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Abstract
Voltage-gated potassium channels are expressed in a wide variety of excitable and non-excitable cells and regulate numerous 
cellular functions. The activity of ion channels can be modulated by direct interaction or/and functional coupling with other 
proteins including auxiliary subunits, scaffold proteins and the cytoskeleton. Here, we evaluated the influence of the actin-
based cytoskeleton on the Kv2.1 channel using pharmacological and electrophysiological methods. We found that disruption 
of the actin-based cytoskeleton by latrunculin B resulted in the regulation of the Kv2.1 inactivation mechanism; it shifted the 
voltage of half-maximal inactivation toward negative potentials by approximately 15 mV, accelerated the rate of closed-state 
inactivation, and delayed the recovery rate from inactivation. The actin cytoskeleton stabilizing agent phalloidin prevented 
the hyperpolarizing shift in the half-maximal inactivation potential when co-applied with latrunculin B. Additionally,  PIP2 
depletion (a strategy that regulates Kv2.1 inactivation) after cytoskeleton disruption does not regulate further the inactivation 
of Kv2.1, which suggests that both factors could be regulating the Kv2.1 channel by a common mechanism. In summary, 
our results suggest a role for the actin-based cytoskeleton in regulating Kv2.1 channels.
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Introduction

Voltage-gated potassium (Kv) channels control electrical 
excitability in multiple cell types. Change in membrane 
potential is the fundamental stimulus for Kv channel gat-
ing; however, other factors, such as protein phosphorylation 
[1, 2], SUMOylation [3, 4], intracellular  Ca2+ [5], lipids [6, 
7], accessory subunits [8, 9], and cytoskeletal proteins [10, 
11] regulate this process.

The delayed rectifier Kv2.1 is expressed in a wide variety 
of excitable and non-excitable cells, and it is notable for 
its important role in regulating neuronal excitability [12], 
neuronal apoptosis [13, 14], and glucose-stimulated insulin 
secretion [15–17]. A feature of Kv2.1 is that it forms cell-
surface clusters in hippocampal neurons [18], HEK293 cells 
[19], and pancreatic β-cells [20]. However, a population of 

non-clustered channels is also present in the plasma mem-
brane of these cells [21]. As Kv2.1 channels within the 
clusters are not conductive, whole-cell Kv2.1 currents are 
mostly derived from non-clustered channels [21]. Several 
factors regulate Kv2.1 cluster assembly and maintenance; 
for example, cluster formation requires an intact C-termi-
nus in the channel [22]; the phosphorylation state of Kv2.1 
also regulates clustering, as dephosphorylation of the chan-
nel promotes declustering [23]. The cytoskeleton also has 
an influence in Kv2.1 cluster formation and maintenance; 
clustered channels are corralled by a cytoskeleton-based 
perimeter fence, forming a stable cell surface structure [24]. 
Similarly, non-clustered Kv2.1 channels are modulated by 
phosphorylation [1], and other factors [7, 25]; however, the 
role of the cytoskeleton on the function of this population of 
channels has not been investigated in detail.

The cortical actin-based cytoskeleton consists of a lattice 
network of actin filaments that underlies and connects with 
the plasma membrane [26]. Cumulative evidence suggests 
that the actin cytoskeleton plays an important role in the 
regulation of Kv channels; for instance, cytoskeleton dis-
ruption upregulates the ionic and gating currents of Kv1.5 
channels [10]; whereas an intact cytoskeleton is essential 
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for Kv1.2 channel function [11]. Additionally, disruption of 
actin filaments induces a progressive increase in the rate of 
inactivation of Kv3.3 channels, with no effects on its activa-
tion mechanism [27]. Recently, we reported that inactivation 
curves of Kv2.1 channel recorded in inside-out patches are 
shifted ~ 48 mV to hyperpolarized potentials compared to 
those recorded in whole cells [7]. This effect was partially 
prevented by phosphatidylinositol 4,5-bisphosphate  (PIP2); 
however, additional factors presumably lost or damaged after 
patch excision, perhaps the cytoskeleton, could be involved 
in this difference.

In this study, we have examined the role of the cytoskel-
eton on the function of Kv2.1 channels. We found that 
cytoskeleton disruption regulates the inactivation mecha-
nism of Kv2.1 channels, with no apparent effects on its 
activation. Moreover,  PIP2 depletion after cytoskeleton dis-
ruption does not regulate further the inactivation of Kv2.1 
channels, suggesting that both factors could be acting 
through a common mechanism.

Materials and methods

Drugs

Latrunculin B, phalloidin, and rapamycin (ready-made 
solution, 2.7 mM) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Latrunculin B and phallodin were dis-
solved in dimethyl sulfoxide (DMSO) to get 10 mM and 
5 mM stock solutions, respectively. The stock solutions were 
diluted to the final concentrations in the internal or external 
solution for the patch clamp recordings. The final concentra-
tion of DMSO in our experiments was ≤ 0.1%, which did not 
modify the basal properties of the Kv2.1 channel.

Cell culture and transfection

Human embryonic kidney 293 [HEK-293] (ATCC® CRL-
1573™) cells were grown in 60-mm tissue culture dishes 
(Corning, Corning, NY, USA) in Dulbecco’s modified 
Eagle’s medium (DMEM, GIBCO-Invitrogen, Grand Island, 
NY, USA) supplemented with 10% fetal bovine serum 
(Corning Life Sciences, Manassas, VA, USA) and 1% Anti-
biotic Antimycotic solution (Sigma-Aldrich) in a humidifier 
incubator at 37 °C (5%  CO2). HEK-293 cells were transiently 
transfected with cDNAs encoding rKv2.1 subcloned in the 
pXoom vector (kindly provided by Dr. Diomedes Logothe-
tis, Northeastern University, USA), LDR (Lyn11-targeted 
FRB)-CFP and FKBP (FK506-binding protein)-Inp54p 
(kindly provided by Dr. Bertil Hille, University of Wash-
ington, USA) with the use of Lipofectamine 2000 reagent 
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. For electrophysiological recordings, 

cells were used 24 h after transfection. As a marker for suc-
cessfully transfected cells, cDNA encoding the enhanced 
green fluorescent protein (EGFP) was co-transfected with 
the cDNAs of interest.

Electrophysiological recordings

Macroscopic current recordings in HEK-293 cells were 
performed at room temperature (22–24 °C) by using the 
whole-cell and inside-out configurations of the patch-clamp 
technique. Data acquisition and generation of voltage-clamp 
pulse protocols were carried out using an Axopatch 200B 
amplifier (Molecular Devices, Sunnyvale, CA, USA) and a 
Digidata 1440A interface (Molecular Devices) controlled 
by the pCLAMP 10 software (Molecular Devices). Micro-
pipettes were pulled from borosilicate glass capillary tubes 
(World Precision Instruments, Sarasota, FL, USA) using 
a flaming/brown micropipette puller (Sutter Instruments, 
Novato, CA, USA). When micropipettes were filled with 
the pipette solution, tip resistance ranged from 1.5 to 2.5 
MΩ. An agar-KCl bridge was used to ground the bath. For 
whole-cell recordings, the standard bath solution contained: 
135 mM NaCl, 4 mM KCl, 1 mM  MgCl2, 10 mM HEPES, 
1.8 mM  CaCl2, and 10 mM glucose (pH was adjusted to 
7.4 with NaOH). The pipette solution contained: 110 mM 
KCl, 5 mM  MgCl2, 5 mM  K4BAPTA, and 5 mM  K2ATP 
(pH adjusted to 7.2 with KOH). Inside-out patches were 
recorded by using the standard bath solution in the patch 
pipette, and the perfusing solution contained 135 mM KCl, 
1 mM  MgCl2, 10 mM HEPES, and 10 mM glucose (pH 
adjusted to 7.35 with KOH). Solutions were applied using a 
Fast-Step Perfusion System (VC-77SP Warner Instruments, 
Hamden, CT, USA).

Data analysis

Data are presented as mean ± SEM (n = number of cells, 
recorded from at least four different experiments). Patch-
clamp data were processed using Clampfit 10 (Molecular 
Devices) and analyzed in Origin 8.6 (OriginLab Corp. 
Northampton, MA, USA).

Conductance-voltage (G–V) relationships were deter-
mined based on the equation:

where Ip is the peak current amplitude at the test potential 
V, and Vrev is the potassium reversal potential. The voltage 
dependence of Kv2.1 channel activation was determined 
from the G–V relationships fitted to a Boltzmann equation:

(1)G =
Ip

V − Vrev

,

(2)y =
1

1 + e−(V−V1∕2)∕K
,
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where V represents the test potential, and V1/2 and K are 
the potential at which the conductance was half-activated 
and the slope, respectively.

The voltage dependence of Kv2.1 channel inactivation 
was determined using a three-step protocol. From a holding 
potential of − 100 mV (− 120 mV for inside-out), a depolar-
izing 100 ms step to + 80 mV was applied (P1); after a brief 
repolarization to the holding potential, a 6-s conditioning 
pulse to different depolarizing potentials was applied (P2), 
followed by a final pulse to + 80 mV (P3). The normalized 
current was calculated dividing the current in P3 between 
current in P1 and plotted against the conditioning poten-
tial (P2). The resulting inactivation data were fitted with the 
Boltzmann equation:

where V is the conditional potential, and V1/2 and K are 
the potentials at which the conductance was half-inactivated 
and the slope, respectively.

The statistical significance between two or more inde-
pendent experimental groups was determined by unpaired 
Student’s t test or one-way ANOVA respectively, the nor-
mality was determined by Shapiro–Wilk test, the homo-
scedasticity was evaluated by Brown Forsythe test, with 
p < 0.05 representing significance.

Results

Kv2.1 channels exhibit modulation of inactivation 
in inside‑out patches

We evaluated the voltage-dependence of inactivation of 
Kv2.1 channels recorded in the whole-cell and inside-out 
configurations of the patch-clamp technique. Representative 

(3)y =
Imax − Imin

1 + e(V−V1∕2)k
+ Imin,

Kv2.1 current traces recorded with a three-pulse inactivation 
protocol (Fig. 1, inset) are shown for whole-cell (Fig. 1a) 
and inside-out (Fig. 1b) conditions. Half-maximal inactiva-
tion voltage (V1/2) and slope (K) values determined from 
Boltzmann fits to inactivation curves are shown in Table 1. 
A gradual hyperpolarizing shift in the V1/2 of inactivation 
was observed after patch excision (Fig. 1c). After 10 min, 
the V1/2 of inactivation was shifted 63 mV to negative poten-
tials compared to the V1/2 obtained from whole-cell record-
ings (Fig. 1c, Table 1). The hyperpolarizing shift in the V1/2 
of Kv2.1 inactivation under inside-out conditions can be par-
tially prevented by  PIP2 [7]; however, other factors could be 
contributing. In the next series of experiments, we evaluated 
if the cytoskeleton is involved in this effect.

Effect of cytoskeleton disruption on Kv2.1 channels

The influence of actin cytoskeleton on the function of ion 
channels can be investigated by disrupting actin polymeri-
zation. Latrunculin B (hereinafter Lat. B) is a marine toxin 
that inhibits actin polymerization and disrupts microfilament 
organization [28]. We investigated the effects of Lat. B on 
the activity of Kv2.1 channels. Whole-cell currents were 
elicited by depolarizing steps to + 60 mV during 2 s. Current 

Fig. 1  Effects of patch excision on the voltage-dependent inactivation 
of Kv2.1 channels. a, b Representative recordings of Kv2.1 currents 
obtained with an inactivation protocol (inset) in whole-cell (a) and 
inside-out (b) configurations. c Inactivation curves of Kv2.1 channels 

determined under whole-cell (WC), and 1, 5, and 10 min after patch 
rupture (IO). Inactivation parameters are displayed on Table 1. Data 
are presented as mean ± SEM

Table 1  Half-maximal inactivation voltage (V1/2) and slope (K) of 
Kv2.1 channels under whole-cell and inside-out conditions

V1/2 and k were calculated by fitting the Boltzmann equation (Eq. 3) 
to the inactivation curves in each cell/patch
* p < 0.05, ***p < 0.001 versus whole-cell

V1/2 (mV) K n

Whole-cell − 27.4 ± 1.2 5.6 ± 0.3 8
Inside-out (1 min) − 75.2 ± 1.9*** 4.8 ± 0.1 6
Inside-out (5 min) − 86.3 ± 1.8*** 6.1 ± 0.23 6
Inside-out (10 min) − 90.4 ± 1.7*** 6.2 ± 0.18* 4
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traces obtained within 1 min of membrane rupture, and again 
after 25-min incubation with Lat. B in the patch pipette are 
shown in Fig. 2a. Lat. B (5 μM) does not significantly affect 
the amplitude of Kv2.1 currents (Fig. 2b). For all subsequent 
experiments Lat. B (5 μM) was dialyzed through the patch 
pipette during 25 min before starting the recordings. Simi-
larly, untreated (control) cells were recorded after 25 min of 
the whole-cell configuration establishment.

To ascertain the effect of Lat. B on the voltage depend-
ence of activation of Kv2.1 channels, we determined the 
conductance–voltage relationships (G–V curves) from 
untreated (control) and Lat. B-treated cells. Figure 3a, b 
shows representative current traces recorded in untreated 
(control, a) and Lat. B-treated (b) cells, recorded with the 
protocol shown in the inset. Lat. B does not affect the voltage 
dependence of activation of Kv2.1 channels (Fig. 3c). The 
mean activation parameters in untreated and Lat. B-treated 
cells were V1/2 = 14.3 ± 0.7  mV, k = 15.7 ± 1.6  mV and 
V1/2 = 8.3 ± 2.5 mV, k = 21.2 ± 1 mV, respectively.

Next, we determined the effect of Lat. B on the inactiva-
tion parameters of Kv2.1. Figure 4a, b shows representa-
tive current traces recorded in untreated (control, a) and 
Lat. B-treated (b) cells, recorded with the protocol shown 
in the inset. Lat. B induced a shift in the V1/2 toward nega-
tive voltages relative to untreated cells (Fig. 4c). The V1/2 
in untreated cells was − 32.4 ± 2.3 mV (k = 5.0 ± 0.2 mV), 
while it was − 47.7 ± 1.5 mV (k = 5.1 ± 0.3 mV) in Lat. 
B-treated cells (i.e., a 15-mV leftward-shift, p < 0.001).

A feature of Kv2.1 channels is that it can inactivate from 
closed states. We tested if Lab. B treatment can modulate the 
closed-state inactivation of Kv2.1. We isolated the closed-
state inactivation of Kv2.1 by examining the development 
of inactivation at a non-activating voltage (− 40 mV), in 
untreated (control) and Lat. B-treated cells. In these experi-
ments, a pulse to + 80  mV tested the available current 
after the pre-pulse to − 40 mV; as the pre-pulse duration 
increased, channels inactivate and the current gradually 

Fig. 2  Impact of cytoskeleton disruption on Kv2.1 currents. a Repre-
sentative Kv2.1 currents recorded at + 60 mV from a holding poten-
tial (hp) of − 80 mV under whole-cell configuration. Traces are shown 
at 1 and 25 min after the establishment of the whole-cell configura-
tion. Lat. B was dialyzed through the patch pipette. b Average current 
inhibition after 1 and 25 min of Lat. B dialysis (n = 6). Data are pre-
sented as mean ± SEM

Fig. 3  Effect of cytoskeleton disruption on the voltage dependence 
of activation of Kv2.1 channels. a, b Representative recordings of 
Kv2.1 currents obtained in response to an activation protocol (inset) 
in untreated (control) and Lat. B-treated cells. c Activation curves 
of Kv2.1 channels determined in control conditions (n = 8) and Lat. 
B-treated cells (n = 6). Data are presented as mean ± SEM

Fig. 4  Effect of cytoskeleton disruption on the voltage-dependence 
of inactivation of Kv2.1 channels. a, b Representative recordings of 
Kv2.1 currents obtained in response to an inactivation protocol (inset) 
in untreated (control) and Lat. B-treated cells. c Inactivation curves 
of Kv2.1 channels determined in control conditions (n = 6) and Lat. 
B-treated cells (n = 5). Data are presented as mean ± SEM
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decreased. Figure 5a, b shows representative current traces 
recorded in untreated (control, a) and Lat. B-treated (b) 
cells, recorded with the protocol shown in the inset. The 
development of closed-state inactivation was accelerated in 
Lat. B-treated cells (Fig. 5c). The time constants of closed-
state inactivation obtained from monoexponential fits were 
16.5 ± 1.6 s for control and 6.7 ± 0.9 s for Lat. B-treated cells 
(p < 0.001).

To test if Lat. B treatment affected the recovery rate of 
Kv2.1 from inactivation, we used a three-pulse protocol 
(Fig. 6, inset). Figure 6a, b shows representative current 
traces obtained from untreated (control, a) and Lat. B-treated 
(b) cells. The recovery kinetics of Kv2.1 currents was fitted 
to a double exponential function that was affected by Lat. B 
(Fig. 6c). The recovery time constants were 0.21 ± 0.02 s and 
2.18 ± 0.51 s for control, and 0.30 ± 0.05 s and 2.57 ± 0.43 s 
for Lat. B-treated cells (p < 0.05).

At this point, we tested if the effect on the voltage depend-
ence of inactivation induced by Lat. B could be prevented 
by the F-actin stabilizing agent phalloidin. For these experi-
ments, we had four experimental groups: untreated (control), 
Lat. B (5 μM), phalloidin (10 μM) and Lat. B (5 μM) + phal-
loidin (10 μM), all applied through the patch pipette. As pre-
viously shown, Lat. B induced a hyperpolarizing shift in the 

V1/2 of inactivation of 13.7 mV (Fig. 7a, d). Phalloidin does 
not modify the voltage dependence of inactivation of Kv2.1 
channels when it was applied alone (Fig. 7b, d); however, it 
was able to prevent the left-shift in the V1/2 induced by Lat. B 
when they were applied together (Fig. 7c, d). V1/2 and k val-
ues for the four experimental groups are shown in Table 2.

PIP2 regulation of Kv2.1 channel depends 
on the cytoskeleton

The effects on the inactivation mechanism of Kv2.1 channel 
induced by Lat. B are qualitatively and quantitatively similar to 
those induced by  PIP2 depletion [7]. In experiments in excised 
patches, the  PIP2 is dephosphorylated and the cytoskeleton 
destabilized, therefore, the combination of both factors could 
be inducing the large hyperpolarizing shift in the V1/2 of inac-
tivation observed in this recording configuration (Fig. 1c). 
Then, we examined the voltage dependence of inactivation of 
Kv2.1 channels after cytoskeleton disruption followed by  PIP2 
depletion. To deplete  PIP2, we co-expressed Kv2.1 channels 
together with a rapamycin-translocatable phosphatase (FKBP-
Inp54p) and the membrane anchor LDR-CFP. The FKBP and 
LDR domains dimerize when rapamycin is added to the cell, 
leading to the dephosphorylation of  PIP2 on the 5′ position to 

Fig. 5  Effect of cytoskeleton disruption on the kinetics of Kv2.1 
closed-state inactivation. a, b Representative recordings of Kv2.1 
currents obtained with a closed-state inactivation protocol (inset) in 
untreated (control) and Lat. B-treated cells. c Temporal course of 
closed-state inactivation determined in control conditions (n = 8) 
and Lat. B-treated cells (n = 7). The data points represent the cur-
rent evoked by the second depolarizing pulse to + 80 mv, relative to 
the amplitude of the initial depolarizing pulse, plotted against the 
duration of the conditioning pulse at − 40 mV. Data are presented as 
mean ± SEM

Fig. 6  Effect of cytoskeleton disruption on the recovery kinetics 
of Kv2.1 channels from inactivation. a, b Representative record-
ings of Kv2.1 currents obtained with a three-pulse protocol (inset) 
in untreated (control) and Lat. B-treated cells. c Temporal course of 
recovery from inactivation determined in control conditions (n = 5) 
and Lat. B-treated cells (n = 7). The data points represent the peak 
current evoked by the third pulse (P3), normalized to the peak current 
elicited by the identical first pulse (P1) and plotted as a function of 
the time interval at the holding potential (− 100 mV). Data are pre-
sented as mean ± SEM
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PI4P [29]. Lat. B was dialyzed through the patch pipette dur-
ing the experiment (25 min), whereas rapamycin (1 µM) was 
added to the extracellular solution 15 min after establishing 
the whole-cell configuration. Under these conditions, the volt-
age dependence of inactivation was shifted to hyperpolarizing 
potentials by 15 mV (Fig. 8c, f), which was not significantly 
different from the changes observed when Lat. B or rapamycin 
were applied alone (Fig. 8a, b, f). These experiments suggest 
that instead of having additive effects, as we expected,  PIP2 
depletion and the cytoskeleton disruption could be modulating 

Kv2.1 channels by a common mechanism. To further explore 
this possibility, we first tested if  PIP2 could prevent the hyper-
polarizing shift on the voltage dependence of inactivation 
induced by Lat. B.  PIP2 (10 µM) was co-applied with Lat. B 
trough the patch pipette  25 min before the recordings. Under 
this experimental setting,  PIP2 was unable to circumvent the 
hyperpolarizing shift in the V1/2 of inactivation induced by 
Lat. B (Fig. 8d, f). Additionally, we examined if the actin 
cytoskeleton stabilizing agent phalloidin could abolish the 
effects observed after  PIP2 depletion. Phalloidin was dialyzed 
trough the patch pipette 15 min before the rapamycin appli-
cation to deplete  PIP2. Despite the cytoskeleton stabilization 
by phalloidin,  PIP2 depletion induced a hyperpolarizing shift 
in the voltage dependence of inactivation of Kv2.1 (Fig. 8e, 
f). The V1/2 and k values for the six experimental groups are 
shown in Table 3.

Discussion

The Kv2.1 channel is unique among voltage-gated potas-
sium channels in that it is present in the plasma membrane 
concentrated in clusters or as a single (non-clustered) 

Fig. 7  Protective effect of phal-
loidin on Lat. B-induced shift 
on the voltage dependence of 
inactivation of Kv2.1 chan-
nels. a–c Inactivation curves 
of Kv2.1 channels determined 
in control conditions, Lat. B, 
phalloidin (Phall) and Lat. 
B + Phall-treated cells. For the 
sake of clarity, the control curve 
is shown compared to each 
different treatment. d Average 
V1/2 value for control, Lat. B, 
Phall and Lat. B + Phall-treated 
cells (see Table 2). Data are 
presented as mean ± SEM

Table 2  Half-maximal inactivation voltage (V1/2) and slope (K) of 
Kv2.1 channels in absence (control) and presence of Lat. B, phalloi-
din and Lat. B + phalloidin

V1/2 and k were calculated by fitting the Boltzmann equation (Eq. 3) 
to the inactivation curves in each cell
*** p < 0.001 versus control

V1/2 (mV) K n

Control − 29.2 ± 1.2 5.9 ± 0.2 6
Lat. B − 42.8 ± 1.44*** 5.6 ± 0.2 5
Phalloidin − 26.3 ± 1.9 5.8 ± 0.4 7
Lat. B + phalloidin − 30.4 ± 1.9 5.4 ± 0.2 7
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freely diffusing channel [18–21]. Clustered channels do 
not conduct potassium; therefore, the non-clustered chan-
nels are responsible for the delayed rectifier currents 
attributed to Kv2.1 [21]. The role of the actin cytoskeleton 
in the regulation of Kv2.1 channel clustering has been 
studied in detail [24, 30, 31]. However, the regulation of 
non-clustered Kv2.1 channels by the actin cytoskeleton 
remains less explored. Here, we have investigated the role 
of the actin cytoskeleton on conductive (non-clustered) 

channels by employing the actin-disrupting agent Lat B. 
We found that cytoskeleton disruption regulates the inac-
tivation mechanism of the Kv2.1 channel and its modula-
tion by  PIP2.

Several Kv channels interact with the actin cytoskeleton. 
As an example, Kv3.3 channels coordinate an assembly of 
cortical actin networks that in turn interact with channels 
and regulates its inactivation. The proposed mechanism is 
that cytoskeletal structures interact with the N-terminus of 
Kv3.3 and interfere with the access of the inactivation ball to 
the channel pore [27]. Our results also suggest that the Kv2.1 
channel is regulated by the cytoskeleton. Depolymerization 
of the actin cytoskeleton by Lat. B profoundly and exclu-
sively affected the inactivation gating of Kv2.1 channels. 
The voltage of half-maximal inactivation is shifted toward 
negative potentials (Fig. 4), the rate of closed-state inactiva-
tion is accelerated (Fig. 5), and the recovery rate from Kv2.1 
inactivation is delayed (Fig. 6). We did not find changes in 
the voltage dependence of activation, in agreement with pre-
viously reported results [21]. Phalloidin, an actin cytoskel-
eton stabilizing agent, prevented the inactivation changes 
induced by Lat. B (Fig. 7), supporting our interpretation 
that the effect of Lat. B is specific and mediated through 
depolymerization of actin filaments.

Fig. 8  Effect of the cytoskeleton and  PIP2 on the voltage dependence 
of inactivation of Kv2.1 channels. a–e Inactivation curves of Kv2.1 
channels determined in control conditions, Lat. B, rapamycin (Rap), 
Lat. B + Rap, Lat. B + PIP2 and Phall + Rap-treated cells. For the sake 

of clarity, the control curve is shown compared to each different treat-
ment. f, average V1/2 value for control, Lat. B, Rap, Lat. B + Rap, Lat. 
B + PIP2 and phall + Rap-treated cells (see Table  3). Data are pre-
sented as mean ± SEM

Table 3  Half-maximal inactivation voltage (V1/2) and slope (K) of 
Kv2.1 channels in absence (control) and presence of Lat. B, rapamy-
cin, Lat. B + rapamycin, Lat. B + PIP2 and phalloidin + rapamycin

V1/2 and k were calculated by fitting the Boltzmann equation (Eq. 3) 
to the inactivation curves in each cell
* p < 0.05, **p < 0.01, ***p < 0.001 versus Control

V1/2 (mV) K n

Control − 31.2 ± 1.1 5.7 ± 0.5 8
Lat. B − 45.8 ± 1.8*** 5.9 ± 0.3 6
Rapamycin − 44.9 ± 1.7*** 6.4 ± 0.1* 7
Lat. B + rapamycin − 46.2 ± 1.9*** 5.4 ± 0.1 10
Lat. B + PIP2 − 46.6 ± 2.8*** 5.4 ± 0.2 5
Phalloidin + rapamycin − 44. 1 ± 1.9*** 8.8 ± 0.8** 6
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In a previous work, we found that  PIP2 regulates the inac-
tivation gating of Kv2.1 channels [7]. Our findings here after 
disrupting the actin filaments are qualitatively and quan-
titatively similar to those induced by  PIP2 depletion. We 
originally thought that both factors could combine to explain 
the large differences in the inactivation between whole-cell 
and inside-out experiments; however, our results suggest 
that Kv2.1 channels are regulated by the cytoskeleton and 
 PIP2 by a non-additive and presumably common mechanism 
(Fig. 8). Moreover, cytoskeleton and  PIP2 are both required 
for the regulation of Kv2.1 inactivation, as none of them 
can prevent the effects induced by the lack of the other 
(Fig. 8d–f), supporting a common mechanism of regulation.

It is well known that  PIP2 binds to, and influences the 
activity of, many cytoskeletal proteins [32]. The cytoskeletal 
proteins regulated by  PIP2 can in turn bind to other pro-
teins and regulate its activity, as is the case of the NMDA 
receptor [33]. The C-terminal domain of NMDA receptors 
binds α-actinin, which in turns binds to  PIP2 in the plasma 
membrane; in this way,  PIP2 and α-actinin together regu-
late the opening of NMDA receptor [33]. A similar scenario 
could be responsible for the regulation of Kv2.1 channels, 
however, additional experiments are needed to corroborate 
this hypothesis. Currently, Kv2.1 has been shown to directly 
interact with proteins of the exocytic machinery [34, 35] and 
proteins of the endoplasmic reticulum [36, 37]; however, 
there are no reports of direct interactions between Kv2.1 and 
actin or actin binding proteins.

Another plausible explanation is that both cytoskeleton 
disruption and  PIP2 depletion regulate Kv2.1 channels by 
inducing changes in the mechanical properties of the plasma 
membrane, as both strategies have been shown to alter the 
lipid bilayer properties [38, 39].

In summary, our data indicate that non-clustered Kv2.1 
channels are also regulated by the actin-based cytoskeleton, 
which could have an influence on the excitability of Kv2.1-
expressing cells.
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