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ABSTRACT 

 

Neuronal cells heavily rely on clathrin-mediated endocytosis. This process is mainly studied in 

somatodendritic compartments and at presynapses. However, this mechanism is poorly studied along 

the axon shaft. It has recently been shown by our lab that the surface of the proximal axon is studded 

with clathrin-coated pits encased in circular clearings of a submembranous structure. This 

submembranous structure called the membrane-associated periodic scaffold (MPS), is made up of actin 

rings connected by a spectrin mesh. Endocytosis along the axon is nevertheless a rare event as the 

clearing-encased pits are stably stalled at the membrane. Endocytosis can be triggered by stimuli such 

as elevated neuronal activity induced by NMDA. 

In this research project, we used super-resolution microscopy techniques in combination with uptake 

assays and MPS-modulating drugs to investigate the underlying mechanism that drives clathrin-

mediated endocytosis along the proximal axon of cultured embryonic rat hippocampal neurons. Results 

have shown partial disruption of the spectrin scaffold and increased clathrin-mediated endocytosis after 

NMDA-induced long-term depression. Furthermore, we observed actin polymerization around clathrin 

pits after NMDA treatment, and preventing this polymerization with latrunculin A inhibited the increase 

in endocytosis. This suggests that actin polymerization triggers endocytosis from stalled pits along the 

axon, driving the endocytosis of membrane proteins such as ion channels.  

This newly discovered "ready-to-go" endocytic mechanism along the axon offers us new insights into 

the functions of the axonal MPS and might lead to new understandings of neurodegenerative diseases. 
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INTRODUCTION 

 

Trillions of axonal connections in the brain 

enable neurons to communicate with each other 

and establish intricate networks (1). The axon is 

an essential part of the neuron that transports 

important cellular information to a multitude of 

cell types by transforming chemical input into 

electrical currents. In neurodegenerative 

diseases such as Alzheimer's and Parkinson’s 

disease, the axon is usually the first target of 

degeneration, resulting in less efficient 

information transfer (2). Understanding this 

key neuronal compartment is therefore essential 

to unravel underlying molecular mechanisms in 

neurological diseases. 
The axon can be separated into two main 

compartments that vary in their molecular 

composition: the proximal and distal axon. The 

proximal axon houses a unique area separating 

the neuronal soma from the beginning of the 

axon termed the axonal initial segment (AIS). 

The AIS makes up the first 20-40 µm of the 

axon and has a specialized function in 

generating action potentials (3, 4). The central 

role of the AIS in initiating action potentials is 

reflected in the high density of Na+ and K+ 

channels tightly anchored to the scaffolding 

protein ankyrin G along its plasma membrane 

(5, 6). Furthermore, the AIS is also found to be 

essential in maintaining axonal polarity (4). 

The proximal and distal axons are both 

supported by a distinct submembranous 

organization of actin rings regularly interspaced 

every 190 nm with spectrin tetramers (figure 1) 

(7). The 190 nm distance between the actin 

rings corresponds to the length of the spectrin 

tetramers which are organized in a head-to-head 

manner (figure 1) (7). The entirety of this 

structure is called the membrane-associated 

periodic scaffold (MPS) and was observed for 

the first time in hippocampal neurons of the rat 

using super-resolution microscopy (7). The 

periodic structure of the MPS remained 

unobserved for a long time due to the inability 

of conventional microscopes to resolve the 

~190 nm periodicity, which is below the 

diffraction limit of light (8). Based on the 

location of the MPS in the axon, the spectrin 

tetramers vary in their composition; the AIS is 

made up of α2/β4 spectrin tetramers (figure 

1A), while the most distal parts of the axon 

contain α2/β2 spectrin tetramers (figure 1B) (8, 
9). This makes it possible to distinguish axonal 

compartments based on the difference in β-

spectrin isoforms. The physiological 

importance of this unique cytoskeletal 

organization consists of maintaining axonal 

structure and robustness to withstand the high 

amount of mechanical stress that the axon is 

constantly exposed to (8, 10). Besides its 

mechanically supportive function, emerging 

evidence also strongly indicates the regulating 

effect on endocytosis along the axonal shaft 

(11). Since its discovery in 1964, clathrin-

mediated endocytosis (CME) is the most 

studied and major endocytic pathway used by 

eukaryotic cells to sort and internalize 

extracellular components or cell-surface 

receptors (12, 13). For CME to occur, clathrin-

coated pits (CCPs) form at the bare plasma 
membrane. These diffraction-limited structures 

are made up of clathrin triskelia composed of 

three clathrin heavy chains and three clathrin 

light chains (14, 15). The clathrin triskelia self-

assemble together with adaptor proteins to form 

~100 nm polyhedral lattices covering 

invaginations of the cellular plasma membrane, 

which gives them their characteristic 

honeycomb-like appearance (14-16). At the 

level of the central nervous system, endocytosis 

is well-defined at synaptic and dendritic sites, 

while there is still a lack of understanding of 

endocytosis along axons (11, 17). Existing 

research primarily looks at the importance of 

CME in the axon outgrowth of developing 

axons (18-21). Recently, it was shown by 

diffraction-limited microscopy that CME is 

important in the maintenance of neuronal 

polarity at the AIS by removing and degrading 

polarized transmembrane proteins (22). Owing 

to the advancement of microscopy techniques, 

the first nanoscopic observations of CCPs along 

the AIS were made by Wernert, Moparthi et al. 

(11). Despite CCPs being present along the 

AIS, additional research by our team has shown 

that these pits are mostly stationary (11). 

Furthermore, the pits have been revealed to be 

exclusively residing in ~300 nm clearings of 

the axonal MPS by platinum replica electron 

microscopy (PREM) (11). Wernert Moparthi et 

al. also observed that when more clearings are 

introduced by perturbing the MPS with for 

example diamide, a spectrin-perturbing drug, 

CCP formation increases (11). This finding 

leads to the emergence of a new function of the 

MPS acting as a barrier impeding CCP 

formation along the axon (figure 1A-B) (11). 
Moreover, they showed that CME could be 

triggered after physiologically stimulating 
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neurons using N-methyl-D-aspartate (NMDA), 

which causes elevated neuronal activity and 

long-term depression (LTD) (11, 23). This 

indicates that CME along the axon becomes 
important in conditions of high neuronal 

activity which requires CCPs to be fully formed 

and “ready-to-go”. However, how NMDA 

stimulates CME is not clear, but the mechanism 

seems to be complementary to the arrangement 

of the MPS. 

During this research project, I observed the 

effect of diamide and NMDA on spectrin and 

actin periodicity and CCP formation. Together 

with the team, I also participated in the revision 

of the article of Wernert, Moparthi et al. in 

which we aim to shed light on how NMDA 

enables CME to occur along the axonal shaft of 

the AIS. We hypothesized that CME is 

stimulated by actin polymerization around the 

~300 nm clearings along the AIS. To answer 

our research question, we use advanced 

microscopy techniques to resolve the 190 nm 
periodicity of the MPS and the CCP 

polymerized actin in both neurons with intact 

and pharmacologically perturbed MPS. A more 
profound understanding of how the axonal 

architecture uniquely regulates CME 

potentially offers new understandings in the 

pathophysiology and therapy development of 

several neurological diseases in future research. 

 

EXPERIMENTAL PROCEDURES 

 

 Animals and neuronal cultures – For all 

the performed experiments, the use of Wistar 

rats was approved by the local ethics committee 

Figure 1: Schematic representation of the organization of the MPS at the AIS and distal axon. 
A. Organization of the MPS at the AIS. At the AIS the MPS exists out of tetramers consisting of β4-spectrin, which is only expressed at 
the AIS, and α2-spectrin regulary interspaced every 190 nm with actin rings. Clathrin-coated pits can be found covering the surface of the 
plasma membrane in clearings of the MPS. B. Organization of the MPS at the distal axon. At the distal axon the MPS exists out of 
tetramers consisting of β2-spectrin and α2-spectrin regulary interspaced every 190 nm with actin rings. Also here, clathrin-coated pits can 
be found covering the surface of the plasma membrane in clearings of the MPS. Image made with Biorender. 
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(agreement D13-055-8). Pregnant dams and 

their embryos at 18 days of gestation were 

sacrificed in line with the guidelines of the 

European Animal Care and Use Committee 

(86/609/CEE). The cells were then brought into 

culture following the Banker method, 

suspended above a feeder glia layer to obtain a 

low-density culture (24). Isolated hippocampi 

were dissociated using a trypsin treatment 

following mechanical trituration. Neurons were 

subsequently seeded at a density of 4000-8000 

cells/cm2 on 18 mm round 1,5H coverslips 

coated with poly-L-lysine (Sigma-Aldrich 

#P2636), which has been shown to enhance the 

adhesion and maturation of neuronal cell 

cultures (25). After seeding, neurons were 
incubated for 3h in a serum-containing plating 

medium (Minimum Essential Medium 1X 

(MEM) Gibco #21090-022, D-glucose 20% 

Thermo Fisher #15023-021, sodium pyruvate 

Gibco #11360-039, Fetal Bovine Serum (FBS) 

Gibco #A3160801, Penicillin/Streptomycin 

Thermo Fisher #15140-122) to allow proper 

adherence to the coverslips. Thereafter, 

coverslips with adhered neurons were 

transferred to astrocyte cultures in Neurobasal+ 

(NB+) medium (Neurobasal® Medium (NB) 1X 

Gibco #21103049, B27 Thermo Fisher #17504-

044, Penicillin/Streptomycin Thermo Fisher 

#15140-122, Amphotericin 100X Thermo 

Fisher #15290-026, L-glutamine 100X Thermo 

Fisher #25030-024). To suspend the coverslips 

above the astrocyte co-culture, paraffin dots 

were applied to the coverslips before seeding. 

Co-cultures were incubated at 37°C and 5% 

CO2 for up to two weeks to allow the MPS to 

fully develop. Neurons were used for 

experimental purposes between 13-15 days in 

vitro (DIV). 

 

Pharmacological treatments – For the 

diamide experiments, treatment of 14 DIV 

hippocampal neurons was done in their original 

conditioned NB+ medium for 45 minutes with 

500 µM diamide. We found that using the 

original cell medium is the most optimal way to 

avoid cell stress. Dimethyl sulfoxide (DMSO, 

Sigma-Aldrich #D2650) was used at 0,1% as a 

control. After diamide treatment, cells were 

immediately fixed in an optimized 

paraformaldehyde (PFA)/PIPES, EGTA, and 

MgSO4 (PEM) fixation solution (4% PFA, 4% 

sucrose, PEM) to avoid artifacts during SIM or 

STORM imaging (26). Fixation was performed 

at room temperature for 10 minutes. For 

treatment with N-Methyl-D-Aspartate (NMDA 

Sigma Aldrich #3262), 14 DIV neurons were 

pretreated for 5 minutes in unsupplemented NB 

medium. After pretreatment, 0.1 mM NMDA 

was added to the coverslips, and were 

subsequently incubated for 4 minutes in the 

incubator at 37°C and 5% CO2. After treatment, 

coverslips were rinsed 3 times in fresh 

uncomplemented NB, transferred to their 

original conditioned NB+ medium, and put 

back in the incubator for 30 minutes at 37°C 

and 5% CO2. Uncomplemented NB medium 

was used as a control. Immediately after 

treatment, neurons were fixed as previously 

described above. 

 
Fluorescence immunocytochemistry – 

Standard fluorescence immunolabeling was 

performed by following published protocols 

(27). Samples were blocked and permeabilized 

for 1 h in immunocytochemistry (ICC) blocking 

buffer (0,2M phosphate buffer; Na2HPO4 

Sigma-Aldrich #S0876 NaH2PO4 Sigma-

Aldrich #S0751, 0,22% gelatin Sigma-Aldrich 

#G9391-500G) with 0,1% Triton X-100 at 

room temperature. When labeling for clathrin, 

blocking was performed for three hours instead 

of one hour. During blocking, samples were put 

on a rocking table for continuous agitation. 

Paraffin dots were removed from the coverslips 

within the last 5 minutes of blocking. Primary 

antibodies were subsequently incubated 

overnight at 4°C in ICC+0,1% Triton X-100 

buffer, coverslips facing down. The following 

day coverslips were rinsed with ICC+0,1% 

Triton X-100 before secondary antibody 

incubation. Secondary antibody incubation was 

conducted for 1h at room temperature in 

ICC+0,1% Triton X-100, cells facing up. After 

secondary incubation, coverslips were rinsed 

twice with ICC+0,1% Triton X-100 and twice 

with phosphate buffer. 

 

Primary and secondary antibodies – The 

following primary antibodies were used for 

immunolabeling of fixed hippocampal neurons; 

chicken polyclonal anti-MAP2 (1:1000) 

(Synaptic Systems #188006), guinea pig 

polyclonal anti-clathrin light chain (CLC) 

(1:500) (Synaptic Systems #113004), mouse 

monoclonal anti-β2-spectrin (1:100) (BD 

Biosciences #612563), mouse monoclonal anti-

α2-spectrin (1:100) (BioLegend #803201), 

rabbit polyclonal anti-β4-spectrin (1:500) 

(Matthew Rasband, Baylor College of 
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Medicine, Austin, Texas). For secondary 

antibody incubation the following secondary 

antibodies were added to the coverslips; goat 

anti-chicken conjugated to DyeLight (DL) 405 

(1:200) (Tebubio #603146126), goat anti-

guinea pig conjugated to Alexa Fluor (AF) 488 

(1:400) (Invitrogen #A11073), donkey anti-

mouse conjugated to AF555 (1:400) 

(Invitrogen #A31570), donkey anti-rabbit 

conjugated to AF647 (1:300) (Invitrogen 

#A31573). For post-actin staining, Phalloidin 

Atto488 (Atto-Tec #AD48881) was used in 

case of SIM imaging and Phalloidin AF647+ 

(Thermo Fisher #A30107) when destined for 

STORM imaging. 

 
Unroofing – To prepare neurons for 

unroofing, they were immersed in three 

subsequent preheated solutions; First, they 

were quickly rinsed three times in a calcium-

enriched Ringer solution (155 mM NaCl, 3 mM 

KCl, 3 mM NaH2PO4, 5 mM HEPES, 10 mM 

glucose, 2 mM CaCl2, 1 mM MgCl2, pH 7.2) to 

rinse away NB+ medium. They were next 

placed in Ringer solution containing 0.5 mg/ml 

poly-L-lysine (155 mM NaCl, 3 mM KCl, 3 

mM NaH2PO4, 5 mM HEPES, 10 mM glucose, 

3 mM EGTA, 5 mM MgCl2, pH 7.2) for 10 s. 

Lastly, they were quickly immersed in Ringer 

solution without enriched calcium to detach 

excess poly-L-lysine. Afterward, neurons were 

unroofed in KHMgE buffer (70 mM KCl, 30 

mM HEPES, 5 mM MgCl2, 3 mM EGTA, pH 

7.2) by sonicating with 2-5 s sonicator pulses at 

~2.5 mm distance of the cells using a probe 

sonicator (4 mm tip, 20% amplitude, angle at ≥ 

45°, Sonics Vibra CellTM) at the lowest 

deliverable power. Unroofed neurons were 

immediately fixed after sonication for 15 min in 

KHMgE with 4% PFA. Before immunolabeling 
samples were rinsed 3 times with KHMgE. 

Immunolabeling was performed in the same 

way as described above, but instead of ICC 
buffer with 0,1% Triton X-100, a detergent-free 

buffer (KHMgE, 1% BSA) was used.  

 

Dextran and MemGlow uptake assays – 

For the dextran uptake assay, hippocampal 

neurons were treated for 4 minutes with a final 

concentration of 50 µM NMDA (from 50 mM 

stock diluted in ultrapure water, Sigma-Aldrich 

#M3262) at 37°C and 5% CO2. 

Unsupplemented NB medium was used as a 
control. After 4 minutes, neurons were rinsed 3 

times, transferred into their original dishes with 

conditioned NB+, and placed back into the 

incubator for 30 minutes of rest. Subsequently, 

neurons were incubated at 37°C and 5% CO2 

with dextran 10 kDa conjugated to Alexa Fluor 

555 (Thermo Fisher Scientific #D34679) for 30 

minutes. Immediately after the uptake assay, 

neurons were fixed for 10 minutes in 4% PFA, 

4% sucrose, and PEM buffer. Throughout the 

whole experiment, unsupplemented NB 

medium and reagents were kept at 37°C. During 

the entirety of the experiment, neurons were 

exposed to 5 µM latrunculin A (Sigma-Aldrich 

#L5163) or 100 µM calpain inhibitor (MDL 

28170 Merck #M6690), except for the NMDA 

and control condition. Immediately after the 

uptake assay, neurons were rinsed three times 
by dipping them in unsupplemented NB and 

fixed for 10 minutes in 4% PFA, 4% sucrose, 

and PEM buffer. For the duration of the 

experiment, NB medium and dextran-AF555 

were kept at 37°C.  

For the MemGlow uptake assay, the same 

experimental procedure was followed as for the 

dextran uptake assay. MemGlow560 was used 

at 200 nM. Fixation was carried out for 20 

minutes instead of 10 minutes, due to the lipid 

properties of Memglow560. In order to avoid 

washing away the cell membrane during 

immunostaining, a detergent-free buffer (ICC 

buffer without Triton X-100) was used after an 

hour of membrane permeabilization and 

blocking step. 

 

Structured illumination microscopy – 

Fixed hippocampal neurons were imaged on an 

N-SIM-S inverted Nikon Eclipse Ti2-E 

microscope (Nikon Instruments) on their 

respective 18 mm coverslips mounted in 

ProLongTM Glass Antifade Mountant (Thermo 

Fisher Scientific #P36980). The N-SIM-S 

microscope is equipped with four laser channels 

at excitation wavelengths of 405, 488, 561 and, 

640 nm, a Mad City Labs Nanodrive piezo 

stage and, a Hamamatsu Fusion BT CMOS 

camera. The AIS of neurons of interest were 

located with a 100X NA 1.49 oil objective and 

images were acquired in 3D-SIM mode (17 

planes per image). After acquiring the z planes 

of the images, they were reconstructed by the 

NIS-elements software. 

 

SMLM: STORM – 2D STORM 

imaging of the AIS of hippocampal neurons 

was performed on a widefield N-STORM 

microscope (Nikon Instruments). Prior to 
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imaging, a STORM buffer was prepared, 

consisting of a saline buffer (Smart Buffer Kit 

Abbelight), an enzymatic oxygen scavenger 

system consisting of catalase and glucose 

oxidase (GLOX) (Smart Buffer Kit Abbelight) 

to minimalize photobleaching due to oxygen 

radical formation, and mercaptoethylamine 

(MEA) (cysteamine, Merck #30070-10G, 1M 

stock in 360 mM HCl), which allows blinking 

of fluorophores. Stained coverslips were 

subsequently mounted in a silicon chamber 

filled with STORM buffer. The AIS of neurons 

of interest were located with a 100X NA 1.49 

oil objective. After localizing a region of 

interest (ROI), a super-resolved image was 

taken at 647 nm at the TIRF critical angle 
(Highly Inclined and Laminated Optical sheet 

HILO modality). Stained hippocampal neurons 

were kept in sodium azide (Sigma-Aldrich 

#S20025G) and phosphate buffer to store the 

samples for up several weeks. In case actin was 

imaged, coverslips were kept in phalloidin Atto 

647+ (1:400) and were stored at 4°C in a 

humidified chamber for up to 4 days. 

 

Live cell imaging – Neurons were mounted 

in a metal chamber on their coverslip and rinsed 

three times with Hibernate+ (2% B27 Thermo 

Fisher #17504-044, 0,5 mM L-glutamine 

Thermo Fisher #25030-024, 2,5 M 20% glucose 

Thermo Fisher #15023-021, 1X Hibernate® E 

medium low fluorescence TransnetYX 

#022024). Hibernate+ was also used as the 

imaging medium. For actin staining, GR555 

(100 µM stock solution in anhydrous DMSO, 

gifted by Zhixing Chen, Beijing) or SPY555 

(100 µM stock solution in anhydrous DMSO, 

Spirochrome #SC202) were used, while for 

staining of the plasma membrane PKMem560 

(100 µM stock solution in anhydrous DMSO, 

gifted by Zhixing Chen, Beijing) or 

MemGlow560 (100 µM stock solution, 

Cytoskeleton #MG02-02) were used to label 

neurons. The probes were added to the imaging 

medium to a final concentration of 100 nM. 

Subsequently, live cell imaging was performed 

on a N-SIM-S inverted Nikon Eclipse Ti2-E 

microscope (Nikon Instruments) in case actin 

periodicity needed to be observed, or on an 

inverted Nikon Eclipse Ti2-E microscope 

equipped with an Omicron LightHub 4-line 

laser unit, a CSU-W1 SoRa module (Yokogawa 

CSU series), an MCL Z drive and a PFS. 
During live cell imaging neurons were kept in a 

humidified cage incubator at 37°C. 

Data quantification and analysis – MPS 

periodicity was quantified by determining the 

autocorrelation intensity profile in Fiji (version 

2.14.0/1.54i) from line ROIs along the AIS, 

calculated with a Fiji script 

(https://github.com/cleterrier/Process_Profiles/

blob/master/Autocorrelation_.js). To determine 

the average autocorrelation at 190 nm the 

following formula was used: 

 

𝑨𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆𝒎𝒂𝒙 − (
(𝑨𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆𝒎𝒊𝒏,𝒍𝒆𝒇𝒕 + 𝑨𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆𝒎𝒊𝒏,𝒓𝒊𝒈𝒉𝒕)

𝟐
) 

 

Clathrin pit and dextran density were analyzed 

on a plugin on Fiji (version 2.14.0/1.54i). 

StarDist was used to segment densely packed 

objects from threshold images (28). 

Thresholding was done with Moments for 

clathrin pits, while for thresholding dextran 

Otsu was used. 

Bleaching on time-lapses of neurons acquired 

by live cell imaging was quantified using a 

custom Fiji macro 

(https://github.com/julliennicolas/LiveCellBle

ach.git). To quantify the photobleaching of the 

PK Mem and Memglow560 staining, the mean 

intensity over the image with subtracted 

background was measured for each frame. 

 

Statistics – Statistical analysis was 

performed on GraphPad Prism software 

(version 9.5.0). Significances were tested using 

Mann-Whitney U test to compare unpaired non-

parametric data or a Kruskal-Wallis test for 

multiple comparisons. Data were found to be 

significant at a significance level 𝛼 ≤ 0.05. In 

figures, obtained p values are indicated as 

follows: ns, non-significant; *, p < 0.05; **, p < 

0.01; ***, p < 0.001; ****, p < 0.0001. 

Experiments were carried out in duplicate for 

reproducibility. 

 
RESULTS 
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Clathrin pits form in clearings of the 
spectrin scaffold along the AIS – To investigate 

whether CCPs reside in clearings of the MPS, 

SIM was used to image the AIS of hippocampal 

neurons. SIM uses rotating diffraction gratings 

to produce a structured light pattern of Moiré 

fringes with modulations below the diffraction 

limit (29). The patterned interferences enhance 

spatial resolution in the image with a lateral 

resolution of ~120 nm resolution and an axial 

resolution of ~250 nm for 3D-SIM (8, 29). This 

is sufficient to visualize 190 nm periodicity of 

the MPS and individual CCPs (8, 11). In 

addition, SIM also offers a large field of view 

Figure 2: Clathrin pits form in clearings of the spectrin scaffold at the AIS. 
A. SIM image of a cultured hippocampal neuron at 14 DIV fixed and stained for clathrin light chain (CLC) (magenta, CCPs appear as 
clusters) and β4-spectrin (green, AIS-specific with visible 190 nm recurring periodicity). Central images show zooms of the AIS 
corresponding to the indicated area on the left image, square images in the center column show zooms of areas of interest on the AIS. 
CCPs residing in clearings are indicated with white arrowheads. Scale bars; 10 µm (left image), 5 µm (center column), 1 µm (right square 
zoomed images). B. Same SIM image as in panel A, but showing an overlay of stained clathrin (magenta, CCPs appear as clusters) and 
α2-spectrin. Central images show zooms of the AIS corresponding to the indicated area on the left image, square images in the center 
column show zooms of areas of interest on the AIS. CCPs residing in clearings are indicated with white arrowheads. Scale bars; 10 µm 
(left image), 5 µm (center column), 1 µm (right square zoomed images). C. SIM image of a 30 DIV unroofed, fixed and stained neuron. 
The neuron was stained for clathrin (magenta, CCPs appear as clusters) and β4-spectrin (green, AIS-specific). Central images show 
zooms of the AIS corresponding to the indicated area on the left image, square images in the center column show zooms of areas of 
interest on the AIS. CCPs residing in clearings are indicated with white arrowheads. Scale bars, 10 µm (left image), 5 µm (center column), 
1 µm (square zoomed images). D. Same SIM image as in panel C, but showing an overlay of stained clathrin (magenta, CCPs appear 
as clusters) and β2-spectrin. Central images show zooms of the distal axon corresponding to the indicated area on the left image, square 
images in the center column show zooms of areas of interest on the distal axon. CCPs residing in clearings are indicated with white 
arrowheads. Scale bars; 10 µm (left image), 5 µm (center column), 1 µm (right square zoomed images). 
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(FOV) and is relatively easier to use and faster 

than SMLM (8, 11). As confirmed by the paper 

of Wernert, Moparthi et al., ~100 nm CCPs are 

found in areas devoid of spectrin mesh (11). 

CCP clearings at the AIS are both devoid of β4-

spectrin and α2-spectrin (figure 2A-B, white 

arrowheads). To obtain more defined images of 

the clearings, mechanical unroofing of neurons 

was performed. This technique uses sonication 

to remove the upper surface of the plasma 

membrane and reveals structures of the ventral 
membrane, which corresponds to the inner side 

of the plasma membrane (30). By applying 

unroofing, it is therefore, possible to get more 
defined and prominent views on CCPs residing 

in clearings at the ventral side of the membrane 

(figure 2C, white arrowheads). During the 

unroofing process, intracellular protein 

components are removed as well, which also 

improves the visualization of clearings in the 

spectrin mesh (30). 

With the help of unroofing, CCPs were also 

observed to be present in clearings devoid of 

β2-spectrin at the level of the distal axon 

(figure 2D, white arrowheads). PREM data in 

Wernert, Moparthi et al. indicate that the 

diameter of the clearings in which the CCPs are 

found is ~300 nm (11). It was not possible to 

measure the diameter of individual clearings 

with the SIM data generated for this report, 

because of the limited resolution of SIM 

compared to PREM, but we confirmed that 

CCPs are found inside clearings of the spectrin 

mesh. 

 

Pharmacological perturbation of the MPS 
causes increased CCP formation – Based on 

the comprehension that CCPs only form in 

clearings of the spectrin mesh, it can be tested 

whether CCP formation can be stimulated by 

pharmacological perturbation of the mesh. To 

reveal whether perturbing the spectrin mesh 

would elevate CCP density, neurons were 

treated with diamide, which is a drug that 

oxidizes spectrins and disrupts its organization 

within the MPS (11, 31, 32). Before comparing 

CCP density in control versus diamide-treated 

neurons, the perturbing effect of diamide on β4-

spectrin was validated. The AIS of 

hippocampal neurons treated with diamide 

Figure 2: Clathrin pits form in clearings of the spectrin scaffold at the AIS. 
A. SIM image of a cultured hippocampal neuron at 14 DIV fixed and stained for clathrin light chain (CLC) (magenta, CCPs appear as 
clusters) and β4-spectrin (green, AIS-specific with visible 190 nm recurring periodicity). Central images show zooms of the AIS 
corresponding to the indicated area on the left image, square images in the center column show zooms of areas of interest on the AIS. 
CCPs residing in clearings are indicated with white arrowheads. Scale bars; 10 µm (left image), 5 µm (center column), 1 µm (right square 
zoomed images). B. Same SIM image as in panel A, but showing an overlay of stained clathrin (magenta, CCPs appear as clusters) and 
α2-spectrin. Central images show zooms of the AIS corresponding to the indicated area on the left image, square images in the center 
column show zooms of areas of interest on the AIS. CCPs residing in clearings are indicated with white arrowheads. Scale bars; 10 µm 
(left image), 5 µm (center column), 1 µm (right square zoomed images). C. SIM image of a 30 DIV unroofed, fixed and stained neuron. 
The neuron was stained for clathrin (magenta, CCPs appear as clusters) and β4-spectrin (green, AIS-specific). Central images show 
zooms of the AIS corresponding to the indicated area on the left image, square images in the center column show zooms of areas of 
interest on the AIS. CCPs residing in clearings are indicated with white arrowheads. Scale bars, 10 µm (left image), 5 µm (center column), 
1 µm (square zoomed images). D. Same SIM image as in panel C, but showing an overlay of stained clathrin (magenta, CCPs appear 
as clusters) and β2-spectrin. Central images show zooms of the distal axon corresponding to the indicated area on the left image, square 

images in the center column show zooms of areas of interest on the distal axon. CCPs residing in clearings are indicated with white 
arrowheads. Scale bars; 10 µm (left image), 5 µm (center column), 1 µm (right square zoomed images). 
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were imaged using 2D-STORM. STORM is an 
imaging technique that resolves structural 

information beyond the diffraction limit by 

means of single molecule localization 

microscopy (SMLM). In diffraction limited 

imaging, a high density of single fluorescent 

emitters crowd the image with overlapping 

point spread functions (PSF) which cannot be 

individually resolved. In SMLM, random 

subsets of these fluorophores are cycled 

through bright and dark states so that no two 

PSF overlap in the resulting image. These non-

overlapping PSF can be fitted with a Gaussian 

function, which is going to approximate the 

center of the fluorophore, reaching a lateral 

resolution of up to ~20 nm. With a ~20 nm 
lateral resolution, STORM can resolve MPS 

periodicity with a higher resolution than SIM 

(8). The obtained lateral resolution of STORM 
thus allows quantification of the MPS 

periodicity, which is not possible with SIM 

data. Obtained STORM images reveal that the 

190 nm periodicity of β4-spectrin was 

preserved in diamide-treated neurons compared 

to the control (figure 3A-B). This observation 

was confirmed by the autocorrelation and the 

average amplitude at 190 nm (figure 3C-D). 

The autocorrelation profile of diamide-treated 

neurons was found similar to that of the control 

condition (figure 3C). Comparison of the 

Figure 3: Pharmacological treatment with diamide partially influences 𝛃4-spectrin periodicity. 
A-B. STORM images of AIS of cultured hippocampal neurons at 14 DIV treated with control (0.1% DMSO for 45 minutes) or diamide (5 
mM for 45 minutes). Neurons were fixed and stained for β4-spectrin (AIS-specific, visible 190 nm periodicity). Images at the right show 
zooms of the AIS corresponding to the indicated area on the left images. Scale bars; 10 µm (left images), 1 µm (right images). C. Graph 
showing the autocorrelation profiles of control versus diamide-treated hippocampal neurons along the AIS. D. Bar plots showing the 
average amplitudes of the autocorrelations of control (N = 17) versus diamide (N = 22) treated neurons at 190 nm. A comparison of 
ranks with a Mann-Whitney U test was used to obtain p values. Significance level α > 0.05 (p = 0.5609). E-F. SIM images of 14 DIV 

hippocampal neurons treated as in figure A and B. Neurons were fixed and stained for β4-spectrin (green, AIS-specific). Scale bars; 4 
µm (left images), 1 µm (right images, zooms of the corresponding white boxes in the left images). 
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average amplitude at 190 nm of the two 

conditions was also found to be non-significant 

(mean ± SEM; 0.28 ± 0.06 for control, 0.32 ± 

0.05 for diamide condition) (figure 3D). 

Conflicting results were found on SIM images, 

which showed diamide-treated neurons with 

regions of perturbed and dimmer β4-spectrin 

staining (figure 3E-F). It is suspected that 

diamide therefore partially disrupts the β4-

spectrin mesh. 

The same experiment was done for actin, but 

periodicity was difficult to visualize due to 

formation of long actin filaments and a high 

degree of fasciculation of neurites likely 

induced during the treatment process 

(supplementary figure 1,2). Therefore, 

STORM images of actin were unusable for 

reliable quantification of the actin periodicity. 

SIM images were obtained to look at the effect 

of diamide on CCP formation at the AIS (figure 

4A-B). Quantifying these experiments did not 

give results consistent with the data in Wernert, 

Moparthi et al. (mean ± SEM; 3.49 ± 0.19 for 

control, 3.67 ± 0.25 for diamide condition) 

(figure 4C) (11). Previously conducted 

experiments showed that diamide led to a 

significant increase in CCP density at the AIS 

(mean ± SEM; 1.89 ± 0.17 for control, 2.54 ± 

0.10 for diamide condition, p-value = 0.0004) 

(figure 4D) (11). Pharmacological perturbation 

of the spectrin mesh thus results in an increase 

of CCPs at the AIS. 

 

NMDA-induced elevated neuronal activity 
partially impacts the spectrin scaffold at the 

AIS – To investigate whether elevated neuronal 

activity affects β4-spectrin periodicity at the 

AIS, NMDA was used to induce long-term 

depression (LTD) (33). STORM images of 

neurons treated with NMDA show visible 

disorganization (figure 5A-B). This 

observation is supported by the autocorrelation 

profile of NMDA-treated neurons, of which 

Figure 4: Pharmacological treatment with diamide increases clathrin pit formation along the 

AIS. 
A-B. SIM images of 14 DIV cultured hippocampal neurons treated with control (0.1% DMSO for 45 minutes) or diamide (5 mM for 45 
minutes). Neurons were fixed and stained for clathrin-light-chain (CLC) (magenta) and β4-spectrin (green). Scale bars; 10 µm (left 

images), 4 µm (center columns), 1 µm (right images, zooms of the corresponding white boxes in the middle columns). C. Bar plots 
showing the CCP density per µm2 of the AIS of neurons treated with control (N = 18) or diamide (N = 14). Comparison of ranks with a 
Mann-Whitney U test was performed to obtain p values. Significance level α > 0.05 (p = 0.6666). Data obtained from own experiments 
during internship. D. Bar plots showing the CCP density per µm2 of the AIS of neurons treated with control (N = 20) or diamide (N = 18). 
Comparison of ranks with a Mann-Whitney U test was performed to obtain p values. Significance level α < 0.05 (p = 0.0004). 
Quantification shown is from Wernert, Moparthi et al, 2023. 
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autocorrelation is attenuated compared to the 

autocorrelation profile of the control condition 

(figure 5C). Comparison of the average 

amplitudes at 190 nm of the NMDA-treated 

condition and control condition shows a 

significant decrease in β4-spectrin periodicity 

in NMDA-treated neurons (mean ± SEM; 0.30 

± 0.03 for control, 0.13 ± 0.02 for NMDA 

condition, p-value = 0.0001) (figure 5D).  

The same experiment was done for actin, but as 

previously mentioned, STORM data could not 

be quantified due to similar reasons 

(supplementary figure 1,3). Therefore, 

generated STORM images of actin were again 

unusable for reliable quantification of the actin 

periodicity. 

Based on the obtained STORM data, it can be 

confirmed that β4-spectrin periodicity is still 

detectable after NMDA-induced LTD but is 

significantly attenuated. 

 

Elevated neuronal activity increases clathrin-
mediated endocytosis – After confirming the 

effect of NMDA on β4-spectrin organization, it 

was explored whether NMDA also affects CCP 

formation and clathrin-mediated endocytic 

(CME) events. CME was visualized by 

performing uptake assays using fluorescently 

labeled dextran (10 kDa).  

After performing the uptake assay with dextran-

555, SIM data revealed a significant increase in 

dextran uptake at the AIS of NMDA-treated 

neurons compared to the control (mean ± SEM; 

1.63 ± 0.08 for control, 2.21 ± 0.12 for NMDA 

condition; p (control vs NMDA) = 0.0145) 

(figure 6B-C,H, quantifications performed by 

F. Wernert). This data was supported by 

staining the neuronal plasma membrane with 

Memglow560, a membrane lipid conjugated to 

Cy3, to visualize cargo internalization in 

endosomal compartments as an extra validation 

for CME to occur at the AIS (supplementary 

figure 5). However, no significant increase in 

CCP formation at the AIS was observed 

compared to the control (mean ± SEM; 2.35 ± 

0.21 for control, 3.06 ± 0.19 for NMDA 

condition) (figure 6B-C,I). Therefore, it can be 

assumed that NMDA has a regulating effect on 

CME, but does not affect CCP formation. 

 

Elevated neuronal activity stimulates actin 

polymerization around clathrin pits – The 

preprint version of Wernert et al. suggested that 

in addition to the formation of CCPs within 

clearings of the spectrin mesh, actin 

Figure 5: Elevated neuronal activity induced with NMDA disorganizes 𝛃4-spectrin periodicity at 

the AIS. 
A-B. STORM images of AIS of cultured hippocampal neurons at 15 DIV treated with control (uncomplemented NB) or NMDA (50 µM for 
4 minutes + 30 minutes rest). Neurons were fixed and stained for β4-spectrin (AIS-specific, visible 190 nm periodicity in control image, 
completely perturbed in NMDA image). Images at the right show zooms of the AIS corresponding to the indicated areas on the left images. 
Scale bars; 10 µm (left images), 1 µm (right images). C. Graph showing the autocorrelation profiles of β4-spectrin periodicity at the AIS 
in control versus NMDA-treated hippocampal neurons. D. Bar plots showing the average amplitudes of the autocorrelations of control (N 
= 38) versus NMDA (N = 43) treated neurons at 190 nm. A Mann-Whitney U test was performed to compare ranks and obtain p values. 
Significance level α < 0.05 (p = 0.0001). 
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polymerization around the CCPs is necessary 

for CME to occur, due to the appearance of 

dense actin within clearings on PREM images 

(figure 6A). To investigate the possible 

underlying mechanism of increased 

endocytosis and the factors that might play a 

role in this, neurons were additionally treated 

with latrunculin A and calpain inhibitor after 

NMDA treatment (Supplementary figure 4). 

Latrunculin A is a drug that interferes with 

polymerized actin by binding to actin 

monomers or depolymerizing already existing 

actin filaments (34). This drug therefore reveals 

the involvement of actin polymerization in the 

heightened occurrence of endocytosis along the 

AIS. Additionally, a calpain inhibitor (CI) was 
added to the experiment because calpain, a 

calcium-dependent cysteine protease, has been 

known to be a potent mediator of spectrin 

proteolysis by cleaving its binding sites at the 

plasma membrane (35). Calpain could therefore 

play a role in the observed increase of endocytic 

events at the AIS (36, 37). The obtained SIM 

data shows a comparison between AIS stained 

for clathrin and dextran-555 (figure 6B-E). A 

significant decrease in dextran-555 uptake was 

observed in the CI-treated condition compared 

to the control and NMDA condition, while there 

was only a significant decrease of dextran 

uptake in the latrunculin A condition compared 

to the NMDA condition (mean ± SEM; 1.63 ± 

0.08 for control, 2.21 ± 0.12 for NMDA 

condition, 1.53 ± 0.08 for latrunculin 

A+NMDA condition, 0.56 ± 0.051 for 

CI+NMDA condition; p (control vs NMDA) = 

0.0145; p (control vs CI) = 0.0001; p (NMDA 

vs LatA) = 0.0026; p (NMDA vs CI) = < 

0.0001; p (LatA vs CI) = 0.0016) (figure 6H). 

In the case of CCP formation, there was a 

significant decrease on CCP formation in the CI 

condition compared to control and NMDA 

condition. CCP formation in the latrunculin A 

condition was also found to be decreased 
significantly compared to the NMDA condition 

(mean ± SEM; 2.35 ± 0.21 for control, 3.06 ± 

0.19 for NMDA condition, 1.44 ± 0.14 for 

latrunculin A+NMDA condition, 0.68 ± 0.08 

for CI+NMDA condition; p (control vs CI) = < 

0.0001; p (NMDA vs LatA) = 0.0002; p 

(NMDA vs CI) = < 0.0001) (figure 6I). 

Consistent with the significant decrease in 

dextran-555 uptake and CCP formation in the 
latrunculin A condition compared to the 

NMDA condition, polymerized actin was 

observed around CCPs in SIM images of 

unroofed neurons treated with NMDA and was 

found to be absent in latrunculin A SIM images 

(figure 6F, arrowheads). SIM images of 

unroofed neurons treated with CI are lacking 

and are therefore not shown. 

Based on the SIM results, it can be concluded 

that NMDA-induced LTD is necessary for actin 

to polymerize around CCPs and unlock CME. 

However, CCP formation is independent of 

elevated neuronal activation. 
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Figure 6: Elevated neuronal activity induced by NMDA increases clathrin-mediated endocytosis 

and stimulates the polymerization of actin around clathrin pits. 
A. Schematic representation showing the proposed two-step mechanism necessary for clathrin-mediated endocytosis to occur at the 
AIS. Firstly, the area must be cleared of spectrin scaffold to allow CCPs to form on the bare plasma membrane. Secondly, actin needs 
to polymerize at the surface to aid in the scission of the CCP. Figure originating from Wernert, Moparthi et al. 2023. B-E. SIM images of 
AIS of cultured hippocampal neurons at 14 DIV treated with control (uncomplemented NB), NMDA (50 µM for 4 minutes), NMDA (50 µM 
for 4 min) + latrunculin A (LatA) (5 µM during 4 min of NMDA treatment, 30 min of rest and 30 minutes of feeding), NMDA + calpain 
inhibitor (CI) (100 µM during 4 min of NMDA treatment, 30 min of rest and 30 minutes of feeding). Neurons were fixed and stained for 
neurofascin (labels AIS) (green) and CLC (magenta). Fluorescently labeled 10 kDa AF555-dextran (yellow) was added to neurons to 
visualize endocytosis along the AIS. Images at the right show zooms of regions of interest of the AIS corresponding to the indicated 
areas on the left image. Scale bars; 2 µm (left images), 1 µm (right images). F. SIM images of 14 DIV unroofed neurons fixed and stained 
for β4-spectrin (AIS-specific), CLC (magenta), and actin (blue). Images at the right show zooms of regions of interest corresponding to 

the white boxes in the left images. Arrowheads show CCPs surrounded with polymerized actin. Scale bars; 5 µm (left images), 1 µm 
(right images). G. Bar plots showing the density of dextran clusters/µm2 of AIS treated with control (N = 26), NMDA (N = 25), 
NMDA+latrunculin A (N = 22), and NMDA+calpain inhibitor (N = 12). A Kruskal-Wallis test was performed to compare the density of 
dextran clusters/µm2 for every condition. p (control vs NMDA) = 0.0145; p (control vs LatA) = >0.9999; p (control vs CI) = 0.0001; p 
(NMDA vs LatA) = 0.0026; p (NMDA vs CI) = < 0.0001; p (LatA vs CI) = 0.0016. H. Bar plots showing the CCP density/µm2 of AIS treated 
with control (N = 19), NMDA (N = 21), NMDA+latrunculin A (N = 17), and NMDA+calpain inhibitor (N = 17). A Kruskal-Wallis test was 
performed to compare the density of CCPs/µm2 for every condition. p (control vs NMDA) = 0.5485; p (control vs LatA)= 0.0870; p (control 
vs CI) = < 0.0001; p (NMDA vs LatA) = 0.0002; p (NMDA vs CI) = < 0.0001; p (LatA vs CI) = 0,1072. 
 

 



                           Senior internship- 2nd master BMW  

 16 

DISCUSSION  

 

Clathrin pits form in clearings of the spectrin 
scaffold along the AIS – Endocytosis along the 

AIS and proximal axon has long been 

overlooked. Yet, the presence of CCPs along 

the AIS indicates that it has essential functions 

at the axon, such as the maintenance of axonal 

polarity and recycling of membrane receptors at 

the axonal plasma membrane (22, 38). 

Additionally, it could potentially also play a 

role in regulating the AIS length and neuronal 

excitability.  

Our team previously showed that the MPS 

regulates CCP formation by organizing CCPs in 

clearings depleted of spectrin mesh (11). These 
structures have been observed earlier in 

diffraction-limited fluorescent microscopy 

images of mouse embryonic fibroblasts (MEFs) 

and epithelial cells (38, 39). The inability of 

clathrin pits to assemble at sites where MPS is 

present is linked to sterical hindrance of the 

spectrin scaffold as shown by Wernert, 

Moparthi. et al. β-spectrins directly interact 

with the cell membrane by binding to 

phosphatidylinositol lipids, occupying 

important binding sites for endocytic proteins 

such as clathrin adaptor protein 2 (AP2) and 

several cargo adaptors (40, 41). CCPs are 

therefore only able to form at the bare plasma 

membrane. By increasing the accessible plasma 

membrane surface more CCPs can be formed. 

These pits have been shown to be stalled in 

Wernert, Moparthi et al. It is proposed that this 

negative regulation avoids spontaneous 

endocytosis of important membrane proteins 

such as sodium channels that generate the 

action potential.  

 

Pharmacological perturbation of the MPS 
causes increased CCP formation – Diamide has 

been proven to increase CCP density at the AIS 

by disrupting the spectrin mesh (11). Therefore, 

it was surprising to see that there was no 

significant effect of diamide on β4-spectrin 

periodicity (figure 3D). Wernert, Moparthi et 

al. show a visible, however partial effect of 

diamide on spectrin organization in the PREM 

images with the mesh transformed into 

connected globules, and therefore the generated 

results are not consistent with the article. There 

can be several explanations for the 

inconsistency. Firstly, it is possible that the 
diamide was ineffective. The first experiments 

were performed with 15 minutes of diamide 

compared to other experiments that were 

performed with 45 minutes of diamide 

treatment. It could be that the 15-minute 

treatment was insufficient for perturbation to 

happen. The used diamide could potentially 

also have been degraded and as a result did not 

manage to perturb spectrin. Secondly, it could 

be possible that the spectrin disorganization is 

not visible on STORM images and is only 

observable with PREM resolution. Lastly, it 

could be linked to experimental issues. Based 

on the observation that diamide increases CCP 

density but not endocytosis, it can be speculated 

that the MPS creates membrane tension which 

is not sufficiently decreased by the partial effect 

of diamide on the spectrin scaffold (42, 43). 
This reasoning can be supported by research 

showing that β-spectrins induce membrane 

tension along the axon and can therefore have 

an inhibitory effect on endocytosis (44). β-

spectrins can therefore have an inhibitory effect 

on endocytic events. 

 

NMDA-induced elevated neuronal activity 

impacts the spectrin scaffold at the AIS – The 

effect of NMDA on β4-spectrin periodicity is 

more consistent with the findings in Wernert, 

Moparthi et al. (11). Although, for the 

determined average autocorrelation, peaks at 

190 nm are more prominent in the article of 

Wernert, Moparthi et al. The periodicity of β4-

spectrin is therefore only partially affected by 

NMDA. The partial effect of NMDA on β4-

spectrin periodicity could be explained by β4-

spectrin being a very robust cytoskeletal 

component (3). As β4-spectrin is one of the 

main components of the MPS in the AIS, it is 

proven to be highly resistant to cytoskeletal 

perturbations because the AIS is crucial for 

action potential generation and therefore needs 

to withstand a lot of mechanical stress (3). In 

order to maintain its structural integrity, the AIS 

therefore needs to be studded with highly stable 

cytoskeletal assemblies. Also, for the axon to 

maintain its molecular identity, the AIS needs 

to stay intact (4). 

 

Elevated neuronal activity increases clathrin-
mediated endocytosis – NMDA-induced LTD 

has been shown to have an increasing effect on 

endocytosis but not on CCP formation (figure 

6G-H). This suggests that NMDA 
predominantly acts upon stimulating CME to 

occur and does not necessarily act upon 

creating more holes within the spectrin scaffold 
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for CCP assembly. The increased endocytosis 

elicited with NMDA was additionally 

demonstrated with MemGlow, a membrane 

lipid that only fluoresces when incorporated 

into the plasma membrane (supplementary 

figure 4) (45). By using MemGlow, we could 

confirm endocytic events by looking at the 

endosomal components at the plasma 

membrane. A difference in the shape of 

endosomal compartments was visible along the 

plasma membrane. In the control condition, 

endosomal compartments in the AIS are present 

as tubulovesicular endosomes, while in the 

NMDA-treated neurons, small circular 

endosomal compartments can be observed. 

These small endosomal compartments along 
the AIS are likely indicating CME occurring 

(46). Furthermore, Memglow was compared to 

PK Mem, a fluorophore with self-healing 

properties, for future use in live cell imaging 

(supplementary figure 5). In literature, PK 

Mem is shown to reduce phototoxicity and 

enhance photostability, confirmed by our own 

live cell imaging experiments (supplementary 

figure 5).  

 

Elevated neuronal activity stimulates actin 

polymerization around clathrin pits – The 

underlying mechanism behind the increased 

CME is likely stimulated by actin 

polymerization around CCPs that pull the pits 

inward. The promoting effect that branched 

actin has on severing and invaginating CCPs 

was already observed in previous research in 

which this mechanism is presented as the “edge 

pushing” model for CME (47). The effect of 

NMDA on actin polymerization was confirmed 

with data from neurons treated with latrunculin 

A. These neurons showed significantly 

decreased dextran uptake, compared to the ones 

treated with NMDA only. Additionally, adding 

latrunculin A to neurons also resulted in a 

significant decrease in CCP density. An 

explanation for this can be the loss of necessary 

binding sites present on F-actin for endocytic 

machinery to bind to (48). Interestingly, 

treating neurons with calpain inhibitor also 

resulted in significantly decreased CME and 

CCP density. The resulting effect elicited by the 

calpain inhibitor was even more pronounced 

compared to the effect of latrunculin A. This 

suggests that next to the role of NMDA in actin 

polymerization, calpain enzymes could also 

play an important role within this mechanism. 

This can be further supported by research 

showing that calpain activation increases with 

heightened activation of NMDA receptors (49-

52). The decreased CCP density and CME 

suggest that calpain is a necessary factor in 

regulating endocytosis along the AIS. It could 

also be reasoned that calpain activity will 

enhance the stimulation of endocytosis even 

further by lowering membrane tension due to 

the cleavage of spectrins. However, the results 

are still preliminary and need more future 

studies. Based on the findings in this report and. 

Wernert, Moparthi et al., the proposed 

mechanism for unlocking endocytosis along the 

AIS can be separated into two distinguishable 

layers; firstly, clearings with CCPs need to be 

formed within the spectrin mesh, and secondly, 
actin needs to polymerize around CCPs. 

Contrarily to the first layer, which is completely 

dependent on modulation of the spectrin mesh 

within the MPS, the second layer is found to be 

mostly independent of the MPS and its 

organization. This “ready-to-go” mechanism 

triggered by elevated neuronal activity such as 

LTD allows for stable protein assembly at the 

AIS.  

 

Future perspectives – The proposed ready-to-

go mechanism for CME along the AIS could 

potentially play an essential role in 

physiological processes of the brain such as 

axonal polarity, regulation of AIS length and 

plasticity. Because of the elevated neuronal 

activity during long-term potentiation (LTP) in 

memory consolidation, CME might even play 

an important part in this mechanism as well 

(53). At the same time, the MPS regulates CCP 

formation and forms a protective barrier under 

the axonal plasma membrane. The role of the 

MPS in CME could be studied further by using 

fluorogenic membrane lipids instead of using 

dextran feeding assays to visualize endocytic 

and endosomal activity at the membrane. Using 

technical optimization of MemGlow dyes by 

adding self-healing would be useful to study 

endocytosis during live cell imaging (54). 

Visualizing the membrane during live cell 

imaging would also be useful in studying the 

relationship between CME and the organization 

of actin rings within the MPS. We performed 

experiments in this direction where Memglow 

was compared to PK Mem, a fluorophore with 

self-healing properties due to integrated triplet-

state quenchers in MemGlow dyes (54), for 

future use in live cell imaging (supplementary 

figure 5). Using confocal microscopy PK Mem 
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has been shown to reduce phototoxicity and 

enhance photostability (54), confirmed by our 

own live cell imaging experiments on a SoRa 

module (supplementary figure 5). The SoRa 

module concentrates the laser to a smaller area 

of the sample and exposes the dyes to an 

increased laser power compared to 

conventional confocal microscopy. A clear 

difference in photostability and phototoxicity 

was observable in the acquired microscopy 

images. Neurons stained with Memglow560 

showed drastic morphology changes and 

blebbing after a short period of laser exposure, 

while PK Mem-treated neurons kept their 

morphology for a significantly longer period. 

Furthermore, PK Mem dyes bleached much 
slower compared to the Memglow560 dyes. For 

example, when using 10% laser power for 10 

minutes with 600 frames 50% intensity was lost 

at frame 11 when stained for Memglow560 and 

at frame 600 when stained for PK Mem. 

 

Perturbation of the spectrin scaffold within the 

MPS or dysregulation of the ‘ready-to-go’ 

CME mechanism could also lay at the 

pathophysiological basis of neurodegenerative 

disorders, such as AD. It was already observed 

in AD that CME and endosomal uptake are 

dysregulated and are implicated in AD 

progression (55). For example, increased 

endocytosis in AD has been observed to 

stimulate the production of Aβ protein out of 

internalized amyloid precursor protein (APP) 

(56). Although these observations show strong 

evidence implying the importance of CME in 

disease formation, there is a lack of studies on 

dysregulated endocytosis specifically along the 

axon. Therefore, elucidating the effect of the 

MPS on CME is essential in understanding 

diseases in which the axon is primarily affected, 

suggesting that the actin-spectrin scaffold 

might be disturbed. Furthermore, several 

studies also indicate pathologically enhanced 

LTD in AD but whether there is a relationship 

with dysregulated CME is not studied yet (57, 

58). Additionally, increased endocytosis in AD 

has been observed to stimulate the production 

of Aβ protein out of internalized amyloid 

precursor protein (APP) (56).  

Dysregulated clathrin-mediated endocytosis 

can also be linked to abnormal AIS length and 

remodelling. Abnormal AIS have already been 

observed in several neurological disease 
models such as epilepsy, AD, amyotrophic 

lateral sclerosis, autism spectrum disorder, and 

Angelman syndrome which can potentially be 

related to degradation of the MPS resulting in 

aberrant clathrin-mediated endocytosis (59-63). 

To link the implication of the MPS and its role 

in regulating endocytosis to these pathological 

phenomena we can rely on induced pluripotent 

stem cells (iPSCs) in future studies.  

Furthermore, it would be interesting to continue 

exploring the effect of calpain on CCP 

formation and CME based on the obtained 

preliminary results. Experiments would include 

neurons treated with calpain inhibitor alone to 

compare the effect to neurons treated with both 

NMDA and calpain. The study of the effect of 

calpain on the MPS and CME would give us 

more insight into neurological diseases or 
central nervous system injuries in which calpain 

excessively breaks down scaffolding proteins 

such as β4-spectrin (35).  

 

CONCLUSION 

 

It can be concluded that the AIS harbors stalled 

CCPs in clearings depleted of spectrin. Partial 

perturbation of β4-spectrin, an AIS-specific 

cytoskeleton component, is only partially 

perturbed by diamide or NMDA. Physiological 

stimulation with NMDA increased CME and 

revealed the second layer important for 

unlocking CME along the AIS by polymerizing 

actin around CCPs. These findings shed light on 

the relationship between the MPS, CCP 

formation, and CME along the AIS. This will 

be of interest to future research in several 

neurological diseases and therapy development. 
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SUPPLEMENTARY RESULTS 

 

 
 

 

 

 

 

 

 

  

Supplementary 1: Diamide-treated hippocampal neurons seem to maintain actin periodicity at 

the AIS. 
A-C. STORM images of cultured hippocampal neurons at DIV14 fixed and stained for actin with phalloidin (AttoPh647+). Neurons were 
treated with control (0,1% DMSO) or diamide (5 mM for 45 minutes). Images at the right are zooms corresponding to the white boxes of 
the center images (periodicity is difficult to observe). Arrows indicate the AIS. Scale bars; 20 µm (left images), 5 µm (center images), 2 
µm (right images). 
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Supplementary figure 2: Absent actin periodicity after treatment in NB+ in the AIS of NMDA-

treated hippocampal neurons. 
A-C. STORM images of cultured hippocampal neurons at DIV15 fixed and stained for actin with phalloidin (AttoPh647+). Neurons were 
treated with control (uncomplemented NB) or NMDA (50 µM for 4 minutes). Images at the right are zooms corresponding to the white 
boxes of the center images (periodicity is difficult to observe). Scale bars; 20 µm (left images), 5 µm (center images), 2 µm (right images). 
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Supplementary figure 3: Schematic representation of the experimental setup of the dextran 

uptake assays in four different conditions. 
Schematic visualization of the experimental setup. Four conditions in total were included in the experiment: control (uncomplemented 
NB), NMDA, NMDA+latranculin A, NMDA+calpain inhibitor. Figure made with Biorender. 

 



                           Senior internship- 2nd master BMW  

 27 

 
 

 

 

 

 

 

 

 

 

  

Supplementary figure 4: Elevated neuronal activity stimulates the formation of endosomal 

compartments along the AIS. 
A-B. SIM images of cultured hippocampal neurons at DIV15 fixed and stained for β4-spectrin (AIS-specific). Memglow560 (200 nM for 
30 min) was added to the experiment to show internalization of extracellular components. Neurons were treated with control 
(uncomplemented NB) or NMDA (50 µM for 4 minutes). Overlay of β4-spectrin and Memglow560 (top left image), single-color image of 

Memglow560 (top right image), zoom of the AIS corresponding to the white box in the top right image (bottom image). Arrowheads in 
the bottom images indicate tubular structures and endosomal compartments. Scale bars; 10 µm (top left images), 10 (top right images), 
4 µm (bottom images). 
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Supplementary figure 5: Staining neuronal membranes with a self-healing fluorophore enhances 

photostability and reduces cell phototoxicity. 
Live cell images of cultured hippocampal neurons at DIV2 stained with Memglow560 (100 nM, no self-healing properties, upper images) 
or PK Mem 560 (100 nM, self-healing properties, lower images) to compare photostability and cell phototoxicity of the two fluorogenic 
membrane lipids. Images were acquired at 200 ms exposure time every 1 second for 10 minutes. Different laser power intensities were 
used for every recording (10%, 20%, 30%, 50%). A. Live cell images of cultured hippocampal neurons at DIV2 comparing photostability 
Memglow560 of PK Mem 560. B. Graphs comparing the decline in mean intensity/frame of Memglow560 stained neurons versus PK 
Mem stained neurons at different laser power intensities (10%, 20%, 30%, 50%). C. Same images as in A, but adjusted for contrast 
showing the phototoxic effect on stained neurons. White arrowheads indicate blebbing due to phototoxicity. Scale bar = 5 µm. 

C) 


	Investigating the relationship between the actin-spectrin periodic scaffold and clathrin-mediated endocytosis at the axon initial segment
	ABSTRACT
	INTRODUCTION
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	Clathrin pits form in clearings of the spectrin scaffold along the AIS – Endocytosis along the AIS and proximal axon has long been overlooked. Yet, the presence of CCPs along the AIS indicates that it has essential functions at the axon, such as the m...
	CONCLUSION
	REFERENCES
	SUPPLEMENTARY RESULTS

