
Faculty of Medicine and Life Sciences
School for Life Sciences

Master of Biomedical Sciences
Master's thesis

Activity-dependent regulation of axon initial segment potassium channels

Sam Vanspauwen
Thesis presented in fulfillment of the requirements for the degree of Master of Biomedical Sciences, specialization

Molecular Mechanisms in Health and Disease

2020
2021

SUPERVISOR :

Prof. dr. Jelle HENDRIX

SUPERVISOR :

Assoc. Prof. Hanne BORGER RASMUSSEN

Transnational University Limburg is a unique collaboration of two universities in two
countries: the University of Hasselt and Maastricht University.



Faculty of Medicine and Life Sciences
School for Life Sciences

Master of Biomedical Sciences
Master's thesis

Activity-dependent regulation of axon initial segment potassium channels

Sam Vanspauwen
Thesis presented in fulfillment of the requirements for the degree of Master of Biomedical Sciences, specialization

Molecular Mechanisms in Health and Disease

SUPERVISOR :

Prof. dr. Jelle HENDRIX

SUPERVISOR :

Assoc. Prof. Hanne BORGER RASMUSSEN





Senior internship- 2nd master BMW

1

Activity-dependent regulation of axon initial segment potassium channels 

Sam Vanspauwen1, Jelle Hendrix2, Hanne Borger Rasmussen1

1 Membrane Trafficking Group, Department of Biomedical Sciences, The Faculty of Health and 
Medical Sciences, University of Copenhagen, Panum Institute,

Blegdamsvej 3B, 2200 Copenhagen, Denmark
2 Dynamic Bioimaging lab, Advanced Optical Microscopy Centre and Biomedical Research Institute,

Universiteit Hasselt, Campus Diepenbeek,
Agoralaan Gebouw C - B-3590 Diepenbeek, Belgium

To whom correspondence should be addressed: 
Hanne Borger Rasmussen, Tel: +45 35 32 75 57;  Email:hanneb@sund.ku.dk 

Keywords: Axon initial segment, AIS plasticity, Voltage-gated potassium channels, Kv1.1, Kv2.1, 
Kv7.2, Superresolution microscopy, Stimulated emission depletion microscopy

ABSTRACT
Voltage-gated potassium channels 

critically impact action potential firing in 
our nervous system. Many of these channels 
like Kv1.1, Kv2.1, and Kv7.2 are located at 
the axon initial segment (AIS). Because of its 
high complexity and importance for action 
potential generation, the segment, and these 
potassium channels specifically, have been 
linked to many neurological disorders like 
ataxia and multiple types of epilepsy. In 
recent years, it was revealed that the AIS is 
susceptible to relocation and length alteration 
as a feedback mechanism to varying neuronal 
activity levels, referred to as AIS plasticity. 
However, It is currently unknown whether AIS 
potassium channels also experience relocation 
in this process. In this project, we performed 
confocal and stimulated emission depletion 
(STED) imaging on rat hippocampal neurons 
to uncover the effect of activity manipulation 
on AIS Kv1.1, Kv2.1, and Kv7.2. All examined 
potassium channels experienced a decreased 
expression after 48 hours of activity deprivation, 
indicating neurons limit their hyperpolarizing 
capability. However, nanoscale alterations 
were not observed. Interestingly, Kv2.1 was 
linked to a biphasic response, resulting from 
a rapidly increased cluster intensity, followed 
by an overall decreased number of clusters 
after prolonged activity deprivation. It was 
hypothesized that internal mechanisms attempt 
to traffic diffuse channels to the clusters where 
they become nonconducting, rapidly limiting 
their action potential inhibition. These results 
indicate that potassium channels are regulated 
by neuronal activity and subject to the 
mechanisms of AIS plasticity. Therefore, they 
proved to be compelling candidates for future 
research.  

INTRODUCTION
The average human brain contains about 86 

million densely compressed nerve cells, where 
each of these neurons contributes to the complex 
process of brain signaling. These endless cycles 
of neurons receiving synaptic inputs followed by 
action potential propagation through the axon to a 
downstream neuron are vital and ensure the normal 
functioning of almost every aspect of the body. 
This process is in part regulated by the axon initial 
segment (AIS). This 20-60 µm segment, located 
at the most proximal part of the axon, carries out 
two major functions. It acts as a barrier between 
the axon and cell body, thereby maintaining their 
molecular identity, and it ensures the correct relay 
of synaptic inputs into bursts of action potentials 
(1–3).  The AIS is structurally composed of central 
microtubules and actin rings (Figure 1). These 
rings are periodically distributed along the axon 
in 190 nm intervals by beta-IV spectrin. On its 
membrane, the AIS expresses multiple types of 
sodium and potassium channels (Figure 2). Many 
of these ion channels are anchored to a specialized 
ankyrin/spectrin scaffold, connecting them to the 
cytoskeleton. Because of its essential role in this 
complex, Ankyrin G (AnkG) is often referred to 
as the "key organizer" of the AIS (2). AnkG is 
known to attach directly to spectrin tetramers and 
indirectly to the microtubule cytoskeleton via end 
binding (EB) proteins EB1 and EB3 (4). Even 
though spectrin seems to be part of the cytoskeleton 
and structurally independent of AnkG, recently, it 
was found that mutations in a specific subtype of 
AnkG prevent the recruitment of beta-IV spectrin 
to the AIS (5).  Additionally, researchers found that 
AnkG is required to maintain the axo-dendritic 
polarity of mouse cerebellum neurons (6). These 
findings led to significant considerations about the 
importance of AnkG in the onset, development, 
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Further adding to its complexity, the AIS 
has been known to be dynamic under certain 
circumstances. This movability or AIS plasticity 
was first described in rat hippocampal neurons 
exposed to chronic depolarization with high 
potassium and shortly after in bird auditory 
neurons after auditory deprivation (27–29). These 
publications stated that the length of the AIS 
and its position varied in relation to the neurons' 
frequency tuning. This implied that the AIS 
distribution is optimally tuned to synaptic input, 
thus playing a critical role in regulating neuronal 
activity and function. In general, past research 
revealed that elevating neuronal activity in cultured 
hippocampal neurons leads to shortening and 
displacement of the AIS towards the distal axon, 
thereby lowering excitability. On the other hand, 
reducing neuronal activity leads to lengthening 
and displacement of the AIS towards the proximal 
axon, elevating excitability (30).  It should be noted 
that certain aspects of this structural repositioning 
can take only hours, while other aspects can 
occur over the course of days (27,31). This slow 

and regulation of the AIS. 

On its membrane, the AIS holds multiple 
different types of voltage-gated sodium channels 
(Navs) and voltage-gated potassium channels 
(Kvs). Because the AIS is highly structured, 
these channels all exhibit a specific localization. 
Navs are generally known to be distributed over 
the entire AIS. However, Nav1.1 and Nav1.2 
are located more proximally, whereas Nav1.6 
is located more distally (7). These Navs have 
been shown to alternate with the actin rings due 
to their AnkG binding capability (8). In contrast, 
certain Kvs tend to be located more towards the 
distal AIS, as shown in previous research on 
Kv7.2 and Kv7.3 as well as Kv1.1 and Kv1.2 
(9). These specific Kvs are located parallel to the 
actin ring, even though most possess an AnkG 
binding motif. Furthermore, in regards to Kv7.2 
and Kv7.3, binding to AnkG is known to stabilize 
these channels at the AIS (10–13). It is currently 
unknown whether other mechanisms contribute to 
the localization and stability of these potassium 
channels at the AIS, and there are currently no 
binding partners known to facilitate the attachment 
of these channels to the actin rings. However, 
the involvement of postsynaptic density protein 
93 (PSD-93) has been proposed as PSD-93 can 
impact Kv1 accumulation at the AIS (14). It should 
be noted that researchers were not able to replicate 
this effect in vivo. Lastly, Kv2.1 and Kv2.2 have 
not been linked to a specific AIS cytoskeleton-
dependent localization. These channels are known 
to be located adjacent to GABAA receptors and 
appear to have an additional function besides 
contributing to action potential hyperpolarization 
(15). Recently, Kv2.1 and 2.2 have been associated 
with a more structural role in the AIS as they 
are able to form endoplasmic reticulum/plasma 
membrane junctions via interaction with VAMP-
associated proteins (VAP), VAPA, and VAPB 
(16). Furthermore, these stable Kv2 cell surface 
clusters seem to be essential for membrane protein 
trafficking, including ion channel trafficking (17). 

With the AIS being such an important and 
complex site in neurons, many human diseases 
like ataxia and multiple types of epilepsy have 
been associated with previously described 
potassium channels (18,19). Additionally, a wide 
range of disorders like bipolar disorder, autism, 
Alzheimer's, and multiple sclerosis have been 
associated with mutations or disrupted regulation 
of AnkG (20–26).

AIS

Soma & Dendrites Axon

Microtubules 

Actin

Beta-IV Spectrin

Figure 1: General location and cytoskeletal 
structure of the axon initial segment (AIS): 
Located at the most proximal part of the axon, 
the AIS contains a sturdy cytoskeletal structure 
composed of actin rings revolving around 
central microtubules. Actin rings are linked by 
Beta-IV spectrin structures.
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process to rearrange and disassemble the segment 
is not surprising, reinforcing notions of the AIS 
cytoskeleton's high stability and sturdiness (31). 

In contrast to this general consensus on 
the relocation of the entire AIS, information on 
specific AIS ion channel relocations, especially 
potassium channels remains limited. Only recently, 
it was revealed that activity deprivation leads to 
decreased expression of Kv1.1 and increased 
expression of Kv7.2 in chick auditory neurons 
(32). It was hypothesized that interchanging these 
potassium channels could counteract activity 
alteration due to the kinetic differences between 
these potassium channel subtypes. Because 
channel-specific relocation over time remains to 
be further elucidated for both activity stimulation 
and deprivation, no concrete statements can 

be made on how these structural changes 
influence action potential strength and frequency.  
Furthermore, the mechanisms controlling these 
structural changes of AIS plasticity are currently 
unknown. However, some evidence indicates the 
possible involvement of Ca2+ signaling (27). 
Downstream cyclin-dependent kinase 5 (Cdk5) is 
known to promote Kv1 targeting to the AIS, while 
calmodulin regulates Kv7 channel assembly and 
clustering (31,33,34).  Finally, the reorganization 
of cytoskeletal components might involve calpain, 
especially during neuronal injury (31,35).

Recently, researchers started making use of 
modern super-resolution microscopy techniques 
to uncover the nanoscale features of the AIS. 
Specifically, Stochastic Optical Reconstruction 
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Figure 2: Graphical representation of the AIS: Ion channels in the AIS are attached to a sturdy 
cytoskeleton consisting of actin, beta-IV spectrin, and microtubules. Ankyrin G (AnkG) facilitates 
this attachment for sodium channels (Nav) while potassium channels (Kv) attach to the cytoskeleton 
via currently unknown mechanisms. However, PSD-93 has been hypothesized to be involved in 
the localization of Kv1.1/1.2 in some way. Kv2.1/2.1 are known to be located adjacent to GABAA 
receptors while being attached to intracellular cisternae via VAMP-associated proteins (VAPs). AnkG 
is attached directly to Navs and beta-IV spectrin while attached indirectly to the microtubules via end 
binding proteins EB1 and EB3 (black).  
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Microscopy (STORM) and STimulated Emission 
Depletion (STED) microscopy have been the 
preferred methods for visualizing periodic 
structure in the segment but also the neuronal 
dendrites (36–38). While STORM is able 
to achieve higher spatial resolution, STED 
microscopy benefits from immediate image 
acquisition without the need for any additional data 
processing (39). STED microscopy still provides a 
spatial resolution well below the light diffraction 
limit by a simple but effective principle. In most 
typical STED microscopy implementations, this 
resolution is obtained by coaligining the Gaussian 
excitation beam of a scanning microscope with a 
second donut-shaped beam, called the STED laser. 
This beam is tuned in wavelength to de-excite 
fluorophores via stimulated emission, a process 
where far red-shifted depletion light can stimulate 
energy decay, causing the excited electron to drop 
to its ground state. This means that when both 
beams are focussed on the samples, there is a 
short temporal window where fluorophores within 
the donut-shaped STED beam are suppressed, 
allowing only the photons originating from the 
center to be detected (40,41).

This project aims to further examine a possible 
relocation of Kv1.1, Kv2.1, and Kv7.2 on a micro- 
and nanoscale. We hypothesize that these channels 
are subject to homeostatic plasticity. Furthermore, 
we hypothesize that ongoing microscale effects 
of activity manipulation coincide with nanoscale 
relocation of these potassium channels.

EXPERIMENTAL PROCEDURES
Neuronal cultures – Neuronal cultures were 

prepared from hippocampi isolated out of E18 rat 
embryos of either sex from pregnant Wistar rats 
as described previously (42). The protocol was 
carried out in accordance with the guidelines of 
the Danish Veterinary and Food Administration, 
Ministry of Environment and Food, and approved 
by the Department of Experimental Medicine at the 
University of Copenhagen. Isolated hippocampal 
neurons were cultured on an astroglial feeder 
layer prepared and cultured four days in advance 
in Minimum Essential Medium with horse serum 
(Thermo Fischer Scientific), 10 IU/ml penicillin-
streptomycin (Thermo Fischer Scientific), and 
0.5% (w/v) glucose (Thermo Fischer Scientific).  
After the addition of neurons, cells were left 
to grow in serum-free Neurobasal medium 

with B27 (Thermo Fischer Scientific), 0.5mM 
Glutamax (Thermo Fischer Scientific), and 10 
IU/ml penicillin-streptomycin (Thermo Fischer 
Scientific)

Treatments – At 22 days in vitro (DIV), 
neurons were treated with either 1µM tetrodotoxin 
(TTX, for activity downregulation) or 20 µM 
bicuculine (BIC, for activity upregulation) by 
direct addition to the cell medium. Cells were 
incubated for 1, 6, 24, or 48 hours (these will 
be referred to as TTX1h, TTX6h, TTX24h, and 
TTX48h or BIC1h, BIC6h, BIC24h, and BIC48h 
in the rest of the paper) after which they were 
fixed. Per experiment, two coverslips with neurons 
were left untreated, where one was fixed at 22 DIV 
(CTRL22) and the other at 24 DIV (CTRL24).

Immunocytochemistry – Neurons were fixed 
in 2% paraformaldehyde in PBS for 2 minutes 
followed by 10 minutes in 100% methanol at 
-20°C. Unspecific binding was blocked for 30 
minutes at room temperature with 0,2% fish 
skin gelatin in Phosphate-buffered saline (PBS) 
with 0,1% Triton X-100 (PBSTg). Next, neurons 
were incubated with primary antibodies diluted 
in PBSTg for one hour at room temperature. 
Primary antibodies used: mouse anti-Kv1.1 IgG2b 
(1:100 dilution, clone K36/15, NeuroMab), mouse 
anti-Kv2.1 IgG1 (1:100 dilution, clone K89/34, 
NeuroMab), rabbit anti-Kv7.2 (anti-KCNQ2, 
1:100 dilution, Thermo Fisher Scientific), mouse 
anti-AnkG IgG2b (1:200 dilution, clone N106/65, 
NeuroMab), and rabbit anti-AnkG (1:500 dilution, 
SYSY). After washing, secondary antibodies 
diluted in PBSTg were added for 45 minutes at 
room temperature. Secondary antibodies used 
for confocal microscopy: goat anti-mouse IgG1 
Alexa Fluor 488 (1:200 dilution, Thermo Fisher 
Scientific), goat anti-mouse IgG2b Alexa Fluor 
555 (1:500 dilution, Thermo Fisher Scientific), 
goat anti-rabbit Alexa Fluor 568 (1:500  dilution, 
Thermo Fisher Scientific), goat anti-mouse IgG2b 
Alexa Fluor 647 (1:200 dilution, Thermo Fisher 
Scientific), and donkey anti-rabbit Alexa Fluor 
647 (1:500 dilution, Thermo Fisher Scientific). 
Secondary antibodies for STED microscopy: goat 
anti-mouse STAR RED (1:200 dilution, Abberior), 
goat anti-rabbit STAR ORANGE (1:200 dilution, 
Abberior). After washing, coverslips were mounted 
on microscope slides using ProLong Diamond 
Antifade Reagent (Thermo Fisher Scientific).
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Confocal microscopy and image analysis 
– A Zeiss LSM710 or LSM780 laser-scanning 
confocal microscope was used equipped with 
argon and helium-neon lasers and a 63x, 1.4 
numerical aperture, oil-immersion objective. 
Images were taken in a 1024x1024 pixel format 
and a pinhole of 1 airy unit. Four-line averaging 
was used to reduce noise. Images were captured in 
Zeiss ZEN Blue 2011 or Zen Blue 2012 software 
and exported in .czi format, further analyzed in 
Fiji (Fiji_Is_Just_ImageJ). AnkG immunolabeling 
was used in all samples as a marker for the AIS. 
In each image, three one-pixel wide lines were 
drawn; a segmented line starting from the soma 
through the entire axon with a minimum distance 
of 60 µm, a segmented line of at least 10 µm 
drawn in a background region where no cells were 
included and a segmented line drawn in any of 
the dendrites of the same cell as the axonal line 
with a minimum distance of 20 µm. Fluorescence 
intensity profiles were extracted from each line, 
and the mean background value was subtracted. 
The axonal profile was smoothed using a 1.45 µm 
sliding mean. Mean AIS intensity (first 30µm of the 
axonal line), mean distal axon intensity (50-60 µm 
of the axonal line) and mean dendrite intensity 
(first 20 µm of dendrite line) were calculated, 
followed by calculation of AIS/dendrite and AIS/
distal axon ratios.

The start, end, and length of the AIS as defined 
by AnkG were calculated based on the smoothed 
axonal line in which the average dendrite intensity 
was subtracted from every value (referred to as 
the axon-dendrite profile). AIS start is defined 
as the location where the axon-dendrite profile 
first reaches 33% of its max value in line with 
previous reports (27). AIS end was defined as the 
location where the axon-dendrite profile first dips 
below 33% of its max value after the AIS starting 
point. However, because AnkG can display gaps 
or irregularities in its staining, a limitation was 
implemented where the axon-dendrite profile has 
to dip below 33% of its max value for at least 3 µm 
to count as the AIS end. AIS length was defined as 
AIS end minus AIS start. 

Intensity profiles, AIS/dendrite ratio, AIS/
distal axon ratio, and the starting position for Kv1.1 
and Kv7.2 staining were determined using the same 
method as AnkG. Additionally, the AIS density 
was determined by summating all intensity values 
between its starting and end positions, as defined 
by AnkG immunolabeling, divided by the length 
of this segment. For each experiment, this value 

was normalized by dividing each density value by 
the average density of CTRL22. Subsequently, the 
degree of decline of the end slope was calculated 
by fitting a function;

 
to a section of the axon-dendrite profile starting 
from the max value where S represents the 
steepness of the slope. Fitting was performed in 
Python 3.8 using the Lmfit library (43).  The length 
of Kv1.1 and Kv7.2 segments were calculated 
with the start value defined as where the intensity 
profile first rises above 33%, and the end value 
defined as where the end slope dips below 0,33.

For Kv2.1 staining, the number of clusters, 
average cluster area, average cluster intensity, 
number of clusters relative to the AnkG area, 
and total cluster area relative to the AnkG 
area were calculated using in-house software 
(Supplementary box 1) 

STED microscopy and image analysis – A 
Zeiss widefield microscopy attached to an Abberior 
STEDYCON STED system with a 63x, 1.4 
numeric aperture objective was used for nanoscale 
super-resolution imaging. Images were taken with 
a 20 nm pixel size and variable pixel format using 
Abberior Software. A 561 nm excitation laser 
was used for imaging STAR ORANGE labeled 
AnkG, while a 640 nm excitation laser was used 
for imaging STAR RED labeled Kv1.1 or Kv2.1. 
Depletion of the signal was done by a 775 nm 
STED laser. For each Kv1.1 STED image, Fiji was 
used to extract a 5-pixel wide line profile of 2+ µm 
where clear periodicity was visible. Intensity 
profiles were further analyzed in Prism (GraphPad 
Software). Profiles were fitted to a sin wave 

 
 
 
with frequency, amplitude, height, and phase 
shift as variable parameters. A constraint was 
set on the fitting so that the Kv1.1 fit frequency 
and AnkG fit frequency was shared. The distance 
between Kv1.1 and AnkG peaks was extracted by 
calculating the minimum distance between the 
phase shifts of both fits. 

Statistical analysis -  For all data, outliers 
were removed using the ROUT method with a Q 
value of 1%. Conditions were compared using a 
Brown-Forsythe and Welch ANOVA test with 
multiple comparisons unless mentioned otherwise. 
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Figure 3: Subcellular localization of AIS voltage-gated potassium channels: A) Confocal images 
of 22 DIV rat hippocampal neurons stained for AnkG in magenta and Kv1.1, Kv2.1, and Kv7.2 (from 
left to right) in cyan. All potassium channels and AnkG showed an increased presence in the proximal 
axon, while Kv2.1 also showed slight clustering in the soma and proximal dendrites. B-D) Enlarged 
images of the AIS (white boxes in A). E) STED composite images of Kv1.1 and AnkG on the left 
and Kv2.1 and AnkG on the right. Kv1.1, Kv2.1, and their respective AnkG staining are separately 
visualized in F, and G. Scale bars represent a length of 50 µm in A, 10 µm in B, C, and D and 2µm 
in E, F, and G. 

RESULTS AND DISCUSSION
Confocal microscopy revealed the subcellular 

localization of voltage-gated potassium channels 
– As a first step, we determined the subcellular 
localization of Kv1.1, Kv2.1, and Kv7.2 in 22 
DIV rat hippocampal neurons (Figure 3A-D). 
Immunocytochemistry revealed that Kv1.1 and 
Kv7.2 had an even distribution that was increased 
in the distal AIS and faded out in the distal axon, 
Kv2.1 was expressed as clusters. These clusters 
were most intense in the AIS, especially the 
proximal AIS, but also present in the soma and 

proximal dendrites. These observations are in 
line with previous findings on these specific ion 
channels (9,16). 

STED microscopy revealed the nanoscale 
distribution of Kv1.1 and Kv2.1 (Figure 3E-
G). Kv1.1 exhibited a periodic structure similar 
to actin, beta4-spectrin, beta2-spectrin, and 
adducin (3,8,36,37). Kv2.1 clusters were, in some 
cases, circular in nature, possibly encompassing 
GABAA-receptors. AnkG mostly seemed to avoid 
the Kv2.1 clusters, sometimes forming circular 
shapes around Kv2.1 clusters (yellow arrows). 
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AnkG was also expected to be periodic, as shown 
previously (8); however, periodicity in the current 
samples was only mildly visible. This was mainly 
caused by three problems. AnkG was stained with 
a secondary Abberior STAR ORANGE antibody 
which has a 616 nm emission peak compared to 
STAR RED stained Kv1.1, which has a 655 nm 
emission peak. This means that AnkG emission 
was slightly further away from the 775 nm STED 
laser resulting in a resolution between 60 and 70 
nm after imaging. In contrast, STAR RED could 
achieve resolutions up to 40 nm. Additionally, 
limitations of the microscope proved continuously 
challenging as Kv1.1 and AnkG had different focal 
plains in co-stained samples. After investigation, 
this was the result of a chromatic shift between 
the orange and red channels of about 80nm. 
Additionally, the used Kv1.1 antibody targeted 
an outer region of the potassium channel, while 
the used AnkG antibody targeted the internal 
C-terminal tail, resulting in an added biological 
shift. Finally, it is known that C-terminal targeted 
anti-AnkG antibody exhibits less profound 
periodicity (8).

Kv1.1 expression decreases gradually at 
the AIS during prolonged activity deprivation 
– To uncover the effect of activity regulation 
on Kv1.1, hippocampal neurons were treated 
with TTX for activity deprivation and BIC for 
activity stimulation. Confocal imaging revealed 
a gradual decrease in Kv1.1 AIS expression over 
the activity deprivation time series with TTX. A 
decrease in intensity was observed, especially 
after 24h and 48h of TTX administration to the 
cultures (TTX24h & TTX48h) (Figure 4A). These 
observations were supported by the intensity 
profiles of the time series (Figure 4B, left) and 
confirmed by statistical analysis of the normalized 
AIS densities (Figure 4C, left). Densities at 
TTX24h and TTX48h were significantly lower 
compared to control samples at 22 DIV (CTRL22) 
and 24 DIV (CTRL24). These findings indicate 
that hippocampal neurons downregulate Kv1.1 in 
response to activity deprivation. This suggests the 
cells possibly attempt to decrease overall activity 
by suppressing the hyperpolarizing capacity of 
Kv1.1. These results confirmed previous research 
from Kuba et. al. showing a decreased expression 
of Kv1.1 after 1, 3, 7, and 14+ days of activity 
deprivation (32). However, it should be noted that 
their method of activity deprivation did not involve 

TTX. Instead, their experiments were conducted 
on avian brainstem auditory neurons after auditory 
deprivation.  

On the other hand, activity stimulation using 
BIC had no significant effect on the intensity of 
Kv1.1. Of note, a relatively large variation in 
normalized AIS density could be observed 48 hours 
after BIC administration (BIC48h) (Figure 4C, 
right). One explanation for this originated from 
the overall cell densities of the cultures. BIC 
data was derived for two separate hippocampal 
neuron cultures from which 15 cells from each of 
the six conditions were analyzed. It was noticed 
that the Kv1.1 intensity tended to go down in 
the low-density culture, while the opposite was 
observed in the high-density culture (Supplement 
Figure 2). However, some skepticism is needed 
before making any conclusions since CTRL24 
data also varied between the cultures. 

Activity deprivation impacts the localization 
of Kv1.1 – Besides the decrease in Kv1.1 intensity 
in the axon at 48h of activity deprivation, it became 
apparent that the Kv1.1 signal also got confined to 
a specific part of the AIS, whereas under normal 
conditions, Kv1.1 gradually disappeared in the 
distal axon (Figure 4A, left, TTX48h). This 
observation was supported by the intensity profiles 
where the end slope of the profile became steeper 
after prolonged activity deprivation (Figure 5A, 
left). End slope fitting to an exponentially decaying 
curve (S-x) confirmed a steeper decay at 48 hours 
of activity deprivation (TTX48h)(Supplement 
Figure 3). This resulted in a slowly decreasing 
Kv1.1 segment length (Figure 5B). Additionally, 
a slight shift towards the distal axon was observed 
1 hour after TTX treatment, indicating this 
potassium channel might have a rapid positional 
response to activity deprivation. However, this 
difference was only significant compared to 
CTRL24 and not CTRL22.  In short, these results 
suggest that hippocampal neurons can alter 
the length, intensity, and location of Kv1.1 as a 
response to decreased overall activity levels. 

Activity stimulation using BIC did not 
affect the length, start position, or end slope of 
Kv1.1 (Figure 5B/C, Supplement Figure 3D). 
However, a slight increase in length, as well as 
a small shift towards the distal axon, could be 
observed. Nevertheless, these variations were 
not significant and need confirmation by BIC 
experiment repetition. 
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Figure 5: Effect of activity stimulation and deprivation on the localization of Kv1.1: A) Relative 
intensity profiles of AnkG (blue) compared to Kv1.1 (magenta) for each condition in an activity 
deprivation (TTX) and activity stimulation (BIC) time series.  B) Length of the Kv1.1 segment where 
the start position is defined as the position where intensity rises above 33% of the max intensity for 
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33% of the max intensity. C) Start position of Kv1.1 relative to the start position of AnkG along the 
axon. Number of neurons; TTX time-series (n = 61-63 per condition), BIC time-series (n = 30-33 per 
condition). * P < 0.05, *** P < 0.001, **** P < 0.0001.

No nanoscale changes to Kv1.1 periodicity 
were observed after activity manipulation – 
While Kv1.1 is prone to positional changes on a 
microscale,  nanoscale analysis of hippocampal 
neurons after activity manipulation with TTX and 
BIC revealed no alterations to the characteristic 
periodicity of the channel (Figure 6). However, 
STED microscopy imaging did confirm an 
alternating Kv1.1 and AnkG periodicity 

(Figure 6A). It was found that Kv1.1 peaks exhibits 
a 190 nm frequency, similar to AnkG and actin (2)
(Figure 6B), while the distance between Kv1.1 
and AnkG was close to half of 190 nm, confirming 
alternating periodicity (Figure 6C). These 
observations remained unchanged after short-
term (TTX1h, BIC1h) and long-term (TTX48h, 
BIC48h) activity manipulation. It should be noted 
that these results do not entirely eliminate the 
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possibility of nanoscale relocalization of Kv1.1. 
As previously mentioned, this potassium channel 
has an AnkG binding site while exhibiting no 
actual colocalization with AnkG. Hence, it was 
expected that colocalization would be observed 
upon manipulating activity. However, the used 
methodology only confirmed that no colocalization 

with AnkG occured in areas where apparent Kv1.1 
periodicity was observed. This means K1.1/AnkG 
colocalization could still occur in areas where 
Kv1.1 experienced a more diffuse localization. 
Other analysis techniques besides sin wave-fitting 
would be needed to determine this. In the future, 
it would be beneficial to use techniques like 

Figure 6: Nanoscale effects of activity manipulation on Kv1.1: A) STED microscopy images of 
rat hippocampal neuron AIS Kv1.1 after short- (TTX1h, BIC1h) and long-term (TTX48h, BIC48h) 
activity manipulation. Kv1.1 images are displayed on the left, while composite images with AnkG are 
displayed in the middle. Intensity profiles of a 1 µm line (yellow) and their respective fitted sin wave 
(dashed line) are displayed on the right and show an alternating periodicity between Kv1.1 and AnkG. 
B) Frequencies of the Kv1.1 fitted sin waves. No significance was observed. C) Phaseshift difference 
between Kv1.1 and AnkG or, in other words, the minimum distance between Kv1.1 and AnkG peaks. 
No significance was observed. Number of neurons; CTRL22 (n = 30), TTX conditions (n = 20 per 
condition), BIC conditions (n = 8-10). Scale bars represent a length of 2 µm.
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no longer the case after 48 hours of treatment, no 
significant difference was observed with CTRL24, 
and the variance of this condition was relatively 
large; more repetitions of this experiment are 
needed to confirm this. A slow decrease in cluster 
area and cluster fluorescence intensity was observed 
after 48 hours of activity stimulation (Figure 7C, 
Supplement Figure 4). This could indicate that 
the cell now reacted to increased overall activity 
by trafficking Kv2.1 channels out of the clusters, 
making them active. However, because these 
conditions were not significantly different from 
CTRL24, this response might be unrelated to BIC 
treatment but due to the maturation of the culture. 

STED microscopy revealed nanoscale 
structural changes to Kv2.1 clusters –  Activity 
deprivation time-series confirmed previous 
confocal microscopy results showing a decreased 
number of clusters after 48 hours of TTX treatment 
(Figure 8).  Another noticeable characteristic of 
Kv2.1 clusters at TTX48h was that almost all 
clusters lost their circular pattern. 

BIC experiments showed high variability 
and inconsistent results – Besides the previously 
discussed difference in culture density and 
overall few experiment repetitions, one of the 
theories explaining high variability in activity 
stimulation experiments related to the function of 
BIC itself. Since this substance blocks GABAA 
receptors, it could be expected that BIC would 
have a more significant effect when there are 
more cells and synapses compared to low-density 
cultures with fewer cells and synapses, making 
BIC experiments inconsistent when cell culture 
density varied among repetitions. Additionally, 
it is known that GABAergic synapses are not 
always hyperpolarizing. Specifically, researchers 
found that GABAA receptor-mediated responses 
are often depolarizing during early neuronal 
development, a phenomenon mediated by the 
neuronal (Cl-)-extruding K+/Cl- co-transporter 
KCC2 (45,46). In the future, it might be advisable 
to repeat BIC experiments with other activity 
stimulating substances like KCl (47).

Kv7.2 reacted similarly to activity deprivation 
compared to Kv1.1 – Confocal microscopy 
revealed a visibly noticeable decrease in Kv7.2 
expression upon prolonged activity deprivation 
(Figure 9A), also represented in the fluorescence 
intensity profiles (Figure 9B). Calculating the 

autocorrelation to obtain a degree of periodicity 
for both Kv1.1 and AnkG, while cross-correlation 
and another adequate correlation techniques could 
indicate Kv1.1/AnkG colocalization in the more 
diffuse regions of the AIS. 

Kv2.1 expression was decreased after activity 
deprivation – Next, we analyzed Kv2.1 using the 
same microscopy techniques as Kv1.1. However, 
because of its clustering nature, a different approach 
was taken for the analysis. Confocal microscopy 
revealed downregulation of Kv2.1 clusters after 
prolonged activity deprivation (Figure 7A, 
TTX24h, TTX48h).  It was confirmed by image 
analysis that cluster density was significantly lower 
after 24 hours, compared to the 24 DIV control, 
and after 48 hours compared to both controls 
(Figure 7B, left). Furthermore, analysis of the 
properties of each cluster revealed an increased 
cluster fluorescence intensity at 1, 6, and 24 hours 
post-activity deprivation (Figure 7C, left) while 
the average cluster area was not altered between 
conditions (Supplement Figure 4A, left). These 
findings indicate that Kv2.1 experienced both rapid 
and long-term alterations to its positioning and 
expression in activity-deprived neurons. Similar 
to Kv1.1, it was not surprising that neurons want 
to downregulate the hyperpolarizing capability 
of this channel by decreasing its expression after 
long-term activity deprivation. In contrast, a rapid 
increase in cluster intensity was not expected. 
However, this phenomenon was quickly clarified 
by previous research on the characteristics of 
Kv2.1. O'Connell et. al. stated in a 2010 research 
paper that cell-attached patch-clamp indicated 
that Kv2.1 clusters are nonconducting while 
whole-cell Kv2.1 current is likely derived from 
nonclustered diffuse channels (44). This means 
hippocampal neurons likely rapidly inactivate  
Kv2.1 by trafficking diffuse channels to the 
clusters indicated by the intensity increase inside 
the clusters. Subsequently, the cell decreases the 
overall surface-expression of clustered Kv2.1, 
indicated by the decrease in cluster density. It 
should be noted that the rapid cluster intensity 
increase was not significant compared to the 24 
DIV control (Figure 7C, left). However, it is 
unlikely that this short-term phenomenon was 
caused purely by the aging and maturation of the 
cell culture rather than the influence of TTX. 

Cells treated with BIC also showed decreased 
cluster density after 24 hours of treatment 
(Figure 7B, right). However, because this was 
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Figure 7: Effect of activity manipulation on Kv2.1 clusters: A) Confocal microscopy images of 
rat hippocampal neuron AIS Kv2.1 after multiple periods of activity deprivation (TTX) or simulation 
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Figure 9: Effect of activity manipulation on 
Kv7.2 expression: A) Confocal microscopy 
images of rat hippocampal neuron AIS Kv7.2 
after activity deprivation (TTX). B) Intensity 
profiles of Kv7.2 from the soma along the axon 
subtracted by the average intensity in the dendrite 
for each condition in an activity deprivation time 
series. C) Normalized AIS density represents 
the intensity over the calculated length of the 
AIS. Number of neurons; TTX time-series (n 
= 15-16  per condition). Scale bars represent a 
length of 10 µm.  * P < 0.05.

normalized Kv7.2 density and statistical analysis 
confirmed a significantly decreased expression at 
TTX48h (Figure 9C). This suggests that similar 
to Kv1.1, hippocampal neurons are also able to 
reduce the number of Kv7.2 channels in the AIS 
as a feedback mechanism to deprived overall 
activity. These findings contrasted previous results 
from Kuba e.a., stating that Kv7.2 expression was 
increased post-activity deprivation (32). However, 
like discussed previously, they used chick auditory 
neurons compared to rat hippocampal neurons 
and had a different approach to deprive activity. 
However, this does suggest that AIS plasticity 
varies between different regions of the brain. 

Kv7.2 exhibited a distal shift at TTX1h 
compared to CTRL24, similar to Kv1.1 
(Supplement Figure 5A). Since no significance 
was detected when comparing this condition to 
CTRL22, this observation could be related to the 
culture's age. No activity deprivation-dependent 
alterations were found relating to the length or 
steepness of Kv7.2's end slope (Supplement 
Figure 5B,C). However, Images and end slope 
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Figure 8: Nanoscale effects of activity 
deprivation on AIS Kv2.1: A) STED 
microscopy image of rat hippocampal neuron 
AIS Kv2.1 after short- (TTX1h) and long-term 
(TTX48h) activity deprivation including a 
control image at 22 DIV (CTRL22). Scale bars 
represent a length of 2 µm.
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Supplement box 1: Technical description of in-house software built for Kv2.1 cluster analysis: 
Core Cluster Counter processes were built in Python 3.8. Most image processing (thresholding, 
gaussian blur, watershed) was written using OpenCV (48), an open-source library including multiple 
computer vision algorithms. Since image analysis is a visual process, it was vital to build a well-
organized graphical user interface (GUI) to make the analysis easy to understand and less time-
consuming. The GUI was build in browser compatible and widely used HTML5 (CSS3 for style 

 SUPPLEMENT
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Supplement Figure 2:  Kv1.1 immunofluorescent intensity after activity stimulation varied 
greatly between cultures. Normalized AIS densities of Kv1.1 in a time series of activity stimulation 
using BIC from two separate hippocampal neuron cultures resulted in two very different outcomes. 
A possible explanation for this derives from the cultures' overall cell density. Kv1.1 intensity seemed 
to go down in the low-density culture, while the opposite was observed in the high-density culture. 
Whether this effect is caused by BIC treatment was unsure as 24 DIV control data (CTRL24) also 
varies greatly between the cultures. 

code) and Javascript for dynamic elements. Flask library was used for the easy communication 
between the core python code and the dynamic Javascript elements in the GUI (49). Flask works by 
translating GET & POST requests from the site into python compatible input data. In the opposite 
direction, Flask can translate python output data like created images, zip files, and datasheets into 
javascript compatible responses to easily display data in the GUI. Since the tool was already browser 
compatible, it was decided to push the code onto the web, hosted by amazon web services (AWS). 
A Redis server was set up to store all temporary user data in a secure location linked to a randomly 
generated user-specific universally unique identifier (UUID) to avoid cross-talk between users. For 
easy communication between the Redis server and the core python code, the Redis infrastructure was 
hosted on AWS ElastiCache. It was ensured that all user data was secure and inaccessible to other 
users or the server host and destroyed upon disconnect with the user. 

In short, after uploading a .czi image, the user is asked to define a threshold where all the clusters 
are visible. An optional threshold can be set on a ROI channel (in this case, AnkG to define the AIS).  
Additionally, a manual ROI can be set to limit the analysis to a specific part of the image. Afterward, 
clusters are automatically separated using the watershed principle (50). This allows the tool to extract 
the number of clusters, average intensity in each cluster, and each cluster's pixel area. 
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Supplement Figure 3:  Kv1.1 end slope changes on activity manipulation. A) Relative intensity 
profiles from the max intensity (blue) and fitted curves (green). Dark green represents the mean 
fitted value of S, with light green being the interquartile range. B) Fitting model with S as the fitted 
parameter. C) Fitted slope parameter S for all conditions of an activity deprivation timeline. D) Fitted 
slope parameter S for all conditions of an activity deprivation timeline. Significance was determined 
by a Kruskal-Wallis test. Fitting was done in Python 3.8 using the Lmfit library (41). **** P < 0.0001.
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Supplement Figure 4: Effects of activity manipulation on Kv2.1 cluster characteristics: A) 
Average Kv2.1 cluster area in pixels over a time series of activity deprivation (TTX) and stimulation 
(BIC). Number of neurons; TTX time-series (n = 58-62 per condition), BIC time-series (n = 30-33).  
* P < 0.05, ** P < 0.01. 
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Supplement Figure 5: Effect of activity stimulation and deprivation on the localization of Kv7.2: 
A) Start position of Kv7.2 relative to the start position of AnkG along the axon. B) Length of Kv7.2 
segments where the start position is defined by where the intensity profile rises above 33% of the 
max intensity for the first time, and the end position is defined by where a fitted end slope (S-x) dips 
below 33% of the max intensity for the first time. Number of neurons; TTX time-series (n = 15-16 
per condition), ** P < 0.01.
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Supplement Figure 6: Comparison of multiple anti-Kv7.2 antibodies: A) Rat hippocampal 22 
DIV neurons stained with rabbit anti-Kv7.2 (Thermo Fisher Scientific) on the left, a new batch of 
rabbit anti-Kv7.2 (Thermo Fisher Scientific) in the middle, and rabbit anti-Kv7.2 (SYSY) on the right 
B) Respective stainings with a mouse anti-AnkG antibody. 


