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Since their discovery decades ago, the primary physiological and pathological impact of potassium
channels has been attributed to their ion conductance, which sets membrane potential and
repolarizes action potentials. For example, Kv3 family channels regulate neurotransmitter release
by repolarizing action potentials. Here we report a surprising yet crucial function independent of
potassium conductance — by organizing F-actin cytoskeleton in mouse nerve terminals, the Kv3.3
protein facilitates slow endocytosis, rapid endocytosis, vesicle mobilization to the readily
releasable pool, and recovery of synaptic depression during repetitive firing. A channel mutation
that causes spinocerebellar ataxia inhibits endocytosis, vesicle mobilization, and synaptic
transmission during repetitive firing by disrupting the ability of the channel to nucleate F-actin.
These results unmask novel functions of potassium channels in endocytosis and vesicle
mobilization crucial for sustaining synaptic transmission during repetitive firing. Potassium
channel mutations that impair these “non-conducting” functions may thus contribute to the
generation of diverse neurological disorders.

eTOC blurb

Wau et al. found that Kv3.3 potassium channels facilitate endocytosis, vesicle mobilization, and
recovery of short-term synaptic depression by organizing the presynaptic F-actin cytoskeleton.
These ‘non-conductive’ functions are impaired by Kv3.3 mutation that causes spinocerebellar

ataxia. Thus, by nucleating F-actin, Kv3.3 is crucial for endocytosis, synaptic transmission and
neurological disorders.
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Introduction

The established role of more than seventy pore-forming a subunits of potassium channels is
to alter potassium flux to shape action potentials and generate different types of intrinsic
neuronal firing patterns. The fact that the membrane-spanning domains of these channels are
highly conserved while their cytoplasmic domains are diverse suggests, however, that they
may have additional functions. For example, the main function of Kv3.3 channels, expressed
widely in cerebellum, auditory brainstem nuclei, hippocampus and thalamus, is to allow
high frequency firing by rapidly repolarizing action potentials (Kaczmarek and Zhang,
2017). When expressed in cell lines, the extended cytoplasmic C-terminal domain of Kv3.3
recruits the Arp2/3 actin nucleating complex to assemble a stable subcortical actin network,
implying that Kv3.3 may regulate actin and thus exert “non-conducting” functions (Zhang et
al., 2016).

Mutations in the Kv3.3gene (KCNC3) result in Spinocerebellar Ataxia Type 13 (SCA13), a
disease associated with cerebellar degeneration that impairs motor behaviors (Zhang and
Kaczmarek, 2016). This disease, when occurring at a late-onset, is also associated with
auditory impairment in detecting interaural timing differences (Middlebrooks et al., 2013).
One SCA13 mutation, G592R Kv3.3 (Kv3.3¢592r), located in the cytoplasmic C-terminus
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and associated with late onset motor deficits, results in fully functional channels with
voltage-dependence identical to those of wild type (WT) channels. Kv3.3g592r channels,
however, fail to bind the Arp2/3 complex and fail to generate a subcortical actin network in
cell lines (Zhang et al., 2016), implying that the “non-conducting” function of Kv3.3 in actin
nucleation could be central to neuronal functions.

Here we tested the role of Kv3.3 channels in calyx of Held nerve terminals, which are
required for sound localization by providing a strong excitatory input from the cochlear
nucleus to principal neurons of the medial nucleus of the trapezoid body (MNTB) (Borst and
Soria van Hoeve, 2012). F-actin in nerve terminals, including calyces (Saitoh et al., 2001;
Wen et al., 2016; Wu et al., 2016), is required for vesicle endocytosis following
neurotransmitter release, likely by providing mechanical forces required to generate
membrane pits (Soykan et al., 2017; Watanabe et al., 2013; Wu et al., 2016). We found that
Kv3.3 channels are required for presynaptic actin structure formation, fast and slow
endocytosis, vesicle mobilization, and synaptic transmission during repetitive firing in
calyces, as well as in cultured hippocampal synapses. Each of these steps is disrupted in
nerve terminals lacking Kv3.3 channels or those expressing functional Kv3.3g592r channels
that fail to trigger actin nucleation. These results suggest that Kv3.3 channels organize the
presynaptic F-actin cytoskeleton to facilitate endocytosis and vesicle mobilization, which
maintain synaptic transmission during repetitive firing. Errors in such non-conducting
functions of potassium channels may contribute to SCA13 and other diseases.

Kv3.3 knockout or Kv3.3g592r knock-in inhibits slow endocytosis

Whole-cell voltage-clamped recordings were made at 22-24°C in P7-10 mouse calyces of
Held, if not mentioned otherwise. A 20-ms depolarization from =80 mV to +10 mV
(Depolygms) was applied to induce slow endocytosis (t > ~10 s). In WT mice, Depologms
induced a calcium current (ICa) of 1.7 £ 0.1 nA and a membrane capacitance (Cm) jump
(ACm) of 343 + 21 fF (10 calyces, 10 mice, Figures 1A and 1B). The capacitance jump was
followed by a mono-exponential decay with a time constant (t) of 16.6 + 1.8 s and an initial
decay rate (Rategecay) Of 26 + 3 fF/s (n = 10, Figures 1A and 1B). Although both t and
Rategecay reflected endocytosis rate, we used Rategecay for statistics, because T was often too
slow to estimate when endocytosis was blocked (Sun et al., 2010; Wu et al., 2016; Wu et al.,
2009).

Compared to WT calyces, the Rategecay, but not ACm or 1Ca charge (QICa), was
significantly reduced in Kv3.3™/~ calyces, and the Cm decay was much prolonged (Figures
1A and 1B, 10 calyces, 10 mice). Similar results were observed in homozygous Kv3.3cs592r
knock-in (K1) mice (called Kv3.3g592r mice) (10 calyces, 10 mice, Figures 1A and 1B),
which we generated with the CRISPR/Cas9 system by replacing the WT channel with a
point mutant that generates normal Kv3.3 currents but fails to trigger actin nucleation
(Zhang et al., 2016). Similar reduction of Rategecay Was also observed in Kv3.3gs92r calyces
at physiological 34-37°C (Figure 1C) or in more matured P13-14 calyces (22-24 °C, Figure
1D). Thus, inhibition of slow endocytosis in Kv3.37~ or Kv3.3g59r calyces is independent
of temperature or developmental stage. Given that Kv3.3g592r channels are fully functional
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channels, but do not trigger Arp2/3-dependent actin nucleation (Zhang et al., 2016), these
results suggest that Kv3.3 channels are involved in slow endocytosis by interacting with the
Arp2/3 complex.

Kv3.3 knockout or Kv3.3g592r Kl inhibits rapid endocytosis at calyces

10 Depolygms at 10 Hz (Depologmsx1o) in WT calyces (P7-10, 22—24°C) induced a ACm of
1087 + 92 fF, followed by a bi-exponential decay with T of 1.5+ 0.2 s (20 + 2.5%) and 23.2
+ 2.7 s that reflected rapid and slow endocytosis, respectively (n = 10, Figure 2A) (Wu et al.,
2009). The Rategecay Was 173 + 13 fF/s (n = 10, Figures 2A and 2B), which reflected mostly
(~89%) the rapid component of endocytosis (Sun et al., 2010; Wu et al., 2009). Compared to
WT, the Rategecay, but not QICa, in Kv3.37/~ (n = 10 calyces, 10 mice) or Kv3.3g592r
calyces (n = 10 calyces, 10 mice) decreased significantly; the Cm decay was much
prolonged in Kv3.37/~ or Kv3.3g592r calyces (Figures 2A and 2B). Similar results were
observed in Kv3.3g592R calyces at 34-37°C (Figure 2C), or at more matured P13-14
calyces (22-24°C, Figure 2D). These results suggest that Kv3.3 channel is involved in rapid
endocytosis.

Kv3.3 KO or Kv3.3g592r Kl inhibits vesicle replenishment at calyces

Since Depol,gms depletes the readily releasable vesicle pool (RRP), Depologmsx1o
repeatedly depletes the RRP that is partially replenished between each Depol,gms (Sakaba
and Neher, 2001; Sun and Wu, 2001; Wu and Borst, 1999). Thus, ACm induced by
Depolygmsxio reflects the RRP replenishment rate. Compared to WT, ACm after
Depolygmsx 1o, but not Depolygms (Figure 1B), was reduced in Kv3.37/~ and Kv3.3g592r
mice (Figure 2A-D), suggesting that Kv3.3 KO and Kv3.3g590r Kl inhibit the RRP
replenishment.

Inhibition of endocytosis by many other approaches, such as block of dynamin, actin,
calmodulin, calcium influx, or SNARE proteins, also slows down RRP replenishment,
suggesting that endocytosis may facilitate RRP replenishment by clearing the active zone
perturbed by exocytosis (Hosoi et al., 2009; Hua et al., 2013; Neher, 2010; Wu et al., 2014;
Wu et al., 2016; Wu et al., 2009; Wu and Wu, 2009). Accordingly, inhibition of endocytosis
and RRP replenishment by Kv3.3 KO and Kv3.3g592r Kl suggests that Kv3.3 may facilitate
RRP replenishment by promoting active zone clearance.

Kv3.3 KO or Kv3.3g592r Kl inhibits EPSCs during repetitive stimuli

To determine whether Kv3.3 regulates synaptic transmission, we recorded EPSCs induced
by 10 action potentials (AP) at 100 Hz at calyx of Held synapses. The amplitude of the
EPSC induced by each AP decreased during the train, reflecting short-term depression
(Figure 2E) (Wu and Borst, 1999; Xu and Wu, 2005). Such a decrease was significantly
larger in Kv3.37/~ or Kv3.3g592r Synapses (Figures 2E and 2F), suggesting that Kv3.3 KO
and Kv3.3g592r Kl caused more short-term synaptic depression. Thus, both presynaptic Cm
and postsynaptic EPSC recordings suggest that Kv3.3 may slow down short-term depression
and thus help maintain synaptic transmission during repetitive firing.
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Kv3.3 KO or Kv3.3g592r Kl inhibits actin network at calyces

In heterologous cells, the Kv3.3 channel nucleates a substantial actin network via its
cytoplasmic C-terminal domain which couples to the Arp2/3 complex, whereas the
Kv3.3c592r channel, which does not bind to the Arp2/3 complex, fails to nucleate the
subcortical cytoskeleton (Zhang et al., 2016). This finding and the observed inhibition of
slow and rapid endocytosis by Kv3.3 KO or Kv3.3g590r Kl (Figures 1 and 2), suggest that
the Kv3.3 channel is involved in mediating endocytosis by nucleating an actin network at
nerve terminals. Two sets of evidence further support this suggestion.

First, we carried out electron immunomicroscopy using horseradish peroxidase-
diaminobenzidine staining to examine the subcellular distribution of Kv3.3
immonoreactivity within the terminals. In WT mice, dense immunostaining was detected in
patches at the calyx plasma membrane, particularly on membranes facing the postsynaptic
cell adjacent to clusters of synaptic vesicles (Figure 3A). A similar distribution at the
presynaptic plasma membrane was found in Kv3.3g5g92r Calyces (Figure 3A). In contrast, no
Kv3.3 diaminobenzidine staining was detected in Kv3.37/~ calyces (Figure 3A). Thus,
Kv3.3 channels are localized at nerve terminal membranes facing the postsynaptic neuron.

Second, we stained sections of the MNTB using phalloidin to examine the distribution of F-
actin using Airy-scan confocal microscopy. As documented previously (Saitoh et al., 2001;
Wau et al., 2016), a dense ring of F-actin staining was found to surround the postsynaptic
MNTB neurons in sections from WT mice (Figure 3B). Previous work has demonstrated that
this actin staining is located in nerve terminals, where it colocalizes with the vesicular
glutamate transporter 1 that labels the calyx (Wu et al., 2016). In contrast, the pattern of
actin staining around MNTB neurons from Kv3.37/~ and Kv3.3g5g2r Mice was strikingly
different (Figure 3B; calyces imaged: WT, 92, 3 mice; Kv3.37~, 127, 3 mice; Kv3.3g592R,
113, 3 mice). From visual inspection, it was apparent that the density of calyceal actin
staining was greatly reduced in Kv3.37~ and Kv3.3g592r Neurons compared to that from
WT. In contrast, the level of phalloidin staining in blood vessels was not different among
WT, Kv3.37/~ and Kv3.3g592r slices. This observation was used to quantify the differences
in neuronal staining, by normalizing the intensity of all pixels in a ring surrounding each
MNTB neuron to the maximal intensity found for blood vessels that were found on all
sections (Figure 3B). We calculated the mean intensity of pixels surrounding neurons (10
calyces, 3 mice, staining was visualized across the circumference of the cell). Consistent
with the visual observations, the mean of the intensity values was significantly lower in
Kv3.37/~ and Kv3.3g59,r mice compared to WT (Figure 3D; Kv.3.37/~, p = 0.0002;
Kv3.3g592r, p = 0.0038, Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple
comparisons test).

Another difference evident on visual inspection was that the integrity of the actin “ring” was
disrupted. In contrast to the appearance of a more-or-less contiguous pattern of staining
around the MNTB neurons of WT mice, the actin distribution around the circumference of
neurons from Kv3.37/~ and Kv3.3g592r Mice was more punctate (Figure 3C). To quantify
this observation, we determined the coefficient of variability for the intensity of pixels
surrounding neurons. Consistent with visual observations, the coefficient of variability for
Kv3.37~ and Kv3.3g592r Was greater than that for WT neurons (Figure 3D, Kv.3.37/~, p =
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0.011; Kv3.3g592R, p = 0.0004, Brown-Forsythe and Welch ANOVA with Dunnett’s T3
multiple comparisons test).

Kv3.3592r Kl inhibits endocytosis at hippocampal synapses

To determine whether results obtained at calyces apply to conventional small nerve
terminals, we examined endocytosis at hippocampal cultures transfected with a pH-sensitive
synaptophysin-pHIuorin2X (SypH) (Sankaranarayanan and Ryan, 2000; Sun et al., 2010).
At 34-37°C, application of 1, 40 or 200 APs at 20 Hz induced SypH fluorescence (FsypH)
increase (AF) and decrease, reflecting exo- and endocytosis, respectively (Figure 4A-F).
Compared to WT cultures, decay of Fsypy and the initial decay rate (Rategecay) Were
significantly slower in Kv3.37~ or Kv3.3g502r cultures after 1, 40 or 200 APs (Figure 4A—
F). For example, in WT after 200 APs, the mono-exponential decay t was 15.4 £ 1.6 s,
reflecting slow endocytosis; the Rategecay Was 9 + 1%/s (17 experiments, 6 cultures, each
culture from 3-5 mice, Figures 4E and 4F).

Interestingly, FsypH increase after 200 APs was followed by a decay below baseline by a
value of 18 + 8% of AF at 120 s later (17 experiments, Figure 4E). Thus, endocytosis
overshoot is not limited to large terminals where it was first reported (Renden and Von
Gersdorff, 2007; Wu et al., 2009), but may also be used by small conventional boutons.

In Kv3.37~ or Kv3.3g592R cultures, FsypH decay was slower with a significantly lower
Rategecay as compared to that in WT (Figures 4E and 4F), reflecting inhibition of
endocytosis. Such a slower Rategecay Was observed regardless of whether Fsynp was
normalized to its baseline (Figure 4F) or AF (Figure S1A). The endocytosis overshoot was
not observed in Kv3.37/~ or Kv3.3gs592r cultures. These results (Figure 4A—F) suggest that
Kv3.3 KO or Kv3.3g590r Kl inhibits endocytosis and endocytosis overshoot at hippocampal
synapses. Consistent with results obtained at calyces (Figures 1 and 2), AF after 200 APs at
20 Hz was reduced by Kv3.3 KO or Kv3.3g592r KI (Figures 4E, 4F and S2A), suggesting
that reduction of exocytosis during repetitive firing may be caused by impairment of the
RRP replenishment.

Kv3.3 regulates endo- and exocytosis by regulating actin, but not K* permeability

Three sets of evidence suggest that the observed regulation of exo- and endocytosis by
Kv3.3 is independent of K* channel conductance. First, Rategecay and ACm at calyces were
measured at the voltage-clamp mode with K* currents abolished by 3,4-diaminopyridine,
tetraethylammonium chloride, and cesium (see Methods). Reduction of Rategecay and ACm
after depolopmsxio in Kv3.37/~ or Kv3.3g592r calyces (Figures 1 and 2) is thus independent
of K* currents.

Second, at hippocampal synapses, Rategecay and AF after 200 APs at 20 Hz were reduced by
either Kv3.3 KO or Kv3.3g592r KI (Figures 4E and 4F). Because Kv3.3g592r has a nearly
normal Kv3.3 channel conductance, this suggests that Kv3.3 regulates endo- and exocytosis
independently of channel conductivity.

Third, to probe further the role of K* conductance, we generated a non-conducting Kv3.3
channel by inserting a point mutation WA496F at the pore region (Minassian et al., 2012;
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Perozo et al., 1993). This mutation, W496F Kv3.3, abolished ionic conductance when
expressed in CHO cells (Figure S3). At Kv3.37/~ boutons, the reduction of Rategecay and AF
and the block of endocytosis overshoot after 200 APs at 20 Hz were rescued to the WT level
by overexpression of either WT Kv3.3 or the W496F Kv3.3 pore mutant (Figures 4G and
4H), confirming that Kv3.3 regulates endo- and exocytosis independently of its conductance.

The regulation of endocytosis by a presynaptic K* channel is specific to Kv3.3, and is
unaffected by Kv3.1, the other major Kv3 family member expressed in many presynaptic
terminals, including calyces of Held (Choudhury et al., 2020; Kaczmarek and Zhang, 2017;
Song et al., 2005). Specifically, we found that, in contrast to Kv3.37/~ cultures, endocytosis
in Kv3.17~ mouse hippocampal cultures was not significantly different from that in WT
(Figure S4). This is consistent with facts that /) of these two channels, only Kv3.3 has the
specific sequences in its longer cytoplasmic C-terminus that link it to actin polymerization
(Zhang et al., 2016); /) transfection of Kv3.3, but not Kv3.1, leads to assembly of a
subcortical actin cytoskeleton in CHO cells; and /777) Kv3.3, but not Kv3.1, is localized to the
release face of calyces, while Kv3.1 is expressed on the “back” face (Elezgarai et al., 2003).

Considering that F-actin is crucial for all kinetically distinguishable forms of endocytosis at
calyces and hippocampal synapses (Wu et al., 2016), our finding that Kv3.3 KO or
Kv3.3gs92r Kl reduced the F-actin cytoskeleton (Figure 3) and Rategecay at these nerve
terminals (Figures 1, 2, 4) suggests that Kv3.3 regulates endocytosis by organizing F-actin.
As a further test of this hypothesis, we analyzed the effects of latrunculin A, which
depolymerizes F-actin, on WT and Kv3.37/~ boutons. Latrunculin A reduced Rategecay and
AF, and block endocytosis overshoot after 200 APs at 20 Hz in WT boutons, but did not
significantly reduce Rategecay OF AF in Kv3.37~ boutons (Figures 41, 4J, S1B and S2B).
Thus, Kv3.3 KO occluded the effects of latrunculin A, suggesting that inhibition of
endocytosis (including overshoot) and exocytosis by Kv3.3 KO is via the F-actin pathway.

Discussion

We found that complete knockout of Kv3.3 or its replacement by Kv3.3g592R, @ channel that
has normal electrophysiological function but does not bind the Arp2/3 actin-nucleating
complex (Zhang et al., 2016), inhibited slow endocytosis, rapid endocytosis, endocytosis
overshoot, the RRP replenishment, the EPSC during repetitive firings, and the F-actin
network at the large calyx-type synapses (Figures 1-3). Kv3.3 KO or Kv3.3g592r Kl
inhibited endocytosis and endocytosis overshoot induced by 1-200 APs at 20 Hz, and
inhibited exocytosis induced by 200 APs at small conventional hippocampal synapses
(Figure 4). These inhibitions were not due to regulation of the Kv3.3 channel conductance,
but to the F-actin network, via the binding of the Kv3.3 C-terminus with Arp2/3 (Figures 1-
4). Thus, the Kv3.3 channel may facilitate synaptic transmission by organizing the F-actin
network at nerve terminals to facilitate endocytosis and RRP replenishment. These findings
have widespread implications for four aspects of synapse function, as discussed below.

First, Kv3.3 channels are expressed at high levels in nerve terminals of multiple types of
neurons, including auditory brainstem neurons, mossy fibers of hippocampal granule cells
and cortical interneurons, and many of these are characterized by high rates of firing and
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synaptic transmission (Chang et al., 2007; Kaczmarek and Zhang, 2017; Li et al., 2001;
Zhang et al., 2016). At the calyx of Held, ultrastructural examination reveals Kv3.3 to be
localized in the plasma membrane facing the postsynaptic neuron (Figure 3A) and previous
work has documented a dense F-actin network under this membrane that faces the
postsynaptic cell (Wen et al., 2016; Wu et al., 2016), suggesting Kv3.3 and F-actin are co-
localized at this location. F-actin is involved in mediating not only slow and rapid
endocytosis, but also other forms of endocytosis, such as bulk endocytosis, endocytosis
overshoot and ultrafast endocytosis at large calyx nerve terminals and small, conventional
hippocampal boutons (Soykan et al., 2017; Watanabe et al., 2014; Wu et al., 2016). Thus,
regulation of F-actin by the Kv3.3 channel may control not only the most common forms of
endocytosis studied here, the slow and fast endocytosis, but also other kinetically
distinguishable forms of endocytosis at nerve terminals that fire at high rates and that
express this channel.

Second, actin may provide force to invaginate the membrane during endocytosis in yeast
(Enggvist-Goldstein and Drubin, 2003) and mammalian non-secretory cells (Boulant et al.,
2011; Kaksonen and Roux, 2018; Mettlen et al., 2018). At synapses, actin p or y isoform
KO or pharmacological inhibition of F-actin polymerization inhibits shallow pit formation,
suggesting that actin is involved in providing forces for membrane invagination (Watanabe
etal., 2014; Wu et al., 2016). Accordingly, Kv3.3 may organize a subcortical actin network
to mediate membrane invagination, the initial step of endocytosis. The present work revealed
the unexpected link between Kv3.3 and the endocytic machinery that recycles vesicles and
sustains synaptic transmission during repetitive firing. We suggest including Kv3.3 channel
as an integral component of the endocytic machinery at the fast-firing nerve terminals. As
future studies may uncover more seemingly endocytosis-unrelated mechanisms that may
regulate endocytosis, the integral machinery regulating endocytosis at nerve terminals may
be much larger than the traditional endocytic machinery in non-excitable cells. An
interesting question for the future is to determine whether other K* channels or related
proteins substitute for Kv3.3 to organize F-actin at nerve terminals that fire at lower rates
and that do not express Kv3.3, although, in principle, any regulation of the F-actin assembly
pathway, such as by actin-nucleating formins (Soykan et al., 2017; Wen et al., 2016), may
regulate endocytosis.

Third, we found that Kv3.3 facilitates replenishment of the RRP and helps to counteract
short-term synaptic depression during repetitive firing (Figures 2 and 4). Because many
endocytic players, including actin and dynamin, have been suggested to facilitate RRP
replenishment via active zone clearance (Hosoi et al., 2009; Wu et al., 2014; Wu et al., 2016;
Wau et al., 2009), the key role of the Kv3.3 channel may also be to facilitate active zone
clearance and, as a result, RRP replenishment. Replenishment of the RRP is crucial for
sustaining synaptic transmission during repetitive firing at nearly all synapses (Wu et al.,
2014; Zucker and Regehr, 2002). Thus, the Kv3.3 channel may help to sustain synaptic
transmission during repetitive firing by promoting nucleation of F-actin close to release
sites.

Fourth, the present work provides a ready explanation for some of the phenotypes associated
with the human disease SCA13. The MNTB is a key component of auditory brainstem
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circuitry that computes inter-aural timing and level differences, and its function requires
sustained synaptic transmission at rates of hundreds of Hertz. A deficit in transmission at
this synapse is, therefore, fully consistent with the inability of SCA13 patients to localize
sounds in space (Middlebrooks et al., 2013). These deficits in transmission in other Kv3.3-
expressing neurons are also likely to contribute eventually to cerebellar atrophy and motor
symptoms caused by Kv3.3 channel mutations.

Interestingly, we found that hippocampal synapses use endocytosis overshoot (Figure 4), an
endocytic mode previously reported only in giant nerve terminals and endocrine cells
(Artalejo et al., 1995; Renden and Von Gersdorff, 2007; Wu et al., 2014; Wu et al., 2009;
Xue et al., 2012). Thus, like rapid and slow endocytosis (Wu et al., 2014), endocytosis
overshoot may participate in retrieving vesicles widely in small conventional boutons, large
nerve terminals and endocrine cells. It has been suggested that endocytosis overshoot
reflects a preexisting membrane pool ready to be retrieved via a dynamin- and calcineurin-
dependent mechanism upon calcium influx (Xue et al., 2012). Our finding of endocytosis
overshoot at hippocampal synapses is consistent with, and may explain, the existence of a
readily retrieval pool of synaptic proteins that are retrieved upon depolarization at
hippocampal synapses (Fernandez-Alfonso et al., 2006; Hua et al., 2011; Wienisch and
Klingauf, 2006). Block of the endocytosis overshoot by inhibition of F-actin, Kv3.3 KO or
Kv3.3c592r KI (Figure 4) suggests that F-actin is involved in mediating endocytosis
overshoot, and Kv3.3 channels may regulate endocytosis overshoot by promoting nucleation
of F-actin at nerve terminals.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact Ling-Gang Wu (wul@ninds.nih.gov).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—All data produced for this manuscript are available from
the Lead Contact (wul@ninds.nih.gov) upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Animal care and use were carried out according to NIH guidelines and were
approved by the NIH Animal Care and Use Committee. Kv3.3™/~ mice (Zagha et al., 2008;
Zhang et al., 2016), were obtained by homozygous breeding using standard mouse
husbandry procedures. To generate the G592R Kv3.3 point mutant mouse strain, we used the
CRISPR/Cas9 system as previously described (Henao-Mejia et al., 2016). In brief, a gRNA
close to the genomic location of the desired mutation was designed to maximize cutting
efficiency and minimize off-target effects using the CRISPOR algorithm. Cas9 mRNA, a
single guide RNA (gRNA), and a repair template including the point mutation were /n vitro
transcribed. Superovulated female C57BL/6J mice were mated to stud C57BL/6J males, and
fertilized embryos collected from the oviducts. The Cas9 mMRNA, gRNA, and repair template
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were injected into the cytoplasm of ~175 fertilized eggs and then transferred into uterus of
pseudopregnant female mice (JRNA sequence:
CACCCCCACCACGGCAGCGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT,; Repair
template:
GCAGCCTGGCTCACCCAACTACTGCAAGCCTGACCCCCCGCCTCCACCCCCACCA
CACCCCCACCACGGCAGCCGTGGCATAAGCCCACCGCCGCCCATCACCCCTCCTT
CCATGGGGGTGAATGT). FO founder mice were screened for the insertion of the point
mutation and the absence of additional mutations in the nearby regions to the target
sequence for the selected gRNA to ensure adequate DNA repair of the specific genomic
locus. Out of nine FO founders, two containing the desired point mutation and perfect repair
of the locus were identified using standard PCR and sequencing methodologies. One of
these positive FO founders bearing a heterozygous mutation was bred to C57BL/6J WT mice
for three generations to obtain heterozygous mice and breed out potential off target
mutations. Heterozygous mice were then bred to each other to obtain littermate mutant and
WT mice for experimentation. The Kv3.1™/~ mice generated previously (Ho et al., 1997;
Macica et al., 2003) were maintained in the lab by breeding with heterozygous mice.

PO mice of either sex were used for hippocampal culture experiments. P7-14 mice of either
sex were used for the preparation of brain slices where the membrane capacitance of the
calyces was recorded. 8-week-old mice were used for immunostaining of Kv3.3 channels
and F-actin labeling shown in Figure 3.

Cell lines—CHO cells [identifier: CHO/DHFR (=), from Dr. Kaczmarek’s lab] were grown
in Iscove’s modified Dulbecco’s medium (Invitrogen) supplemented with 10% fetal bovine
serum (heat-inactivated), 100 units/ml penicillin/streptomycin, 5% HT supplement
(Invitrogen) in a 5% CO, incubator at 37 °C.

Primary cell cultures—Hippocampal CA1-CA3 region from PO mice of either sex was
dissected, dissociated, and plated on Poly-D-lysine treated coverslips, which produced
mouse hippocampal culture used in this study (Sankaranarayanan and Ryan, 2000; Sun et
al., 2010).

METHOD DETAILS

Brain slice preparation, capacitance recordings, and EPSC recordings—
Parasagittal or transverse brainstem slices (200 um thick) containing the MNTB were
prepared from 7-14 days old male or female mice using a vibratome (Sun and Wu, 2001;
Wau et al., 2009). Whole-cell capacitance measurements of the calyces in parasagittal slices
were made with the EPC-9 amplifier with a software lock-in amplifier (1000 Hz sine wave,
peak-to-peak voltage < 60 mV, HEKA, Lambrecht, Germany). We pharmacologically
isolated presynaptic Ca2* currents with a bath solution (~22—-24°C or 34-37°C when
mentioned) containing (in mM): 105 NaCl, 20 TEA-CI, 2.5 KClI, 1 MgCl,, 2 CaCls, 25
NaHCOs3, 1.25 NaH,PQy, 25 glucose, 0.4 ascorbic acid, 3 myo-inositol, 2 sodium pyruvate,
0.001 tetrodotoxin (TTX), 0.1 3,4-diaminopyridine, pH 7.4 when bubbled with 95% O, and
5% CO». The presynaptic pipette contained (in mM): 125 Cs-gluconate, 20 CsCl, 4 MgATP,
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10 Nay-phosphocreatine, 0.3 GTP, 10 HEPES, 0.05 BAPTA, pH 7.2, adjusted with CsOH. If
not mentioned otherwise, all reagents were purchased from Sigma (St. Louis, MO).

In temperature (34-37°C) experiments, the continuously flowing solution reached the slice
chamber via a tube, which was heated to ~40-42°C right (at ~10-15 cm) before the solution
reached the chamber. With a flow rate of ~2.5 ml/min, the chamber temperature was
maintained at 34-37°C, as confirmed with a thermometer. Slices were at 34-37°C for ~15-
20 min before patching.

For postsynaptic whole-cell voltage-clamp recordings of EPSCs in transverse slices, an
Axopatch 200B amplifier (Axon Instruments Inc, Foster City, CA) was used. Postsynaptic
pipette (2 — 3 MQ) solution contained (in mM): 125 K-gluconate, 20 KCI, 4 MgATP, 10
Na,-phosphocreatine, 0.3 GTP, 10 HEPES, 0.5 EGTA, pH 7.2, adjusted with KOH. The
series resistance (< 15 MQ) was compensated by 95% (lag 10 ps). The bath solution
contained (in mM): 125 NaCl, 2.5 KCI, 1 MgCly, 2 CaCl,, 25 NaHCO3, 1.25 NaH,POy4, 25
dextrose, 0.4 ascorbic acid, 3 myo-inositol, 2 sodium pyruvate, 0.05 D, L-2-amino-5-
phosphonovaleric acid, 0.01 bicuculline and 0.01 strychnine, pH 7.4 when bubbled with
95% O, and 5% CO,. A bipolar stimulating electrode was positioned at the midline of the
trapezoid body, through which the presynaptic axons of MNTB synapses pass. A stimulus
(5-20 V, 0.1 ms) was delivered every 20 s to induce a presynaptic action potential and the
resulting EPSC was recorded at the postsynaptic cell (Wu et al., 1998). The postsynaptic
neurons of the MNTB were whole-cell voltage-clamped at a holding potential of -80 mV, a
potential at which the EPSC is mediated by AMPA receptors.

Hippocampal culture—Mouse hippocampal culture was prepared as described
previously (Sankaranarayanan and Ryan, 2000; Sun et al., 2010). Hippocampal CA1-CA3
regions from PO mice were dissected, dissociated, and plated on Poly-D-lysince treated
coverslips. Cells were maintained at 37°C in a 5% CO, humidified incubator with a culture
medium consisting of Neurobasal A, 1% GlutaMAX-1, 10% fetal bovine serum (Invitrogen,
Carlsbad, CA), 2% B-27 (Invitrogen, Carlsbad, CA), and 3 uM cytosine p-D-
arabinofuranoside. On 5-7 days after plating, neurons were transfected with plasmids using
Lipofectamine LTX (Invitrogen, Carlshad, CA).

Hippocampal cultures were transfected with a plasmid containing SypH alone. Action
potential was evoked by a 1 ms pulse (20 mA) through a platinum electrode. The bath
solution contained (in mM): 119 NacCl, 2.5 KCl, 2 CaCl,, 2 MgCl,, 25 HEPES (buffered to
pH 7.4), 30 glucose, 0.01 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX), and 0.05 D, L-2-
amino-5-phosphonovaleric acid. In temperature experiments, we heated the culture chamber
using a temperature controller (TC344B, Warner Instruments, Hamden, CT). Imaging was
performed after the culture was at 34-37°C for 15-30 min. The temperature was verified
with another small thermometer (BAT-7001H, Physitemp Instruments, Clifton, NJ) in the
chamber. SypH images were acquired at 10 Hz using Nikon Al confocal microscope (60X,
1.4 NA), and analyzed with Nikon software. All boutons showing fluorescence increases
were analyzed (region of interest: 2 um X 2 um). Each data group was obtained from at least
three batches of cultures.
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Electron Microscopy—Mice (8 weeks old) were anaesthetized and transcardially
perfused with 4% PFA and 0.1% glutaraldehyde. After post-fixation overnight, vibratome
sections (50 um) containing the cerebellum were washed and then then immunostained for
Kv3.3 for 48h at 4°C using an anti-Kv3.3 antibody raised in rabbit (Alomone labs,
APC-102). The sections were then incubated with biotinylated goat anti-rabbit secondary
antibodies (Vector, 1:250) for 1.5h at room temperature followed by incubation in Avidin
biotin-peroxidase (Vector, 1:200) for 1.5h at room temperature. Immunoreactivity was then
visualized with a diaminobenzidine (DAB)/glucose oxidase reaction (Shu et al., 1988). The
sections were then osmicated (15 min in 1% osmium tetroxide) and dehydrated in increasing
ethanol concentrations. During the dehydration, 1% uranyl acetate was added to the 70%
ethanol to enhance ultrastructural membrane contrast. Flat embedding in Durcupan followed
dehydration. Ultrathin sections were cut on a Leica ultramicrotome, collected on Formvar-
coated single-slot grids, and analyzed with a Tecnai 12 Biotwin electron microscope (FEI).

Confocal Microscopy—Mice (8-week-old) were anaesthetized and decapitated.
Vibratome sections (200 pm) containing the MNTB were prepared. Following fixation
overnight in 4% PFA, sections were washed and then permeabilized with 0.1% Triton X-100
(Sigma Aldrich 9002-93-1) for 1h hour at RT, washed and stained with AlexaFluor™ 594-
conjugated phalloidin (ThermoFisher A12381) at a concentration of approximately 165 nM
per manufacturer’s protocol diluted in 0.5% Triton X-100 for 2h at room temperature.
Nuclei were stained with Hoechst 33342 (Thermofisher R37605) at a concentration of 2
drops per mL per manufacturer’s protocol for 30 min at room temperature. Sections were
then mounted onto slides and imaged using the LSM880 Airyscan microscope (https://
www.zeiss.com/microscopy/us/products/confocal-microscopes/Ism-880-with-
airyscan-.html).

Compared to traditional confocal microscopy, the Airyscan feature produces a 4-8x
improvement in the signal-to-noise ratio (SNR), with improvements in both sensitivity and
resolution. Its high speed of acquisition also bypasses the need to sacrifice acquiring a high-
resolution image for fear of bleaching the sample. Images were acquired at 63x
magnification and 4096x4096 pixel resolution. Fluorescent excitation was conducted using
405 and 561 nm laser lines. For each image, the 561 nm laser gain was adjusted according to
the intensity of blood vessels, which are plentiful in the MNTB and of maximal intensity
relative to other F-actin-containing structures. There was no significant difference in the
laser gain values used for antitative analysis of images of sections from WT, from Kv3.37/~
and Kv3.3g592r Mice (p = 0.5867 in Brown-Forsythe ANOVA test and p = 0.6934 in Welch
ANOVA test). This allowed direct comparison of intensity across all images at all z-planes,
accounting for both differences in dye permeation between samples and within a sample.
Fluorescence intensity was measured pixel-by-pixel (1 pixel = 0.0183 pm) along the ring of
F-actin for each calyx using ImageJ software (NIH), producing quantitative data that
distinguished between points less than 0.02 um apart. These values were then used to
calculate the mean intensity and coefficient of variability of each calyx.

Generation of W496F Kv3.3 mutation—The W496F mutation was introduced into
Kv3.3 by full-length PCR amplification of plasmid DNA with sense and antisense primers
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containing the mutation using Pfu polymerase (Stratagene). The 5’ primer sequence for the
PCR reaction was gaacatccccatcggcttcttctgggetgtggtcaccatgac, and the 3 primer sequence
for PCR reaction was gtcatggtgaccacagcccagaagaagccgatggggatgttc. Parental (wild type)
DNA was digested with Dpnl (New England Biolabs), and 1 pl of this reaction was used for
transformation of competent Escherichia coli XL1Blue strain (Stratagene). Miniprep DNA
was used for sequencing to confirm the presence of the desired mutation. The whole Kv3.3
cDNA was sequenced to verify no other undesired mutations were introduced during PCR.

Recordings of K* currents in CHO cells—To test the effects of the mutation on Kv3.3
currents, CHO cells were grown in Iscove’s modified Dulbecco’s medium (Invitrogen)
supplemented with 10% fetal bovine serum (heat-inactivated), 100 units/ml penicillin/
streptomycin, 5% HT supplement (Invitrogen) in a 5% CO, incubator at 37 °C. Cells were
seeded 1 day before transient transfection. Lipofectamine (Invitrogen) was used to co-
transfect CHO cells with wild type Kv3.3 and GFP or with the Kv3.3 pore mutation W496F
Kv3.3 and GFP. To record whole cell currents, patch electrodes were pulled from 1.5-mm
OD borosilicate capillary glass (World Precision Instruments, resistances ~2—3 MQ). The
intracellular solution consisted of (in mM) 97.5 K-gluconate, 32.5 KCI, 10 HEPES, 5
EGTA, pH 7.2, with KOH. The bath solution consisted of (in mM) 140 NaCl, 5.4 KCl, 1.3
CaCly, 25 HEPES, 33 glucose, pH 7.4, with NaOH. Series resistance was 2—4 MQ and was
compensated by 80-85%. The data were acquired at 10 kHz and filtered at 5 kHz. Data were
acquired using pClamp8 software (Molecular Devices). All electrophysiological data were
analyzed using Clampfit 9 software (Molecular Devices, Sunnyvale, CA), and statistical
analysis was carried out using GraphPad Prism 4 (GraphPad Software Inc., San Diego, CA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data collection and measurements of the time constant and Rategecay—Calyx
capacitance was measured within 10 min after break-in to avoid rundown (Wu et al., 2009).
The T was measured from exponential fit. Rategecay at calyces was measured between 0.5 —
4 s after depolygms that induced slow endocytosis, but between 0.5 — 1.5 s after depologmsx10o
that induced rapid endocytosis. The first 0.5 s trace was not used (and thus not shown in
figures) to avoid capacitance artifact contamination (Wu et al., 2005; Yamashita et al., 2005).
We used depolyomsxz1o to induce rapid endocytosis, because the Rategecay after depolaomsxio
reflected mostly (~80%) the rapid component of endocytosis (Sun et al., 2010; Wu et al.,
2009).

For SypH signal in hippocampal cultures, the Rategecay Was measured from Fsypny in the first
4-10 s after stimulation. For measurements of the Rategecay in nearly all graphs, FsypH was
normalized to the baseline Fsyp before stimulation (baseline Fsypy Was normalized as
100%). Only in Figure S1 where the normalized Rategecay Was measured from Fgypy with a
different normalization method: AF, the Fsypy increase induced by stimulation, but not the
Fsypn baseline, was normalized as 100%. Such a normalization removed the impact of AF
on the measurement of the Rategecay-

Fluorescence intensity in Figure 3 was measured pixel-by-pixel (1 pixel = 0.0183 um) along
the ring of F-actin for each calyx using ImageJ software (NIH), producing quantitative data
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that distinguished between points less than 0.02 pm apart. These values were then used to
calculate the mean intensity and coefficient of variability of each calyx.

Statistical tests—Data were expressed as mean =+ s.e.m. Replicates are indicated in
results and figure legends. The statistical test used is #test or ANOVA. Although the
statistics were performed based on the number of cells or experiments, each group of data
was collected from at least four mice. For imaging in hippocampal cultures, each group of
data was collected from at least 6 experiments; each experiment contained 20-30 boutons;
1-3 experiments were taken from 1 culture; each culture was from 3-5 mice. We determined
these sample-sizes based on the experience in the past several decades. Blinding was not
used for data collection or analysis. We did not include mice for use on a random basis, but
based on their genotypes (described in the main text) and ages. We used P7-14 mice for
calyx recordings, PO mice for hippocampal cultures, and 8 weeks old mice for electron
microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Kv3.3 channel facilitates slow and rapid endocytosis by nucleating F-actin at synapse
Kv3.3 channel facilitates vesicle mobilization and recovery of short-term depression
Linking Kv3.3-related spinocerebellar ataxia to endocytosis and vesicle mobilization

Kv3.3 non-conductive functions are crucial for synaptic functions and disorders
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Figure 1.

Kv3.3 KO or Kv3.3g592r Kl inhibits slow endocytosis at calyces

(A) Sampled ICa and mean Cm trace (mean + s.e.m) induced by depolygms (arrow) from WT
(10 calyces, 10 mice), Kv.3.37/~ (10 calyces, 10 mice) and Kv3.3g592r (10 calyces, 10 mice)
calyces from P7-10 mice at 22-24°C. s.e.m. is plotted every 1 s.

(B) Rategecay, ACm and QICa (mean + s.e.m.) induced by depolyoms at WT (10 calyces, 10
mice, black), Kv.3.37/~ (10 calyces, 10 mice, red) and Kv3.3g592r (10 calyces, 10 mice,
blue) calyces from P7-10 mice at 22-24°C. **: p < 0.01 (t test).

(C) The Cm change (mean + s.e.m.) and Rategecay (Mean + s.e.m.) induced by depolyoms
(arrow) at WT (7 calyces, 7 mice) and Kv3.3g592r (7 calyces, 7 mice) calyces from P7-10
mice at 34-37°C. **: p < 0.01 (t test).
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(D) Similar to C, except from P13-14 mice at 22-24°C. WT: 8 calyces, 8 mice; Kv3.3g592R:
7 calyces, 7 mice.
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Figure 2.
Kv3.3 KO or Kv3.3g592r Kl inhibits rapid endocytosis at calyces

(A) Cm traces (mean + s.e.m, every 1 s) induced by depologmsxio (@rrow) in WT (10
calyces, 10 mice), Kv.3.37/~ (10 calyces, 10 mice) and Kv3.3g592r (10 calyces, 10 mice)
calyces of P7-10 mice at 22—-24°C.

(B) Rategecay, ACm and QICa (mean + s.e.m.) induced by depolygmsx 1o (arrow) at WT (10
calyces, 10 mice), Kv.3.37/~ (10 calyces, 10 mice) and Kv3.3g592r (10 calyces, 10 mice)
calyces from P7-10 mice at 22-24°C. *: p < 0.05; **: p < 0.01 (t test).

(C) The Cm change (mean + s.e.m.) and Rategecay (Mean + s.e.m.) induced by depolygmsx10
(arrow) at WT (7 calyces, 7 mice) or Kv3.3g592r (6 calyces, 6 mice, blue) calyces of P7-10
mice at 34-37°C. **: p < 0.01 (t test).
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(D) Similar to C, except from P13-14 mice at 22-24°C. WT: 8 calyces, 8 mice; Kv3.3g592R:
7 calyces, 7 mice.

(E-F) Sampled EPSCs (E) and the amplitude of EPSCs (F, mean + s.e.m.) induced by 10
stimuli at 100 Hz at WT (6 neurons, 6 mice), Kv.3.37/~ (5 neurons, 5 mice), and Kv3.3g592r
(5 neurons, 5 mice) calyceal synapses of P7-10 mice at 22—-24°C. F, amplitudes normalized
to the first EPSC (Norm. EPSC Amp) plotted versus stimulation (stim.) number; **: p <
0.01, 2-10™ EPSCs in WT are larger than that in Kv.3.37~ or Kv3.3g5g2r Synapses (t test).
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Figure 3.
Kv3.3 KO or Kv3.3g592r Kl reduces F-actin at calyces

(A) Electron microscopic images showing Kv3.3 immunoreactivity (arrows) at the calyces
of WT, Kv3.37/~ or Kv3.3gs592r mouse. Results are representative of 8-36 immunostained
sections from 1, 2 or 1 animal, respectively.

(B) Phalloidin labelling of F-actin at WT, Kv3.37~, and Kv3.3gs592r calyces visualized
using Airy-scan confocal microscopy. Upper panels: a dense ring of presynaptic F-actin
staining surrounds MNTB neurons in WT; the intensity of actin staining is greatly reduced
in Kv3.37/~ and Kv3.3g5g2r Mice. Lower panels: the same sections with superimposed
traces of lines following the circumference of the calyx. Such traces were used in panels C
and D to quantify coefficient of variability for the intensity of pixels in the ring.

(C) Representative plots of pixel intensity across the circumference of WT, Kv3.37/~ and
Kv3.3g592R cells.

(D) Bar graphs depicting mean pixel intensity and coefficient of variability (+ s.e.m.) for the
three conditions. (*: p < 0.02; ***: p < 0.005, Brown-Forsythe and Welch ANOVA with
Dunnett’s T3 multiple comparisons test).
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Figure 4.

Kv3.3 KO or Kv3.3g592r Kl inhibits endocytosis at hippocampal synapses

(A-B) FsypH (mean +s.e.m., A) and Rategecay (Mean + s.e.m., B) induced by 1 AP in WT,
Kv.3.37/~ or Kv3.3g592r boutons at 34-37°C. FsypH is normalized to baseline; s.e.m. (A) is
plotted every 4 s. The experimental number is written inside the bar (B, applies to panel A-
B); each experiment contained 20-30 boutons; 1-3 experiments were taken from 1 culture;
each culture was from 3-5 mice. Rategecay Was calculated from Fsypy normalized to the
baseline. *: p < 0.05; **: p < 0.01; t test (compared to WT).

(C-F) Similar to A-B, respectively, except that the stimulus was 40 APs (C-D) or 200 APs
(E-F) at 20 Hz.
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(G-H) Similar to E-F (200 APs), respectively, except from WT, or Kv.3.3™/~ cultures
overexpressed with WT Kv3.3 (KO + WT) or a mutant (W496F) Kv3.3 with no ionic
conductance (KO + Mutant).

(1-J) Similar to E-F, respectively, except from WT cultures, WT cultures with 20 pM
latrunculin A in the bath (WT + Lat A), or Kv.3.37~ cultures with Lat A in the bath (KO +
Lat A). N.S.: not significant (p > 0.05, t test).

See also Figures S1-S4.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

3,3-Diaminobenzidine tetrahydrochloride (DAB) EMS 13080
3,4-Diaminopyridine (3.4-DAP) Sigma D7148
6-Cyano-7-nitroquinoxaline-2, 3-dione (CNQX) Tocris 0190
Absolute Ethanol Decon Labs 2716

B27 supplement, serum free Gibco 17504044
Bicuculline Sigma 14340
BioMix Red 2X Thermo Fisher Scientific B1025006
Biotinylated goat anti rabbit antibody Vector Labs BA-1000
Bovine serum albumin Sigma A2153
Bovine serum albumin American Analytical AB01088
Collagenase P Sigma 11249002001
Cytosine p-D-arabinofuranoside Sigma C1768
D(-)-2-Amino-5-phosphonovaleric acid Tocris 3693

DMEM medium Thermo Fisher Scientific 11885-092
DNase Worthington LK003172-D2
Durcupan ACM Epoxy Resin EMS 14040
Embed-812 EMS 13940

Fetal Bovine Serum Thermo Fisher Scientific 10082-147
Formvar EMS 15810
German glass coverslips with mouse Laminin Neuvitro GG-25-Laminin
coating over PDL layer

GlutaMAX-1 Gibco 35050-061
HBSS (with Ca and Mg) Thermo Fisher Scientific 14025-134
HBSS (without Ca and Mg) Thermo Fisher Scientific 14175-103
HEPES Thermo Fisher Scientific 15630080
HT supplement Thermo Fisher Scientific 11067030
IMDM medium Thermo Fisher Scientific 12440053
Insulin Sigma 15500
Latrunculin A Tocris 3973
Lipofectamine 2000 Thermo Fisher Scientific 11668019
Lipofectamine LTX with PLUS Thermo Fisher Scientific 15338-100
Neurobasal-A Thermo Fisher Scientific 10888-022
Normal goat serum Vector Laboratories S-1000-20
NucBlue Live ReadyProbes Thermo Fisher Scientific R37605
Opti-MEM Thermo Fisher Scientific 31985070
Osmium Tetroxide EMS 19140
Ovomucoid inhibitor Worthington LK003182
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REAGENT or RESOURCE SOURCE IDENTIFIER
Papain Worthington LK003178
Penicillin-Streptomycin solution Thermo Fisher Scientific 15140-122
Phosphate buffered saline (PBS) Gibco 10010023
Pierce 16% formaldehyde, methanol free Thermo Fisher Scientific 28908
Propylene Oxide EMS 20401
Rabbit Kv3.3 antibody Alomone Labs APC-102
Single slot grids EMS M2010-CR
Tetraethylammonium chloride (TEA-CI) Sigma T2265
Tetrodotoxin (TTX) Tocris 1078
Triton X-100 Sigma T8787
Trypsin inhibitor Sigma T9253
Uranyl Acetate EMS 22400
Critical Commercial Assays
Basic Primary Neurons Nucleofector Kit Lonza VVPI-1003
Elite ABC-HRP kit Vector Labs PK-6100
QuickExtract DNA Extraction Solution Lucigen QE09050
QuikChange Il XL Site-Directed Mutagenesis Kid | Agilent 200521

Experimental Models: Cell Lines

CHO cell

Kaczmarek lab

CHO/DHFR (-)

Experimental Models: Organisms/Strains

G592R Kv3.3 knock-in mice Kaczmarek lab N/A
Kv3.1 KO mice Kaczmarek lab N/A
Kv3.3 KO mice Kaczmarek lab N/A
B6 line mice Kaczmarek lab N/A
Recombinant DNA

Kv3.3 WT Kaczmarek lab N/A
pH-sensitive pHIuorin 2X (SypH) Yong-Ling Zhu lab N/A
rkv3.3/pcDNA3 Kaczmarek lab N/A
W496F Kv3.3 mutant Kaczmarek lab N/A

Software and Algorithms

Clampfit 9

Molecular Devices

https://mdc.custhelp.com/app/answers/detail/a_id/18826/~/
axon%E2%84%A2-pclamp%E2%AE-9-
electrophysiology-data-acquisition-%26-analysis-software-
download

Huygens Professional

Scientific Volume Imaging

https://svi.nl/Huygens-Professional

microscope)

Igor Pro WaveMetrics http://www.wavemetrics.com/

Image J NIH https://imagej.nih.gov/ij/

LAS X Leica https://www.leicabiosystems.com/

Matlab MathWorks https://www.mathworks.com/products/matlab.html
NIS-Elements AR 4.1 (Nikon Al confocal Nikon https://www.microscope.healthcare.nikon.com/products/

software/nis-elements/nis-elements-advanced-research
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REAGENT or RESOURCE SOURCE IDENTIFIER
Python v3.5.2 Python Core Team https://www.python.org

Pulse v8.67 (EPC-9 amplifier)

HEKA Elektronik

https://www.heka.com
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