing the effect of AA on BKCa channel expressed in
HEK293T cells with or without the β1-subunit, we demon-
strated that AA needs the presence of this auxiliary subunit to
effectively activate BKCa channel.

Methods

Smooth muscle cell isolation procedure for patch-clamp
experiments

Umbilical cords were obtained from normal term pregnancies
after vaginal and cesarean deliveries. They were placed in
transport solution of the following composition (in millimo-
lars)—130 NaCl, 4.7 KCl, 1.17 KH2PO4, 1.16 MgSO4, 24
NaCO3H, 2.5 CaCl2, pH 7.4 at 4 °C and immediately taken to
our laboratory where they were stored at 4°C and used within
the next 24 h. All procedures were in accordance with the
declaration of Helsinki (1975).

The human umbilical arteries (HUA) were dissected from
Wharton’s jelly just before the cell isolation procedure. HUA
smooth muscle cells (HUASMCs) were obtained by a method
based on Knocker’s et al. [23] description and later modified
in our laboratory in order to diminish the enzyme content in
the dissociation medium (DM) [40]. Briefly, a segment of
HUA was cleansed of any residual connective tissue, cut in
small strips, and placed for 15 min in a DM containing the
following (in millimolars)—140 NaCl, 5 KH2PO4, 5MgCl2, 6
glucose, 5 HEPES; pH was adjusted to 7.4 with NaOH. The
strips were then placed in DMwith 3 mg/ml collagenase type I
during 15–30 min, with gentle agitation, at 35 °C. After the
incubation period, the strips were washed with DM, and single
HUASMCswere obtained by a gentle dispersion of the treated
tissue using a Pasteur pipette. The supernatant, containing our
isolated cells, was stored at room temperature (∼22 °C) until
used. HUASMCs were allowed to settle onto the coverglass
bottom of a 3 ml experimental chamber. Only well-relaxed,
spindle-shaped smooth muscle cells were used for electro-
physiological recordings. Data were collected within 4–6 h
after cell isolation.

Clones and transient transfection

HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) and 10 % fetal bovine serum (FBS) and
split when 70–80 % confluent. Human Slo1 α-subunit
(KCNMA1, U11058), the auxiliary subunit β1-(KCNMB1,
AF035046), and enhanced green fluorescent protein cDNAs
(eGFP) were transiently transfected into HEK cells using
FuGene 6. Transfections were done with cDNA encoding
for α-subunits alone or α+β1-subunit both cloned in
pcDNA3 plasmid. The α+β1-subunit were mixed at 1:3
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molar ratios to ensure an excess of β1-subunit over α-subunit.
When α-subunits were transfected alone, β1-cDNA was re-
placed by empty plasmid. After transfection, cells were kept in
culture for 60 h. The electrophysiological measurements were
performed 60–70 h after transfection. eGFP clone and vector
were kindly provided by Dr. J. Raingo (IMBICE, Argentina).

Electrophysiology

The isolated cells were observed with a mechanically stabi-
lized inverted microscope (Telaval 3, Carl Zeiss, Jena, Ger-
many) equipped with a ×40 objective lens. The test solutions
were applied through a multibarreled pipette positioned close
to the target cell. After each experiment on a single cell, the
experimental chamber was replaced by another one containing
a new sample of cells. All experiments were performed at
room temperature (∼22 °C).

The standard tight-seal inside-out and whole-cell configu-
rations of the patch-clamp technique [19] were used to record
single-channel and macroscopic currents. Glass pipettes were
drawn from WPI PG52165-4 glass on a two-stage vertical
micropipette puller (PP-83, Narishige Scientific Instrument
Laboratories, Tokyo, Japan) and pipette resistance ranged
from 2 to 4 MΩ.

Single-channel recordings in HUASMCs

Single-channel currents were recorded in the inside-out con-
figuration (IO), filtered with a four-pole lowpass Bessel filter
at 2 kHz (Axopatch 200A amplifier, Axon Instruments, Foster
City, CA) and digitized (Digidata 1200 Axon Instruments,
Foster City, CA) at 16 kHz. Voltage-clamp recordings were
taken up to 30–60 s at different membrane potentials to obtain
the single channel current amplitude, the open probability
(NPo), and the mean open and closed dwell times of the
channels. The identification of BKCa channel presence in the
patch was based on its unitary conductance value, voltage-
dependent activity, and activation by an increase in intracel-
lular Ca2+ concentration, as we described before [31]. The
control pipette solution used for single-channel recordings
contained the following (in millimolars)—140 KCl, 0.5
MgCl2, 10 HEPES, 6 glucose, 1 CaCl2, 5 4-aminopirydine
(4-AP), pH adjusted to 7.4 with HCl. 4-APwas added to block
Kv channels present is HUASMCs [33]. The bath solution
(BS) in contact with the cytosolic face of the membrane
contained the following (in millimolars)—140 KCl, 0.5
MgCl2, 10 HEPES, 6 glucose, 1 EGTA, pH adjusted to 7.4
with KOH. Different amounts of CaCl2 were added to the BS
so as to establish the desired free Ca2+ concentrations, accord-
ing to the BKCa channel activity needed for each protocol
(100, 50, or 3 nM; calculated using Maxchelator software
from Stanford University: http://maxchelator.stanford.edu).

The effects of lithocholic acid (LT) and AA on BKCa

channels were tested by adding the adequate quantity to the
BS so as to reach a final concentration of 150 and 10 μM,
respectively.

Single-channel currents were analyzed with Clampfit soft-
ware (Molecular Devices, version 10.3). Open probability, as
well as closed and open dwell times were studied in steady
state conditions. Open probability is expressed as NPo below,
where N is the number of single channels present in each
patch, and its values were calculated using the following
expression:

NPo ¼
Xn

j¼1
jt j

T

where T is the recording duration and tj is the time spent with
j=1,2,3,…n channels open. Stationary conditions of single
channel recordings were controlled by plotting the NPo values
calculated for intervals of 5 s of recording as time function
(stability plot). The effect of AA on BKCa channel open and
closed dwell times was tested only in patches containing a
single BKCa channel. Stability plots were also obtained in
order to confirm stationary values in both conditions. They
were constructed to represent the time spent in the closed (or
open) state for every channel closure (or aperture) plotted as a
function of recording time. NPo and dwell time values in the
presence and absence of AAwere obtained from single chan-
nel event detection by the half-amplitude threshold criterion.
The mean values of these parameters, in control conditions
and after AA perfusion, were calculated when these reached
stable values.

A voltage ramp protocol was used to measure the effect of
AA on BKCa single channel open probability at different
voltages. This method was based on that described by Carl
and Sanders [10], in which multiple voltage ramps are applied
to an IO patch in order to obtain a single channel average
current ιð Þ versus voltage (volts) relationship (ι -V curve).
Considering that, at a given potential, ι is equal to NPo×i
(where i is the channel current amplitude at this potential), Po
vs voltage relationship (Po-V curve) can be obtained by
dividing the ι -V curve by the N×i values at each potential.
Before testing AA effects, we adapted this protocol to
HUASMC BKCa channels. First, we tested different intracel-
lular Ca2+ concentrations (100, 50, and 3 nM) in order to
establish adequate channel basal activity (data not shown).
Then, we tested both depolarizing and hyperpolarizing volt-
age ramp protocols at different rates of applied potential
change (0.02, 0.04, 0.08, or 0.16 mV/ms) so as to select a
protocol that would be slow enough to avoid Po-V distortion
by the time constants of voltage-dependent channel activation
or deactivation phenomena (data not shown). With the infor-
mation provided by these experiments, we constructed a volt-
age protocol consisting of a 500 ms voltage step from a
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holding potential of −80mV to +80mV (to obtain steady-state
activation) followed by a 0.08mV/ms hyperpolarizing voltage
ramp to −80 mV. This protocol was applied between 15 and
75 times in a BS with 50 nM free Ca2+ concentration, both
before and after AA perfusion. After that, ι -V and Po-V
curves were constructed. Finally, the Po-Vs were fitted using
the GraphPad Prism (version 5.03) with a Boltzmann relation-
ship assuming a Pomax of 1, since the membrane patches was
disrupted in extremely depolarized steps, where maximal Po
could be observed. The equation used to fit these curves was:

Po ¼ 1

1þ e
zFðV1=2

−V Þ
RT

where V 1=2
is the potential at which Po is 0.5, z is a constant

value that describes voltage sensibility (steepness of the
curve), F is the Faraday constant (96,500 C/mol), R is the
gas constant (8.314J/(mol×K)), and T is room temperature
(approximately 298 K).

To study the effect of AA on BKCa channel voltage activa-
tion kinetics, we carried out a protocol to examine the latency
to the first channel opening after a voltage depolarizing step.
Since most patches recorded in HUASMCs contained more
than a single BKCa channel, we proceeded as described by
Aldrich et al. [2]. A 500 ms voltage step from a holding
potential of −80 to +80 mV was applied on IO patches with
less than four copies of BKCa channels, and this was repeated
at least 50 times for each patch with and without 10 μM AA.
Latencies were then measured to represent the delay of the
first channel openings after the voltage step. A cumulative
histogram was then constructed with the latencies of such first
openings measured in both conditions, thus resulting in the
cumulative density function (cdf). The count was expressed in
probabilities, and for patches containing more than a single
channel, the true first latency distribution was obtained by
taking the Nth root of the apparent distribution function, where
N is the number of channels present in the patch [2]. Further
on, the distributions were fitted with Clampfit software with
the following first-order exponential decay function:

cdf ¼ Ae
−t=τact

where τact is the time constant of voltage activation.

Whole-cell recordings in HUASMCs

Whole-cell currents were filtered with a four-pole lowpass
Bessel filter (Axopatch 200A amplifier) at 2 kHz and digitized
(Digidata 1200 Axon Instruments) at a sample frequency of
20 kHz. The experimental recordings were stored on a com-
puter hard disk for later analysis. The pipette solution
contained the following (in millimolars)—130 KCl, 10
HEPES, 0.1 EGTA, 1 MgCl2, 0.1 CaCl2, 5 ATP-Na2; pH
was adjusted to 7.4 with KOH yielding a calculated free

Ca2+ concentration of 750 nM. The BS contained the follow-
ing (in millimolars)—130 NaCl, 5.4 KCl, 1.2 MgCl2, 2.5
CaCl2, 5 HEPES, 6 glucose, pH was adjusted to 7.4 with
NaOH. In some experiments, 5 mM 4-AP or 500 nM paxilline
were added to the BS in order to inhibit the KV or BKCa

channel contribution to the macroscopic current, respectively
[31, 33]. Whole-cell current stability was monitored by ap-
plying successive 500 ms voltage steps (from a holding po-
tential of −50 mV to a test potential of +40 mV), discarding
cells in which the current amplitude did not remain constant in
time. After the current was stable, the same voltage-clamp step
protocol was applied in the control or in the presence of AA.
After current stabilization, a voltage-clamp step protocol,
which consisted in a family of 500 ms voltage steps between
−70 and +60 mV from a holding potential of −50 mV, was
applied both in the control and in the presence of AA, for
further current–voltage relationship (I-V) analysis. Cell mem-
brane capacitance was calculated from the capacity current
obtained from the recording of a single 10 mV hyperpolariz-
ing step. With the aim to quantify the macroscopic kinetics of
activation, a first-order exponential function was used to fit
these recordings. The equation that was used to fit with the
Clampfit software was:

Ix ¼ Ae
t=τx

where τx is the time constant of activation from the current
evocated (Ix) by a voltage pulse to xmV.

Inside-out macroscopic current recordings in heterologously
expressed BKCa channels

Macroscopic currents of BKCa channel expressed in
HEK293T cells were recorded using the cell-free inside-out
configuration. Currents were filtered with a four-pole lowpass
Bessel filter (Axopatch 200A amplifier) at 2 kHz and digitized
(Digidata 1200 Axon Instruments) at a sample frequency of
20 kHz. The experimental recordings were stored on a com-
puter hard disk for later analysis. The pipette solution
contained the following (in millimolars)—140 KCl, 0.5
MgCl2, 10 HEPES, 6 glucose, 1 CaCl2; pH was adjusted to
7.4 with KOH. The BS contained the following (in millimo-
lars)—140 KCl, 0.5 MgCl2, 10 HEPES, 6 Glucose, 1 EGTA,
pH adjusted to 7.4 with KOH yielding a calculated free Ca2+

concentration of 3 nM (calculated usingMaxchelator software
from Stanford University: http://maxchelator.stanford.edu).
The effect of AA on BKCa channels was tested by adding
the adequate quantity to the BS so as to reach a final
concentration of 10 μM. Current stability was monitored by
applying successive 150 ms voltage steps (from a holding
potential of 0 mV to a test potential of +120 mV), discarding
cells in which the current amplitude did not remain constant in
time. The same voltage-clamp step protocol was applied in
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control conditions as in presence of AA. After current stabi-
lization, a voltage-clamp step protocol, which consisted in a
family of 180 ms voltage steps between −50 and 190mV from
a holding potential of 0 mV followed by a 50 ms voltage step
to −50 mV, was applied both in the control and in the presence
of AA, for further conductance–voltage relationship (G-V)
analysis. The G-V curves were fitted using the GraphPad
Prism (version 5.03) with a Boltzmann relationship. The
equation used to fit these curves was:

G

Gmax
¼ 1

1þ e
zFðV1=2

−V Þ
RT

where V 1=2
is the potential at which G

Gmax
is 0.5, z is a constant

value that describes voltage sensibility (steepness of the
curve), F is the Faraday constant (96,500 C/mol), R is the
gas constant (8.314J/(mol×K)), and T is room temperature
(approximately 298 K).

Drugs and reagents used

AA, LT, paxilline, 4-AP, EGTA, Na2ATP, and collagenase used
for cell isolation were purchased from Sigma Chemical Co. All
other reagents were of analytical grade and purchased from
local suppliers as well as DMEM medium and FBS. AA, LT,
and paxilline were dissolved in dimethyl sulfoxide (DMSO).
Fresh aliquots of stock solutions of AA, LT, and paxilline were
added to the bath solution on the day of the experiment. An
appropriate amount of DMSO was added to all control solu-
tions without AA, LT, and paxilline. AA stock solution was
stored at −20ºC in an N2-atmosphere to prevent drug oxidation.

Statistics

The results are expressed as mean±standard error of the mean.
Paired or unpaired Student t tests were used to compare two
groups. ANOVA test was used to compare three groups. For the
comparison of frequency of instantaneous kinetics observed in
whole cell currents before and after AA perfusion, the Chi-
square test was used. In all cases, a Pvalue lower than 0.05 was
considered for establishing statistically significant differences.

Results

Lithocholic acid (LT) effect on BKCa channels in human
umbilical artery (HUA) smooth muscle cells (SMCs):
a functional evidence for the presence of the β1-accessory
subunit

Bukiya et al. (2007–2011) have clearly demonstrated that LT
activates BKCa channels only in the presence of accessory β1-

subunits [5, 7]. This effect is mediated by a direct interaction
between the lithocholate and the steroid interaction site in
transmembrane domain 2 of the β1-subunit [6]. Considering
that the BKCa channel is commonly associated with β1-sub-
units in native VSMCs [24, 25], we tested the effect of
150 μM LT on BKCa channel activity in freshly isolated
HUASMCs, so as to confirm the presence of this accessory
subunit in these cells. The effects of LT on BKCa channels
were studied at the single channel level in the IO configuration
under symmetrical K+ concentration, which is an experimen-
tal condition where we have largely characterized BKCa chan-
nels in these cells [31]. Figure 1 presents a typical recording
and mean NPo values showing a significant BKCa channel
activation induced by LT, indicating that BKCa channel α
subunits are likely to be associated with accessoryβ1-subunits
in this cell type. Since LTactivation occurs in all copies (n=1–
3) of BKCa channels present in all patches (n=7) tested, the
probability of finding a channel formed by α-alone, α-β2,
α-β3, or α-β4 subunits was negligible. Therefore, the AA
effects described below on BKCa channel activity and kinetics
corresponds to this α–β1 association.

Arachidonic acid (AA) increases single channel BKCa activity
in SMCs freshly isolated from HUA

The effects of AA onBKCa channels were studied at the single
channel level in the IO configuration in the same conditions
described before [31]. First, the effect of 10μMAAwas tested
on steady-state channel activity at +40 mV membrane poten-
tial. AA produces a reversible increase in BKCa channel open
probability without modifying its conductance value. Figure 2
shows a typical recording of channel activation and after
4 min washout (Fig. 2a), followed by its stability plot
(Fig. 2b), where the open probability (expressed as NPo)
was calculated every 5 s and plotted as a function of the
recording time. It is possible to observe that AA slowly
increases the NPo of the BKCa channel, reaching maximal
steady-state activation after about 4–5 min of AA perfusion.
AA induced a significant rise in NPo values from 0.01113±
0.00741 under control conditions to 0.10992±0.06129 after
stable AA effect; this activation was reversible after 4 min of
AA washout where the NPo fell to 0.00875±0.00417,
returning to control values (P<0.05, n=6 patches from three
umbilical cord donors).

Kinetic analysis was performed by detecting single channel
events based on the half-amplitude threshold criterion in all
patches containing a single BKCa channel (n=4). Stability
plots of closed and open dwell times, both in control condi-
tions and during AA perfusion, were constructed by plotting
the time that the channel remained in every closed (or open)
state event as a function of time recording (Fig. 2c and d,
respectively). In accordance to the NPo analysis, these graphs
show that open and closed dwell times of AA-induced BKCa
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channel activation reach a stable value after about 4 min of
perfusion. The analysis of mean closed and open times before
and after AA indicates that both significantly changed with
AA. Specifically, there was a reduction of mean closed time
from 2,090.9±604.2 ms to 208.3±53.7 ms and an increase in
mean open time from 7.8±0.3 ms to 13.2±1.3 ms in tested
cells (P<0.05, n=4 patches from three umbilical cord donors).
These results indicate that the increase of NPo induced by AA
is primarily caused by a tenfold decrease in the mean duration
of closed dwell time.

Next, in order to study the voltage dependence of AA-
induced BKCa channel activation, we performed a series of
experiments using a voltage ramp protocol similar to that
described by Carl and Sanders [10]. Working with 50 nM of
Ca2+ in the solution in contact with the channel intracellular
side, the patches were slowly hyperpolarized from +80 to
−80 mV using a 2 s voltage ramp protocol. The rate of
hyperpolarization (0.08 mV/ms) was slow enough to avoid
data distortion by the deactivation time constant (see
“Methods”, for more detail). This procedure was repeated
between 15 and 75 times in each tested condition to obtain
the mean current response. Typical superimposed recordings
in the control condition and in the presence of 10 μM AA are
shown in Fig. 3a, and the corresponding mean current–voltage
relationships (ι-V) drawn from the average currents are pre-
sented in Fig. 3b. The voltage-dependent activation of the
BKCa channel can be best characterized by the relationship
between Po and V (Po-V curves). Accordingly, the mean ι -V
curves were transformed into a Po-V curve by dividing each

data point of the averaged current by the number of copies
of the channel in the patch and the single channel current
amplitude at each potential. Figure 3c shows the mean Po-
V curves of the BKCa channel in the absence and presence
of AA obtained from five patches. AA induced a shift in
Po-V curves to more hyperpolarized membrane potentials,
achieving statistically significant difference in all voltages
higher than +23 mV (P<0.05). It was not possible to
observe maximal activation in Po-V curves because more
depolarized potentials, in general, disrupted the membrane
patch. However, in order to quantify the shift effect of AA
in Po-V curves, we assumed Pomax as 1 and fitted these
relationships by a Boltzmann function, thus observing that
AA induces a significant 20.13 mV change in V1/2 (from
124.7±1.5 mV in control conditions to 83.9±0.5 mV in
AA, P<0.05) without significantly modifying the z value
(1.407±0.060 and 1.286±0.034 in control conditions and in
AA respectively; NS, P=0.1178).

Finally, we studied the effect of AA on BKCa channel
voltage activation kinetics by analyzing the latency to the first
channel opening. A 500 ms voltage step from a holding
potential of −80 to +80 mV was applied in IO patches and
repeated at least 50 times for each patch with and without
10 μM AA. Representative single channel traces in both
conditions are shown in Fig. 4a. It was observed that AA
produces an increase of about a 20 % in the number of pulses
with at least one single channel opening during voltage step
(data not shown) and a reduction in the time delay to first
channel opening (first latency).
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Fig. 3 AA induces a shift to more hyperpolarized values in the voltage
activation curve of BKCa channel in HUA SMC in the IO configuration. a
30 superimposed representative recordings of BKCa channels IO currents
obtained by applying 80 mV/s hyperpolarizating voltage-ramp protocol
from +80 to −80 mV (see “Methods”) in control conditions (upper panel)
and after 10 μM AA perfusion (lower panel). The patch contains four
channel copies. b Averaged current versus voltage curve obtained from
recording shown in a in control conditions and with 10 μM AA. cMean

voltage activation curves (Po vs. voltage) of BKCa channels in control
conditions and with 10 μM AA (n=5 patches from two umbilical cord
donors). Po was calculated from the averaged current, after correcting for
the number of channels in the patch, the unitary conductance and the
driving force (see “Methods”). Data points were fitted by a Bolzmann
function (solid lines) taking Po=1 as maximal activation. Mean Po values
of BKCa channel in AA showed statistically significant difference from
controls in all voltages greater than +23 mV (Student’s t test, P<0.05)
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A cumulative histogram was then constructed with laten-
cies to first openings measured in both conditions, so as to
obtain the cumulative density function. For patches containing
more than a single channel, the true first latency distribution
was established by taking the Nth root of the apparent distri-
bution function, where N is the number of channels present in
the patch [2] (see “Methods”, for more details). These distri-
butions show the probability that the channel still remains
closed at the times indicated. As is shown in Fig. 4b, AA
induced a shift to shorter first latencies in the cumulative
distributions obtained from the recordings presented in
Fig. 4a. The distributions from three to five different patches
were fitted by a first-order exponential decay function, and the
mean time constants of voltage activation τact values were
obtained for both conditions. The data presented in Fig. 4c
shows that AA significantly decreases the τact consistent with
the acceleration of BKCa channel voltage activation kinetics
(P<0.05). These results are consistent with the ones obtained
in the analysis of steady-state dwell times, since AA reduced
the time that the channel remained closed in both cases, thus
increasing the opening rate.

AA effects in whole-cell K+ currents in HUASMCs

To analyze the effect of this FA on K+ currents under a more
physiological context, we tested the AA effect onmacroscopic
currents from HUASMCs. In a previous report, we demon-
strated that the macroscopic voltage-dependent K+ current in
HUASMCs is mostly carried through two different types of
ion channels: BKCa channels and the voltage-dependent K+

channels (KV) [33]. We also observed that this macroscopic
current is completely inhibited when using 500 nM paxilline
(a BKCa channel blocker) and 5 mM 4-AP (a classical KV

channels blocker) [31]. Consequently, to investigate AA ef-
fects on both components of macroscopic currents, we tested
the effect of 10 μM AA on a family of currents evoked by
500 ms voltage steps between −70 and +60 mV from a
holding potential of −50 mV in the presence of 5 mM 4-AP
(Fig. 5) or 500 nM paxilline (Fig. 6). In agreement with single
channel results, extracellular perfusion of 10 μM AA (in the
presence of 5 mM 4-AP) significantly increased the amplitude
of the outward whole-cell current. Mean current–voltage re-
lationships (I-V curves, Fig. 5b) showed that current incre-
ments are statistically significant at membrane potential values
between −30 and +50 mV. These results suggest that the AA-
activated macroscopic current was mediated by BKCa chan-
nels, so we confirmed them by testing the AA effect in the
presence of 500 nM paxilline (without 4-AP). In such condi-
tions AA had no effect, hence indicating that this FA is able to
activate BKCa channels as we observed at the single channel
level, and it did not affect KV channel activity (Fig. 6).

As it is possible to see in Fig. 5b, the AA effect produces a
left shift in the I-V curve, inducing significant cell membrane

hyperpolarization. The effect of AA on resting cell membrane
potentials was evaluated by measuring the reversal potential
(Erev) of the I-V relationships, where 10 μM AA changed this
value by about 25 mV with respect to the control condition
(Fig. 5c, P<0.05).

Consistent with the results obtained at the single channel
level, AA induces a significant increase in activation kinetics
of the voltage-induced whole-cell current. Time constants of
activation (τact) were obtained by fitting the beginning of the
whole-cell current at all membrane potentials, where possible,
with a single exponential function. In Fig. 5d, the mean τact
values before and after 3 min of AA perfusion were plotted
versusmembrane potential. AA accelerated activation kinetics
at all membrane potentials analyzed. Moreover, after 5 min of
AA perfusion, the current kinetics changed from a time-
dependent activation without inactivation to an instantaneous
activation with a tight inactivation at most depolarized steps in
9 out of 11 tested cells (Fig. 5a) (chi square test, P<0.05).

Effect of the modulatory β1-subunit on AA activation
of BKCa channels expressed in HEK cells

In order to study the relevance of β1-subunit presence on AA
BKCa channel activation, we expressed the channelα-subunit in
HEK293T cells with or without the β1-subunit and tested the
AA effect on them. Figure 7 shows typical traces ofmacroscopic
BKCa channels currents recorded in cell-free inside-out config-
uration before and after AA perfusion. The AA had no effect on
BKCa expressed without the β1-subunit in all tested patches (n=
3) but clearly activated the channel in presence of the modula-
tory β1-subunit (Fig. 7a and b, respectively). When G-V curves
were constructed and fitted with a Boltzmann equation, we
observed that the activation of α–β1 complex is characterized
by a significant left shift on G-V curves without modification of
apparent voltage sensitivity in accordance with results observed
in native HUASMCs (Fig. 7c). The V 1=2

was changed from

141.3±2.0 mV under control conditions to 86.1±3.9 mV in
presence of AA (P<0.0001), while the z value was unaffected
by AA (1.047±0.085 and 1.098±0.156 in control conditions
and in AA, respectively; NS, P=0.7755). These results suggest
that presence of the auxiliary β1-subunit is necessary to mediate
the AA effect on BKCa channel described above.

Discussion

The present study demonstrates that AA, an endogenous
PUFA, directly activates BKCa channels present in
HUASMCs. Moreover, taking into account that LT is able to
activate BKCa channels only if they are associated to β1-
subunits [5, 7], BKCa channel activation by LT (showed in
Fig. 1) denotes functional evidence of such association.
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Together, our results provide the first evidence that AA is able
to activate BKCa channels modulated by the β1-subunit in
human vascular smooth muscle cells. Additionally, the effect
of AA on the BKCa channel expressed with or without the β1-
subunit demonstrates the requirement of β1-subunit modula-
tion to obtain the channel activation by this fatty acid.

The AA-induced BKCa channel activation observed in the
excised patch IO configuration (in HUASMCs and in HEK
cells) indicates that this PUFA has a direct effect on such
channel activity, without metabolic modification by the differ-
ent pathways that could produce AA metabolites [36, 38, 42].
Direct activation of the native BKCa in IO patches was already
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reported so as to discard the effect of AA by its metabolites in
rabbit coronary [1] and pulmonary [11] SMCs, guinea pig
gastric myocytes [46], and GH3 cells [12]. In the present study,
our experiments performed at the single channel level allowed
us to analyze in depth the mechanism of the stimulatory effect
of AA on BKCa channels present in HUASMCs.

When the voltage ramp protocol was applied on the IO
configuration in HUASMCs, to study the effect of AA on
BKCa channel open probability at different membrane poten-
tials, we observed that the fatty acid induces a left-shift in Po-
V curves. This indicates that AA can activate the channel at
more negative membrane potential values, where the channel
is usually closed, without modifying the steepness of the
curve. This result was also observed in I-V curves from
HUASMCs macroscopic WC currents and in G-V curves
from BKCa channels co-expressed with β1-subunit in HEK
cells. Previously, Ahn et al. as well as Denson et al. observed a
similar effect of AA onBKCa channel Po-V curves from rabbit
coronary SMCs and GH3 cells, respectively [1, 12]. The fact
that AA induces this left shift on Po-Vand G-V curves without
modifying the slope in all cases suggests that the AA effect is
not mediated by a modification of channel voltage sensitivity.
However, up to now, the mechanism of AA-induced BKCa

channel activation can be said to be poorly understood.
Our single channel analysis showed that the increase in

BKCa channel activity is mainly due to a decrease in closed
state dwell times and, in a minor way, to an increase in open
state dwell times. Since there are no reports in the literature
about AA effects on BKCa single channel kinetics, these
results are the first to indicate that AA can activate the BKCa

channels through a destabilization of its closed state to greatly
facilitate channel opening and also by a stabilization of its
open state to prolong their open time duration (Fig. 8b). A
similar effect on closed state dwell times has been previously
reported by Morin et al. for the AA-metabolite 20-HETE on
BKCa channels from human airway SMC [35].

The decrease in BKCa channel closed state stability induced
by AA also generates acceleration in the activation kinetics of
voltage-induced currents in HUASMCs, where AA clearly
reduces latency to first BKCa channel opening (in the IO
configuration) and diminishes the activation time constants
(in both IO and WC configurations). This acceleration in
activation rates induced by AA has also been previously
observed in different types of K+ channels: by Gavrilova-
Ruch et al. in KV1.5, hEAG1 and hEAG2 [16] and by Ferroni
et al. in TREK-2 channels [14].

Since the kinetic analysis performed in HUASMCs reflects
that AA modifies the gating ring behavior by destabilization
of closed channel conformation, it is possible to postulate that
this effect could be independent of β-subunit presence. How-
ever, it is known that auxiliaryβ1-subunit can interact with the
channel α-subunit affecting the gating ring as well as the
voltage sensor domain [3, 27, 28]. Thus, another possible

mechanism to explain the AA effect on BKCa channel is the
interaction of the fatty acid with the ion channel by means of
the auxiliary β1-subunit. In order to confirm the relevance of
β1-subunit in AA BKCa channel activation, we expressed the
channel α-subunit with or without the β1-subunit in HEK
cells, and we tested the effect of AA on them. Similarly to
Sun et al. experiments [43], AA did not affect the BKCa

channel without any β-subunit expression, but accordingly
with our HUASMCs results, in the presence of theβ1-subunit,
the AA induces a significant channel activation (Fig. 7).
Therefore, AA activation of BKCa channels requires the pres-
ence of β1-, β2-, or β3-subunits. However, our experimental
results also suggest that the mechanism of AA activation of
the α–β1 complex differs from the demonstrated by Sun et al.
for the α–β2 complex where AA prevents the β2-dependent
channel inactivation.
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in human VSMCs. aArachidonic acid (AA) interacts with the β1-subunit
of BKCa channel and modifies the operation of the gating ring. Moreover,
the channel voltage sensitivity was unaffected by AA. Activator effect of
AA induces a membrane hyperpolarization that can close VOCC (dotted
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AA activator effect where AA binding to BKCa channel destabilizes its
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Considering the experimental evidence presented in
HUASMCs at single channel level and in BKCa channels
expressed in HEK, we are able to propose a more detailed
action mechanism for AA activation of the BKCa channel
summarized in Fig. 8a. First, the AA acts by interacting with
the β1-subunit of BKCa channel. Second, based on AA mod-
ification of BKCa channel kinetics, this interaction is able to
modify the operation of the gating ring (GR). Third, AA-BKCa

channel activation is independent of modification of the chan-
nel voltage sensitivity. Thus, the AA mainly produces, at the
level of the BKCa channel gating ring, a reduction on closed
channel state stability, which increases the channel opening
rate and the open probability (Fig. 8b).

Similar BKCa channel activation in rat vascular SMCs by
alteration of closed state stability, independent from voltage
sensor activation and Ca2+ binding, was recently reported by
Hoshi et al. for DHA, a long-chain 22-carbon polyunsaturated
omega-3 fatty acid [21]. Furthermore, they showed that the
effect was enhanced by co-expression of α-subunit with β1-
and β4-subunits, compared with the α-subunit alone or co-
expressed with β2- and γ-subunits [20]. By using mutagene-
sis, the authors proved that the TM1 N terminus domain from
the β1-subunit is essential for the DHA effect, thus suggesting
that a direct interaction between the S6 domain (α-subunit)
and the TM1 N terminus (β1-subunit) may be able to desta-
bilize the closed state and increase open probability. This
resemblance in both AA and DHA effects on BKCa channel
activation by destabilization of the closed state could involve a
common binding site. However, the differential roles of β-
auxiliary subunits on PUFA channel activation reported by
Sun et al. and Hoshi et al. suggest that a more complex
interaction is involved [20, 43].

Finally, on WC configuration, a more physiological record-
ing condition where the cell remains with its membrane resting
potential, it was possible to observe that the activator effect of
AA generates a hyperpolarization that can lead to smooth
muscle relaxation (Fig. 8a). Since in this configuration the three
metabolic pathways remain intact, the effect of AA could be
mediated by its metabolites. However, the effect of this fatty
acid on BKCa channel in the IO configuration (in HUASMCs
and expressed in HEK cells) suggest that AA itself can con-
tribute, in part, to smooth muscle hyperpolarization. These
results highlights the role of AA itself as a possible second
messenger molecule that can regulate channel activity under
physiological and pathological conditions, leading to vasodila-
tion and lower blood pressure values. Moreover, this last effect
could explain the benefits of dietary consumption of the omega-
6 fatty acid to obtain a cardiovascular protective effect.
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