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Background: KCNK3 is an anesthetic-activated K� leak channel that sets the neuronal resting membrane potential.
Results: PKC activation rapidly decreases KCNK3 surface levels, and KNCK3 surface losses require a non-classical endocytic
signal and 14-3-3�.
Conclusion: KNCK3 activity is acutely regulated by endocytic trafficking.
Significance: This is the first demonstration that endocytosis regulates KCNK3 activity and that 14-3-3� is required for
neuronal endocytic trafficking.

The acid-sensitive neuronal potassium leak channel, KCNK3,
is vital for setting the resting membrane potential and is the
primary target for volatile anesthetics. Recent reports demon-
strate that KCNK3 activity is down-regulated by PKC; however,
the mechanisms responsible for PKC-induced KCNK3 down-
regulation are undefined. Here, we report that endocytic traf-
ficking dynamically regulates KCNK3 activity. Phorbol esters
and Group I metabotropic glutamate receptor (mGluR) activa-
tion acutely decreased both native and recombinant KCNK3
currents with concomitant KCNK3 surface losses in cerebellar
granule neurons and cell lines. PKC-mediated KCNK3 internal-
ization required the presence of both 14-3-3� and a novel potas-
sium channel endocyticmotif, because depleting either 14-3-3�
protein levels or ablating the endocytic motif completely abro-
gated PKC-regulated KCNK3 trafficking. These results demon-
strate that neuronal potassium leak channels are not static
membrane residents but are subject to 14-3-3�-dependent reg-
ulated trafficking, providing a straightforward mechanism to
modulate neuronal excitability and synaptic plasticity by Group
I mGluRs.

Potassium (K�) leak channels are major determinants of
neuronal membrane potential and excitability (1, 2). “2P” K�

channels are composed of two monomers, each with two pore-
forming domains (3–7), as opposed to tetrameric K� channels,
with each monomer contributing two pores (8, 9). KCNK3
(TASK-1) channels are widely expressed, with enriched expres-
sion reported in motor neurons (10), cerebellar granule neu-

rons (10, 11), and the carotid body (12). KCNK3 assembles as a
functional homo- or heterodimer with its homolog KCNK9
(13–15). Both KCNK3 homo- and heterodimers are acid-sen-
sitive (14, 16) and are activated by volatile anesthetics (17, 18),
which decrease spontaneous neuronal firing rates (17–21).
KCNK3 is also inhibited by sanshool (22), the Szechuan pep-
percorn component that induces a numbing sensation. Studies
with KCNK3(�/�) mice demonstrated that KCNK3 is critical
for neuroprotection during stroke (23); for chemosensory con-
trol of breathing (24); and for adrenal cortex development,
aldosterone production, and response to increased dietary
sodium intake (25). Taken together, KCNK3 plays a major role
in a number of physiological functions throughout theCNS and
periphery, and mechanisms that alter KCNK3 function and
availability are likely to have a significant systemic impact.
Multiple regulatory proteins control KCNK3maturation and

surface expression. In vitro studies demonstrate C-terminal
KNCK3 phosphorylation by PKA correlated to enhanced
KCNK3 surface expression, presumably by increased forward
trafficking from the ER2 (26). In contrast, �COP binds to the
KCNK3N terminus and prevents egress from the ER and Golgi
to the plasmamembrane (27). TheKCNK3/�COPprotein-pro-
tein interaction can be mitigated by p11 and 14-3-3�, both of
which bind to the KCNK3 C terminus and increase KCNK3
forward trafficking (27–30).
Mounting evidence demonstrates that KCNK3 activity is

acutely regulated, via either protein kinase C (PKC) (31) or Gq-
coupled receptor activation (19, 32–34). However, the mecha-
nisms mediating KCNK3 regulation are completely unknown.
In the current study, we show that PKC-regulated endocytic
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idues are critical for KCNK3 endocytosis and define a novel K�

channel endocytic signal. Moreover, we demonstrate that
14-3-3� is absolutely required for KCNK3 internalization, a
role heretofore not described for a 14-3-3 protein. These results
demonstrate that KCNK3 is not static in the plasmamembrane
but is dynamically trafficked, enabling potassium leak channels
to acutely modulate neuronal excitability and potentially con-
tribute to synaptic plasticity.

EXPERIMENTAL PROCEDURES

cDNA Constructs

Rat KCNK3 cDNA was the generous gift of Dr. Joseph Cot-
ton (Massachusetts General Hospital, Boston, MA) and was
subcloned into pcDNA 3.1(�). HA-KCNK3 was the generous
gift of Dr. Douglas Bayliss (University of Virginia), and human
14-3-3�-GFP-C1 cDNA was the gift of Dr. Mitsuo Ikebe (Uni-
versity of Massachusetts Medical School). KCNK3 point
mutants were generated using theQuikChangemutagenesis kit
(Stratagene), and mutant cDNA regions were subcloned back
into the wild type KCNK3 plasmids at XcmI/XbaI sites. All
mutations were confirmed by dideoxynucleotide cycle
sequencing (GeneWiz, South Plainfield, NJ). shRNA constructs
were purchased from Origene (Rockville, MD).

Cell Culture and Transfections

HEK 293T cells were cultured at 37 °C, 5% CO2 in high glu-
cose DMEM supplemented with 10% fetal bovine serum, 2 mM

L-glutamine, and penicillin/streptomycin. For transfections,
HEK cells were seeded in 6-well cultureware 1 day prior to
transfection, were transiently transfected with Lipofectamine
2000 according to themanufacturer’s instructions (Invitrogen),
and were assayed 48 h post-transfection. For wide field micros-
copy, cells were replated onto poly-D-lysine-coated glass cover-
slips 24 h post-transfection. For knockdown experiments,
KCNK3 cDNA and shRNA plasmids were co-transfected into
HEK cells and assayed 48 or 72 h post-transfection.

Cerebellar Granule Neuron (CGN) Isolation

P6 Sprague-Dawley rat pups were sacrificed, and their cere-
bella were surgically removed, minced, and incubated in 0.05%
trypsin for 10 min under carbogen at 37 °C. Following
trypsinization, tissuewaswashed three times inCTPM (�-min-
imum Eagle’s medium supplemented with B27, 10 units/ml
penicillin/streptomycin, 250 kilounits/ml DNase I, 25 mM KCl,
6 mg/ml glucose) and was dissociated by triturating progres-
sively through 21–26-gauge needle holes in flame-sealed P1000
pipette tips. Cells were collected by centrifugation (1000 � g, 5
min), resuspended in CTPM, and plated on 25 �g/ml poly-D-
lysine-coated glass coverslips (4 � 104 cells/well) or in 12-well
cultureware (7.5 � 105 cells/well) for electrophysiological and
biochemical assays, respectively. Cells were grown at 37 °C at
5% CO2 for 5 h, and the medium was changed to Neurobasal
medium (Invitrogen) supplemented with B27, 10 units/ml pen-
icillin/streptomycin, 2mM glutamine, and 25mMKCl. Neurons
were assayed at 4–13 days in vitro.

Electrophysiological Recordings

HEK Cells—Cells were transiently transfected with recombi-
nant cDNA clones of KCNK3 or KCNK9 channel (0.2 �g),
green fluorescent protein (pEGFP-C1; 0.25 �g), and empty
plasmid (pcDNA3.1(-), 0.55 �g) using 4 �l of Lipofectamine
and 6 �l of PLUSTM reagent (Invitrogen). For shRNA experi-
ments, 2 �g of DNA (1 �g of shRNA, 0.2 �g of channel, 0.8 �g
of pcDNA3.1) and 4 �l of Lipofectamine were used. After ter-
minating the transfections (4 h), cells were reseeded onto 8-mm
round coverglasses (Warner Instruments) and incubated for an
additional 24–48 h. K� currents were recorded at room tem-
perature (24� 2 °C) from voltage-clamped cells. The recording
chamber was continuously perfused with extracellular (bath)
solution that contained 160mMNaCl, 2.5mMKCl, 2mMCaCl2,
1 mM MgCl2, 8 mM glucose, and 10 mM HEPES (pH 7.5 with
NaOH). Patch electrode tip resistance was 1–3 megaohms
when filled with intracellular (electrode) solution that con-
tained 126mMKCl, 20mMNaCl, 0.5mMMgCl2, 0.1mMEGTA,
0.5mMATP-Na2, 0.3mMGTP-Na3, 10mMHEPES (pH7.5with
KOH). Transfected (pEGFP-expressing) cells were identified
using a GFP filter set of the Axiovert 40 CFL inverted light
microscope (Zeiss). Currents were assayed for native-like func-
tion using a “family” of traces protocol, in which a cell held at
�80mVwas stepped for 50ms every 15 s to potentials between
�120 and �45 mV in 15-mV increments, followed by a 20-ms
command to �120 mV. The effect of PKC activation on the
current was studied using phorbol 12-myristate 13-acetate
(PMA, Tocris Bioscience), which was dissolved in ethanol and
diluted in bath solution to 1 �M (0.006% final ethanol concen-
tration). Current amplitude versus timewasmonitored by hold-
ing cells at �80 mV and recording the current during a 50-ms
test depolarization (40 mV) every 30 s.
CGNs—Leak current from 5–14-day in vitro CGNs were

recorded at room temperature (22–24 °C) using the whole-cell
configuration of an Axopatch 200B patch clamp amplifier
(Axon Instruments, Foster City, CA). Electrodes were pulled
from borosilicate glass capillaries (Drummond Scientific Co.,
Broomall, PA) and fire-polished to a tip diameter of �1 �m.
The total pipette access resistance ranged from 2.0 to 2.5
megaohms. Cells were held at �20 mV to inactive voltage-ac-
tivated Ca2�, Na�, and K� channels. Currents were elicited
every 10 s by stepping from �20 mV to various test potentials
for 50 ms using the CED Signal software suite, version 2.15
(Cambridge ElectronicDesign, Cambridge, UK). Currentswere
filtered at 5 kHz using the amplifier’s four-pole, low pass Bessel
filter, digitized at 20 kHzwith amicro1401 interface (CED), and
stored on a personal computer. Electrodes were filled with
internal solution containing 140 mM KCl, 4 mM NaCl, 10 mM

HEPES, 10 mM EGTA, 5 mM MgCl2, 4 mM ATP, 0.4 mM GTP,
pH 7.5. Cells were patched in calcium Tyrode’s solution con-
taining 145 mM NaCl, 5.4 mM KCl, 5 mM CaCl2, 10 mM HEPES
with the pH adjusted to 7.5. After rupturing the cell membrane,
the bath solution was exchanged by a gravity-fed perfusion sys-
tem. The external solution contained 140 mMNaCl, 3 mM KCl,
10mMHEPES, 10mMglucose, 2mMMgCl2, 2mMCaCl2, 10mM

TEA, 0.0005 mM tetrodotoxin (TTX), pH 7.5. TEA and TTX
were included in the bath solution to inhibit KCa current and
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any residualNav current, respectively. To activate PKC, PMA (1
�M) or (S)-3,5-dihydroxyphenylglycine (DHPG) (1 �M) was
added to the bath after 2 min of measuring stable currents.
Data Analysis—Leak current amplitudes were measured at

�20 mV and plotted over time in the presence of agonist for at
least 15min. At this potential, many voltage-gated ion channels
in neurons are inactivated, and thus the current is highly
enriched in leak channel current. Moreover at �20 mV, the
current-voltage relationship is in the linear range, where any
changes in current amplitude will be most obvious. Only cells
that had a control leak current reversal potential more negative
than �40 mV were used in the analyses. Significance of the
action of PMA or DHPG was determined using a two-tailed
paired t test.

Cell Surface Biotinylation

Cells were treated as described, and surface proteins were
covalently labeled with sulfosuccinimidyl 2-(biotinamido)-eth-
yl-1,3-dithiopropionate as described previously (35). Cells were
lysed in 3.2 mM dodecyl maltoside, 50 mM Tris, pH 7.4, 150 mM

NaCl, 2 mM EDTA, 1 �g/ml leupeptin, 1 �g/ml pepstatin, 1
�g/ml aprotinin, and 1 mM PMSF for 20 min at 4 °C, and pro-
tein concentrations were determined using the BCA protein
assay (Pierce). Biotinylated proteins were isolated by batch
streptavidin chromatography (overnight, 4 °C), and bound pro-
teins were eluted in 30 �l of 3� Laemmli SDS-PAGE sample
buffer with 10% SDS for 15 min at room temperature. Surface
proteins and one-half of the total cellular lysate were resolved
on 10% SDS-PAGE and transferred to nitrocellulose, and
KCNK3 was detected by immunoblotting using rat anti-HA
antibody (clone 3F10, Roche Applied Science). Immunoreac-
tive bands were detected using a VersaDoc CCD camera sys-
tem, and non-saturating bands were quantified using Quantity
One software (Bio-Rad).

Wide Field Microscopy

Cells were transfected in 6-well dishes and, 24 h post-trans-
fection, were trypsinized and replated on poly-D-lysine-coated
plates. 48 h post-transfection, cells were treated as indicated,
rinsed in PBS, and fixed in 4% paraformaldehyde prepared in
PBS for 10 min at 25 °C. For Tac surface labeling, cells were
incubated with mouse anti-IL2aR antibodies (Millipore)
(1:2000) for 2 h at 4 °C prior to fixation and permeabilization.
For transferrin (Tf) co-localization experiments, cells were
loaded with 20 ng/�l Tf-Alexa594 during drug treatments.
Cells were blocked and permeabilized in blocking solution
(PBS, 1% IgG/protease-free BSA, 5% goat serum, 0.2% Triton
X-100) for 30min at room temperature, followed by incubation
with the indicated primary antibodies for 45 min at 25 °C. Cells
were washed with PBS and incubated with Alexa594- or
Alexa488-conjugated secondary antibodies (as indicated; Invit-
rogen) for 45 min at 25 °C. Cells were washed with PBS, dried,
and mounted on glass slides with ProLong Gold mounting
medium (Molecular Probes). Immunoreactive cells were visu-
alized as described previously (36) with a Zeiss Axiovert 200M
microscope using a �63, 1.4 numerical aperture oil immersion
objective, and 0.4-�m optical sections were captured through
the z axis with a Retiga-1300R cooled CCD camera (Qimaging)

using Slidebook 5.0 software (Intelligent Imaging Innovations,
Denver, CO). z stacks were deconvolved with a constrained
iterative algorithm using measured point spread functions for
each fluorescent channel. All images shown are single 0.4-�m
planes through the center of each cell. For quantification, the
plasma membrane was defined independent of KCNK3 stain-
ing bymasking the Tac signal in the Alexa488 channel. KCNK3
surface signal intensities in the Alexa594 channel were then
measured within the mask, and total KCNK3 cell signal inten-
sities were measured by filling in the mask within the cell. Data
are the average of four cells/condition/experiment, quantified
over three independent experiments.

RESULTS

KCNK3 Currents Are Down-regulated by PKC Activation—
Previous studies reported PKC-dependent losses in KCNK3
currents in heterologous expression systems (31) and cardiac
myocytes (37). Given that the KCNK3 C terminus encodes
SREKLQYSIP, a sequence homologous to the dopamine trans-
porter (DAT) PKC-regulated endocytic signal, FREKLAYAIA,
we hypothesized that KCNK3 may undergo PKC-mediated
endocytic trafficking as a means to acutely regulate KCNK3
function. To test this possibility, we first asked whether PKC-
mediated KCNK3 down-regulation occurred in neurons, by
measuring whole cell leak current in CGNs, in which KCNK3 is
endogenously expressed (10, 11). Upon blocking Nav� currents
with TTX and Kca currents with TEA, we detected acid-sensi-
tive (Fig. 1A) and Zn2�-sensitive (Fig. 1B) components of the
leak current, indicating native KCNK3 and KCNK9 expression,
respectively, as observed previously in CGNs (15). The individ-
ual traces shown in Fig. 1C illustrate the decrease in leak current
amplitude of CGNs following 15 min of treatment with 1 �M

PMA. The average decrease in current amplitude over time can
be observed and contrasted with currents recorded in the pres-
ence of vehicle, which remained stable over 15 min (Fig. 1E).
Consequently, after 15 min of PMA, 63 � 10% (Fig. 1, C–E) of
the leak current remained, and this decrease in amplitude was
significantly different from that in vehicle-treated cells (99 �
13%) as shown in the summary bar graph in Fig. 1D (p � 0.05;
two-way Student’s t test for two means; n � 8–9/group).

Because CGNs express both KCNK3 and KCNK9 subunits,
we next determined whether the PKC-mediated inhibition of
the acid-sensitive leak current in neuronswas specific for one of
the KCNK subunits. Native acid-sensitive leak currents are
generated by homo- and heterodimers composed of KCNK3
and its homolog, KCNK9 (14, 15). KCNK9 is 82% identical to
KCNK3; however, their C termini are highly divergent, and
KCNK9 does not encode a SREKLQYSIP endocytic motif.
Transient expression of KCNK3 in HEK293T cells resulted in
robust, acid-sensitive currents in the whole-cell patch clamp
configuration (data not shown). Treatment with 1 �M PMA
decreased KCNK3 currents to 64.1� 3.4% of base-line levels by
15 min (Fig. 2A), which was significantly lower than currents
measured in vehicle-treated cells (101.6 � 5.2% base line; p �
0.001; Student’s t test; n� 3–5). In contrast, PMA had no effect
on KCNK9 currents (vehicle � 84.8 � 7.8% base line; PMA �
82.9� 3.6% base line; p� 0.89; Student’s t test; n� 3) (Fig. 2B).
These results suggested that the PMA-induced losses in acid-
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sensitive leak current in CGNs were specific for channels con-
taining the KCNK3 subunit.
KCNK3 Internalizes in Response to PKC Activation—PKC-

mediated losses in KCNK3 currents could be due to changes in
channel conductance, open probability, or surface number due
to acute endocytic trafficking, as opposed to forward trafficking
from the ER as described previously (27, 28). However, the time
course of KCNK3 down-regulation in response to PKC activa-
tion occurred over minutes, consistent with an endocytic traf-
ficking event. Therefore, we used surface biotinylation to ask
whether PKC-mediated KCNK3 functional losses were due to
KCNK3 protein losses at the cell surface. We first attempted to
use a commercially available anti-KCNK3 antibody (Alamone/
Millipore). Although this reagent specifically detected KCNK3
via immunocytochemistry, it failed to detect a KCNK3-specific
band by immunoblot in transfected HEK293 cells (not shown)

and was therefore deemed unsuitable for use in biochemical
studies. Thus, in order to perform biochemical studies, we
transiently expressed HA-KCNK3 in HEK cells. Note that HA-
KCNK3 has previously been shown to function identically to
KCNK3 lacking the HA epitope tag (27). Under our lysis con-
ditions, we detected both mature and immature KCNK3 spe-
cies in total cell lysates, whereas only mature protein was
detected in surface fractions (Fig. 3A). Under vehicle-treated
conditions, 65.0� 6.9% of total KCNK3was localized to the cell
surface (Fig. 3B). Treatment with 1�MPMA for 30min at 37 °C
significantly decreased KCNK3 surface levels to 47.4 � 5.7% of
total KCNK3 (p� 0.04; Student’s t test;n� 9), which translated
to a 27.1% loss in surface protein and is comparable with the
current losses observed in both CGNs and HEK cells.
Because PKC-induced losses in KCNK3 activity mirrored

surface losses of KCNK3 in HEK cells, we next determined
whether the PKC-induced reduction in acid-sensitive leak cur-
rent in CGNs was also due to rapid endocytosis. To detect
native KCNK3 in primary CGNs, we raised rabbit antisera
directed against the KCNK3 C terminus. This reagent specifi-
cally detected KCNK3 monomers in transfected HEK cells and
CGNs (Fig. 3C).We used this reagent to determinewhether the
PKC-induced reduction in acid-sensitive leak current observed
in CGNs was due to KCNK3 internalization. CGNs were
treated with 1 �M PMA for 20 min at 37 °C, followed by cell
surface biotinylation. Following vehicle treatment, we observed
5.0 � 0.4% of total KCNK3 on the cell surface (Fig. 3D). Treat-
mentwith 1�MPMA for 30min at 37 °C significantly decreased
KCNK3 surface levels to 3.74� 0.2% of total KCNK3 (p� 0.04,
Student’s t test; n � 7) (Fig. 3D). This translates to a 25.2% loss
in surface KCNK3 protein, which is consistent with PMA-in-
duced reduction of KCNK3 currents in HEK cells and acid-
sensitive leak currents in CGNs.
We next used cellular imaging to examine KCNK3 cellular

distribution in HEK cells. Under basal conditions, KCNK3
expressed prominently at the cell perimeter and co-localized
with the IL2� receptor (Tac), co-expressed as a plasma mem-
brane marker (38) (Fig. 4A). Following treatment with 1 �M

PMA for 30 min at 37 °C, we observed a significant decrease in
KCNK3 surface levels (Fig. 4B) and redistribution into intracel-
lular puncta (Fig. 4,A andC), whereas Tac remained on the cell
surface. PMA-induced losses from the cell surface were signif-
icantly blocked by pretreating cells with 1 �M BIM (Fig. 4B),
demonstrating that PMA-induced losses were PKC-mediated.
In order to test whether KCNK3 traffics via the endocytic path-
way, we labeled endosomes with Alexa594-Tf during PMA-in-
duced KCNK3 internalization. As seen in Fig. 4C, KCNK3
internalized into a subset of Tf-positive endosomes, suggesting
that KCNK3 traffics via the endosomal pathway and, specifi-
cally, through Tf-positive endosomes. Following internaliza-
tion, proteins can divert to either degradative or recycling
endocytic pathways. To test whether KCNK3 is subject to deg-
radation following internalization, we monitored KCNK3 sta-
bility over time with or without 1 �M PMA, following pretreat-
ment with the translational inhibitor cycloheximide. KCNK3
was highly stable over a 60-min period, andPMA treatment had
no effect on total KCNK3protein levels (not shown), suggesting
that following internalization, KCNK3 traffics through anon-deg-

FIGURE 1. PKC activation decreases acid-sensitive currents in CGNs.
Shown are whole-cell recordings of K� leak current in the presence of 0.5 �M

TTX and 10 mM TEA. A, average decrease in current amplitude following bath
solution exchange from pH 7.5 to 6.5 (n � 7). B, zinc sensitivity following
introduction of 100 �M zinc (Zn2�) (n � 5). C, representative traces of leak
current at time 0 min (black line) and 15 min following 1 �M PMA (red line).
D, average percentage of current remaining after 15 min with 1 �M PMA is
significantly different from that with an equal volume of vehicle (Veh) added
to the bath solution. *, p � 0.05; Student’s t test; n � 8 –9/group. E, average
normalized time courses of leak current following introduction of either vehi-
cle (E) or 1 �M PMA (●) into the bath at time 0. Currents were sampled every
10 s (n � 8 –9/group). Error bars, S.E.
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radativepathway.Taken together, thesedata indicate thatKCNK3
undergoes PKC-stimulated, non-degradative endocytosis.
Group I mGluR Activation Induces KCNK3 Down-regulation

and Internalization—To investigate physiologically relevant
stimuli thatmay regulateKCNK3 trafficking,we testedwhether
activating Group I mGluRs would alter KCNK3 function in
CGNs. Group ImGluRs are abundantly expressed inCGNs (39,
40) and couple to Gq activation, which ultimately activates
PKC. Moreover, Group I mGluR activation has been shown to
decrease acid-sensitive currents in motor neurons (41). CGNs
were treated with the Group ImGluR agonist DHPG (39, 42) (1
�M) during whole cell recording. We observed a rapid and sig-
nificant reduction in leak currents (Fig. 5A) over 15 min in
response to DHPG treatment (56 � 10% current remaining;
n � 8; p � 0.01) (Fig. 5B). Moreover, DHPG-mediated loss in
current amplitude was significantly different from the small
change (p � 0.05; not significant) in amplitude that occurred
over 15min with vehicle (94� 8% current remaining; p� 0.02;
two-way t test for two means; n � 7). The DHPG-mediated
decrease in current amplitude was comparable in magnitude
with that observed following PMA treatment. To determine
whether DHPG-mediated current losses were PKC-dependent,
CGNs were pretreated with 1 �M BIM for at least 20 min at
room temperature prior to DHPG application. BIM alone had
no effect on acid-sensitive currents (107 � 7.2% current
remaining; n � 4 (not shown)) but completely blocked DHPG-
mediated decreases in leak current (107� 27% current remain-
ing; n � 3) (Fig. 5, C–E). In current recordings from the same
groups of cells, DHPG significantly inhibited leak current over
the 15-min time period (48.3 � 11% current remaining; p �

0.05; n � 5), demonstrating current sensitivity to Group I
mGluR activation under these recording conditions. These
results are consistent with PKC-mediated functional down-
regulation of KCNK3 in response to Group ImGluR activation.
Wenext askedwhetherGroup ImGluR activation stimulates

KCNK3 internalization and, if so, whether mGluR-stimulated
KCNK3 internalization is mediated by PKC. HEK cells were
co-transfected with KCNK3 and a bicistronic vector expressing
either GFP alone or GFP with mGluR5. Treatment with 1 �M

DHPG for 20 min at 37 °C had no effect on KCNK3 surface
levels in cells expressing KCNK3 and GFP (p � 0.89; Student’s
t test; n � 6) (Fig. 6A). In contrast, when KCNK3 was co-ex-
pressed with mGluR5, 1 �M DHPG treatment significantly
decreased KCNK3 surface levels to 70.7 � 5.0% of KCNK3 lev-
els in vehicle-treated cells (Fig. 6A). mGluR5-mediated KCNK3
internalization required PKC activation because pretreatment
with 1 �M BIM completely blockedmGluR5-mediated KCNK3
surface losses (Fig. 6B). Taken together, our results indicate that
KCNK3 is acutely internalized in response to PKC activity asso-
ciated with activation of Group I mGluR signaling.
KCNK3 C-terminal Residues Are both Necessary and Suffi-

cient for PKC-regulated KCNK3 Internalization—We next
sought to identify the molecular determinants of PKC-medi-
ated KCNK3 internalization. We previously reported that the
DAT encodes a novel C-terminal endocytic signal, FRE-
KLAYAIA, that regulates both constitutive internalization and
trafficking in response to PKC activation (36, 43, 44). KCNK3
encodes a homologous sequence, SREKLQYSIP, in C-terminal
residues 334–343, which is absent in the KCNK3 homolog,
KCNK9 (Fig. 7A). We used a gain-of-function assay to ask

FIGURE 2. PKC activation inhibits K� current in KCNK3- but not KCNK9-expressing HEK293T cells. Whole-cell K� leak currents from cells expressing either
KCNK3 (A) or KCNK9 (B) channels were induced using depolarizing voltage steps from �80 to �40 mV every 30 s. For the each channel, representative traces
taken before (black) and at the end of 15 min treatment (red) with either vehicle (ethanol) or 1 �M PMA are shown on the left. Average normalized time courses
of currents recorded during this treatment are shown in the middle. Mean � S.E. (error bars) of normalized current inhibition (after a 15-min exposure to PMA)
from several identical experiments is shown on the right. *, p � 0.001; Student’s t test; n � 3–5.
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whether the KCNK3 C terminus is sufficient to drive internal-
ization of an endocytic-defective reporter protein, Tac. As seen
in Fig. 7B, Tac was highly expressed at the cell surface under
trafficking-restrictive conditions (4 °C), and remained at the
surface in trafficking-permissive conditions (37 °C). In con-
trast, a Tac fusion protein expressing the KCNK3 C terminus
robustly internalized at 37 °C. Internalization was specific to
the KCNK3 C terminus because a Tac-KCNK9 fusion protein
failed to internalize (Fig. 7A). These results indicate that the
KCNK3 C terminus encodes residues sufficient to drive endo-
cytosis, whereas the KCNK9 C terminus does not encode an
endocytic determinant.
Given the sequence similarity between the DAT endocytic

signal and the KCNK3 SREKLQYSIP residues, we next asked
whether residues involved in PKC-regulated DAT internaliza-
tion (36, 43) were also necessary for KCNK3 down-regulation
and internalization. To test this possibility, wemutatedKCNK3
residues 335–337 to alanines (REK/AAA) and tested the capac-
ity of this mutant to undergo PKC-mediated down-regulation
and internalization. The REK/AAA mutant expressed and
exhibited whole cell currents comparable with those measured
for the wild type channel (Fig. 7B). As observed previously, a

15-min treatment with 1 �M PMA resulted in significant, time-
dependent decreases in wild type KCNK3 currents to 61.1 �
7.6% of base-line levels (Fig. 7B). In contrast, the REK/AAA
mutant was completely insensitive to PMA treatment, and no
significant current losses were observed (97.6 � 2.9% of base
line) (Fig. 7B). To test whether KCNK3 residues 335–337 were
required for PKC-induced KCNK3 internalization, we next
used both cellular imaging and surface biotinylation tomonitor
KCNK3 REK/AAA endocytosis in response to PKC activation.
Cellular imaging revealed that the REK/AAA mutant was
expressed at the cell surface but failed to internalize following
PKC activation for 15 min at 37 °C (Fig. 7C). Cell surface bio-
tinylation (Fig. 7D) confirmed that mutating KCNK3 residues
335–337 significantly blocked PKC-mediated KCNK3 surface
losses (wild type: 63.7 � 7.5% of vehicle levels; REK/AAA:
114.4� 12.4% of vehicle levels, p� 0.02, Student’s t test, n� 4),
demonstrating that these three residues are key determinants
of PKC-mediated KCNK3 functional down-regulation and
internalization.
PKC-mediated KCNK3 Endocytosis Requires 14-3-3�—Pre-

vious studies have shown that the phosphoserine-binding pro-
tein 14-3-3� facilitates KCNK3 exit from the ER via an interac-

FIGURE 3. PKC activation results in KCNK3 internalization via the endocytic pathway. HEK cells were transfected with the indicated constructs and assayed
48 h post-transfection. CGNs were isolated as described under “Experimental Procedures.” A, KCNK3 biosynthetic characterization. HEK293T cells were
transfected with HA-KCNK3, and cell lysates were analyzed 48 h post-transfection. Lysates were treated with 1 unit of endoglycosidase H (EndoH) or peptide:
N-glycosidase F (PNGaseF) for 3 h at 30 °C and resolved by SDS-PAGE, and immunoblots were probed using anti-HA antibody. Note detection of both KCNK3
mature (endoglycosidase H-insensitive) and immature (endoglycosidase H-sensitive) species. B, cell surface biotinylation. HEK cells transfected with HA-KCNK3
were treated or not treated with 1 �M PMA for 30 min at 37 °C, and KCNK3 surface levels were measured by biotinylation as described under “Experimental
Procedures.” Top, representative immunoblot showing total and surface KCNK3 protein detected with anti-HA antibody. Bottom, average data expressed as
KCNK3 surface levels � S.E. (error bars). *, significantly different from vehicle control; p � 0.04; Student’s t test; n � 9. C, a C-terminal-directed rabbit anti-KCNK3
antibody specifically recognizes KCNK3 in transfected HEK cells. Left, HEK cells were transfected with either vector (�) or HA-KCNK3 (�), cell lysates were
resolved by SDS-PAGE, and immunoblots were probed with anti-HA and rabbit anti-KCNK3 antibodies, in parallel. Right, the indicated tissues were harvested
from P6 rat pups, lysed, and resolved by SDS-PAGE. Immunoblots with rabbit anti-KCNK3 antibody reveal specific KCNK3 immunoreactivity that is not present
in the liver. D, cell surface biotinylation. CGNs were treated or not treated with 1 �M PMA for 30 min at 37 °C, and KCNK3 surface levels were measured by
biotinylation as described under “Experimental Procedures.” Top, representative immunoblot showing total and surface KCNK3 protein. Bottom, average
KCNK3 surface levels expressed as a percentage of total KCNK3 � S.E. *, significantly different from vehicle control; p � 0.04; Student’s t test; n � 7.
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tion with the KCNK3 distal C terminus (27). However, we
noticed that the SREKLQYSIP sequence is similar to the mode
II 14-3-3 binding motif (R/K)X�X(pS/pT)XP (SREKLQYSIP),
prompting us to ask whether 14-3-3� may play a role in PKC-
mediated KCNK3 endocytosis. To test whether 14-3-3� is
required for PKC-mediated KCNK3 internalization, we used a
knockdown approach to limit 14-3-3� expression. Three
shRNAs targeting human 14-3-3� were tested for their ability
to decrease 14-3-3� expression levels. As seen in Fig. 8A,
14-3-3� shRNAs 6, 7, and 8 significantly decreased 14-3-3�
levels 72 h post-transfection, as compared with vector-trans-
fected controls, whereas a scrambled shRNA had no significant
effect on 14-3-3� levels. Significant 14-3-3� knockdowns were
also achieved 48 h post-transfection (not shown). HEK cells
were co-transfected with KCNK3 and each of these shRNAs,
and their ability to undergo PKC-stimulated internalization
was assessed by cellular imaging following treatment with 1 �M

PMA for 30 min at 37 °C. Under basal conditions, KCNK3
prominently localized to the cell surface, when co-expressed

with either control 14-3-3�-directed shRNAs. PKC activation
resulted in robustKCNK3 redistribution to intracellular puncta
in cells co-expressing either GFP alone or GFP and scrambled
shRNA (Fig. 8B). In contrast, KCNK3 failed to redistribute to
intracellular puncta in cells co-expressing any of the three
14-3-3�-directed shRNAs (Fig. 8B). We further tested
whether 14-3-3� was required for PKC-mediated functional
down-regulation of KCNK3. Cells were co-transfected with
GFP, scrambled shRNA, or 14-3-3� shRNA 7, and whole cell
currents were recorded. As seen in Fig. 8C, application of 1 �M

PMA significantly decreased KCNK3 currents in cells co-ex-
pressing either GFP (64.9 � 5.6% of base line) or scrambled
shRNA (74.9 � 0.9% of base line). However, 14-3-3�-directed
shRNA 7 significantly blocked the PMA-induced down-regula-
tion of KCNK3 (91.8� 4.2% of base line). Taken together, these
results indicate that 14-3-3� plays a requisite role in PKC-me-
diated KCNK3 internalization and implicates 14-3-3� in regu-
lated endocytosis.

FIGURE 4. KCNK3 internalizes into endocytic vesicles in a PKC-sensitive manner. HEK cells were co-transfected with KCNK3 and the cell surface
marker IL2�R (Tac) and were pretreated with or without 1 �M BIM, followed by treatment with or without 1 �M PMA for 30 min at 37 °C. Surface Tac was
labeled on non-permeabilized cells with �Tac antibody (green). Cells were then permeabilized and stained for KCNK3 (red). Images were captured and
analyzed as described under “Experimental Procedures.” Scale bars, 10 �m. A, representative images; B, image quantification. Data are expressed as
percentage of vehicle surface levels � S.E. (error bars). *, significantly different from vehicle, BIM, and BIM/PMA; p � 0.05; one-way analysis of variance
with Tukey’s multiple comparison test; n � 12. C, KCNK3 endocytic fate. Cells were treated or not treated with 1 �M PMA for 30 min at 37 °C in the
presence of Alexa594-Tf (green), fixed, permeabilized, and stained for KCNK3 (red). Scale bars, 10 �m. Enlarged view, scale bar, 1 �m.
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DISCUSSION

Membrane protein trafficking is a central mechanism con-
trolling neuronal excitability and plasticity in the brain. Regu-
lated internalization of ligand-gated ion channels, such as
AMPA (45–47), NMDA (48–51) and GABAA (52, 53) recep-
tors, is a key factor in synaptic plasticity. Recent studies indicate
that endocytic trafficking acutely regulates several different

types of K� channels, including KATP (54) and KCa.2.1 (55), sug-
gesting that regulated membrane trafficking is a means to rap-
idly control K� channel density. Indeed, a recent study demon-
strated that TWIK1 undergoes regulated internalization via a
classic dileucine endocytic signal (56). In the current study, our
data reveal that dynamic endocytic trafficking regulates acid-
sensitive K� leak channel surface expression. This finding sug-
gests a role for KCNK3 to uniquely contribute to synaptic plas-
ticity. KCNK3 internalization would be predicted to depolarize
the membrane potential, which would inactivate Nav channels,
causing the membrane to reach threshold more slowly, fail in
firing, and/or spike at a slower frequency of bursting. Alterna-
tively, membrane depolarization mediated by regulated
KCNK3 trafficking could relieve Mg2� block of NMDA recep-
tors, increasing the probability of NMDA receptor firing and
downstream plasticity events in response to an excitatory
postsynaptic potential. Thus, in combination with established
ligand-gated ion channel trafficking, acutely regulating KCNK3
surface levels would give rise to a multimodal, context-depen-
dent plasticity of membrane excitability that could last for
many minutes.
Prior studies using phorbol esters (31), Group I mGluR ago-

nists (41), and M1/M3 muscarinic agonists (57, 58) demon-
strated a PKC-mediated functional down-regulation of KCNK3
and/or acid-sensitive currents, respectively. However, the
mechanisms underlying this down-regulation have not been
well defined.We observed significant loss of KCNK3 activity in
response to PMA treatment over a 15-min time course in both
CGNs (Fig. 1) and HEK cells (Fig. 2), which is consistent with
the time course for endocytosis. We used surface biotinylation
and cellular imaging to directly test whether PKC-stimulated
KCNK3 current losses were due to internalization. We
observed significant PKC-dependent losses in surface KCNK3
following PMA treatment both inHEKcells (Fig. 3B) andCGNs
(Fig. 3D), which were completely blocked by the PKC inhibitor
BIM (Fig. 4, A and B). The magnitude of KCNK3 surface losses
paralleled PKC-mediated KCNK3 currents losses, consistent
with endocytosis as the primary mechanism responsible for
PKC-mediated KCNK3 inhibition. Moreover, we observed
losses in acid-sensitive leak currents (Fig. 5) and KCNK3 inter-
nalization (Fig. 6) via activation of endogenously expressed
Group ImGluRs, consistent with previous reports demonstrat-
ing Group I mGluR-mediated KCNK3 down-regulation (41).
Previous studies reported rapid KCNK3 activity losses in
response to direct Gq activation (34) or via glutamatergic sig-
naling (41, 59) in heterologous expression systems and CGNs,
whereas we observed a slower time course of KCNK3 inhibi-
tion. These differences may be due to direct Gq activation in a
heterologous expression system versus indirect via Gq coupling
in our experiments. This difference may also reflect the much
higher DHPG concentrations used in previous studies, com-
paredwith those used in our studies (10 and 100�M versus 1�M

in our study). Indeed, decreased cAMP production in response
to high DHPG concentrations has been reported (60), which is
likely mediated by Group III mGluR activation. It is not known
whether PKC activation results in KCNK3 phosphorylation,
either directly or indirectly. A recent report demonstrated that
endothelin-1 down-regulates KCNK3 and leads to PKC-depen-

FIGURE 5. Group I mGluR activation reduces leak current in CGNs. Whole-
cell recordings of K� leak current in the presence of 0.5 �M TTX and 10 mM TEA
(7–14 days in vitro) were tested for sensitivity to the group I mGluR agonist
DHPG. A, selected sweeps at time 0 min (black line) and 15 min (red line). Left,
representative traces (CON) show leak current amplitude with no additions.
Right, representative traces with and without 1 �M DHPG. B, average percent-
age of current remaining after 15 min of no additions (CON) or DHPG (n �
6 – 8/group). Cells exposed to DHPG exhibited significant inhibition of leak
current compared with no addition (**, p � 0.02; two-way Student’s t test for
two means). C, left, cells were preincubated for at least 8 min in 0.005% DMSO
(Veh) while recording whole-cell leak currents. Representative current traces
versus time exhibit substantial decreases in amplitude after 15 min of 1 �M

DHPG compared with time 0 min (Veh). Right, representative traces docu-
ment that preincubating cells with 1 �M BIM for at least 8 min while in the
whole-cell configuration minimized leak current inhibition by DHPG. D, aver-
age percentage of current remaining after 15 min of DHPG following prein-
cubation with either 1 �M BIM (n � 3) or DMSO (Veh; n � 4). *, p � 0.05,
compared with the presence of BIM using a two-way Student’s t test for two
means). E, time course of the average decrease in normalized leak currents
over 15 min. DHPG was applied at time 0 min (n � 3– 4/data point) in the
presence of DMSO (E) or BIM (●). Error bars, S.E.
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dent KCNK3 phosphorylation in pulmonary artery smooth
muscle cells (61). However, it should be noted that these phos-
phorylation studies relied upon the commercially available
anti-KCNK3 antibody that, in our hands, does not recognize a
KNCK3-specific band (not shown). It is interesting to note that
under basal conditions, KNCK3 surface expression in primary
CGN cultures was �6% total KCNK3 protein, which differed
markedly fromobserved surface levels in transfectedHEK cells.
Nevertheless, these values are consistent with those reported for
other channels in both primary cultured neurons (62, 63) and
acutebrain slices (64). Lowchannel surfacedensity (as a fractionof
the total available channel) may reflect large intracellular endo-
cytic pools tightly regulated by neuron-specific mechanisms.
Alternatively, theymay reflect a high degree of turnover in neuro-
nal systems, with large, forward trafficking protein pools tomain-
tain steady state channel levels in the membrane.
Following internalization from the cell surface, proteins can

diverge to either recycling or degradative endocytic pathways
(65). For example, EGFR (66, 67) and �-opioid receptors (68)
enter late endosomes and are degraded upon internalization,
whereas the TfR is primarily recycled (65). We observed
KCNK3 co-localization in an early endosome/TfR-positive ves-
icle population following internalization (Fig. 4C) and detected
no losses in total KCNK3 protein following PKC stimulation
(not shown). These results suggest that internalized KCNK3 is
likely to enter a recycling, rather than a degradative, pathway.

Previous studies from our laboratory investigating mecha-
nisms responsible for PKC-stimulated DAT trafficking re-
vealed a novel endocytic regulatory domain (FREKLAYAIA)
encoded in the DAT C terminus (36) that is highly conserved
across the SLC6 transporter gene family and is the locus for an
endocytic braking mechanism (43). Sequence comparison
across themammalian genome revealed thatKCNK3 is the only
membrane protein outside of the SLC6 transporter gene family
to encode a homologous endocytic signal. Gain-of-function
assays revealed that the KCNK3 C terminus is sufficient for
endocytosis (Fig. 7A), and that the REK residues are absolutely
required for PKC-mediated KCNK3 down-regulation and
internalization (Fig. 7, B–D). These results offer further insight
into the previous results of Tally and Bayliss (19), in which
KCNK3 C-terminal deletions that encompassed the 335–344
region abolished TRH receptor-mediated KCNK3 inhibition,
which also occurs via Gq activation (69). It is currently not clear
how these charged residues function to target either DAT or
KCNK3 to the endocytic machinery. Answers to this question
await future studies.
PKC-stimulatedKCNK3 endocytosis absolutely required the

phosphoserine-binding protein 14-3-3�. 14-3-3� belongs to
the family of 14-3-3 phosphoserine-binding proteins, which are
widely expressed in the brain and periphery and exist as homo-
or heterodimers (70, 71). 14-3-3 binds target proteins primarily
at either RSXpSXP or (R/K)X�X(pS/pT)XPmotifs (72, 73), and

FIGURE 6. mGluR5 activation stimulates PKC-dependent KCNK3 internalization. A, cell surface biotinylation. Cells were treated or not treated with 1 �M

DHPG for 20 min at 37 °C, and KCNK3 surface levels were measured as described under “Experimental Procedures.” Top, representative immunoblot showing
total and surface KCNK3 protein. Bottom, average KCNK3 surface levels expressed as percentage of vehicle � S.E. (error bars). *, significantly different from
vehicle control; p � 0.03; Student’s t test; n � 6. B, cells were treated or not treated with 1 �M BIM for 20 min at 37 °C followed by treatment with or without 1
�M DHPG for 20 min at 37 °C, and KCNK3 surface levels were measured as described under “Experimental Procedures.” Top, representative immunoblot
showing KCNK3 total and surface protein. Bottom, average KCNK3 surface levels expressed as percentage of vehicle � S.E. *, significantly different from vehicle
control; p � 0.03; Student’s t test; n � 6.
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several proteins encode multiple 14-3-3 binding sites (74, 75).
14-3-3 binding can 1) induce conformation changes that facil-
itate catalytic activity or protein-protein interactions, 2) mask
domains to prevent protein-protein interactions, or 3) facilitate
protein co-localization. Previous work demonstrated that
14-3-3� binds to a non-canonical 14-3-3 binding motif in the
distal KCNK3 C terminus and is required for KCNK3 egress
from the ER (27, 28, 76). In addition, other 14-3-3 isoforms can
interact with the KCNK3 C terminus and promote increased
KCNK3 surface density (77); however, it is not clear whether
the increased KCNK3 surface expression is due to ER egress or

endocytic trafficking. Our results indicate that 14-3-3� is also
necessary for PKC-mediatedKNCK3 internalization.Wenoted
that a �50% 14-3-3� knockdown did not markedly disrupt
KCNK3 surface targeting, whereas PKC-mediated endocytosis
was abolished (Fig. 8). Thismay suggest that forward trafficking
from the ER is less sensitive to 14-3-3� levels than KCNK3
surface populations. Alternatively, other accessory proteins
working in consort with 14-3-3� at the cell surface may be
expressed in limited quantities and are thereby more sensitive
to losses in 14-3-3�. Interestingly, the epithelial sodium chan-
nel, ENaC, constitutively internalizes in a 14-3-3- and Nedd4-

FIGURE 7. KCNK3 encodes a PKC-sensitive endocytic signal at C-terminal residues 335–337. PC12 (A) and HEK cells (B–D) were transfected with the
indicated constructs and assayed 24 – 48 h post-transfection. A, left, sequence alignment between DAT and the potassium channel KCNK3 and KCNK9
C-terminal subregions. Right, immunocytochemistry. Intact cells were incubated in �Tac antibody at 4 °C, shifted to 37 °C for 30 min, and then fixed and imaged
as described under “Experimental Procedures.” B, the REK/AAA mutation prevents PMA-induced inhibition of KCNK3 current. Left, representative traces of
KCNK3 current recorded from HEK293T cells expressing either WT or REK/AAA mutant channels recorded before (black) and after (red) 1 �M PMA treatment
(40-mV test pulse). Middle, average normalized time course of WT (open circles; n � 3) or REK/AAA (filled circles; n � 5) currents recorded during a 15-min
exposure to 1 �M PMA. Right, mean � S.E. of current remaining after a 15-min exposure to PMA (p � 0.007). C, immunocytochemistry. Cells were treated or not
treated with 1 �M PMA for 30 min at 37 °C, fixed, stained for KCNK3, and imaged as described under “Experimental Procedures.” Scale bars, 10 �m. D, cell surface
biotinylation. Cells were treated or not treated with 1 �M PMA for 15 min at 37 °C, and KCNK3 surface levels were measured as described under “Experimental
Procedures.” Average KCNK3 surface levels following PMA treatment are expressed as percentage of vehicle � S.E. (error bars). *, significantly different from WT;
p � 0.02; Student’s t test; n � 4.
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2-dependent manner, and aldosterone increases ENaC surface
expression via blocking 14-3-3-dependent ENaC internaliza-
tion and degradation (78–80). The mechanism by which
14-3-3� promotes KCNK3 internalization is not known; nor is
it clear whether amechanism distinct from 14-3-3�-dependent
ER exit is at play. It is interesting to note that the SREKLQYSIP

region is similar to the mode II 14-3-3� binding motif
(R/K)X�X(pS/pT)XP (72, 73). Although we do not currently
know whether 14-3-3� controls KCNK3 internalization
directly or indirectly, this site is a candidate locus for potential
14-3-3�/KCNK3 endocytic interactions, distinct from the
identified sequence controlling KCNK3 egress from the ER (27,

FIGURE 8. PKC-stimulated KCNK3 internalization requires 14-3-3�. HEK cells were transfected with the indicated constructs and assayed 48 h (A and D) or
72 h (B and C) post-transfection. A, shRNA-mediated 14-3-3� knockdown. Average 14-3-3� protein levels are expressed as percentage of control levels � S.E.
*, significantly different from GFP-transfected controls; p � 0.004; one-way analysis of variance with Dunnett’s post hoc analysis; n � 4. Inset, representative
immunoblot probed for 14-3-3� and actin (loading control). B, immunocytochemistry. Cells were treated or not treated with 1 �M PMA for 30 min at 37 °C, fixed,
and stained for KCNK3 (red). GFP expression indicates shRNA co-transfection (green). Images were captured and analyzed as described under “Experimental
Procedures.” Scale bars, 10 �m. C, PKC-mediated inhibition of KCNK3 current requires 14-3-3�. Top, representative whole-cell current traces from HEK293T cells
co-expressing KCNK3 with either GFP, shRNA 7, or scrambled shRNA recorded before (black) and after (red) 1 �M PMA treatment (40-mV test pulse). Average
normalized time course (middle) and mean � S.E. (error bars) of current remaining (bottom) after 15 min of PMA treatment are shown; n � 9 for GFP control;
n � 4 for scrambled and number 7 shRNAs. *Significantly different from wildtype, p � .02, one-way ANOVA with Bonferroni’s multiple comparison test.
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28). Future studies exploring the possibility of this sequence as
a bona fide 14-3-3� binding site should be illuminating.
In summary, our results reveal that KCNK3 is subject to

dynamic PKC-regulated endocytic trafficking that is 14-3-3�-
dependent. This extends the physiological repertoire for 14-3-3�
to now include neuronal endocytic trafficking. Moreover, given
the central role of KCNK3 in maintaining the neuronal resting
membrane potential, regulated KCNK3 trafficking holds the
potential for a role for KCNK3 in synaptic plasticity.
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