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Kv1.2 is a member of the Shaker family of voltage-sensitive potassium channels and contributes to regulation of
membrane excitability. The electrophysiological activity of Kv1.2 undergoes tyrosine kinase-dependent suppression in a
process involving RhoA. We report that RhoA elicits suppression of Kv1.2 ionic current by modulating channel
endocytosis. This occurs through two distinct pathways, one clathrin-dependent and the other cholesterol-dependent.
Activation of Rho kinase (ROCK) via the lysophosphatidic acid (LPA) receptor elicits clathrin-dependent Kv1.2 endocy-
tosis and consequent attenuation of its ionic current. LPA-induced channel endocytosis is blocked by the ROCK inhibitor
Y27632 or by clathrin RNA interference. In contrast, steady-state endocytosis of Kv1.2 in unstimulated cells is cholesterol
dependent. Inhibition of basal ROCK signaling with Y27632 increased surface Kv1.2, an effect that persists in the presence
of clathrin small interfering RNA and that is not additive to the increase in surface channel levels elicited by the
cholesterol sequestering drug filipin. Temperature block experiments show that ROCK affects cholesterol-dependent
trafficking by modulating the recycling of endocytosed channel back to the plasma membrane. Both receptor-stimulated
and steady-state Kv1.2 trafficking modulated by RhoA/ROCK required the activation of dynamin as well as the ROCK
effector Lim-kinase, indicating a key role for actin remodeling in RhoA-dependent Kv1.2 regulation.

INTRODUCTION

The voltage-gated potassium channel Kv1.2 regulates di-
verse physiological functions, including the maintenance
of action potential proliferation along myelinated axons
(Rasband et al., 2001, 2004; Rasband and Trimmer, 2001;
Rasband, 2004), transduction of pain in peripheral sensory
neurons (Feng et al., 1999; Kim et al., 2002; Yang et al., 2004),
and modulation of tone in vascular smooth muscle (Adda
et al., 1996; Wang et al., 1997, 2005). Dysregulation of Kv1.2
has been implicated in disease states such as hypertension
(Cox et al., 2001; Hong et al., 2004), neuropathic pain
(Ishikawa et al., 1999; Kim et al., 2002; Yang et al., 2004), and
seizure activity in the CNS (Lambe and Aghajanian, 2001;
Brew et al., 2007). Kv1.2 is important for maintaining neu-
ronal resting membrane potential (Dodson et al., 2003) and is
heavily expressed in neurons of the hippocampus and cer-
ebellum (Tsaur et al., 1992; Sheng et al., 1994; Veh et al., 1995;
Grosse et al., 2000) in which it influences neuron firing
(Laube et al., 1996; Southan and Robertson, 1998; Haghdoust
et al., 2007). Commensurate with its role as a regulator of
cellular physiology, Kv1.2 is itself highly regulated. Under-
standing the pathways involved in Kv1.2 regulation is there-
fore fundamental to understanding of an array of physiological
processes.

Kv1.2 is subject to both positive and negative regulation.
Negative regulation of Kv1.2 involves tyrosine phosphory-
lation-dependent suppression of its ionic current (Huang
et al., 1993). This can occur in response to a variety of stimuli,

including the activation of G-protein coupled receptors
(Huang et al., 1993). Channel suppression by this pathway
requires the activity of the small GTPase RhoA (Cachero et
al., 1998); inhibition of RhoA GTPase activity with C3 exoen-
zyme or overexpression of a dominant negative form of
RhoA prevents the suppression of Kv1.2 ionic current in
response to channel tyrosine phosphorylation (Cachero et
al., 1998). The finding that RhoA modulates Kv1.2 was sig-
nificant because it provided a new link between signaling
pathways governing actin dynamics and pathways govern-
ing membrane excitability. For example, in vascular smooth
muscle, both RhoA and Kv1.2 regulate contractility. In this
tissue, it is well accepted that RhoA acts through direct
effects on the contractile machinery (Uehata et al., 1997;
Nakamura et al., 2003) and that Kv1.2 affects contractility
indirectly through its effects on membrane potential (Yuan,
1995; Yuan et al., 1998). The finding that RhoA affects Kv1.2
function raised the intriguing possibility that the effects of
Kv1.2 and RhoA on smooth muscle contractility may not be
distinct but instead may be tightly connected. Subsequent
studies have begun to support this idea (Luykenaar et al.,
2004). Similar links may exist between RhoA-regulated actin
dynamics and membrane potential in other tissues express-
ing Kv1.2, including neuronal synapses (Dodson et al., 2003).
Despite the evident importance of this signaling nexus, the
mechanism by which RhoA regulates Kv1.2 is not known.

Tyrosine phosphorylation-dependent suppression of
Kv1.2 ionic current involves endocytosis of the channel pro-
tein from the cell surface (Nesti et al., 2004). Kv1.2 endocy-
tosis has at least two distinct components: steady-state chan-
nel endocytosis and receptor-induced endocytosis (Williams
et al., 2007; Connors et al., 2008). Both forms of Kv1.2 endo-
cytosis require direct association of Kv1.2 with the actin-
regulating protein cortactin (Hattan et al., 2002; Williams
et al., 2007). Strikingly, each pathway is affected by distinct
actin-regulatory domains within cortactin (Williams et al.,
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2007). Disruption of the F-actin binding region within cor-
tactin affects steady-state and receptor induced channel en-
docytosis. In contrast, disruption of the ability of cortactin to
stimulate dendritic actin polymerization via Arp2/3 selec-
tively blocks receptor-induced channel endocytosis but has
no effect on steady-state channel trafficking. Despite being
clearly separable based on distinct actin-regulatory functions of
cortactin, the mechanisms involved in steady-state versus re-
ceptor-induced Kv1.2 endocytosis have remained unclear.

Because Kv1.2 regulation involves actin-dependent endo-
cytosis, and because RhoA is a key modulator of both actin
dynamics and endocytosis, we hypothesized that RhoA af-
fects Kv1.2 ionic current by modulating channel endocyto-
sis. This idea is consistent with involvement of RhoA in
the trafficking of a variety of other membrane proteins. For
example, in alveolar epithelial cells clathrin-dependent
Na,K-ATPase endocytosis in response to hypoxia is depen-
dent upon RhoA activation (Dada et al., 2007), in HeLa cells
activation of RhoA inhibits clathrin-dependent endocytosis
of epidermal growth factor (EGF) and transferrin (Tf) recep-
tors (Lamaze et al., 1996), and in lymphocytes RhoA is re-
quired for clathrin-independent, cholesterol-dependent in-
ternalization of interleukin-2 receptors (Symons and Rusk,
2003). In some instances, RhoA modulation of endocytosis
involves Rho-kinase (ROCK). Perhaps the most well under-
stood RhoA effector, ROCK is a serine/threonine kinase that
is activated by RhoA (Ishizaki et al., 1996; Matsui et al., 1996).
Examples of RhoA/ROCK-dependent endocytosis include a
requirement for ROCK in Na,K-ATPase endocytosis in alve-
olar epithelial cells (Dada et al., 2007) and for rearward
clathrin structure polarization during the migration of T
lymphocytes (Samaniego et al., 2007). ROCK activation in-
hibits epidermal growth factor (EGF) receptor endocytosis
in a process involving LIM-kinase/cofilin (Kaneko et al.,
2005). In this pathway, RhoA activates ROCK, which in turn
phosphorylates and activates LIM-kinase. LIM-kinase then
phosphorylates its only known substrate, the F-actin–sever-
ing protein cofilin, thereby inactivating it (Bernard, 2007),
leading to alteration of actin dynamics and modulation of
endocytosis. This finding is crucial because it provides a direct
link between regulated actin dynamics and RhoA-mediated
endocytosis. Despite these intriguing findings, evidence link-
ing RhoA, actin dynamics, and endocytosis remains sparse.

Here, we report that RhoA is a determinant of Kv1.2 traf-
ficking. We show that RhoA activity is inversely correlated to
the level of channel at the cell surface and that this reduction in
surface Kv1.2 levels occurs through channel endocytosis. Our
findings reveal that steady-state homeostasis of Kv1.2 is
achieved through a balance of constitutive, cholesterol-depen-
dent endocytosis and channel recycling that is distinct from
clathrin-dependent channel endocytosis elicited by G protein-
coupled lysophosphatidic acid (LPA) receptor activation.
RhoA/ROCK signaling contributes to both forms of Kv1.2
trafficking but does so through distinct mechanisms in each
case. In addition, we demonstrate that dynamin is necessary
for both forms of Kv1.2 trafficking. Finally, we show that
RhoA/ROCK modulates Kv1.2 trafficking through LIM-ki-
nase/cofilin, thus establishing a direct link between RhoA-
regulated actin dynamics and the functional regulation of
Kv1.2.

MATERIALS AND METHODS

Materials
Rabbit polyclonal antibody directed against the first extracellular loop of
Kv1.2 (�-Kv1.2e) was developed in conjunction with BioSource International
(Camarillo, CA). Eary endosomal antigen (EEA) 1 monoclonal (�-EEA1m)

and clathrin heavy chain monoclonal (�-CHCm) antibodies were purchased
from BD Biosciences (Franklin Lakes, NJ). RhoA rat monoclonal antibody
(mAb) (�-RhoA) was a generous gift of Dr. S. Yonemura (Center for Devel-
opmental Biology, RIKEN, Kobe, Japan). Phospho-MYPT1 (�-pMYPT1p)
polyclonal and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (�-
GAPDHm) monoclonal antibodies were purchased from Millipore (Billerica,
MA). Alexa Fluor-conjugated transferrin, secondary antibodies, and phalloi-
din were purchased from Invitrogen (Carlsbad, CA). Nontargeting small
interfering RNA (siRNA) and clathrin heavy chain siRNA were purchased
from Dharmacon RNA Technologies (Lafayette, CO). Y27632 was purchased
from EMD Biosciences (San Diego, CA), cell-permeable C3 exoenzyme (CT04)
was purchased from Cytoskeleton (Denver, CO), and LPA and filipin were
purchased from Sigma-Aldrich (St. Louis, MO). RhoA (T19N), ROCK (RB/
PH-TT), LIM-kinase (D460A), and Cofilin (S3A) were generously provided by
Dr. K. Hahn (University of North Carolina at Chapel Hill, Chapel Hill, NC),
Dr. K. Kaibuchi (Nagoya University, Nagoya, Japan), Dr. K. Suzuki (National
Institute of Health Sciences, Tokyo, Japan), and Dr. P. Caroni (Friedrich
Miescher Institute, Basel, Switzerland) respectively. Dynasore was generously
provided by Dr. T. Kirchhausen (Harvard Medical School, Boston, MA).

Cell Culture and Transfections
Human embryonic kidney 293 cells stably expressing Kv1.2-�, Kv�2, and the
M1 muscarinic acetylcholine receptor (HEK-K) were used and cultured as
reported previously (Nesti et al., 2004). Experimental plasmid constructs were
cotransfected into HEK-K cells with pEGFP-N1 by using calcium phosphate.
Confluent cultures were plated to a density of 3.3 � 104 cells/cm2 onto tissue
culture plates or glass coverslips (Corning, Corning, NY) coated with poly-
d-lysine (Sigma-Aldrich) (0.1 mg/ml) or plasma fibronectin (0.015 mg/ml) for
biochemistry, flow cytometry, electrophysiology, and immunofluorescence
12–16 h in serum-free media before use.

Electrophysiology
All recordings were made on HEK-K cells using the whole-cell patch-clamp
method. Data were collected using an Axopatch 200 patch-clamp amplifier
using pClamp 9.2 (Axon Instruments, Burlingame, CA). Currents were col-
lected with step pulses from �70 to �50 mV in increments of 10 mV from a
holding potential of �60 mV and were leak subtracted with a P/4 protocol.
The pipette solution contained 60 mM K2SO4, 1.2 mM KCl, 5 mM MgSO4,
5 mM Na-HEPES, and 35 mM sucrose, pH 7.1. The external (bath) solution
contained 118 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, 5 mM
Na-HEPES, and 23 mM glucose, pH 7.4. All recordings were made at 37°C.

Detection of Surface Kv1.2
For flow cytometric detection of surface Kv1.2, HEK-K cells were treated with
a saline, a vehicle control solution, or an appropriate stimulus, and then 154
mM sodium azide as described in Nesti et al. (2004). After azide, the cells were
lifted and placed in a test tube where surface Kv1.2 was labeled with 0.33
�g/ml �-Kv1.2e. Antibody binding was detected with fluorescently conju-
gated anti-rabbit immunoglobulin G (IgG) (0.1 �g/ml). Fluorescence was
detected by flow cytometry as described below.

Flow Cytometry
A single laser flow cytometer (Easy Cyte PCA-96; Guava Technologies,
Hayward, CA) was used. In all HEK-K cells, �-Kv1.2e primary antibody was
detected by labeling with a goat �-rabbit secondary antibody conjugated to
phycoerythrin/Cy5, with an excitation peak of 488 nm and an emission peak
of 667 nm (Southern Biotechnology Associates, Birmingham, AL). Surface
Kv1.2 in transfected cells was taken as the distribution of cells emitting at 667
nm (indicating surface Kv1.2) in cells also emitting at 508 nm (indicating
green fluorescent protein [GFP] expression) minus background signal. Back-
ground staining was quantified by replacing �-Kv1.2e with the same concen-
tration of rabbit serum IgG. Internalization of Kv1.2 was detected as described
previously (Nesti et al., 2004). Cells were exposed to �-Kv1.2e prelabeled with
Zenon-488 (Invitrogen) for 10 min followed by washout. Cells were then
incubated at 37°C for an additional 10 min, followed by acid wash to remove
antibody remaining on the cell surface. Remaining fluorescence from inter-
nalized channel was detected by flow cytometry.

Immunoblot
Western analysis of HEK-K whole cell lysates was performed as reported
previously (Connors et al., 2008).

Immunofluorescence
Confluent cultures were plated as for flow cytometry and pretreated as
indicated at 37°C. �-Kv1.2e was applied to live cells at 0.33 �g/ml for 10 min
at 37°C. Cells were fixed with 4% paraformaldehyde (Polysciences, War-
rington, PA) in PHEM 6.1 buffer (60 mM PIPES, 25 mM HEPES, 2 mM MgCl2,
and 10 mM EGTA, pH to 6.1 with KOH) at room temperature. Cells were
extracted with ice-cold acetone. Coverslips were incubated in blocking buffer
(PHEM 6.9, 3% goat serum, and 0.1% fish skin gelatin) at room temperature.
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Other primary antibodies were then applied (�-EEA1, 1.25 �g/ml; �-RhoA,
35.1 �g/ml; �-CHCm, 2.5 �g/ml) diluted in blocking buffer. Alexa Fluor-
conjugated secondary antibodies were applied (4 �g/ml in blocking buffer)
(Invitrogen) at room temperature. F-Actin was detected with Alexa Fluor 350
phalloidin (Invitrogen) (4 U/ml). Coverslips were mounted on glass slides
with ProLong Gold mounting medium (Invitrogen) according to the provided
protocol. Images were obtained with the DeltaVision reconstruction micros-
copy system (Applied Precision, Issaquah, WA).

Transferrin Endocytosis Assay
Confluent cultures were plated as for flow cytometry. Coverslips were
washed with warm serum-free media, chilled, and then incubated for 45 min
in cold serum-free media containing 25 �g/ml Alexa 488-conjugated trans-
ferrin. Coverslips were washed then moved to 37°C for 0 or 15 min. Cover-
slips were chilled, washed, and processed for immunofluorescence.

Statistical Analysis
Descriptive statistics are provided in figures as line or bar graphs indicating
the sample mean with error bars indicating the SEM. Detection of statistical
difference between two independent measurements was by one-way t test.
Comparison of percent changes between pairs of independent measurements
was by two-way analysis of variance (ANOVA). Sample populations were
considered to be significant at p � 0.05.

RESULTS

RhoA Affects the Surface Expression of Kv1.2
Tyrosine kinase-dependent suppression of Kv1.2 by M1
muscarinic acetylcholine receptors requires RhoA (Cachero
et al., 1998). In independent studies, this process has been
shown to occur by channel endocytosis from the plasma
membrane (Nesti et al., 2004; Williams et al., 2007; Connors et
al., 2008). However, it is not known whether these two
processes are mechanistically linked. We therefore asked
whether Kv1.2 trafficking at the plasma membrane requires
RhoA. Using flow cytometry as described previously (Nesti
et al., 2004; Williams et al., 2007; Connors et al., 2008), steady-
state levels of Kv1.2 at the cell surface were measured in the
presence and absence of the RhoA-specific inhibitor C3 ex-
oenzyme. Treatment of HEK-K cells with increasing concen-
trations of C3 exoenzyme produced a concentration-depen-
dent increase of steady-state Kv1.2 levels at the cell surface
(Figure 1A) (n � 4; *p � 0.05, **p � 0.01). In a complemen-
tary experiment designed to confirm that the C3 exoenzyme
effect is specific to RhoA, increasing amounts of dominant-
negative RhoA (T19N) (Subauste et al., 2000) were trans-
fected. This too caused a dose-dependent increase of steady-
state surface Kv1.2 levels (Figure 1B) (n � 18, **p � 0.001). In
a previous study, we demonstrated that in quiescent, serum-
starved HEK cells, Kv1.2 channels at the cell surface un-
dergo steady-state endocytosis even in the absence of stimuli
that elicit acute internalization (Nesti et al., 2004). We there-
fore tested the hypothesis that C3 exoenzyme or RhoA
(T19N) increase surface Kv1.2 levels by inhibiting steady-

state channel endocytosis. Steady-state Kv1.2 endocytosis
was measured using flow cytometry as described under
Materials and Methods. Surface Kv1.2 channels were bound to
a fluorescence-labeled �-Kv1.2e antibody and allowed to
undergo steady-state endocytosis for 10 min, after which
time the surface antibody was removed by acid wash. The
remaining fluorescence derives from labeled Kv1.2 channels
that had been internalized. Figure 1C shows flow cytometric
detection of internalized fluorescence in control cells but not
in cells pretreated with C3 exoenzyme (n � 9; *p � 0.001).
These data indicate that the level of Kv1.2 at the surface of
quiescent cells is modulated by RhoA-dependent of steady-
state channel endocytosis.

RhoA Activation Triggers Kv1.2 Endocytosis
The LPA receptor couples to G12/13 to potently activate
RhoA (Moolenaar, 1995; Bian et al., 2006). Stimulation of
endogenous LPA receptors in HEK-K cells elicited a signif-
icant, concentration-dependent reduction of surface Kv1.2
(Figure 2A) (n � 5; *p � 0.05, **p � 0.01). Whole-cell patch-
clamp studies confirmed that the loss of surface Kv1.2 in-
duced by LPA (10 �M; 15 min) correlated with a reduction
of Kv1.2 function. The mean steady-state current amplitude
measured between 60 and 80 ms after depolarization to �20
mV was reduced from 9.4 � 1.1 mV in saline-treated cells to
4.3 � 1.4 mV in cells treated with LPA (Figure 2B) (n � 11,
p � 0.01). To determine whether the LPA effect on Kv1.2
surface expression results from its ability to activate RhoA,
cells were pretreated with C3 exoenzyme to block RhoA
before treatment with LPA. In control cells not pretreated C3
exoenzyme, LPA reduced surface channel levels by �50%
(Figure 2C) (n � 9; *p � 0.001). In cells pretreated with 2
�g/ml C3 exoenzyme for 6 h, LPA had no significant effect
on surface channel levels (n � 9; p � 0.37). Therefore,
LPA-induced reduction of Kv1.2 channels at the cell surface
requires active RhoA.

M1 muscarinic acetylcholine receptor stimulation caused
endocytosis of Kv1.2 to EEA1-containing structures (Nesti et
al., 2004). To confirm that LPA-induced loss of surface Kv1.2
also occurs by channel endocytosis, immunofluorescence
was used to visualize Kv1.2 trafficking in HEK-K cells
treated with saline or LPA. Surface Kv1.2 was labeled in live
cells with �-Kv1.2e before addition of saline or LPA (10 �M;
15 min), followed by fixation and analysis by immunofluo-
rescence. Fixed cells were probed Alexa-350 phalloidin and
with rat polyclonal �-RhoA and mouse �-EEA1 antibodies.
�-Kv1.2e was detected with an anti-rabbit secondary and
�-RhoA and �-EEA1 were detected with anti-rat or anti-
mouse secondary antibodies, respectively. LPA treatment
resulted in translocation of Kv1.2 from the cell periphery to

Figure 1. RhoA activity can modulate levels
of Kv1.2 at the cell surface. (A) Application of
increasing concentrations of C3 exoenzyme (6
h) significantly increases the level of cell sur-
face Kv1.2 as detected by flow cytometry in
HEK-K cells (n � 4; *p � 0.05, **p � 0.01). (B)
Transient transfection with increasing
amounts of DNA encoding a dominant nega-
tive form of RhoA (T19N) significantly in-
creases the level of steady-state surface Kv1.2
in a concentration-dependent manner (n � 18;
**p � 0.001). (C) Steady-state internalization
of Kv1.2 detected by flow cytometry is blocked
in cells pretreated with C3 exoenzyme relative to untreated control cells (n � 9; *p � 0.001). The inset shows an immunoblot of the same cells
used for flow cytometry, probed with Kv1.2 or GAPDH.
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intracellular puncta. Internalized Kv1.2 puncta costained
with EEA1 or were adjacent to EEA1-containing structures
(Figure 2E), confirming that LPA treatment elicited channel
endocytosis. These data support the hypothesis that RhoA
exerts its effect on channel function by modulating channel
endocytosis.

ROCK Is Required for LPA-induced Kv1.2 Endocytosis
A major downstream effector of RhoA is ROCK, a serine/
threonine kinase that modulates the actin cytoskeleton and
regulates the trafficking of membrane proteins (Narumiya et
al., 1997; Kaneko et al., 2005; Dada et al., 2007; Samaniego et
al., 2007). To test the hypothesis that RhoA effects on Kv1.2
involve ROCK, we took two distinct approaches to inhibit-
ing ROCK. First, DNA encoding a dominant-negative form
of ROCK (RB/PH-TT) (Amano et al., 1999) was transfected
into HEK-K cells and the effect on Kv1.2 surface levels and
trafficking was determined. Overexpression of dominant-
negative ROCK resulted in a significant increase in levels of
Kv1.2 at the cell surface in unstimulated cells (Figure 3A)
(n � 69; **p � 0.001). LPA produced a significant reduction
in surface channel in both control cells and cells expressing
dominant-negative ROCK (n � 69; p � 0.01); however,
two-way ANOVA reveals that the percent change in surface
Kv1.2 evoked by LPA in control cells was significantly less

than that evoked by LPA in cells expressing dominant-
negative ROCK (Figure 3A, inset) (n � 69; **p � 0.001).
Therefore, overexpression of dominant-negative ROCK
caused a partial, but strongly significant inhibition of LPA-
induced channel endocytosis. Such partial inhibition could
arise from an inability to achieve high enough expression of
ROCK (RB/PH-TT) to fully interfere with endogenous
ROCK function or from the presence of a ROCK-indepen-
dent pathway. We therefore took the complementary ap-
proach of blocking ROCK with the pharmacological inhibi-
tor Y27632. Inhibiting ROCK in this way also significantly
increased the steady-state level of surface Kv1.2 (Figure 3B)
(n � 40; *p � 0.01, **p � 0.001) but completely blocked
LPA-induced Kv1.2 endocytosis (Figure 3B) (n � 40; *p �
0.01, **p � 0.001). To confirm that LPA activates ROCK and
that Y27632 exerts its effect on Kv1.2 by inhibiting that
activation, we used Thr696-phosphorylated myosin phos-
phatase-1 (MYPT1) as an indirect measure of ROCK activity
(Feng et al., 1999). LPA treatment (10 �M; 15 min) of HEK-K
cells increased detectable pMYPT1, whereas treatment with
the ROCK inhibitor Y27632 (10 �M; 30 min) reduced levels
of pMYPT1 relative to saline control (Figure 3B, right inset).
Immunofluorescence experiments shown in Figure 3D con-
firm that the effects on surface Kv1.2 observed in flow cy-
tometry experiments (Figure 3B) arise from alterations in

Figure 2. Activation of RhoA triggers Kv1.2
endocytosis. (A) Application of increasing con-
centrations of LPA (15 min) significantly re-
duces the level of Kv1.2 at the cell surface in a
concentration-dependent manner as detected
by flow cytometry (n � 5� *p � 0.05, **p �
0.01). (B) Average whole-cell currents evoked
in HEK-K cells with pulses from �70 to �50
mV in increments of 10 mV in the presence of
saline or LPA (10 �M; 15 min). LPA applica-
tion significantly reduces mean whole-cell
currents. Current traces for each condition
represent the average of at least 11 cells
(n �11; p � 0.01). (C) Pretreatment of HEK-K
cells with C3 exoenzyme (2 �g/ml; 6 h) sig-
nificantly increases steady-state surface Kv1.2
(n � 9; **p � 0.028). LPA caused a significant
decrease in surface Kv1.2 levels in control cells
(C) (n � 9; *p � 0.001) but had no significant
effect in cell pre-treated with C3 exoenzyme
(n � 9, p � 0.37). (D) In HEK-K cells, LPA
application results in translocation of Kv1.2
(green) from the RhoA and actin rich edge of
the cell (left column) to intracellular puncta
that contain EEA1 or are adjacent to EEA1-
containing structures (right column).
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Kv1.2 trafficking. LPA elicited a translocation of Kv1.2 from
the cell periphery to intracellular puncta, indicative of chan-
nel endocytosis (Nesti et al., 2004), an effect completely
blocked by Y27632. Collectively, these findings indicate that
ROCK is an essential downstream effector for receptor-in-
duced, RhoA-mediated endocytosis of Kv1.2. Because both
ROCK (RB/PH-TT) overexpression and Y27632 treatment
cause an increase of steady-state surface Kv1.2, these find-
ings also indicate that basal ROCK activity is important
downstream of RhoA for maintaining steady-state Kv1.2 at
the cell surface as well.

LPA-induced Kv1.2 Endocytosis Is Clathrin Dependent
Although Kv1.2 endocytosis can be elicited by a variety of
stimuli (Huang et al., 1993; Nesti et al., 2004; Williams et al.,

2007; Connors et al., 2008), the specific endocytosis pathways
involved are not known. Many cell surface proteins and ion
channels are internalized in a clathrin-dependent manner,
among them the Tf receptor, EGF receptor, as well as the
epithelial sodium channel (Sorkin and Waters, 1993; Shimkets
et al., 1997; Rotin et al., 2001). We therefore sought to explore
the role of clathrin in the RhoA/ROCK-mediated endocyto-
sis of Kv1.2. Knockdown of clathrin protein with siRNA
inhibits Tf receptor internalization (Hinrichsen et al., 2003).
We therefore chose this approach to explore the role of
clathrin in Kv1.2 endocytosis. To validate the efficacy of
clathrin siRNA in HEK-K cells, clathrin protein levels were
determined in cells transfected with nontargeting (NT)
siRNA or with siRNA targeting clathrin. Transfection of
clathrin siRNA reduced clathrin protein levels by 50% com-

Figure 3. LPA-induced endocytosis of Kv1.2 requires ROCK activation. (A) Overexpression of a dominant negative form of ROCK
(RB/PH-TT) in HEK-K cells significantly increases steady-state levels of surface Kv1.2 and reduced the change elicited by LPA (n � 69; *p �
0.05, **p � 0.001). Left, inset, percentage change in surface Kv1.2 elicited by LPA is significantly reduced cells expressing RB/PH-TT relative
to control (n � 69; **p � 0.001). Right, inset, expression of RB/PH-TT is confirmed by immunoblot probed with anti-GFP in vector (V) or
RB/PH-TT (R) transfected cells. (B) Pretreatment with the ROCK inhibitor Y27632 (10 �M; 30 min) prevents LPA-induced endocytosis of
Kv1.2. Y27632 when applied alone significantly increases surface Kv1.2 levels above that of saline control (n � 40; *p � 0.01, **p � 0.001).
LPA had no significant effect in cells pretreated with Y27632. Left, inset, two-way ANOVA indicates that the percentage of change in surface
channel elicited by LPA in control cells was significantly different from that elicited in the presence of Y27632 (n � 30; **p � 0.01). Inset, right,
application of LPA (10 �M; 15 min) stimulates ROCK activity, whereas application of Y27632 inhibits ROCK activity as measured by
immunoblot of phosphorylated MYPT1. Phospho-MYPT1 was detected with �-pMYPT1p. GAPDH was detected with �-GAPDHm as a
loading control. Bar graph depicts quantification �-pMYPT1p normalized to GAPDH from three independent experiments. (C) In HEK-K
cells, pretreatment with Y27632 blocks the translocation of Kv1.2 from the edge of cells to intracellular puncta upon stimulation with LPA.
Surface Kv1.2 was labeled with �-Kv1.2e before stimulation with control saline or LPA.
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Figure 4. LPA-induced endocytosis of Kv1.2 is clathrin dependent. (A) Transfection of HEK-K cells with siRNA directed against the heavy
chain of human clathrin depletes clathrin protein by 50% compared with nontargeting siRNA control. Clathrin heavy chain protein was
detected with �-CHCm. GAPDH was detected with �-GAPDHm as a loading control. Bar graph represents quantification of eight individual
experiments (n � 8; *p � 0.008). (B) Immunofluorescence of single optical slices through the center of HEK-K cells illustrates that clathrin
siRNA reduces clathrin signal intensity and reduced the number of internalized Alexa Fluor 488-conjugated transferrin-containing puncta
compared with nontargeting control both at 0- and 15-min incubation at 37°C. Clathrin heavy chain was detected with �-CHCm. (C)
Quantitation of immunofluorescence images reveals that clathrin siRNA reduces clathrin signal intensity by �30% compared with
nontargeting control (n � 37; *p � 0.035). (D) Quantitation of immunofluorescence images reveals that transferrin uptake is reduced threefold
in cells with clathrin siRNA compared with cells with nontargeting siRNA control (n � 17; *p � 0.05, **p � 0.001). (E) Flow cytometric
analysis of HEK-K cells reveals that clathrin siRNA reduces LPA-induced endocytosis of Kv1.2, while having no effect on steady-state surface
Kv1.2 levels. Treatment with Y27632 (10 �M; 30 min) significantly increases surface Kv1.2 both in the absence or presence of clathrin siRNA
(n � 33; *p � 0.05, **p � 0.001). Inset, left, LPA-induced Kv1.2 endocytosis is significantly reduced in the presence of clathrin siRNA (n �
33; *p � 0.05). Inset, right, effect of Y27632 is not significantly altered in the absence or presence of clathrin siRNA (n � 33; p � 0.493). (F)
Inhibiting clathrin dependent endocytosis with chlorpromazine or hypertonic sucrose inhibits LPA-induced KV1.2 endocytosis. The
percentage of reduction in surface Kv1.2 elicited by LPA in control cells was significant (n � 26; *p � 0.01); however, LPA had no significant
effect in cells pretreated with chlorpromazine (n � 18; p � 0.21) or by hypertonic sucrose (n � 9; p � 0.19).
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pared with cells transfected with NT RNAi, as detected by
immunoblot (Figure 4A) (n � 8; **p � 0.008). Comparable
results were obtained from immunofluorescence experi-
ments (Figure 4C), in which clathrin signal intensity was
reduced by 30% compared with NT control (Figure 4C) (n �
37; *p � 0.035). Although incomplete, this level of reduction
was sufficient to interfere with clathrin-dependent endocy-
tosis because Tf receptor internalization, as viewed by im-
munofluorescence (Figure 4B), was reduced approximately
threefold in cells transfected with clathrin siRNA compared
with NT siRNA control (Figure 4D) (n � 17; *p � 0.05, **p �
0.001). Thus, knockdown of clathrin protein in HEK-K cells
is an effective way to inhibit clathrin-dependent endocytosis.
Continuing with this technique, we found that knockdown
of clathrin heavy chain produced a significant inhibition of
LPA induced Kv1.2 endocytosis relative to cells transfected
with a nontargeting RNAi (*p � 0.001) (Figure 4E, left inset).
This incomplete but significant inhibition is similar in degree
to the incomplete but significant knockdown of clathrin
protein by siRNA transfection. To confirm a role for clathrin
in LPA-induced channel trafficking, we used two additional
methods for inhibiting clathirin-dependent endocytosis: pre-
treatment with chlorpromazine (Wang et al., 1993) or hyper-
tonic sucrose (Heuser and Anderson, 1989). In control cells,
LPA reduced surface channel by 28% (n � 26; *p � 0.001).
However, LPA had no significant effect on surface channel
levels in cells pretreatment with either chlorpromazine (30
�M; 30 min) (n � 18; p � 0.21) or hypertonic sucrose (0.5 M;
30 min) (n � 9; p � 0.19). Thus, three manipulations that
interfere with clathrin-dependent endocytosis also signifi-
cantly inhibit or eliminate LPA-induced Kv1.2 internaliza-
tion. We conclude that LPA modulates Kv1.2 trafficking to a
significant degree through a clathrin-dependent pathway.
Interestingly, despite its effect on LPA-induced Kv1.2 endo-
cytosis, clathrin knockdown had no detectable effect on the
steady-state level of surface Kv1.2 and no effect on the ability
of Y27632 to elevate surface Kv1.2 levels (Figure 4E, inset)
(n � 33; p � 0.493). This suggests the intriguing hypothesis
that LPA-induced endocytosis of Kv1.2 is clathrin depen-
dent, whereas the trafficking mechanism responsible for
maintaining the steady-state level of surface channel is clath-
rin-independent, despite both processes being regulated by
RhoA/ROCK signaling.

Steady-State Endocytosis of Kv1.2 Is Cholesterol
Dependent
We next sought to determine the trafficking pathway in-
volved in the steady-state regulation of Kv1.2 at the cell
surface. To assess the role of cholesterol in steady-state
trafficking, we used the sterol-binding agent filipin to dis-
rupt cholesterol-rich regions of the plasma membrane
(Chang et al., 1992; Rothberg et al., 1992; Schnitzer et al., 1994;
Smart et al., 1994). Steady-state surface levels of Kv1.2 were
significantly increased in the presence of filipin, whereas
subsequent Y27632 application had no additional effect (Fig-
ure 5A) (n � 32; *p � 0.01, **p � 0.001). In contrast, filipin
did not block LPA-induced Kv1.2 endocytosis (Figure 5B)
(n � 5; *p � 0.05, **p � 0.001). These findings also suggest
that basal ROCK activity modulates steady-state surface
Kv1.2. Additionally, cholesterol-dependent endocytosis op-
erates constitutively, controlling the steady-state surface
level of Kv1.2 independently of the clathrin-dependent en-
docytosis elicited by G protein-coupled LPA receptor stim-
ulation.

In many instances, steady-state levels of proteins at the
plasma membrane represent a homeostasis between endo-
cytosis and recycling back to the plasma membrane (Dunn

and Hubbard, 1984; Morrison et al., 1996; Leterrier et al.,
2004). Although filipin is widely used to block cholesterol-
dependent endocytosis, it can have other effects on traffick-
ing, including modulation of intracellular vesicular traffick-
ing and recycling pathways (Kwik et al., 2003). We therefore
asked whether the effect of filipin on Kv1.2 involved one or
both of these processes. To do so, we used low temperature
(16°C) to inhibit vesicle trafficking and recycling. This ma-
nipulation leaves endocytosis from the plasma membrane
intact (De Camilli et al., 1995; Le and Nabi, 2003), thus
enabling us to study channel recycling and channel endocy-
tosis in relative isolation of one another. Incubation of
HEK-K cells at 16°C for 1 h reduced steady-state surface
Kv1.2 by �50% relative to control cells maintained at 37°C
(Figure 5E) (n � 27; **p � 0.001). This profound drop in
surface Kv1.2 levels indicates that recycling does have a key
role in the maintenance of surface Kv1.2 levels. In striking
contrast, temperature inhibition of recycling did not impair
the ability of filipin to potently increase the level of surface
Kv1.2 (Figure 5C, inset) (n � 12; *p � 0.019, **p � 0.001).
This finding confirms that basal surface Kv1.2 levels repre-
sent a homeostatic balance between two processes, choles-
terol-dependent channel endocytosis and channel recycling
back to the plasma membrane. However, it also raises the
question of which branch of this homeostatic pathway is
acted upon by ROCK. To address this, we used temperature
inhibition of recycling in combination with ROCK inhibi-
tion. Temperature block eliminated the Y27632-induced in-
crease of surface Kv1.2 (Figure 5D, inset) n �10; *p � 0.01,
**p � 0.001), suggests that Y27623 and filipin increase sur-
face Kv1.2 surface levels by distinct mechanisms; filipin by
blocking channel endocytosis and Y27623 by increasing
channel recycling back to the plasma membrane. Thus, this
data suggests that RhoA/ROCK activity in unstimulated
cells has a negative effect on surface Kv1.2 levels by inhib-
iting recycling of constitutively endocytosed channel back to
the plasma membrane.

Dynamin Is Essential for Both Steady-State and
LPA-induced Modulation of Kv1.2 Surface Levels
Dynamin is a small GTPase with a well-established role in
both cholesterol-dependent and clathrin-dependent endocy-
tosis (De Camilli et al., 1995; Sever et al., 2000). Our lab
reported previously that tyrosine kinase-induced endocyto-
sis of Kv1.2 is dynamin dependent (Nesti et al., 2004). We
therefore asked whether dynamin is also necessary for
RhoA/ROCK-mediated endocytosis of Kv1.2. The small-
molecule inhibitor dynasore (Macia et al., 2006) was used to
block the GTPase activity of dynamin. Increasing concentra-
tions of dynasore applied to unstimulated HEK-K cells (30
min at 37°C) elicited a significant, concentration-dependent
increase of surface Kv1.2 (Figure 6A) (n � 3; *p � 0.01, **p �
0.001). To ascertain the role of dynamin in stimulus-induced
Kv1.2 trafficking, surface Kv1.2 levels were measured in
LPA and Y27632-treated cells in the presence or absence of a
maximal concentration of dynasore. Application of Y27632
(10 �M; 30 min) in control cells elicited a significant increase
in surface channel levels; however, it had no effect in cells
pretreated with 80 �M dynasore (Figure 6B) (n � 6; *p �
0.05, **p � 0.001). Similarly, LPA (10 �M; 15 min) caused a
significant decrease in surface Kv1.2 levels in control cells,
but its effect was abolished in cells pre-treated with dyna-
sore (Figure 6B) (n � 6; *p � 0.05, **p � 0.001). We conclude
that dynamin is necessary for both steady-state homeostasis
of surface Kv1.2, and clathrin-dependent, LPA-induced
Kv1.2 endocytosis.
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LIM-Kinase/Cofilin Is Implicated in ROCK-dependent
Modulation of Kv1.2
Previous studies have indicated a role for actin remodeling
by the Arp 2/3 protein complex in Kv1.2 trafficking (Hattan
et al., 2002; Williams et al., 2007; Connors et al., 2008). This

was intriguing because cofilin, an actin-severing protein,
also interacts with Arp 2/3 to remodel actin (Ichetovkin et
al., 2002). The actin-severing activity of cofilin is regulated
through phosphorylation-dependent inhibition by LIM-
kinase (LIMK), which itself can be activated by ROCK
(Bernard, 2007). We therefore assessed the role of LIMK in
Kv1.2 trafficking by overexpressing a dominant-negative
LIMK (D460A) that lacks kinase activity (Matsui et al.,
2002). In unstimulated HEK-K cells, steady-state levels of
surface Kv1.2 are significantly increased in the presence of
LIMK (D460A) (Figure 7A) (n � 78; **p � 0.001). When
LPA was applied (10 �M; 15 min) in the presence of LIMK
(D460A), loss of surface Kv1.2 was blocked (Figure 7B:
n � 21; p̂ � 0.05, *p � 0.01, **p � 0.001; and Figure 7B,
inset: n � 21; *p � 0.05). The Y27632-induced increase of
surface Kv1.2 was not significantly affected by overex-
pression of LIMK (D460A) (Figure 7B, inset) (n � 21, p �
0.143). In addition, transfection of increasing amounts of
DNA encoding an active form of cofilin (S3A) that cannot
be phosphorylated and deactivated by LIMK (Arber et al.,
1998) results in a concentration-dependent increase of
steady-state surface Kv1.2 (Figure 7C) (n � 12; *p � 0.01,
**p � 0.001). Overexpression of active cofilin was designed to

Figure 5. Steady-state Kv1.2 homeostasis is
composed of constitutive cholesterol-depen-
dent endocytosis and of constitutive recycling.
(A) Application of the sterol-binding agent
filipin (7.7 �M; 1 h) to HEK-K cells signifi-
cantly increases steady-state surface Kv1.2 as
detected by flow cytometry. Subsequent treat-
ment with Y27632 (10 �M; 30 min) does not
elicit a further increase (n � 32; *p � 0.01,
**p � 0.001). (B) Filipin application does not
prevent Kv1.2 endocytosis upon application
of LPA (10 �M; 15 min) (n � 5; *p � 0.05,
**p � 0.001). (C) Application of filipin (7.7
�M; 1 h) to HEK-K cells significantly increases
surface Kv1.2 at both 37 and 16°C (n � 12;
**p � 0.001). Inset, application of filipin at
16°C results in a significantly greater increase
of surface Kv1.2 compared with 37°C control
(n � 12; *p � 0.019). (D) Y27632 (10 �M; 30
min) does not elicit an increase of steady-state
surface Kv1.2 at 16°C (n �10; **p � 0.001).
Inset, percentage of increase in surface Kv1.2
elicited by Y27632 at 37 versus 16°C is signif-
icantly different (n �10, *p � 0.01). (E) Incu-
bation at 16°C results in significantly reduced
levels of steady-state surface Kv1.2 compared
with 37°C control (n � 27; **p � 0.001).

Figure 6. Dynamin is essential for Kv1.2 trafficking. (A) Treatment
of unstimulated HEK-K cells with increasing concentrations of dy-
nasore (30 min at 37°C) results in a significant, concentration-de-
pendent increase in steady-state surface Kv1.2 as detected by flow
cytometry (n � 3; *p � 0.01, **p � 0.001). (B) LPA (10 �M; 15 min)
and Y27632 (10 �M; 30 min) have no effect in the presence of 80 �M
dynasore (n � 6; *p � 0.05, **p � 0.001).
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mimic the presence of LIMK (D460A). These results suggest
the LIMK/cofilin pathway contributes to RhoA-mediated
Kv1.2 suppression via LPA receptor activation.

DISCUSSION

Potassium channel regulation is a fundamental means for
controlling cellular excitability. In this study, we report that
RhoA signals through ROCK to regulate potassium ion
channel trafficking. We show that the Kv1.2 potassium chan-
nel is subject to two independent forms of trafficking at the
plasma membrane, one modulates the homeostasis of Kv1.2
at the cell surface and the other results in acute Kv1.2 endo-
cytosis after G protein-coupled receptor activation. Intrigu-
ingly, we find that RhoA/ROCK has a central role in both
forms but that it affects distinct stages of trafficking for each.
Stimulated endocytosis of Kv1.2 is clathrin-dependent and
requires RhoA/ROCK. In contrast, RhoA/ROCK seems to
modulate steady-state surface homeostasis, which involves
cholesterol-dependent trafficking, not at the internalization
stage, but by inhibiting Kv1.2 recycling back to the plasma
membrane. This study therefore not only unites two previ-
ous studies, one showing that RhoA has a central role in the
tyrosine kinase-dependent suppression of Kv1.2 ionic cur-
rent (Huang et al., 1993) and the other identifying endocy-
tosis as a key mechanism for the suppression of Kv1.2 (Nesti
et al., 2004), it also provides new insight into the complex
RhoA in regulating membrane protein trafficking in general.

Using both pharmacological inhibition and overexpres-
sion of dominant-negative RhoA, we have shown that RhoA
activity inversely correlates to the level of Kv1.2 at the cell
surface. Application of C3 exoenzyme or overexpression of a
dominant-negative form of RhoA both caused significant
and dose-dependent increases in Kv1.2 present at the cell
surface (Figure 1, A and B). C3 exoenzyme also blocked
steady-state internalization of Kv1.2 (Figure 1C), demon-
strating that RhoA is required for steady state Kv1.2 endo-
cytosis. Therefore, the increase in surface Kv1.2 caused by
inhibition of RhoA likely resulted from continued accumu-
lation of Kv1.2 on the cell surface from a recycling pathway

still active in the absence of steady-state endocytosis. In
addition to regulating steady-state Kv1.2 trafficking, RhoA is
essential for acute regulation of channel trafficking as well
because inhibition of RhoA with C3 exoenzyme completely
blocked LPA receptor induced Kv1.2 endocytosis (Figure 2).
This is consistent with other studies showing that LPA re-
ceptors can couple to G12/13 to activate RhoA (Moolenaar,
1995; Bian et al., 2006). It is also consistent with pervious
work linking suppression of Kv1.2 ionic current to the acti-
vation of RhoA by M1 muscarinic acetylcholine receptors
(Cachero et al., 1998). Thus, RhoA has a key role in both
steady-state and receptor-induced Kv1.2 trafficking.

Although several studies have examined the relationship
between Kv1.2 function and its endocytosis (Nesti et al.,
2004; Williams et al., 2007; Connors et al., 2008), the mecha-
nisms by which Kv1.2 undergoes endocytosis remained un-
clear. A previous report (Williams et al., 2007) as well as the
data shown in Figures 1 and 2 indicate that expression of
Kv1.2 in the plasma membrane is subject to steady-state and
acute regulation. Here, we report that steady-state regula-
tion of Kv1.2 involves cholesterol-dependent channel inter-
nalization and that acute, receptor-stimulated endocytosis
proceeds through a separate, clathrin-dependent mecha-
nism. These studies use a combination of clathrin knock-
down and cholesterol sequestration to functionally isolate
these two pathways. In Figure 5, we show that application of
the sterol-binding agent filipin caused an accumulation of
Kv1.2 at the cell surface. It is notable that filipin does not
block LPA-induced channel endocytosis despite having
blocked cholesterol-mediated endocytosis (Figure 5B, inset).
This result could be explained if more than one pool of Kv1.2
exists. A pool of Kv1.2 subject to cholesterol-dependent en-
docytosis may be isolated from the clathrin endocytosis
machinery, possibly by being sequestered in lipid rafts. Dis-
ruption of those rafts with filipin would have then made
additional channel available for endocytosis by the clathrin-
dependent pathway activated by LPA receptor stimulation.
Localization of Kv1.2 to cholesterol-rich domains is plausi-
ble given that such localization has been demonstrated for
the closely related channels Kv1.3 and Kv1.5 (Martens et al.,

Figure 7. LIM kinase and cofilin control surface expression of Kv1.2 downstream of ROCK. (A) Overexpression of a dominant-negative form
of LIM kinase 1 (D460A) significantly increases steady-state surface Kv1.2 in HEK-K cells as detected by flow cytometry (n � 78; **p � 0.001).
(B) LIM kinase 1 (D460A) reduces LPA-induced endocytosis of Kv1.2. Y27632 (10 �M; 30 min) elicits an increase in surface Kv1.2 in the
absence or presence of LIM kinase 1 (D460A) (n � 21; p̂ � 0.05, *p � 0.01, **p � 0.001). Inset, in the presence of LIM kinase 1 (D460A),
LPA-induced Kv1.2 endocytosis is significantly reduced (n � 21; *p � 0.05). (C) Transient transfection of HEK-K cells with increasing
amounts of DNA encoding a constitutively active form of cofilin (S3A) significantly increases steady-state surface Kv1.2 in a concentration-
dependent manner (n � 12, *p � 0.01, **p � 0.001).
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2001; Martinez-Marmol et al., 2008; Vicente et al., 2008). We
also note that clathrin-dependent endocytosis can also be
affected by depletion of cholesterol. In Figure 4 we show that
inhibition of clathrin dependent endocytosis did not alter
the level of steady-state surface Kv1.2 but did inhibit LPA-
induced channel endocytosis. Therefore, in this experimen-
tal system, filipin and clathrin siRNA are effective means of
functionally isolating cholesterol and clathrin-dependent en-
docytosis.

The contribution of RhoA/ROCK to clathrin-dependent
endocytosis is well established (Muro et al., 2003; Nishimura
et al., 2003; Samaniego et al., 2007). The role of RhoA/ROCK
in cholesterol-dependent endocytosis is less well studied but
also has been described previously (Mayor and Pagano,
2007). We show that although RhoA/ROCK affects both
pathways in the regulation of Kv1.2, the mechanisms by
which it does so are distinct. Using low temperature to
inhibit steady-state homeostatic vesicle recycling, we found
that compared with 37°C, surface Kv1.2 levels are signifi-
cantly reduced at 16°C but remained sensitive to cholesterol
sequestration with filipin (Figure 5C), indicating that filipin
blocks steady-state endocytosis but not recycling. Remark-
ably, although it had no apparent effect on the ability of
filipin to increase surface Kv1.2 levels, low temperature
significantly inhibited the ability of Y2763 to increase surface
Kv1.2 levels. This suggests that basal ROCK activity func-
tions as a negative regulator of Kv1.2 recycling to the plasma
membrane. We also note that our results indicate that recy-
cling of Kv1.2 is reduced but not eliminated at low temper-
ature. The combination of ongoing endocytosis and inhib-
ited recycling would be expected to cause a net decrease in
surface levels of Kv1.2, as show in Figure 5E. However,
inhibiting steady-state endocytosis with filipin could in-
crease surface channel levels even at low temperature, as
shown in Figure 5C, because even sharply reduced recycling
could still cause accumulation on the cell surface when
endocytosis is blocked. This finding is consistent with other
studies showing impaired but not complete block of recy-
cling at low temperatures (Punnonen et al., 1998; van Dam et
al., 2005). Collectively, these findings indicate that steady-
state Kv1.2 levels are governed by a homeostatic balance
between cholesterol-dependent channel endocytosis and
subsequent recycling back to the plasma membrane and that
steady-state RhoA/ROCK signaling affects primarily the re-
cycling component of this pathway.

Clathrin-dependent endocytosis is, generally, dynamin-
dependent. In contrast, clathrin-independent modes of en-
docytosis can proceed with or without a requirement for
dynamin (Mayor and Pagano, 2007). In a previous study,
Kv1.2 endocytosis via muscarinic acetylcholine receptor
stimulation was reported to be dynamin-dependent (Nesti et
al., 2004). Here, we show that inhibition of the GTPase
activity of dynamin with the small-molecule inhibitor dyna-
sore (Macia et al., 2006) blocks both constitutive and LPA-
induced Kv1.2 endocytosis (Figure 6). Because receptor-in-
duced and steady-state Kv1.2 trafficking occur through
distinct mechanisms, it is likely that dynamin has different
functional roles in each case. We believe that the most likely
mechanism for dynamin in LPA-induced channel endocyto-
sis is through its classical role as a pinchase for clathrin-
coated vesicles (Danino et al., 2004). The roles of dynamin in
other forms of trafficking are less clear, although mounting
evidence indicates that it has a key role in intracellular
vesicle trafficking by modulating actin dynamics in coordi-
nation with cortactin (McNiven et al., 2000; Krueger et al.,
2003; Cao et al., 2005). We note that a previous study iden-
tified distinct domains within cortactin that are required for

the independent regulation of steady-state or receptor in-
duced Kv1.2 trafficking (Williams et al., 2007). Collectively,
these findings raise the intriguing possibility that RhoA,
cortactin, and dynamin act in concert to regulate channel
trafficking through their effects on actin dynamics.

The idea that RhoA/ROCK affects channel trafficking
through an actin-dependent mechanism is shown more di-
rectly with our finding that ROCK modulates Kv1.2 traffick-
ing through LIM-kinase/cofilin (Figure 7). Expression of a
dominant-negative form of LIM-kinase or an active form of
cofilin elicits an increase in steady-state surface channel
levels. Dominant-negative LIM-kinase also significantly re-
duces the LPA-induced suppression of Kv1.2. Strikingly,
dominant-negative LIM-kinase had no significant effect on
the elevation of surface Kv1.2 levels that occurs after ROCK
inhibition with Y27632. We speculate that LIM-kinase affects
the internalization phase of the steady-state and receptor-
induced pathways for Kv1.2 endocytosis, but not ROCK-
dependent Kv1.2 recycling, although confirmation of this
idea awaits further study. This hypothesis is consistent with
other reports of a requirement for LIM-kinase activity in the
internalization of �-adrenergic (Volovyk et al., 2006) and the
EGF (Nishimura et al., 2004) receptors, as well as reports that
LIM kinase can be activated by multiple upstream proteins
in addition to ROCK (Edwards et al., 1999; Dan et al., 2001;
Sumi et al., 2001). We also note that involvement of LIM-
kinase/cofilin in both the steady-state and receptor-induced
trafficking of Kv1.2 is particularly informative in view of a
similar dual role for the actin regulating protein cortactin
(Williams et al., 2007). This convergence at the level of Kv1.2
trafficking, as well as the reported ability of cofilin and
cortactin to act in concert to regulate actin dynamics
(Yamaguchi and Condeelis, 2007; Lai et al., 2008), suggests
that Kv1.2 trafficking through both cholesterol and clathrin-
dependent pathways involves a complex interaction of mul-
tiple actin-regulatory systems.

The concept that RhoA/ROCK can affect Kv1.2 trafficking
in different ways in the same cell is consistent with previ-
ously described mechanisms for the regulation of Kv1.2. We
have shown previously that cAMP can affect Kv1.2 traffick-
ing in distinct ways depending on the degree of adenylate
cyclase activation (Connors et al., 2008). In another study we
demonstrated that different functional domains within the
actin binding protein cortactin have distinct effects on
steady-state versus receptor induced Kv1.2 endocytosis
(Williams et al., 2007). In both cases, a single signaling entity
was shown to modulate distinct aspects of Kv1.2 trafficking
depending on the signaling environment within the cell. The
data presented here suggest a similar multiplicity of roles for
RhoA/ROCK in Kv1.2 regulation.

The discovery that RhoA/ROCK affects both the consti-
tutive and stimulus-induced regulation of the same protein,
Kv1.2, is significant because it broadens the overall view of
how RhoA can regulate membrane protein trafficking. The
finding that RhoA/ROCK can affect two modes of Kv1.2
trafficking also suggests a mechanism by which RhoA can
differentially regulate membrane potential in response to
distinct regulatory signals. In one instance, low levels of
RhoA/ROCK activity could couple to a cholesterol-depen-
dent Kv1.2 trafficking system, thereby affecting steady-state
resting membrane potential. High levels of RhoA/ROCK, in
contrast, could affect a parallel but distinct mechanism for
Kv1.2 endocytosis requiring clathrin. We propose a model in
which Kv1.2 surface expression, and thus activity, is mod-
ulated by the combined effects of multiple actin-regulating
proteins, including dynamin, RhoA, and ROCK acting
through distinct trafficking pathways.
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