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Brief Communications

Live Imaging of Kv7.2/7.3 Cell Surface Dynamics at the Axon
Initial Segment: High Steady-State Stability and Calpain-
Dependent Excitotoxic Downregulation Revealed

Tau Benned-Jensen,' Rasmus Kordt Christensen,? Federico Denti,' Jean-Francois Perrier,> Hanne Borger Rasmussen,'
and Soren-Peter Olesen'

Tonchannel Group, Department of Biomedical Sciences, Faculty of Health Sciences, and 2Neuronal Signaling Laboratory, Department of Neuroscience and
Pharmacology, Faculty of Health Sciences, University of Copenhagen, DK-2200 Copenhagen, Denmark

The voltage-gated K™ channels Kv7.2 and Kv7.3 are located at the axon initial segment (AIS) and exert strong control over action
potential generation. Therefore, changes in their localization or cell surface numbers are likely to influence neuronal signaling. However,
nothing is known about the cell surface dynamics of Kv7.2/7.3 at steady state or during short-term neuronal stimulation. This is primarily
attributable to their membrane topology, which hampers extracellular epitope tagging. Here we circumvent this limitation by fusing an
extra phluorin-tagged helix to the N terminus of human Kv7.3. This seven transmembrane chimera, named super ecliptic phluorin
(SEP)-TAC-7.3, functions and traffics as a wild-type (WT) channel. We expressed SEP-TAC-7.3 in dissociated rat hippocampal neurons
to examine the lateral mobility, surface numbers, and localization of AIS Kv7.2/7.3 heteromers using live imaging. We discovered that
they are extraordinarily stable and exhibit a very low surface mobility both during steady state and neuronal stimulation. In the latter
case, we also found that neither localization nor cell surface numbers were changed. However, at high glutamate loads, we observed a
rapid irreversible endocytosis of Kv7.2/7.3, which required the activation of NR2B-containing NMDA receptors, Ca> " influx, and calpain
activation. This excitotoxic mechanism may be specific to ankyrin G-bound AIS proteins because Nav1.2 channels, but not AIS GABA ,
receptors, were also endocytosed. In conclusion, we have, for the first time, characterized the cell surface dynamics of a full-length Kv7
channel using a novel chimeric strategy. This approach is likely also applicable to other Kv channels and thus of value for the additional
characterization of this ion channel subfamily.
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Significance Statement

The voltage-gated K channels Kv7.2 and Kv7.3 exert strong control over action potential generation, but little is known about
their cell surface dynamics. Using a novel phluorin-based approach, we here show that these channels are highly stable at steady
state and different types of neuronal stimulation. However, at high glutamate loads, they undergo a rapid calpain-dependent
endocytosis that likely represents an early response during excitotoxic states.

molecular correlate of the axonal M-current: a slow non-
inactivating potassium current (Schroeder et al., 1998). In vivo,
they are located specifically at the axon initial segment (AIS),
nodes of Ranvier, and presynaptic boutons (Pan et al., 2006; Ras-
mussen et al., 2007). At the AIS, Kv7.2/7.3 regulate the resting

Introduction
The voltage-gated potassium channels Kv7.2 and Kv7.3 are ex-
pressed widely in the brain. As heteromers, they constitute the
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membrane potential and action potential threshold (Shah et al.,
2008) and therefore exert strong control over neuronal firing.
Thus, modulating the electrophysiological properties of Kv7.2./
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7.3 is one way of fine-tuning neuronal signaling (Hoshi et al.,
2003). However, neurons are also able to regulate the number of
channels at a given site in an activity-dependent manner. Such a
change, either through exocytosis/endocytosis or lateral move-
ment, is paralleled by a proportional change in conductance.
This phenomenon is well characterized for glutamate receptors
(Malenka, 2003) but also applies for other ionotropic receptors
(Muir et al., 2010) and dendritic Kv channels (Misonou et al.,
2004; Kim et al., 2007). Whether this could apply for the physio-
logically important Kv7.2/7.3 heteromers at the AIS remains to be
determined. However, measurement of Kv7.2/7.3 cell surface dy-
namics requires the ability to image these channels in living cells.
This has been hampered by the lack of suitable antibodies but also
by their membrane topology: both termini are intracellular, and
the extracellular loops very short. Consequently, insertion of
large extracellular epitope tags is not possible.

Therefore, our aim was to develop a tool that bypasses this
limitation and use it to study the dynamics of cell surface Kv7.2/
7.3 heteromers. To do so, we added an extra phluorin-tagged
transmembrane helix to Kv7.3, thereby generating a seven-
transmembrane chimera. Using this construct, we show that the
localization, lateral mobility, and cell surface numbers of Kv7.2/
7.3 heteromers are highly stable, both during steady state and
mild neuronal stimulation. However, at sustained NMDA recep-
tor (NMDAR) activation, Kv7.2/7.3 are endocytosed rapidly in a
Ca**- and calpain-dependent manner.

Materials and Methods

DNA constructs. We used a modified pcDNA3.1+ vector (Ml
pcDNA3.1+) containing a cDNA sequence encoding a signal peptide
fused to the M1 FLAG tag. The TAC vector was generated inserting a
truncated version of the human TAC antigen (NM_000417) into M1
pcDNA3.1+. The super ecliptic phluorin (SEP)-TAC vector was gener-
ated inserting SEP upstream of TAC. Human Kv7.3 (NM_004319) were
inserted downstream of TAC, as were the rat Navl.2 II-III linker
(NM_012647.1). SEP-tagged a2-GABA 4R has been described previously
(Muir et al., 2010).

Neuronal culture and transfections. Neuronal hippocampal cultures
from rat embryos of either sex were prepared as described previously
(Rasmussen et al., 2007). Cells were transfected at 7—8 d in vitro (DIV)
with a total of 0.9 ug of DNA using Lipofectamine2000 (Life Technolo-
gies) and imaged at 10—13 or 18 DIV. SEP-TAC-7.3 and Kv7.2 were
transfected at equimolar ratios.

Live imaging of SEP-TAC channels. Fluorescence was captured using a
Zeiss LSM780 inverted laser-scanning confocal microscope equipped
with an incubator and a 63X, 1.4 numerical aperture oil-immersion
objective. Coverslips were mounted in an imaging chamber (Warner
Instruments) and imaged at 37°C in artificial CSF (aCSF; in mm: 125
NaCl, 5KCl, 1 MgCl,, 2 CaCl,, 10 p-glucose, and 10 HEPES, pH 7.4). SEP
fluorescence was collected with a fully open pinhole, because the fluores-
cence in confocal mode was too low. In stimulation experiments, images
were collected once before and once after treatment, thereby eliminating
photobleaching. The first image was acquired in pure aCSF. The second
image was acquired 10 min after addition of an equivalent volume of
aCSF containing drug(s) at 2X final concentration. Cells were preincu-
bated with APV (100 um), nisoldipine (100 um), ifenprodil (50 um),
Brilliant Blue G (100 nm), or Ni?* (50 um) for 10 min or with dynasore
(80 mMm), cyclosporin A (CsA; 1 um), chlorpromazine (100 um), KN
93 (2-[N-(2-hydroxyethyl)]-N-(4-methoxybenzenesulfonyl)amino-
N-(4-chlorocinnamyl)-N-methylbenzylamine; 10 uMm), okadaic acid (50
nMm), contotoxin MVIIC (100 nm), or MDL-28170 (N-[N-[(phenylme-
thoxy)carbonyl]-1-valyl]-phenylalaninal; 100 um) for 30—60 min. In
time-lapse stimulation experiments, cells were imaged at 0.2 Hz for 10
min and cells stimulated after the second frame. In pH time-lapse exper-
iments, cells were imaged a 1 Hz for 1 min. An equivalent volume of aCSF
containing 10 mm HCl was added after the fifth frame to decrease extra-
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cellular pH to 5.6. All drugs used were from Sigma and did not alter the
pH of aCSF when added during experiments.

Fluorescence recovery after photobleaching (FRAP). SEP-TAC-7.3-
expressing neurons were imaged at 0.5 Hz for 2 min in aCSF. After five
frames, a circular spot (4 wm diameter) in the AIS was bleached with a
488 nm laser (five iterations at 100% laser power giving 70—80% bleach-
ing efficiency). Data were normalized to the initial fluorescence intensity
(1) and that after bleaching (0) after background subtraction.

Antibodies. The primary antibodies included the following: anti-M1
FLAG mouse Ig2b (1:500 dilution; Sigma), anti-MAP2 rabbit IgG (H-300,
1:100 dilution; Santa Cruz Biotechnology), anti-myc mouse IgG1 (9E10,
1:50 dilution; Developmental Studies Hybridoma Bank), anti-pan-Nav
mouse IgG1 (K58/35, 1:500 dilution; Sigma), anti-pan-Neurofascin (exter-
nal) mouse IgG2a (A12/18, 1:100 dilution; Neuromab), and anti-pan-
Neurofascin mouse IgGl (L11A/41, 1:1 dilution; Neuromab). The
secondary antibodies included the following: Alexa Fluor 568-conjugated
goat anti-mouse IgG2b or IgG2a, Alexa Fluor 488-conjugated goat anti-
mouse IgG1, and Alexa Fluor 647-conjugated donkey anti-rabbit IgG (1:
1000 dilution; Invitrogen).

AIS live labeling. Live labeling of the AIS and propidium iodide (PI)
staining was performed as described previously (Schafer et al., 2009).
Imaging of SEP-tagged GABA R was performed as for SEP-TAC-7.3 but
in confocal mode.

Image analysis. SEP fluorescence analysis was performed in Fiji
(Fiji_Is_Just_Image]). A ROI was drawn around the AIS covering a dis-
tance of ~30 wm starting from its base. After background subtraction,
the intensity after treatment was normalized to the intensity before treat-
ment. In time-lapse experiments, the StackReg macro was used to correct
for drift in the x—y plane. For each frame, the ROI fluorescence intensity
was normalized to that of the first frame. Kymographs were generated
using the MultipleKymograph macro.

Electrophysiology. Visually guided patch-clamp recordings were per-
formed in whole-cell configuration with a Multiclamp 700B amplifier
(Molecular Devices) in voltage-clamp mode. The pipette solution con-
tained the following: 122 mm K-gluconate, 2.5 mm MgCl,, 5.6 mm Mg-
gluconate, 5 mm K-HEPES, 5 mm H-HEPES, 5 mm Na,ATP, 1 mm EGTA,
2.5 mm biocytine, HCl to adjust pH to 7.4, and 250 um Alexa Fluor 488
(Sigma-Aldrich). Cells was perfused with Ringer’s solution (in mm: 120
NaCl, 5 KCl, 15 NaHCO;, 20 glucose, 2 MgCl,, and 3 CaCl,, pH 7.6)
saturated with 98% O, and 2% CO,. Electrodes had an input resistance of
2-5 M(). Data were sampled with a 16-bit analog-to-digital converter
(DIGIDATA 1440; Molecular Devices) at 100 kHz and filtered offline
with low-pass Bessel filter (2 kHz cutoff). Data are presented without
liquid-junction potential correction.

Statistics. All experiments were performed on neurons from at least
three hippocampal cultures. Statistical analyses were one-sample Stu-
dent’s f test (uy = 1) or ANOVA with Tukey’s post hoc test. Data are
presented as box-and-whisker plots. F/F, values are given as mean =
SEM.

Results

To enable the separate detection of cell surface and intracellular
Kv7.3 populations, we added an extra FLAG-tagged a helix to the
N terminus of human Kv7.3 and a myc tag to its C terminus.
Thus, in this seven transmembrane chimera (named TAC-7.3),
the FLAG epitope is located at the extracellular side and the myc
epitope intracellularly (Fig. 1A). First, we tested whether TAC-7.3
was functional. Indeed, patch-clamp experiments in CHO cells
revealed that its electrophysiological properties were similar to a
WT channel (Fig. 1B). To test whether the trafficking and subcel-
lular localization of TAC-7.3 were altered, we coexpressed it with
Kv7.2 in dissociated hippocampal neurons that were stained at 10
DIV with anti-FLAG antibody before and anti-myc antibody af-
ter permeabilization to detect cell surface and total expression,
respectively. Remarkably, whereas total expression was uni-
formly distributed (myc), the cell surface expressed population of
TAC-7.3 (FLAG) was restricted to the axon (as indicated by ab-
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Thus, the TAC-7.3 channel functions as a
WT channel and enables the specific de-
tection of cell surface Kv7.3 channels.

To be able to study the surface dynam-
ics of Kv7.3, we fused a SEP to the N ter-
minus of TAC-7.3 (Fig. 1A). This pH-
sensitive GFP-variant fluoresces at neutral
pH but is quenched at acidic pH. Thus, in
our construct (SEP-TAC-7.3), SEP fluo-
rescence originates from cell surface chan-
nels as the acidic environment of the
endosomal system quenches that of intra-
cellular channels. Importantly, changes in
SEP fluorescence therefore reflect changes
in the number of SEP-TAC-7.3 channels
at the cell surface.

To test SEP-TAC-7.3, we coexpressed
it with Kv7.2 and live-imaged transfected
neurons using wide-field fluorescence
microscopy. At neutral pH, SEP fluores-
cence was restricted predominantly to a
single neurite and displayed a clear AIS-
enriched profile similar to that of TAC-7.3
in fixed cells (Fig. 1E). Lowering the pH to
5.6 confirmed that the AIS fluorescence
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Figure 1.

and mean == SEM are shown. **p < 0.01. Scale bars: C, E, 20 um. D, G, 5 um.

sence of MAP2) and enriched at the AIS (Fig. 1C), demonstrating
that its cell surface expression is tightly controlled. Furthermore,
like endogenous Kv7.3 (Pan et al., 2006), TAC-7.3 expression
began more distal to the soma than AIS Nav channels (Fig. 1D).

= SEP-7.3AAA+7.2
SEP-7.3wt+7.2
SEP-7.3 wt + 7.2 18DIV

Adding an extra phluorin-tagged helix to Kv7.3 enables live-cell imaging of Kv7.2/7.3 at the AIS. 4, lllustration of
SEP-TAC-7.3 showing its extra helix (TAC; white) and extracellular SEP (black). f, FLAG tag; m, myc tag. B, /I-V/ plot from CHO cells
transfected with TAC-7.3 and Kv7.2 (white squares) or Kv7.3 and Kv7.2 (black squares). Presented as mean = SEM,n =
DIV hippocampal neuron transfected with TAC-7.3 and Kv7.2. Surface TAC-7.3 was stained with FLAG antibody before permeabi-
lization (FLAG) and total TAC-7.3 with myc antibody after (total). Dendrites were stained with MAP2 antibody. D, Cell surface
TAC-7.3 (FLAG) and endogenous Nav AlS expression in a 10 DIV neuron. Arrowheads indicate start positions. E, Fluorescence from
a neuron expressing SEP—TAC-7.3 and Kv7.2 one frame before (left) and right after (right) a pH decrease from 7.4 to 5.6. SD,
Somatodendritic compartment. F, Time course of SEP fluorescence at the AIS and SD during pH decrease or control (ctr) experi-
ments. Cells were imaged at 1 Hz for 1 min and pH was decreased to 5.6 at 5 s. Presented as mean == SEM, n = 1015 cells. G,
Representative FRAP experiments at the AIS of 10 DIV hippocampal neurons transfected with Kv7.2 and SEP-TAC-7.3 (left) or
SEP-TAC-7.3 AAA (an ankG-binding domain mutant; right). Cells were imaged at 0.5 Hz for 2 min and bleached (circle) after five
images. Kymographs (line scans through the AIS, projected over time) are shown at the bottom in 16-bit color look-up table. H,
Quantification of FRAP experiments. SEP fluorescence in the bleach region was normalized to that of the first frame and is
presented asmean = SEM, n = 17.1, Mean intensity of SEP—TAC-7.3 WT (n = 9) and AAA (n = 11) axonalline scans. Normalized
to the fluorescence at the AlS start. J, Raw AlS fluorescence of SEP-TAC-7.3 WT- and AAA-transfected neurons. Individual values

originated from cell surface-expressed
channels only as it was instantly and com-
pletely quenched (Fig. 1E,F). In some
cells, we also detected fluorescence in the
somatodendritic compartment. However,
this fluorescence disappeared slowly after
decreasing the pH, indicating that it likely
arises from accumulated intracellular
channels (Fig. 1 E, F).

We first used SEP-TAC-7.3 to exam-
ine the lateral mobility of AIS Kv7.2/7.3
heteromers using FRAP. Intriguingly,
FRAP in cells expressing SEP-TAC-7.3
and Kv7.2 was very low within the recov-
ery period in both young (10 DIV) and
mature (18 DIV) neurons (Fig. 1G,H).
This is likely attributable to the strong
binding to ankyrin G (ankG) because mu-
tation of the C-terminal ankG-binding
domain (AAA) markedly increased lateral
mobility (Fig. 1G,H). This was also re-
flected in AIS enrichment and cell surface
levels, which were significantly lower for
the mutant (Fig. 1,]). That the mutant is
enriched at all may reflect presence of en-
dogenous Kv7.3 in the heteromers or con-
tribution of ankG binding by Kv7.2. Thus,
at steady state, AIS Kv7.2/7.3 WT hetero-
mers are exceptionally stable and AIS en-
riched via binding to ankG.

We next asked whether short-term
changes in neuronal activity modulate the
number, lateral mobility, or localization
of SEP-TAC-7.3 as observed for other
CNS channels. To do so, we exposed neurons to depolarizing
conditions (55 mm K ), 5 um glutamate, or 100 um GABA for 10
min and recorded images before and after treatment. In all con-
ditions, the localization of SEP-TAC-7.3 did not change (Fig.

7-9.C,10
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Figure2. Kv7.2/7.3 are highly stable at steady state and during neuronal stimulation but endocytose at high glutamate loads. 4, Representative AlS images from neurons expressing SEP—TAC-

7.3 and Kv7.2 before and after 10 min stimulation with 55 mm KCl, 5 um Glu, or 100 v GABA. B, Quantification of stimulation experiments. The number of cells included is indicated. *p << 0.05.
€, Quantification of FRAP experiments performed in control (ctr), Glu, or GABA stimulated neurons. Presented as mean == SEM, n = 17. D, Representative experiment (left) and quantification (right)
of AIS SEP fluorescence in SEP-TAC-7.3- and Kv7.2- expressing 10 and 18 DIV neurons during 10 min treatment with 30 um glutamate and 1 wm glycine (Glu/Gly). ***p < 0.0001. E, lllustration of
SEP—TAC (left). Neurons expressing SEP—TAC (green) and mTagBFP2 (cell fill dye, white) were imaged at different pH (top; ensuring that SEP—TACis cell surface expressed) and before/after Glu/Gly

treatment (bottom). Quantification of Glu/Gly experiments (right). F, Representative images (left) a

nd quantification (right) of SEP—TAC-7.3 fluorescence in Glu/Gly stimulated neurons pretreated

with DMSO, 80 rum dynasore (dyna), or 100 wm chlorpromazine (cpz). ***p << 0.0001. G, Time course of SEP-TAC-7.3 fluorescence in representative control and Glu/Gly exposed neurons. Cells were
imaged at 0.2 Hz for 10 min. The magneta- and blue-stapled lines indicate the rate shift. H, Left, Electrophysiological measurements of Kv7.2/7.3 currents in neurons expressing SEP—TAC-7.3 and
Kv7.2 before (black trace) and after (magneta) Glu/Gly treatment. Middle, Top, Time course of tail current amplitude measured with 20 s trial intervals. Black and magneta arrows indicate traces
shown to the left. Middle, Bottom, Changes in membrane conductance calculated with a 5 mV voltage-depolarizing step in the beginning of the voltage protocol. Right, Variations of average tail
current amplitude before and after Glu/Gly exposure (n = 20 trial for each condition for each cell). /, Pl staining of 10 DIV neurons 24 h after Glu/Gly (bottom) or sham (top) treatment. Differential

interference contrast (DIC) images are shown left. Scale bars: 4, D, F, 5 pum; E, 20 wm; 1, 50 pam.

2A). Moreover, we only observed small or no variations in the
fluorescence intensity (Fig. 2A, B), indicating that the number of
channels essentially did not change during this period. This was
also the case after 25 min (data not shown), although we observed
a decrease in fluorescence in some glutamate-exposed neurons
(see below). Finally, we found that the lateral mobility of SEP—
TAC-7.3 in treated cells did not differ from untreated controls
(Fig. 2C). Collectively, these data indicate that Kv7.2/7.3 hetero-
mers at the AIS are exceptionally stable during short but relatively
large changes in neuronal activity.

As mentioned, we occasionally observed that longer expo-
sures to glutamate resulted in SEP fluorescence decreases, sug-
gesting that, during sustained and high glutamate loads, Kv7.2/
7.3 might be downregulated actively. To test this, we treated
neurons with 30 uM glutamate and 1 um glycine (Glu/Gly), a
previously used combination in trafficking experiments (Muir et
al., 2010). Indeed, 10 min after exposure, the SEP-TAC-7.3 flu-
orescence was decreased markedly in both 10 and 18 DIV neu-
rons (Fig. 2D; F/F,, 0.49 £ 0.03 and 0.57 = 0.05, respectively).
This was not attributable to a decrease in extracellular pH,
because the fluorescence in neurons expressing cell surface
SEP-TAC (i.e., a single transmembrane helix coupled to an ex-
tracellular SEP) was not reduced after the same treatment (Fig.
2E, bottom). To verify that the fluorescence decrease was attrib-
utable to channel endocytosis, we pretreated neurons with dyna-
sore (80 uM) or chlorpromazine (100 uMm) before Glu/Gly
treatment to inhibit dynamin- or clathrin-dependent endocyto-
sis, respectively. Indeed, both pretreatments significantly re-
duced the decrease in SEP fluorescence on Glu/Gly exposure (Fig.
2F; dynasore F/F,, 0.84 = 0.04; chlorpromazine F/F,, 0.64 *
0.03), confirming that, on sustained glutamate exposure, Kv7.2/
7.3 channels are endocytosed, which requires dynamin and
clathrin-coated pits. We next examined the time course of Kv7.2/
7.3 endocytosis using time-lapse imaging of SEP-TAC-7.3-

expressing neurons. In most cells, the decrease in SEP flu-
orescence was biphasic in that it was relatively slow within the
first 4—5 min after Glu/Gly addition (Fig. 2G, magneta line) and
subsequently accelerated (Fig. 2G, blue line).

To test whether the endocytosis also resulted in a concomitant
decrease in Kv7.2/7.3 current, we performed whole-cell patch
clamp in neurons expressing SEP-TAC-7.3 and Kv7.2. Trans-
fected neurons, identified by SEP fluorescence, were depolarized
from —70 to —20 and then —40 mV (Fig. 2H, left). This evoked a
stable slowly decaying outward tail current characteristic for Kv7-
mediated M currents (Fig. 2H, middle). In agreement with our
imaging data, a 3—5 min exposure to Glu/Gly induced fluctua-
tions in the membrane conductance (Fig. 2H, middle) concom-
itant with a significant decrease of the tail current (Fig. 2H, right;
n = 4; p < 0.0001 for each cell considered individually, Wilco-
xon’s signed-rank test).

The input conductance was stable >30 min after treatment,
ensuring that the neurons were healthy during and a period after
treatment. However, we found that the endocytosis was irrevers-
ible (data not shown), indicating that it is an excitotoxic event. To
test this, we stained neurons 24 h after treatment with PI. Indeed,
treated neurons were stained by PI and dissolved, whereas sham
treated were not (Fig. 2I).

We next used a pharmacological approach to examine the
molecular mechanism that regulates the Kv7.2/7.3 endocytosis.
Interestingly, inhibiting NMDARs with 100 um APV before Glu/
Gly treatment completely blocked endocytosis (Fig. 3A). This was
also the case for the NR2B-specific blocker ifenprodil (50 wm; Fig.
3A), indicating that the endocytosis is initiated by sustained acti-
vation of NR2B-containing NMDARs. Whereas Glu/Gly treat-
ment in Ca?"-free medium also failed to initiate endocytosis,
demonstrating that it requires influx of extracellular Ca*", block-
ing P2X receptors with Brilliant Blue G (100 nm) did not (Fig.
3A). L- and T-type voltage-gated calcium channels (VGCCs)
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Figure3. Kv7.2/7.3 endocytosis requires activation of NR2B-containing NMDARs, Ca 2 * influx, and calpain activity. 4, Representative images (left) and quantification (right) of SEP~TAC-7.3 AIS

fluorescence in Glu/Gly stimulated neurons pretreated with 100 . APV, 50 uu ifenprodil (Ifp), 100 nm Brilliant Blue G (BBG), or imaged in Ca* " -deficient aCSF (no Ca ™). ***p < 0.0001. B,
Quantification of SEP~TAC-7.3 AlS fluorescence in Glu/Gly stimulated neurons pretreated with DMSO, 100 wm nisoldipine (nisol; L-type VGCC blocker), 50 umNi 2™ (R-/T-type VGCC blocker), or 100
nm conotoxin MVIIC (ctx MVIIC; N/P/Q-type VGCCblocker). €, Quantification of SEP-TAC-7.3 AlS fluorescence in Glu/Gly stimulated neurons pretreated with DMSO, 100 pum CsA (calcineurin inhibitor),
50 nm okadaicacid (PP1/PP2A inhibitor), 10 rem KN93 (CaMKIl kinase inhibitor), or 100 um MDL-28170 (MDL; calpain inhibitor). **p << 0.001. D, Representative images (middle) and quantification
(right) of SEP—TAC-Nav1.2 [I-1Il AlS fluorescence in Glu/Gly stimulated neurons. E, Representative AlS images of ankG-, Neurofascin- (NF), or Nav-stained control or Glu/Gly-treated neurons. F, Left,
10 DIV hippocampal neuron expressing SEP-tagged GABA,R o2 subunit. Soma and neurites are outlined based on a DICimage. Middle, GABA,R clusters at the AlS and a dendrite before and after
Glu/Gly exposure. The AlS was identified by Neurofascin live labeling (NF, bottom). Right, Quantification of AlS and dendritic GABA,R declustering in neurons pretreated with DMSO or 80 pum

dynasore (dyna). Presented as mean = SEM. ***p < 0.0001. Scale bars, 5 um.

have been shown to mediate the slow depolarization-induced
movement of AIS (Grubb and Burrone, 2010). However, in our
case, inhibition of L-type (100 uM nisoldipine), R/T-type (50 uMm
Ni®"), or N/P/Q-type (50 nMm conotoxin MVIIC) VGCCs all
failed to inhibit the endocytosis (Fig. 3B). We next sought to
determine which calcium-activated effectors are involved in the
glutamate-induced endocytosis. Calcineurin/PP2B has been
shown to drive the distal movement of AIS during long-term
depolarization (Evans et al., 2013). To examine whether it con-
tributes to the endocytosis of Kv7.2/7.3, we pretreated SEP-TAC-
7.3-expressing neurons with 1 uM CsA before Glu/Gly exposure.
However, inhibiting calcineurin did not block the endocytosis
(Fig. 3C). This was also the case if we inhibited the phosphatases
PP1 and PP2A (50 nMm okadaic acid) or CaMKII kinase (10 um
KN-93; Fig. 3C). The protease calpain is responsible for proteol-
ysis of the AIS cytoskeleton during ischemic insults (Schafer et al.,
2009). Intriguingly, blocking this protease (100 um MDL-28170)
significantly reduced the endocytosis on glutamate exposure (Fig.
3C; F/F,, 0.80 * 0.03). Thus, this suggests that activation of cal-
pain by NMDAR-mediated calcium influx contributes to the
rapid endocytosis of Kv7.2/7.3 from the AIS. Whereas Glu/Gly
exposure did not change the position of AIS proteins within the
treatment period (Fig. 3E), we asked whether the endocytosis of
Kv7.2/7.3 is specific or part of a bulk mechanism. To answer this,
we measured the fate of another ankG-bound and a non-ankG-
bound AIS protein during treatment. In the first case, we devel-
oped a Nav reporter by fusing the rNavl.2 II-III linker to
SEP-TAC. This construct trafficked to the AIS and, intriguingly,
also endocytosed on Glu/Gly treatment (Fig. 3D). In the latter, we
used an SEP-tagged GABA,R a2-subunit and imaged GABA,R
clusters in dendrites and at the AIS, the latter of which was iden-
tified by live labeling with a Neurofascin antibody (Fig. 3F).
GABA,Rs at dendritic synapses undergo declustering during
NMDAR activation (Muir et al., 2010), and we also observed a
pronounced dynasore-resistant decrease in SEP fluorescence
during Glu/Gly treatment (Fig. 3F). Interestingly, the decrease

was much less pronounced at the AIS compared with dendrites
and, most importantly, was not affected by pretreatment with
dynasore (Fig. 3F). This shows that, as opposed to SEP-TAC-7.3
and SEP-TAC-Nav1.2, AIS GABA,Rs are not endocytosed dur-
ing Glu/Gly exposure but decluster instead.

Discussion

Short-term activity-dependent changes of ion channel localiza-
tion or cell surface numbers are emerging as an important mech-
anism to modulate neuronal signaling. Mechanistically, this
depends on changes in lateral mobility or exocytosis/endocytosis.
It has been reported for several ligand-gated channels, as well as
Kv channels (Kim et al., 2007). However, this does not seem to
apply to Kv7.2/7.3. First, we observed a very low rate of lateral
diffusion at steady state as a result of the strong binding to ankG
(Fig. 1H). Second, stimulating neurons with Glu or GABA did
not change the diffusion rate of Kv7.2/7.3 (Fig. 2C). Collectively,
this indicates that the ankG binding of Kv7.2/7.3, and hence the
lateral mobility, is not dynamically altered on the short term. In
line with this, we did not observe any change in localization or cell
surface numbers of Kv7.2/7.3 on different short-term stimuli
(Fig. 2B). This is opposed to long-term (i.e., days) depolarization
in which the AIS start site and/or length are altered in a cell
type-dependent manner (Grubb and Burrone, 2010).

We did observe a change during sustained activation of
NMDARSs in the form of a rapid endocytosis of Kv7.2/7.3 (Fig.
2D). This is an excitotoxic response, because it is irreversible and
all neurons were dead 24 h after Glu/Gly treatment (Fig. 2I).
Furthermore, the molecular mechanism shares significant fea-
tures with AIS degradation in models of ischemia, including
Ca*"-mediated calpain activation (Schafer et al., 2009). Of note,
the endocytosis is selective, because AIS GABARs were not en-
docytosed but rather declustered as opposed to Kv7.2/7.3 and
Navl1.2, which did as indicated by our reporter constructs (Figs. 2,
3). Because it was shown previously that ankG-anchored Neuro-
fascin also is endocytosed after large Ca*™ influxes (Schafer et al.,
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2009), it is conceivable that only ankG-bound proteins are
endocytosed rapidly during excitotoxicity. Because these in-
clude the core machinery necessary for action potential gen-
eration, this may serve as a mechanism to prevent additional
glutamate release.

In conclusion, our work has shed new light on the dynamics of
Kv7.2/7.3 heteromers at the AIS. We anticipate that our approach
is applicable to other Kv channel subfamilies and of value there.
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