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Abstract

Small-conductance calcium-activated potassium (SK) channels show a ubiquitous distribution on
neurons, in both somatodendritic and axonal regions. SK channels are associated with neuronal
activity regulating action potential frequency, dendritic excitability, and synaptic plasticity.
Although the physiology of SK channels and the mechanisms that control their surface expression
levels have been investigated extensively, little is known about what controls SK channel diffusion
in the neuronal plasma membrane. This aspect is important, as the diffusion of SK channels at the
surface may control their localization and proximity to calcium channels, hence increasing the
likelihood of SK channel activation by calcium. In this study, we successfully investigated the
diffusion of SK channels labeled with quantum dots on human embryonic kidney cells and
dissociated hippocampal neurons by combining a single-particle tracking method with total
internal reflection fluorescence microscopy. We observed that actin filaments interfere with SK
mobility, decreasing their diffusion coefficient. We also found that during neuronal maturation,
SK channel diffusion was gradually inhibited on somatodendritic compartments. Importantly, we
observed that axon barriers formed at approximately days in vitro (DIV) 6 and restricted the
diffusion of SK channels on the axon initial segment (AIS). However, after neuron maturation, SK
channels on the AIS were strongly immobilized, even after disruption of the actin network,
suggesting that crowding may cause this effect. Altogether, our work provides insight into how
SK channels diffuse on the neuronal plasma membrane and how actin and membrane crowding

impacts SK channel diffusion.
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Introduction

Small-conductance calcium-activated potassium (SK) channels are widely expressed in neurons
across the nervous system. Their main function is to prevent excessive neuronal depolarization in
response to calcium influx following neuronal activity. SK channels typically activate in spines
and dendrites, preventing sustained dendritic depolarization. Consequently, loss of SK channel
activity leads to prolonged calcium signals in dendrites and elevated N-methyl-D-aspartate
(NMDA) receptor activity in synapses. Besides dendrites, SK channels are also expressed in the
soma and, to a lesser extent, in axons. The somato-axonal location of SK channels is likely
responsible for their contribution to medium afterhyperpolarization (mAHP) and spike frequency
adaptation. The mAHP a brief quiescence period (100200 ms) following a bout of action
potentials. Thus, it is not surprising that SK channels have emerged as key regulators for learning

and memory, sleep, and neuronal computations in general.

Because of the strong ability of SK channels to control neuronal activity, their properties and levels
are highly regulated in neurons. These regulated properties include surface expression and
clustering in the plasma membrane. For instance, we and others have demonstrated that the surface
expression of SK channels is limited by the cyclic adenosine monophosphate-protein kinase A
(cAMP-PKA) signaling pathway . Besides intracellular signaling cascades, SK channels are also
tethered to the actin cytoskeleton through a-actinin and filamin A, providing another means of
regulation >7. Although several studies have focused on the physiology of SK channels and the
mechanisms that control their surface levels, little is known about what controls SK channel
diffusion in the plasma membrane and different neuronal compartments. This aspect is particularly

important, as the diffusion of SK channels at the surface could control their density. Increased SK
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channel clustering in proximity to calcium sources would allow for increased likelihood of SK

channel activation by calcium.

A key advance over the last ten years has been the recognition that different neuronal
compartments have substantially different actin—spectrin cytoskeleton geometries, which, in some
cases, can dictate the diffusion of membrane proteins and lipids. For instance, super-resolution
microscopy has shown that the actin cytoskeleton of neuronal axons exhibits a periodic structure
consisting of azimuthal actin rings with a periodicity of 180~190 nm. These actin rings are
connected via longitudinal spectrin tetramers ®. Previous work has also shown that this axon
membrane periodic skeleton interferes with the diffusion of lipids, integral monotopic proteins of
the inner leaflet, and, more significantly, transmembrane proteins °. Specifically,
glycosylphosphatidylinositol-anchored green fluorescent protein (GPI-GFP) molecules exhibit an
approximately 190-nm periodic striped pattern spaced by adjacent actin rings in axons '°. Actin
filaments in the dendrites are also expected to affect ion channel diffusion, as previously shown

" In contrast to axons and

for a-amino-3-hydroxy-5-methyl-4-isoxazole (AMPA) receptors
dendrites, the actin—spectrin cytoskeleton follows a different two-dimensional (2D) arrangement

in the soma, more akin to previous observations in red blood cells.

In this work, we sought to investigate SK channel diffusion in the soma, dendrites, and axons of
pyramidal hippocampal neurons at different maturation stages. To achieve this goal, we used

apamin, a bee venom that specifically blocks SK channels !4

, conjugated with quantum dots
(QDs). This approach allowed us to successfully track and analyze the diffusion of individual

native SK channels on cultured hippocampal neurons.



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

Methods

Reagents: We purchased KT5720 (K3761), Latrunculin B (LatB; L5288), Rp-cAMP
triethylammonium salt (Rp-cAMPS; A165), methyl-B-cyclodextrin-cholesterol (MBCD-
cholesterol; C4951), filipin complex (F9765) from MilliporeSigma (St. Louis, MO). Swinholide
A (SwinA) was purchased from Cayman Chemical Company (19611; Ann Arbor, MI) and
Cytochalasin D (CytoD) was purchased from Thermo Fisher Scientific (PHZ1063; Waltham, MA).
We obtained XE991 from Tocris Bioscience (2000; Bristol, UK). Apamin-biotin was obtained

from Alomone Labs (STA-200-B; Jerusalem, Israel).

Neuron cultures: We first treated embryonic day 18 rat hippocampal tissues purchased from
BrainBits (SDEHPS; Springfield, IL) with trypsin (15400054; Thermo Fisher Scientific) and then
placed the tissue on poly-D-lysine-coated (P0899; MilliporeSigma, Burlington, MA) glass-bottom
petri dishes (14027-20; Ted Pella, Inc., Redding, CA) and coverslips (12-545-83; Fisher Scientific
International, Inc., Hampton, NH) at a density of 150,000 cells/dish and 75,000 cells/coverslip,
respectively. We cultured all neurons in neurobasal medium supplied with B27 supplement,
penicillin streptomycin, and GlutaMAX. These solutions were all purchased from Thermo Fisher

Scientific. We maintained the neurons in a 37°C humidified incubator with 5% COz '°.

Transfection of human embryonic kidney (HEK) cells: HEK293T cells were split every 3 days
and maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal
bovine serum, sodium pyruvate, and penicillin streptomycin (Thermo Fisher Scientific). One day
prior to transfection, we placed the HEK293T cells on glass-bottom petri dishes at a density of
850,000 cells/dish. After approximately 24 h, we transfected the cells with 1.5 ug SK2-L plasmid
by using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific) according to the

manufacturer’s instructions. All experiments were conducted 3648 h after transfection.

5



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

Immunocytochemistry: To stain the axon initial segment (AILS) in live neuron experiments, we
applied 2 pg/mL anti-pan-neurofascin antibody (75-112; Antibodies Incorporated, Davis, CA) for
3 min at room temperature (RT). After rinsing three times, we blocked the neurons with 1% bovine
serum albumin (BSA; A7030; MilliporeSigma) for 3 min at RT. Next, we incubated neurons with
goat anti-mouse Alexa Fluor 568 conjugate (1:500; RRID: AB_2534072; Thermo Fisher Scientific;
also contains 1% BSA) for 2 min at RT. The neurons were then rinsed six times and returned to
the incubator for 3 min prior to the subsequent experiments. We visualized the AIS by applying a
561-nm diode laser to excite Alexa Fluor 568 at 1% laser intensity. All washing and incubation
steps mentioned above were conducted with Tyrode’s solution consisting of Tyrode’s Salts (T2145;
MilliporeSigma), 10 mM HEPES (15630080; Thermo Fisher Scientific), and 3.5 mM sucrose

(89378; MilliporeSigma), pH7.4, 305-310 mOsm 'S,

Cholesterol modulation: DIV4 neurons were treated with MBCD-cholesterol solution in DI water
at a final concentration of 1.5mM, 3mM or 5mM at 37°C for 0.5 h. The neurons were rinsed three
times and fixed with 4% paraformaldehyde (15710; Electron Microscopy Sciences; Hatfield; PA)
for 15 minutes at RT. After washing three times with dPBS (14190144; Themo Fisher Scientific),
50mM NH4CL (A9434; MilliporeSigma) solution was added for 10 min to quench the
autofluorescence. Neuron were washed three times with dPBS and blocked with preblock buffer
(5% normal goat serum in PBS) for 0.5 h. Anti-pan-neuronfascin antibody were then added to
neurons at a final concentration of 2 pg/mL in preblock buffer for 2 h at RT, followed by three
rinses with preblock buffer. Neurons were next incubated with 40 puM filipin (F9765;
MilliporeSigma) to stain cholesterol and goat anti-mouse Alexa Fluor 568 conjugate (1:500) to

stain NF186 antibody, which specifically labels the AIS, for 2 h at RT in the dark. After washing
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six times with dPBS, neurons were mounted on glass slides using Prolong Diamond Antifade

Mountant (P36965; Thermo Fisher Scientific).

Fluorescent images were collected via a laser-scanning Leica SP8 (Leica Microsystems, Wetzlar,
Germany) confocal microscope using LAS X software. 405-nm laser was used to excite filipin at
2% laser intensity and 561-nm laser was used to excite Alexa Fluor 568 conjugate at 4% laser
intensity. Z-stack images were collected and we applied maximum intensity projection. We next
measured the fluorescent intensity of filipin in ImageJ (NIH, Bethesda, MD) software. To obtain
the corrected total fluorescence (CTF) ratio, we first calculated the average background
fluorescence by randomly selecting three areas of 15 um? and then we measured their mean
intensity value. To obtain the CTF at a location on a neuron, we measured the mean signal intensity
of the corresponding area and then we applied the equation CTF = mean signal intensity — mean
background intensity. Finally, we repeated this measurement at different locations (30 for AIS and
soma, 60 for dendrites). Each CTF value was divided by the mean value of a control group without

cholesterol uptake at the same imaging conditions to derive the CTF ratio.

QD labeling: The first reagent (I pM KT5720, 10 uM Rp-cAMPS, or 0.1% (v/v)
dimethylsulfoxide [DMSO] carrier) was added to a petri dish and incubated for 0.5 h, followed by
a 0.5-h incubation of the second reagent [125 nM SwinA, 10 uM LatB, 5 uM CytoD or 2 pL
DMSO carrier]. We briefly washed the dish and then added apamin-biotin (10 nM) for 3 min at
RT. After rinsing the petri dish three times, we blocked the cells with 1% BSA for 3 min at RT.
Next, we added 0.3 nM Qdot 655 streptavidin conjugate (Q10123MP; Thermo Fisher Scientific;
also contains 1% BSA) for 2 min at RT. BSA minimizes nonspecific binding between QDs and
the dish substrate, while the low QD concentration allows us to track single dots. The concentration

and timing of QD application listed above were empirically determined. Finally, we rinsed the
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cells six times and returned the cells to the incubator for 3 min prior to the subsequent experiments.

All washing and incubation steps mentioned above were conducted with Tyrode’s solution.

Single-particle tracking (SPT) using total internal reflection fluorescence (TIRF) microscopy:
For recording, we utilized an inverted stand Nikon Eclipse TiE microscope equipped with an
Andor iXon back-illuminated frame transfer electron-multiplying charge-coupled device
(EMCCD) camera. To image the QD locations, we applied a 100X oil immersion lens with a
numerical aperture of 1.49. The QDs were excited by a 405-nm diode laser. During imaging, the
temperature was maintained at 37°C by an Okolab cage incubator and a Pathology Devices
LiveCell stage top incubator. We used Micro-Manager software to operate the microscope and
recorded movies at a rate of 9 frames/s with an exposure time of 100 ms. We recorded at least 900

frames (100 s) for each movie, with a pixel size of 0.11 X 0.11 pm.

Image processing and analysis: Movie tracking and processing were conducted via u-track
software !” and MATLAB. After initial processing with u-track, we removed low-illumination
signals and out-of-focus dots. Then, we utilized the coordinates of QDs in each frame of the image
series, which were acquired by u-track, as an input to an in-house-developed MATLAB code to
calculate the time-averaged mean square displacement (TA-MSD) by employing the following

equation:

1

62 (tlag) = T—

T_tlag 2
— f |7 (¢ + tigg) — ()| dt
lag Jo

Here, §2(t)q4) is the TA-MSD, t,, is the lag time (time between adjacent frames), T is the total

time of the movie, and r(t) is the 2D position of the SK channel at time ¢.

After obtaining the TA-MSD, we calculated the diffusion coefficient using the following equation:
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62(tlag) = 4Dtlag
where D is the diffusion coefficient of the SK channel.

Statistical analysis: The results related to diffusion coefficients were analyzed and reported using
GraphPad Prism (GraphPad Software, Inc., San Diego, CA). We performed nonparametric Mann—
Whitney tests to compare results. Results were considered significant for P < 0.05. *P < 0.05,

**P < 0.01, ***P < 0.001; n.s. indicates no significant difference.

Results

We attached QDs to SK channels by incubating cells in apamin-biotin followed by a streptavidin—
QD conjugate. Biotin forms a strong bond with streptavidin, allowing us to monitor SK channel
diffusion by tracking QDs using the SPT method. Fig. 1 illustrates typical trajectories of QDs
conjugated to SK channels. The trajectories are superimposed on the soma, dendrites, and the AIS

of a representative neuron.



Fig. 1. (A) Typicl trajectories of QDs attached to diffusing SK channels superimposed on the
corresponding neuron. (B) Magnified view of the boxed area in panel A indicating part of the

AIS in red.
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SK channel diffusion in HEK293T cells

We performed experiments on HEK293T cells to test the specificity of our apamin-conjugated
QDs. For this, we compared cells transfected with SK2 type channels, which is the most common
subtype of SK channels, and untransfected cells from sister cultures. To increase the number of
SK2 channels at the cell surface, we pretreated our cells with KT5720, a PKA inhibitor. We and
others have shown that ongoing PKA activity controls SK2 cell surface expression '>1>18:19 We
sequentially treated both groups of cells with KT5720, DMSO, apamin-biotin, and streptavidin-
conjugated QDs (see Methods). Consistent with the apamin—QD specificity, we found a significant
difference between the number of QDs on transfected cells and those on non-transfected cells in a
60 X 60 um area (Fig. S1). This result indicates that the large majority of QDs detected on

transfected HEK293T cells were specifically bound to SK2 channels.

Next, we examined SK2 channel diffusion in HEK293T cells and its dependency on ongoing PKA
activity and the actin cytoskeleton. We expected these results to provide a benchmark for SK2
diffusion in cells with a 2D lattice actin—spectrin cytoskeleton. Because all drugs, including
KT5720, were dissolved in DMSO, we first assessed whether DMSO alone affects SK2 channel
diffusion on HEK293T cells. At 3648 h following transfection with SK2 plasmids, one group of
cells was left untreated, serving as the control group, whereas another group of cells was incubated
with DMSO for 1 h. We first plotted representative trajectories of QDs for both conditions [Fig.
2A(), 2A(11)]. We calculated the diffusion coefficient for both groups and performed a
nonparametric Mann—Whitney test, which showed no significant difference between these two
groups (Fig. 2B; control: D = 0.022 + 0.013 um? /s; DMSO: D = 0.021 + 0.012 ym? /s,
P = 0.7500). This result indicates that DMSO alone does not affect SK channel diffusion. Next,

we assessed whether KT5720 interferes with SK channel diffusion and compared the results to

11



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

those for the control group. We observed that the particle trajectories in the two cases are similar
[Fig. 2A(ii1)], with no significant difference between the two diffusion coefficients (Fig. 2B;

KT5720: D = 0.024 + 0.012 um? /s, P = 0.5085).

To confirm that inhibiting PKA does not affect SK channel diffusion, we also used Rp-cAMPS,
which is a competitive cAMP analog that inhibits cAMP-induced activation of PKA '°. Similar to
KT5720, Rp-cAMPS increases SK2 channel expression. As with our KT5720 experiments, we
found that Rp-cAMPS did not significantly influence SK channel diffusion, as shown by the QD
trajectories [Fig. 2A(iv)] and diffusion coefficient (Fig. 2B; Rp-cAMPS: D = 0.021 +
0.012 um? /s, P = 0.8486). These findings demonstrate that SK channel diffusion in the

HEK293T plasma membrane was not affected by DMSO, KT5720, or Rp-cAMPS.

Recently, it has been recognized that the actin cytoskeleton can regulate the trafficking and
diffusion of membrane proteins 2?2, Considering that SK2 channels interact with the actin
cytoskeleton though a-actinin2 and filamin A 7, we examined whether disruption of the actin
cytoskeleton alters SK2 channel diffusion. We used SwinA, a toxin that disrupts the actin
cytoskeleton by both sequestering G-actin and severing F-actin 23, We applied SwinA to HEK293T
cells for 30 min, based on the protocol reported in **. We found that SK2 channels in SwinA-
treated cells were more mobile and their trajectories covered a greater area in the same time frame
[Fig. 2A(v)]. This led to a significant increase in their diffusion coefficient (Fig. 2B; KT5720 +
SwinA: D = 0.032 4+ 0.013 um? /s, P = 0.017). This result, compared with the KT5720,
suggests that the actin-based skeleton regulates SK channel diffusive motion since addition of

SwinA degrades the actin skeletal filaments 3.

12
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Fig. 2. Diffusion of SK channels in

transfected HEK293T cells. (A)
Representative diffusion trajectories of SK
channels in transfected HEK293T cells
labeled with 10 nM apamin-biotin and 0.3 nM
streptavidin-QDs after preincubation with: (i)
no reagent, (ii) DMSO for 30 min, (iii) 1 uM
KT5720 for 30 min, (iv) 10 uM Rp-cAMPS
for 30 min, or (v) 1 uM KT5720 for 30 min
and then 125 nM SwinA for 30 min. (B) Box
and whisker plots showing the diffusion
coefficients of SK channels in transfected
HEK293T cells under different conditions
(control: D =0.022+0.013um? /s, n=
29 ; DMSO: D =0.02140.012um? /s ,
n = 33; KT5720: D = 0.024 + 0.012 ym? /
s, n=26 ; Rp-cAMPS: D =0.021+
0.012 um? /s, n = 31; KT5720 + SwinA:
D =0.032+4+0.013um? /s, n=29). ns.,

no significant difference. * P < 0.05 (Mann—

Whitney test).
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Diffusion of SK channels in neurons

To test the diffusion of SK channels in neurons under different conditions and determine the extent
to which SK channel diffusion differs in various neuronal subcompartments, we used a similar
approach as with our HEK293T measurements. First, we confirmed the specificity of apamin-
biotin-streptavidin-QD conjugate to SK channels in neurons. To distinguish an axon from
dendrites in live neurons, we visualized the AIS by combining neurofascin-186 (NF186) antibody
with Alexa Fluor 568, as research indicates that NF186 is highly enriched at the AIS '°. We treated
neurons at DIV18 with KT5720 followed by DMSO. As with our HEK293T experiments,
application of KT5720 increased SK cell surface expression and the signal-to-noise ratio. Next,
we simultaneously added the NF186 antibody and apamin-biotin conjugates, followed by
streptavidin QDs and Alexa Fluor 568. In another set of neurons, we repeated the aforementioned
procedures while emitting apamin-biotin from the media. In four 60 X 60 pm areas, the number
of detected QDs was significantly less in the absence of apamin-biotin (Fig. S2). This result

demonstrates that our QD conjugate has a high binding specificity.

Next, we assessed the effects of KT5720 and SwinA on the diffusion of SK channels in different
neuronal subcompartments and at different developmental time points. We first focused on
neurons cultured for DIV10, a time point at which we could detect the diffusion of SK channels in
all neuronal subcompartments. By contrast, in more mature neurons, the diffusion of SK channels
was selective depending on the specific subcompartment, and in less mature neurons, we could
detect diffusion in all subcompartments but without large variations in the diffusion coefficients
as seen at DIV10. As with our prior results, DMSO did not alter SK channel diffusion in neurons.
Indeed, we found no significance differences in the SK channel diffusion coefficients between the

control and DMSO samples in somas (Fig. 3A; control: D = 0.025 + 0.019 um? / s; DMSO:

14
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D =0.024+0.020 um? /s , P =0.9273 ), dendrites (Fig. 3B; control: D = 0.034 +
0.021 um? / s; DMSO: D = 0.034 + 0.018 um? / s, P = 0.9786), or the AIS (Fig. 3C; control:

D =0.002 + 0.001 ym? / s; DMSO: D = 0.003 + 0.002 um? / s, P = 0.6857).

We also investigated whether KT5720 affects the diffusion of SK channels in neurons. Our results
show that applying KT5720 did not cause a significant difference in the diffusion coefficient of
SK channels in somas when compared with the control group (Fig. 3A; KT5720: D = 0.019 +
0.016 um? /s, P = 0.5918). Likewise, we detected no significant differences in dendrites (Fig.
3B; KT5720: D = 0.034 + 0.019 um? /s, P = 0.9031) or the AIS (Fig. 3C; KT5720: D =
0.004 + 0.002 um? /s, P = 0.2828). In addition to DIV 10, we also confirmed that KT5720 did
not have a significant effect on the diffusion coefficient of SK channels in neurons at DIV14 and

DIV18 (Fig. S3).

However, after applying SwinA, we detected significant increases in the diffusion coefficients of
SK channels in somas (Fig. 3A; KT5720 + SwinA: D = 0.031 + 0.012 um? /s, P = 0.0148)
and dendrites (Fig. 3B; KT5720 + SwinA: D = 0.040 + 0.019 um? /s, P = 0.0347) in
comparison with the KT5720 group. After treating neurons with SwinA, we also observed an
elevated mobility of QDs at the AIS (Fig. 3C; KT5720 + SwinA: D = 0.015 + 0.010 um? / s,
P =0.0281). To determine whether actin polymerization inhibition or severing actin was
responsible for the observed SK diffusion variations, we repeated our experiments using LatB, a
compound that inhibits the polymerization of actin filaments >°. We found that, compared with the
KT5720 group, treating neurons with LatB did not cause any significant differences in the
diffusion coefficient of SK channels in somas (Fig. 3A; KT5720 + LatB: D = 0.031 +
0.025 um? /s, P = 0.3431), dendrites (Fig. 3B; KT5720 + LatB: D = 0.036 + 0.025 um? / s,

P = 0.8950), or the AIS (Fig. 3C; KT5720 + LatB: D = 0.004 + 0.002 um? / s, P > 0.9999).
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This finding likely reflects the lower potency of LatB compared with SwinA, as LatB only inhibits
the polymerization of actin while SwinA also severs the existing actin filaments 2326, To further
confirm that actin network disorganization results in an increase of SK channel diffusion
coefficient we treated neurons with CytoD, a compound that leads to widespread disruption of the
actin network through multiple mechanisms, 2%, Indeed, we observed a significant increase in
the diffusion coefficient of SK channels in somas (Fig. 3A; KT5720 + CytoD: D = 0.031 +
0.015 um? / s, P = 0.0345), dendrites (Fig. 3B; KT5720 + CytoD: D = 0.040 + 0.018 um? / s,
P = 0.0428), and the AIS (Fig. 3C; KT5720 + CytoD: D = 0.023 + 0.021 um? / s, P = 0.0401)
compared to the corresponding controls. In summary, CytoD shows an effect similar to SwinA
and stronger than LatB. This result agrees with the observation that the periodic actin rings in the

AIS are relatively stable to treatment with Latrunculins A and B 3%3!,
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Fig. 3. Diffusion of SK channels in hippocampal neurons at DIV10. Box and whisker plots
showing the diffusion coefficients of SK channels in the plasma membranes of various
compartments of dissociated hippocampal neurons at DIV10 following different treatments: (A)

soma (control: D = 0.025 + 0.019 um? /s,n =7 ; DMSO: D = 0.024 + 0.020 um? /s, n =
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4 ; KT5720: D =0.019+0.016 um? /s, n=12 ; KT5720 + SwinA: D =0.031+
0.012 um? /s, n =14 ; KT5720 + LatB: D = 0.031 + 0.025um? /s, n =8 ; KT5720 +
CytoD: D =0.0314+0.015um? /s , n=13 ), (B) dendrites (control: D = 0.034 +
0.021 um? /s,n =11 ; DMSO: D = 0.034 + 0.018 um? /s, n = 14 ; KT5720: D = 0.034 +
0.019 um? /s, n = 121 ; KT5720 + SwinA: D = 0.040 + 0.019 um? /s, n = 96 ; KT5720 +
LatB: D = 0.036 + 0.025 um? /s, n = 20 ; KT5720 + CytoD: D = 0.040 + 0.018 um? / s,
n=61), and (C) AIS (control: D = 0.002 + 0.001 um? /s, n =4 ; DMSO: D = 0.003 +
0.002 um? /s,n =4 ; KT5720: D = 0.004 + 0.002 um? / s,n = 8 ; KT5720 + SwinA: D =
0.0154+0.010um? /s , n=8 ; KT5720 + LatB: D =0.004+0.002um? /s , n=
7; KT5720 + CytoD: D = 0.023 + 0.021 um? /s,n = 7). n.s., no significant difference. *

P < 0.05 (Mann—Whitney test).

Neuronal maturation is accompanied by an increase in membrane crowding as well as maturation
of the actin cytoskeleton, suggesting that SK channel diffusion might also be altered accordingly.
To address this possibility, we performed experiments at different maturation points: DIV4, 6, 10,
14, and 18. We treated all neurons with KT5720 in DMSO, and then treated one group of neurons

with SwinA in DMSO and the control group with only DMSO.

In soma, at DIV4 and 6, application of SwinA led to a non-significant increase in the diffusion
coefficient of SK channels [Fig. 4A(i), A(ii), B; DIV4 (KT5720): D = 0.039 + 0.013 um? / s;
DIV4 (KT5720 + SwinA): D = 0.050 + 0.015 um? /s, P = 0.0800; Fig. 4A(iii), A(iv), B;
DIV6 (KT5720): D = 0.034 4+ 0.014 um? /s ; DIV6 (KT5720 + SwinA): D = 0.039 +

0.018 um? / s, P = 0.4463]. In contrast, we found that as neurons matured, the SK diffusion
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coefficient significantly increased between the SwinA-treated and control groups. For instance, at
DIV10, SK channel diffusion increased in the soma following disruption of the actin cytoskeleton
lattice [Fig. 4A(v), A(vi), B; DIV10 (KT5720): D = 0.019 + 0.016 um? / s; DIV10 (KT5720 +
SwinA): D = 0.031 + 0.012 um? /s, P = 0.0148]. Similar results emerged for neurons at
DIV14 and 18 [Fig. 4A(vii), A(viii), B; DIV14 (KT5720): D = 0.015 £+ 0.010 um? / s; DIV14
(KT5720 + SwinA): D = 0.029 + 0.010 um? /s, P = 0.0380; Fig. 4A(ix), A(x), B; DIV18
(KT5720): D = 0.009 + 0.008 um? / s; DIV18 (KT5720 + SwinA): D = 0.026 + 0.017 um? /
s, P = 0.0176]. We also note that there is a significant diffusion coefficient linear trend decrease
(P < 0.01) for both the control and the SwinA-treated groups during the initial cell maturation
period from DIV4 to DIV10. However, the diffusion coefficient remained stable during the latest
period of neuron maturation from DIV10 to DIV18. Based on the results above, we can conclude
that as neurons develop and they gradually establish an actin-based plasma membrane somatic
cytoskeleton with a polygonal lattice structure *, the diffusion of SK channels is affected. At early
stages of maturity, the formation of the actin-based membrane skeleton is still in progress and,
thus, it causes a significant gradual decrease in the diffusion coefficient of SK channels. It appears
that after DIV10 the network was fully developed or further development had a minimal additional
effect on SK channel diffusion. We also observed that the effect of SwinA is significant in the
latest stages of neuronal maturation (DIV10 to DIV18) since disruption of a well-formed
membrane skeleton had a more significant effect on diffusion than disruption of a membrane

skeleton earlier in neuronal development (DIV4 and 6).
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377  Fig. 4. Diffusion of SK channels in the plasma membranes of somas. (A) Representative
378  diffusion trajectories of SK channels in the plasma membranes of the somas of hippocampal
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neurons at various developmental time points after a 30-min preincubation with 1 uM KT5720 or
1 uM KT5720 followed by a 30-min incubation with 125 nM SwinA. (B) Box and whisker plots
showing the diffusion coefficients of SK channels on soma under different conditions at various
developmental time points: DIV4 (KT5720: D = 0.039 + 0.013 um? /s, n = 20 ; KT5720 +
SwinA: D = 0.050 + 0.015 um? /s, n = 15), DIV6 (KT5720: D = 0.034 + 0.014 um? / s,
n =16 ; KT5720 + SwinA: D = 0.039 £ 0.018 um? /s, n = 15), DIV10 (KT5720: D =
0.019 £ 0.016 um? /s, n =12 ; KT5720 + SwinA: D = 0.031 + 0.012 ym? /s, n = 14),
DIV14 (KT5720: D =0.015+0.010um? /s, n=5 ; KT5720 + SwinA: D = 0.029 +
0.010 um? / s, n = 14), and DIV18 (KT5720: D = 0.009 + 0.008 um? /s, n =9 ; KT5720 +
SwinA: D = 0.026 + 0.017 um? / s, n = 6). n.s., no significant difference. * P < 0.05 (Mann—

Whitney test).

We also investigated the diffusion of SK channels in dendrites. Similar to the results for the soma,
no significant differences in the SK channel diffusion coefficient emerged between control and
SwinA-treated neurons at DIV4 [Fig. 5A(i), A(ii), B; DIV4 (KT5720): D = 0.048 + 0.019 um? /
s; DIV4 (KT5720 + SwinA): D = 0.053 + 0.020 um? /s, P = 0.3769] or at DIV6 [Fig. 5A(iii),
A(iv), B; DIV6 (KT5720): D = 0.046 + 0.016 um? / s; DIV6 (KT5720 + SwinA): D = 0.051 +
0.015 um? /s, P = 0.2374]. However, application of SwinA led to a significant increase in the
SK channel diffusion coefficient compared with the control group at DIV10 [Fig. SA(v), A(vi), B;
DIV10 (KT5720): D = 0.034 +0.019 um? /s ; DIV10 (KT5720 + SwinA): D = 0.040 +
0.019 um? /s, P =0.0135] and DIV14 [Fig. 5A(vii), A(viii), B; DIV14 (KT5720): D =
0.031 + 0.016 um? / s; DIV14 (KT5720 + SwinA): D = 0.038 + 0.017 um? /s, P = 0.0100],

and an even larger increase at DIV18 [Fig. 5A(ix), A(x), B; DIV18 (KT5720): D = 0.027 +
20



402  0.018 um? / s; DIV18 (KT5720 + SwinA): D = 0.035 + 0.019 um? /s, P = 0.0006]. Taken
403  together, our results suggest that containment of the diffusion of SK channels from actin-based
404 membrane skeletons in dendrites becomes increasingly prominent during the development of

405 neurons.
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Fig. 5. Diffusion of SK channels in the plasma membrane of dendrites. (A) Representative

diffusion trajectories of SK channels in the plasma membrane of dendrites at various
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developmental time points after a 30-min preincubation with 1 pM KT5720 or 1 uM KT5720
followed by a 30-min incubation with 125 nM SwinA. (B) Box and whisker plots showing the
diffusion coefficients of SK channels on dendrites under different conditions at various
developmental time points: DIV4 (KT5720: D = 0.048 + 0.019 um? /s, n = 16 ; KT5720 +
SwinA: D = 0.053 + 0.020 um? /s, n = 14), DIV6 (KT5720: D = 0.046 + 0.016 um? /s,
n =31 ; KT5720 + SwinA: D = 0.051 4+ 0.015 um? /s, n = 25), DIV10 (KT5720: D =
0.034 +0.019 um? /s, n =121 ; KT5720 + SwinA: D = 0.040 + 0.019 um? /s, n = 92),
DIV14 (KT5720: D = 0.031 +£0.016 um? /s, n=752 ; KT5720 + SwinA: D = 0.038 +
0.017 um? / s, n = 76), and DIV18 (KT5720: D = 0.027 + 0.018 um? /s, n = 125 ; KT5720
+SwinA: D = 0.035 4+ 0.019 um? / s, n = 111). n.s., no significant difference. *** P < 0.001,

* P < 0.05 (Mann—Whitney test).

Finally, we assessed the diffusion of SK channels in the AIS. To distinguish an AIS from dendrites,
we imaged Alexa Fluor 568 fluorophores bound to NF186 antibodies, which is specific to AIS '°.
At DIV4, we observed diffusion of SK channels in the AIS in the control group, with no significant
increase in the SK channel diffusion coefficient following treatment with SwinA [Fig. 6A(1), A(ii),
B; DIV4 (KT5720): D = 0.044 + 0.018 um? /s; DIV4 (KT5720 + SwinA): D = 0.045 +
0.021 um? /s, P > 0.9999]. Strikingly, most of the SK channels in the AIS became totally
immobile at DIV6, which was prevented by treating neurons with SwinA [Fig. 6A(iii), A(iv), B;
DIV6 (KT5720): D = 0.005+ 0.002 um? /s ; DIV6 (KT5720 + SwinA): D = 0.022 +
0.019 um? /s, P = 0.0072]. Studies have reported that the actin-associated periodic skeleton is

formed by DIVS in the AIS 3%, Our results suggest that the actin-based cytoskeleton introduces
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diffusion barriers that restrict SK channel diffusion, and that SwinA-induced disruption of the

cytoskeleton increases SK channel mobility.

At DIV10, we observed no diffusion of SK channels in the AIS in the control group. However,
treating neurons with SwinA mobilized the SK channels at the AIS [Fig. 6A(v), A(vi), B; DIV10
(KT5720): D = 0.004 + 0.002 um? / s; DIV10 (KT5720 + SwinA): D = 0.015 & 0.010 um? /
s, P = 0.0281]. Finally, we found that all SK channels were trapped in the AIS independent of
the presence of SwinA at DIV14 [Fig. 6A(vii), A(viii), B; DIV14 (KT5720): D = 0.002 +
0.001 um? /s; DIV14 (KT5720 + SwinA): D = 0.003 + 0.001 um? /s, P = 0.8329] and
DIV18 [Fig. 6A(ix), A(x), B; DIV18 (KT5720): D = 0.002 + 0.001 um? / s; DIV18 (KT5720 +
SwinA): D = 0.002 + 0.002 um? / s, P = 0.8868]. This result indicates that as neurons reach
maturation at DIV 14, the high density of membrane proteins generates a crowding effect that fully
immobilizes SK channels at the AIS plasma membrane even with disruption of the actin-based
membrane skeleton. Overall, we conjecture that actin-based membrane skeleton barriers are
already established in the AIS by DIV 6. After neurons mature, the proteins anchored by this barrier

form a strong crowding effect that greatly restricts SK channel diffusion.
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Fig. 6. Diffusion of SK channels in the plasma membrane of the AIS. (A) Representative

diffusion trajectories of SK channels on the AIS at various developmental time after a 30-min
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preincubation with 1 pM KT5720 or 1 uM KT5720 followed by a 30-min incubation with 125 nM
SwinA. (B) Box and whisker plots showing the diffusion coefficients of SK channels on the AIS
under different conditions at various developmental time points: DIV4 (KT5720: D = 0.044 +
0.018um? /s, n=7 ; KT5720 + SwinA: D = 0.045+0.021 um? /s, n=8), DIV6
(KT5720: D = 0.005 + 0.002 um? /s, n = 13 ; KT5720 + SwinA: D = 0.022 + 0.019 um? /
s, n=13), DIV10 (KT5720: D = 0.004 + 0.002 um? /s, n =8 ; KT5720 + SwinA: D =
0.015+0.010 um? /s, n=8), DIVI4 (KT5720: D =0.002 +0.001um? /s, n=38 ;
KT5720 + SwinA: D = 0.003 + 0.001 ym? /s, n=5), and DIV18 (KT5720: D = 0.002 +
0.001 um? /s, n =10 ; KT5720 + SwinA: D = 0.002 + 0.002 um? /s, n= 7). n.s., no

significant difference. ** P < 0.01, * P < 0.05 (Mann—Whitney test).

We finally performed additional experiments to validate that our SPT method can indeed
distinguish between different membrane viscosities. Specifically, at DIV4 we added 1.5 mL of
1.5mM, 3mM, and SmM MBCD-cholesterol complex solutions to neuron cultures. Then, in order
to confirm that cholesterol levels were increased after incubation with MBCD-cholesterol solution
in all neuronal compartments, we used filipin, which specifically stains cholesterol, following the
protocol described in methods. We indeed observed a significant increase in corrected total
fluorescence (CTF) ratio of the filipin-conjugated cholesterol in all cases compared to control (Fig.
S4 A,B,C). We also detected a significant difference between control samples and neurons
incubated in 1.5mM MPBCD-cholesterol solution but not a significant difference between neuron

samples incubated in 3mM and SmM MBCD-cholesterol solutions.
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After confirming that incubation with MBCD-cholesterol resulted in an increase of cholesterol, we
performed SPT experiments on live neurons. We observed a significant decrease in the diffusion
coefficients of QD-conjugated SK channels in all neuronal compartments in the cases of 3mM and
5mM, for which we measured SK diffusion coefficients less than 0.02 um? /s, compared to
control cases, for which we measured SK diffusion coefficients close to 0.04 um? / s. However,
we were not able to detect a difference between control samples and neurons incubated in 1.5mM
MPBCD-cholesterol solution and between neuron samples incubated in 3mM and SmM MBCD-
cholesterol solutions. Overall, we confirmed that our technic has the resolution to measure
differences in SK diffusion coefficients on the order of 0.02 um? /s, which is the difference
levels measured in neurons during development and when the actin network was disorganized

using SwinA and CytoD.

Discussion

In this study, we employed SPT to study the diffusion of streptavidin-conjugated QDs labeling
apamin-biotin-tagged SK channels by using TIRF microscopy in HEK293T cells and in different
neuronal compartments for various neuronal development time points. Recent work has shown
that QDs can potentially affect the lateral diffusion and transition state of target receptors >*.
Nevertheless, our results based on QD tracking still provided substantial information regarding
both dynamic changes in SK channel diffusion and the impact of the actin-based membrane
skeleton on SK diffusion. QDs are well known for their stable and bright fluorescence compared
with traditional fluorophores *°; therefore, QDs perfectly matched our requirements for long-term
evaluation of SK channel diffusion, even though they might weaken SK channel mobility. Our

results highlight the effect of actin filaments in reducing the mobility of SK channels.
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The SK channel diffusion trajectories obtained in the soma [Fig. 4A(1), 4A(ii1), 4A(v), 4A(vii),
4A(ix)] indicate the gradual formation of a 2D actin-based skeleton lattice, which caused a
decrease in the diffusion coefficients DIV10, 14, and 18 (Fig. 4B). In support of this finding, the
addition of SwinA, which degrades the actin cytoskeleton, resulted in larger QD trajectories and
higher diffusion coefficients than those observed for the untreated cases at DIV10, 14, and 18,
when the actin cytoskeleton is expected to be more developed than that for the earlier time points
of DIV4 and 6 [Fig. 4A(ii), 4A(iv), 4A(vi), 4A(viii), 4A(x), 4B]. This result is in agreement with
previous findings 3*%°. We also note that the observed significant linear trend of diffusion
coefficient decrease from DIV4 to DIV10 and subsequent diffusion coefficient stability from
DIV10 to DIV18, in both control and SwinA-treated groups, is in agreement with a gradual
formation of the membrane skeleton in somasuntil DIV10; and minimal or no development of the
membrane skeleton after DIV10. Our data are also compatible with the finding that treatment with
SwinA causes a significant increase in diffusion in DIV10, 14, and 18 but no significant change in
DIV4 and 6. This is because disruption of a well-formed membrane skeleton would have a more

substantial effect on diffusion than disruption of a membrane skeleton still under development.

Measurements in dendrites are similar to those observed in the soma. As neurons mature and the
actin cytoskeleton becomes more developed, the diffusion trajectories become shorter [Fig. S5A(i),
5A(iii), SA(v), SA(vii), SA(ix)], and the diffusion coefficients are lower at DIV10, 14, and 18.
Again, the addition of SwinA resulted in larger diffusion trajectories and higher diffusion

coefficients at DIV10, 14, and 18 [Fig. 5SA(vi), SA(viii), 5A(x), 5B].

The restriction was a gradual process in the somatodendritic regions, whereas at the AIS, SK
channels were totally immobile by DIV6. However, previous work has shown that the actin and

spectrin periodic rings are already formed at the AIS at DIV2 **¥7. Our results showed that SK
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channels were still mobile at the AIS at DIV4, leading to the question of why SK channel diffusion
was not restricted since actin-based diffusion barriers had already been established. We considered
four possible explanations that could reconcile these observations. First, although actin-staining
results showed a periodic pattern at DIV2 3337 the actin might exist as short segments instead of a
complete assembly. Supporting this conjecture, studies have shown that adducin, which stabilizes
actin filaments and promotes the formation of the actin—spectrin network, starts to exhibit
periodicity in the AIS at DIV6 rather than DIV2 ¥7-3, This finding indicates that the actin—spectrin
periodic network found at DIV2 might not have been fully formed, allowing for greater SK channel
diffusion. Second, it is true that at DIV2 live imaging of the AIS by harnessing the Sir-actin probe,
which is based on the toxin Jasplakinolide, exhibited the actin periodic strip structure *°. However,
Jasplakinolide has been previously reported to promote actin polymerization and stabilization *°.
Third, due to differences in neuron cultures, our neurons might develop more slowly, which may
have caused a delay in actin—spectrin network formation at the AIS. Fourth, it is also possible that

not all SK channels interact with the actin cytoskeleton earlier in development.

Importantly, when we applied the actin disruption drug SwinA, the SK channels were almost
immobile at DIV14 and 18 instead of DIV6 and 10, with SwinA application resulting in increased
SK mobility. We speculate that after DIV 14, membrane proteins concentrated and anchored at the
AIS likely generated a crowding effect, which may have contributed to the immobilization of SK
channels. In support of this hypothesis, a study reported that AnkG proteins assemble into a
periodic cytoskeleton by DIV12 37 and thus their binding partners (e.g., NF186, neuronal cell
adhesion molecule (NrCAM), and Nav channels) are also immobilized in the plasma membrane

after DIV12, contributing to the crowding effect.
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Moreover, neurofascin and NrCAM almost reach their maximum recruitment at the AIS by 14 and
DIV 10, respectively *'. The accumulation of Nav channels occurs by DIV12 at the AIS **. In
addition, by DIV12, B2-spectrin subunits are replaced by P4-spectrin subunits in the AIS 7.
Researchers have suggested that L1 cell adhesion molecule ** and Nav channels are associated
with B4-spectrin *4. The other end of AnkG is connected to microtubules through microtubule-
associated proteins such as Ndell, EB1, and EB3 #>*¢_ In particular, previous work has shown that
the percentage of neurons with EB3 concentrated at the AIS increases from approximately 22% at
DIV7 to approximately 70% at DIV14 4. Together, these results suggest that by DIV14, AnkG
proteins were assembled in the periodic cytoskeleton of the AIS and anchored massive AIS-
specific proteins in the plasma membrane, generating a crowding effect that greatly inhibited SK
channel diffusion. In addition, the actin-based membrane skeleton is connected to microtubules
via AnkG and other proteins at this time point, which makes the entire assembly even more robust.
We finally note that experiments by Vassilopoulos et al. 4’ showed that application of SwinA to
DIV13-17 neurons partially disrupted periodic arrangements of actin rings in the AIS without a
significant effect on the periodicity of f4-spectrin. It is not clear if the observed robustness of the
periodic distribution of P4-spectrin compared to actin was exclusively due to crowding or if
attachment of B4-spectrin to actin and to AnkG played a role as well. Based on the aforementioned
reasoning, we are unsure whether the mechanisms underlying the behavior of f4-spectrin and SK

channels in mature neurons treated with SwinA are similar.

In conclusion, we employed SPT to study the diffusion of streptavidin-QDs labeling apamin-
biotin-tagged SK channels via TIRF microscopy. We examined the diffusion of SK channels in

HEK?293T cells and different neuronal compartments at various neuronal development time points.
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Our results show that as neurons mature, the membrane skeleton becomes more actin-based, which
impedes the diffusion of SK channels. In addition, the crowding effect in the plasma membrane of

the AIS also contributes to the immobilization of SK channels in mature neurons.
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