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Abstract
Axonal pathology has been widely reported in Alzheimer’s disease (AD). As a highly structured region in
the axon, axon initial segment (AIS) plays a vital role in action potential (AP) dynamics, including
initiation and propagation, closely linked to neuronal excitability and neurotransmitter release kinetics.
Previously, we showed that proteins localized in the AIS were remarkably changed in neurons from
APPswe/PS1ΔE9 mice carrying familial AD mutations. However, whether the AIS defects in APP/PS1
mouse neurons affect AP dynamics is unknown. Using genetically-encoded voltage indicators (GEVIs)-
based voltage imaging, we studied AP initiation and propagation in the APP/PS1 neurons. We found that
APP/PS1 neurons were more sensitive to intensive stimulations. Our data suggested that AP velocities
signi�cantly decreased in neurons from APP/PS1 mice than the wild-type mice. The velocity of forward-
propagating action potentials was lower when the AIS was located more distally from the soma or when
the AIS had a shorter length. The velocity of back-propagating action potentials was not correlated with
the location nor with the length of the AIS. These experimental results were reproduced in neuronal
simulations using multi-compartment modeling, suggesting a correlation between AIS length/location
change and AP propagation velocity due to the distribution of sodium channels. Taken together, Our
�ndings provide a deep insight into the abnormality of neuronal function in AD.

Introduction
Alzheimer’s disease (AD) is a severe neurodegenerative disorder characterized by progressive age-
dependent degeneration of neurons in the central nervous system and representing the most common
type of dementia in the elderly [1]. The brains of AD patients are characterized by numerous extracellular
senile plaques composed of amyloid β (Aβ), intracellular tau aggregates, and neuronal loss [2]. Previous
studies indicated that AD was typically associated with cytoskeletal alterations, including the formation
of neuro�brillary tangles (NFTs), neuropil threads, and axonal pathology [3-8]. Our previous study showed
that in the hippocampal neurons from typical AD model APPswe/PS1ΔE9 mice, proteins enriched in the
axon initial segment (AIS), such as ankyrin G (AnkG) and neurofascin 186 (NF186), were remarkably
down-regulated [9]. Moreover, AnkG-de�ciency impaired the proper localization of Nav1.6 channels in the
AIS and generated dispersive Nav 1.6 channels distribution in the entire axon [9]. 

The AIS is a highly structured region consisting of scaffolding proteins, adaptor protein (e.g., AnkG),
transmembrane cell adhesion molecules (e.g., NF186), and a dense population of voltage-gated ion
channels (e.g., Nav1.2 and Nav1.6) [10-12]. It plays a vital role in brain diseases and injuries [13]. APs are
generated at the AIS and propagated in two directions, i.e., forward-propagating action potentials (fpAPs)
and back-propagating action potentials (bpAPs) [14-16]. fpAPs travel along the axon toward the axonal
terminal and trigger the neurotransmitter release onto the adjacent target cells. Whereas, bpAPs travel
toward the soma and the dendrites [17, 18]. The relationship between bpAPs and the input electrical
signals in the dendrites is associated with the induction and maintenance of long-term potentiation (LTP)
or long-term depression (LTD), vital to the long-lasting increase or decrease of the connection between
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neurons [19-22]. During these processes, the velocity of AP propagation signi�cantly in�uences the timing
of electrical signaling, which is key to information transformation and integration. AP propagation
velocity varies in response to physiological �uctuations [23-28]. However, whether the AIS pathology
affects the AP initiation and propagation is unknown. 

To measure AP propagation velocity, a multi-site simultaneous recording is needed. However, due to the
tiny structure of the axonal structure (less than 1 μm in diameter), the classical patch-clamp technique is
not readily applicable to the axon [29]. One possible approach is to create an “axonal bleb” in the brain
slices. [29-31]. However, the multi-site recording in the axon and the AIS via patch-clamp is nearly
impossible [26, 30]. The other solution is using a high-density microelectrode array (HD-MEA) to measure
the AP propagation in the AIS with high temporal resolution [32-35]. While these electrode-based
techniques have advanced our knowledge of AIS electrophysiological properties, they suffer from high
invasiveness to cells, lower spatial sampling density, poor spatial resolution, and increased costs. In
recent years, voltage imaging has emerged as a powerful tool to report AP with high spatial-temporal
resolution and high throughput in sub-compartments of the axon, such as the AIS [33, 36-39]. With the
development of genetically encoded voltage indicators (GEVIs), voltage imaging can provide more spatial
information on AP waveforms in the AIS and are cost-effective than HD-MEA methods. It has been used
in studying AP initiation and propagation manners in the tiny and fragile AIS in the past decades [40-43]. 

Herein, using GEVIs-based voltage imaging, we studied AP initiation and propagation dynamics in the AIS
of cultured mouse hippocampal neurons. We reported that compared with the neurons from wild-type
mice, the AP initiation site of the neurons from APP/PS1 mice was signi�cantly far away from the soma,
and AP velocities in their AIS were lower. Besides, in wild-type neurons, the fpAP velocity was negatively
correlated with the AIS-to-soma distance but was positively correlated with the AIS length. Taken together,
our results elucidated the abnormal intrinsic excitability, AP initiation site, and bidirectional propagation
patterns in the APP/PS1 neurons, which may be induced by AD axonal pathology and contribute to AD
pathology.  

Methods

Reagents, Plasmids, and Antibodies
Poly-D-Lysine (PDL), Tween-20, Triton-100, Hanks’ balanced salt solution (HBSS), Bovine Serum Albumin
(BSA), fetal bovine serum, and fetal calf serum were from Sigma. DMEM medium, Neurobasal medium,
GlutaMAX, B27 supplement, penicillin/streptomycin, and trypsin were from Gibco. Tyrode’s Salts solution
was from Macgene. The anti-Neurofascin antibody (extNF; A12/18) was from NeuroMab. The anti-
ankyrin G antibody was from Invitrogen. The anti-MAP2 antibody was from Abcam. Alexa Fluor® 405
Goat Anti-Mouse, Alexa Fluor® 488 Donkey Anti-Mouse, and Alexa Fluor® 568 Donkey Anti-Chicken were
from Invitrogen. 
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Animals
SD rats, C57BL/6J mice, and APP/PS1 (APPswe/PS1ΔE9; human APP Swedish mutant/human PS1 exon 9
deletion) mice were from Beijing Vital River Laboratory Animal Technology Co., Ltd., following the rules
and regulations of Peking University Animal Care and Use Committee as described previously [9, 44]. 

Dissociation of Hippocampal Cultures
According to standard protocols, we prepared dissociated mixed neuronal and glial cultures from
postnatal day 0 rat/mouse pups hippocampi. Brie�y, hippocampi were dissected in DMEM, digested in
0.25% trypsin (15 min 37°C), triturated through Pasteur pipettes of increasingly narrow diameter, and
plated at 60,000 cells mL−1 onto PDL (50 μg mL−1) coated glass-bottom dishes (Cellvis). Cultures were
incubated (37°C, 5% CO2) in the Neurobasal medium containing B27 supplement, 2 mM GlutaMAX, and
penicillin/streptomycin. The medium was half-replaced after 48 hours. 

Transfection
Calcium phosphate transfection was used to introduce QuasAr2-mOrang2 plasmid directly into the cell at
days 8 in vitro (DIV7). Generally, for every dish, 2 μg of QuasAr2 plasmid in a 12.4 μL CaCl2/water
solution was mixed with 2× HEPES balanced solution (pH 7.12) followed by gentle vortexing. The
plasmid–Ca2+–phosphate complex was formed after 10 min incubation at room temperature and then
dropwisely added to DIV6 neurons prewashed with Neurobasal medium on glass-bottom dishes. Cultures
were incubated in a humidi�ed 5% CO2 chamber at 37°C for 30 min, and precipitation could be observed
around the cells. The precipitation was dissolved by adjusting the medium pH to 6.8 and 5 min
incubation at 37°C. Finally, cells were fed with the original growth medium and maintained until DIV12 for
live imaging, immuno�uorescence, or other treatment as described below. 

AIS live-labeling 
The mouse anti-pan-neurofascin antibody (extNF; A12/18, Neuromab) was generated against the rat-
speci�c extracellular domain common to NF155 and NF186 (amino acids 25-1110). Cultured neurons at
DIV12 were washed three times in HBSS, transferred into primary antibody solution (1:200), and
incubated in a humidi�ed 5% CO2 chamber at 37°C for another 30 min. Next, cultures were washed three
times in HBSS, transferred in secondary antibody (anti-mouse 405, 1:500), and incubated in a humidi�ed
5% CO2 chamber at 37°C for another 30 min. Finally, the cultures were rewashed and transferred into
Tyrode’s buffer (MACGENE) for imaging. 

Immunocytochemistry
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Following primary antibodies were used: mouse anti-ankyrin G (1:500; Invitrogen), chicken anti-MAP2
(1:10000; Abcam). Cultures were �xed with 4% paraformaldehyde and incubated with primary antibody
for 1 hour at room temperature. After washed in Tyrode’s buffer, permeabilized in 0.2% Triton X-100
(Sigma; 5 min at room temperature), and blocked in 5% BSA (Sigma; 1 hour at room temperature),
cultures were transferred in the medium containing primary antibody solution (in 5% BSA). The cultures
were then washed three times and transferred into the medium containing dye-conjugated secondary
antibodies mentioned before for 1 hour at room temperature. Then the cultures were washed three times
and transferred into Tyrode’s buffer for imaging. 

Imaging apparatus
Fluorescence imaging experiments were conducted on an inverted �uorescence microscope (Nikon-TiE)
equipped with a 40X 1.3 NA oil immersion objective lens, six laser lines (Coherent OBIS, 405 nm, 488 nm,
532 nm, 561 nm, 637 nm for confocal imaging, and a high-intensity 637 nm for voltage imaging), a
spinning disk confocal unit (Yokogawa CSU-X1), and two scienti�c CMOS cameras (Hamamatsu ORCA-
Flash 4.0 v2). The microscope, lasers, and the camera were controlled with a customized software written
in LabVIEW (National Instruments, 15.0 version) and could switch between confocal and wide�eld
imaging modes. Imaging of dyes and �uorescent proteins was performed at illumination intensities of 1–
6 W/cm2, and imaging of QuasAr2 was performed at 900 W/cm2. Supplementary Table S1 summarizes
the laser lines, dichroic mirrors, and emission �lters used for �uorescence imaging. 

Confocal imaging of neurons 
After labeling, cultures were transferred to Tyrode’s buffer (MACGENE). Images were acquired at 1×1
camera binning with an exposure time of 100-1000 milliseconds in Z-stack mode with a 0.3-0.5 μm step
length. Each image stack would be with Z-axis max intensity projection, and the new projected images in
several channels would be adjusted and merged with ImageJ/Fiji (NIH) 

Simultaneous patch-clamp recording and �uorescence
imaging
Cultured hippocampal neurons from rats/mice were cultured, transfected, and labeled as described
above. All imaging and electrophysiology experiments were performed in a customized high-glucose
Tyrode’s buffer containing 125 mM NaCl, 2.5 mM KCl, 3 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 30 mM
glucose (pH 7.3) and adjusted to 305–310 mOsm/kg with sucrose. The synapse blockers D-APV (25 μM),
NBQX (10 μM), and Gabazine (20 μM) (all from Abcam) were added to the imaging medium for single-cell
measurement.  
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We performed electrophysiology experiments at room temperature. Borosilicate glass electrodes (Sutter)
were pulled to a tip resistance of 2.5-5 MΩ, and Recordings were terminated if membrane resistance
changed by > 10%. The glass electrode was �lled with internal solution containing 125 mM potassium
gluconate, 8 mM NaCl, 0.6 mM MgCl2, 0.1 mM CaCl2, 1 mM EGTA, 10 mM HEPES, 4 mM Mg-ATP, 0.4 mM
Na-GTP (pH 7.3) and adjusted to 295 mOsm/kg with 1M sucrose. A Sutter MP285 micromanipulator was
recruited for adjusting the glass electrode’s position. The cells were clamped using an Axopatch 200B
ampli�er (Axon Instruments). The membrane voltage signal recorded from the patch ampli�er was
�ltered with an internal 5 kHz Bessel �lter and digitized at 21159.48 Hz (for Fig. 1) or 9681.48 Hz (for
other �gures) with a National Instruments PCIe-6353 data acquisition (DAQ) board (approximate twice
the bandwidth of the Bessel �lter). 

To collect the spike-triggered average movie from neurons expressing QuasAr2-mOrange2, we clamped
the cultured neurons in the whole-cell current-clamp mode (Axopatch 200B, Axon Instruments). We
simulated neurons 80 times or 125 times with 10 ms 100 pA-500 pA current injection (the stimulation
frequency is 6 Hz or 4 Hz, respectively) and simultaneously recorded the QuasAr2 �uorescence movies of
the clamped neuron. The movies were acquired at 484 Hz (2.0658 ms exposure time for each frame) or
1058 Hz frame rate (0.9452 ms exposure time for each frame) in rolling-shutter mode with 2-by-2 binning,
and the movies were averaged over all simulated APs (by peak �nding and alignment) to boost the
signal-to-noise (SNR) ratio for following interpolation and calculation. Camera bias (intensity of 400 in
the 2 x 2 binning mode) was subtracted from these average intensities to give the �nal values. We used
QuasAr2 imaging intensity of 900 W/cm2 at 637 nm and mOrange2 imaging intensity of 1.0 W/cm2 at
532 nm. Signal-to-noise ratio (SNR) The SNR was de�ned as the ratio of maximum �uorescence change
over the standard deviation of baseline �uorescence �uctuations. For all experiments, the �uorescence
signal was corrected for the photobleaching effect. The photobleaching baseline was constructed from
the whole �eld intensity by a sliding minimum �lter related to the stimulation frequency, followed by a
smooth processing algorithm. Then each frame of the raw movie (after camera bias subtraction) was
divided by the photobleaching baseline. 

Data analysis
The aim of data processing was to calculate the velocity on axons through this periodic signal. The video
data were processed by the self-developed method with MATLAB (version R2017a).  

The �ow chart of the method is shown in Supplementary Fig. S3A. Firstly, the raw data were �ltered by a
Gaussian low-pass �lter (size: 3 x 3, sigma: 1) to remove the spatial noise. As shown in Supplementary
Fig. S3B and Supplementary Fig. S3C, spatial �ltering increased the contrast of the standard deviation
image. The pixels with low standard derivatives were background pixels, while those with large standard
deviations were ROI pixels. Spatial �ltering reduced the signals of background pixels and the background
noise. Next, as shown in Supplementary Fig. S3D, the user would draw the centerline of the axon (the red
line). According to the centerline, we set the 5×5 region (the white square) centered by each pixel on the
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centerline as the whole region of interest (ROI, the region circled by the white line). Then, we smoothed the
intensity of the whole ROI twice to get the photobleaching baseline (Supplementary Fig. S3E). The �rst
smooth was a minimum �ltering (window size: 4 x 80), the result was the red line, and the second was
mean �ltering (window size: 2 x 80); the result was the yellow line, which was the photobleaching
baseline. The �nal normalized signal value was the intensity divided by the photobleaching baseline
(Supplementary Fig. S3E lower). After that, we found the peaks (local maximum) of periodic APs
(Supplementary Fig. S3F upper) and averaged them to get the mean action potential (blue AP in
Supplementary Fig. S3F lower). To increase the time resolution, we interpolated the kernel with a cubic
spline to get the green AP used as a kernel to revise the APs on each segment. The cubic spline
interpolation made the time resolution of data increased from 2 ms to 0.002 ms. 

We then calculated the arrival time of the peak of an action potential on each segment. Each segment
was de�ned by 21 pixels on the centerline. As shown in Supplementary Fig. S3G, the green region was
one of the segments. We averaged the signals of pixels in this region to be the signal on the red point,
which was the center of the green region. The green region was a small window sliding on the centerline.
We �rst interpolated the signal of the red point (blue signal) with cubic spline as the interpolation on the
kernel. Then we convolved the splined signal on the red point (red signal) with the kernel (green signal in
Supplementary Fig. S3F) to calculate the correlation coe�cient (yellow line in Supplementary Fig. S3G).
Then we replaced the splined signal with the kernel according to the correlation coe�cient and got the
corrected signal (purple signal). After that, we used the corrected and high-precision signal to �nd the red
point's AP peak arrival time. After the green window sides over all pixels on the centerline, we got the
corrected APs and their peak arrival time on all locations of the axon (Supplementary Fig. S3H).

Finally, we calculated two types of velocity: the mean velocity and the instantaneous velocity. For mean
velocity, we �tted the points in Supplementary Fig. S3H (lower right) with a line linearly. The mean velocity
was the slope of the line (Supplementary Fig. S3I). For instantaneous velocity, in our raw data, the data
pointed in Supplementary Fig. S3J were not monotonic, caused by noise. As we know, AP propagation
was unidirectional. Therefore, we used least-squares curve �tting with linear constraints to �t the raw
data, where C is an identity matrix, x is the unknown monotonic time, d is the raw data (peak arrival time),
and the constraint is

 

Generally, in our data, the maximum velocity in the AIS was 300 µm/ms, the minimum distance between
two data points was 0.325 µm (the pixel size in the raw imaging data). Thus, the constraint was set to
0.001. In this way, we calculated the monotonic propagation line (Supplementary Fig. S3J). The slope of
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the line on each location is the instantaneous velocity. The velocity change per unit distance is the
velocity change rate with respect to time. 

The spatial and temporal resolutions of the velocity were 0.325 μm (along the propagation direction on
the axon) and 0.002 ms, respectively. We de�ned the propagation velocity as peak propagation velocity.
Due to the limitation of the raw data and the data analysis methods, the velocity calculation in the AIS
shorter than 20 µm was not precise enough. Therefore, only AISs over 20 µm in length could be
quantitatively observed. The data processing code was available on GitHub
(https://github.com/Jessie940611/Action-Potential-Propagation-Velocity-is-In�uenced-by-AIS-Plasticity). 

Multi-compartmental modeling
We created a detailed multi-compartment model of a neuron to explore the relationship between AIS
plasticity and action potential propagation velocity. The model included simpli�ed morphology, ion
channel distributions and densities, channel kinetics, and passive properties. We stimulated the model
neuron with a pulse current injected directly into the soma. The simulation was performed by NEURON’s
(version 7.6.5) Python (version 3.6.6) interface. The integration time steps were �xed at 0.001 ms. The
length of the segment was 1 μm. The full model is available on GitHub
(https://github.com/Jessie940611/Action-Potential-Propagation-Velocity-is-In�uenced-by-AIS-Plasticity).  

Neuronal morphologies included several simple cylinders to mimic dendrite, soma, hillock, AIS, and axon.
Various passive parameter values were explored within physiologically relevant ranges taken from the
literature [45, 46]. The speci�c values of passive parameters were chosen to match the experimentally
measured input resistance and membrane time constant in hippocampus neurons. The speci�c
membrane capacitance, speci�c membrane resistance, intracellular resistivity, and leak current reversal
potential were set to 0.5 μF/cm2, 10000 Ω∙cm2, 300 Ω∙cm, and -65 mV, respectively. As for the active
properties, the gating kinetics of voltage-dependent Nav1.2, Nav1.6, and Kv channels were Hodgkin-Huxley
style [30]. The densities of ion channels were based on previously published values. AIS compartments
contained Nav1.2 and Nav1.6, and other compartments only contained Nav channels [30, 46, 47]. The
parameters are shown in Supplementary Table S2.

Results

Intrinsic excitability increased more sharply with the
simulation strength elevation in APP/PS1 mouse
hippocampal neuron  
As a severe neurodegenerative disorder, AD has destabilized calcium homeostasis and
presynaptic/postsynaptic glutamate regulations related to dysfunction of neuronal excitability [48-51].
Axonal pathology in APP/PS1 neurons, accompanied by membrane proteins and ion channel alterations,
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could seriously affect intrinsic neuronal excitability [52-55]. In the present study, we found that wild-type
neuron and APP/PS1 neurons have normal resting potential (WT: -69.1 ± 0.98 mV, n = 77; APP/PS1: -67.1
± 0.82 mV, n = 48, nsP value = 0.1703) (Fig. 1A). Then, we performed a current injection with small gradual
increases (from 5 to 100 pA with a step of 5 pA). The current injection duration and the following rest
duration were 500 ms) to investigate the excitability change in different stimulation strengths in wild-type
and APP/PS1 neurons. Our results showed that APP/PS1 neurons had signi�cantly higher rheobase
under 500 ms depolarizing current injection than wild-type neurons (WT: 50.2 ± 3.7 pA, n = 52; APP/PS1:
63.6 ± 4.3 pA, n = 35, **P-value = 0.0057) (Fig. 1B). 

APP/PS1 neurons were much more sensitive to the current injection than wild-type neurons and had
higher AP frequency when the current injection was strong enough, showing a stimulation-strength-
dependent excitability heterogeneity. As shown in Fig. 1C, compared to wild-type neurons (gray), APP/PS1
neurons (green) had lower AP frequency with a lower intensity of current injection (for example, 30 pA)
but had higher AP frequency with a higher intensity of current injection (for example, 100 pA). The spiking
probability of APP/PS1 neurons obviously increased when the current raised to more than 40 pA and
surpassed wild-type neurons when the current was more than 65 pA (n = 52) (Fig. 1D). More speci�cally,
two types of neurons' AP frequency showed a similar trend (Fig. 1E). Compared to the wild-type neuron,
the AP frequency of APP/PS1 neurons was lower with a milder current injection, but it increased severely
when the current injection intensity was over 50 pA. The AP frequency surpassed wild-type neurons when
the current injection intensity was over 70 pA (Fig. 1E). As highlighted in Fig. 1F and G, the AP frequency
of APP/PS1 neuron was about 60% less than wild-type under 50 pA current injection (WT: 3.49 ± 0.71 Hz,
n = 52; APP/PS1: 1.32 ± 0.37 Hz, n = 35, *P value = 0.0191) (Fig. 1F), but about 60% more than the wild-
type neurons under 100 pA current injection (WT: 6.78 ± 1.03 Hz, n = 52; APP/PS1: 10.8 ± 1.31 Hz, n = 35;
*P value = 0.0132) (Fig. 1G).  

Stimulation-strength-dependent excitability increase not only re�ected in the AP frequency but also in the
�rst AP peak latency. It decreased along with the current injection intensity increase, and the gap between
the two types of neurons decreased to less than 10 ms when the current injection intensity was over 75
pA (Fig. 1G). The �rst AP peak latency of APP/PS1 neuron was signi�cantly longer than wild-type neuron
when neurons were stimulated by a 50 pA current injection (WT: 149.6 ± 12.4 ms, n = 28; APP/PS1: 228.1
± 28.2 ms, n = 14, *P value = 0.0202) (Fig. 1I), while it was almost equal to wild-type neurons with 100 pA
injection (WT: 109.9 ± 10.6 ms, n = 42; APP/PS1: 111.3 ± 12.0 ms, n = 32, nsP value = 0.9303) (Fig. 1J).
Correspondingly, in APP/PS1 neurons, the time interval between the �rst and second peak with the
increased stepwise current injection also decreased faster than wild-type neurons and was basically the
same as wild-type neurons when current injection intensity was over 70 pA (Fig. 1K).  

High spatial-temporal voltage imaging was applied to study
action potential initiation and propagation in the AIS
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To study the AP initiation site and propagation manners in the AIS, we performed voltage imaging in
cultured hippocampal neurons from wild-type and APP/PS1 mice. We chose QuasAr2 as the GEVI in this
study for its high sensitivity and fast response kinetics [43]. It has been employed to monitor AP initiation
in cultured rat hippocampal neurons and investigate neuronal excitability of ALS patient-derived motor
neurons [43, 56]. Compared to previous imaging studies of the AIS using dyes [40-42], QuasAr2 offers a
superior signal-to-noise ratio (SNR) for its lower background signals and higher sensitivity in responding
to AP events and describing the AP waveform details [36, 57].  

As showed in Fig. 2A, cultured hippocampal neurons were transfected with QuasAr2-mOrange2 plasmid.
They were stimulated by periodic current injections injected into the soma via the whole-cell current
clamp. Meanwhile, QuasAr2 �uorescence images of the AIS and adjacent soma, axon, and dendrites were
acquired at a 484 Hz camera frame rate. The transfected neurons for voltage imaging from wild-type and
APP/PS1 mice showed a signi�cant difference neither in their Full Width at Half Maxima (FWHM) of
evoked APs, nor in the amplitude, resting potential, or threshold potential (Supplementary Fig. S1). After
the voltage imaging, we used the standard immuno�uorescence (IF) technique to visualize the recorded
neurons and their AIS. The neurons were �lled with biocytin (0.5% w/v) as a tracer, and the AIS-localized
AnkG or NF186 indicated their AISs. (Fig. 2A and B; Supplementary Fig. S2). 

We generated the spike-triggered average movies from the voltage imaging results corresponding to the
current injection-induced AP trains (Fig. 2C). The optical signals of APs in the spike-triggered averaged
movies had much higher SNR, and a few AP propagations could be directly observed from the movie (Fig.
2D). In our experiment results, the current injection (10 ms - 150 pA stimulation, frequency = 6.25 Hz, and
total AP number = 125) generated AP trains and corresponding �uorescence of QuasAr2 changed in the
soma, AIS, and axon (outlined in blue, orange and yellow, respectively) (Fig. 2D). The �uorescence
intensity robustly reported AP spikes at the AIS and neighboring regions, with an SNR ranging between 11
and 36 in the outlined AIS region (Fig. 2D, center column, mean ± standard deviation: 17.2 ± 4.3). We
generated the spike-triggered average spike movie to boost the SNR of the AP signal in the AIS to 111
(Fig. 2D, right column, the AIS trace). We further adapted an upsampling algorithm [42, 43] to analyze the
AP timing with sub-millisecond-level temporal resolution and pixel-level spatial resolution (Fig. 2E and
Supplementary Fig. S3, see METHODS). After this processing, we identi�ed the AP initiation site and the
velocity of bidirectional AP propagation in the AIS and adjacent soma, axon, and dendrites (Fig. 2F). 

Voltage imaging reveals AP propagation velocity at the AIS
In our study, AIS length was de�ned as the distance between the proximal end and distal end of the AIS,
and AIS location was de�ned as the distance from cell soma to the AIS proximal end [58]. Since its
initiation, AP propagates bi-directionally, with forward-propagating action potentials (fpAPs) traveling
along the axon and back-propagating action potentials (bpAPs) towards the soma and the dendrites (Fig.
3A). The previously described voltage imaging technique and data processing algorithm (Fig. 2E and f
and Supplementary Fig. S3) generated a pixel-by-pixel AP �ring timing heatmap (Fig. 3B). We extracted
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the mean AP propagation velocities on several compartments with high temporal-spatial resolution from
our raw data (Fig. 3C). We measured AP velocities in the AIS and compared these values pairwisely. We
found that the velocity of fpAP in the AIS was (1.87 ± 0.39 times) faster than in the axon (119.5 ± 18.7
μm/ms and 73.45 ± 7.76 μm/ms, respectively, *P-value = 0.0214) (Fig. 3D). We also found that the
velocity of fpAPs were generally faster (1.51 ± 0.18 times) than the corresponding bpAPs (112.6 ± 14.2
μm/ms and 84.99 ± 7.59 μm/ms, respectively, nsP value = 0.0547) (Fig. 3E). Taken together, our voltage
imaging method enabled us to distinguish AP propagation velocities from different subcellular regions. 

It is well established that the AIS is a highly structured region and is attached by many ion channels,
playing a crucial role in the AP initiation and propagation. This high spatial and temporal resolution
technique allowed us to observe the changes in AP velocity during the propagation. As shown in Fig. 3F,
the raw peak arrival times (gray circles) were not monotonic because of the data noise. Thus, we used the
least-squares curve �tting with linear constraints to �t the raw data. Lines in Fig. 3F indicated the
monotonic data; the slopes of lines on each location were the instantaneous velocities (Fig. 3G). The
velocity sign represented the propagation direction; negative and positive velocities were bpAP and fpAP
velocities, respectively. The velocity change per unit time was the acceleration (Fig. 3H). The sign of
acceleration represented if the velocity becomes slower or faster. For bpAP, the maximum acceleration
(the blue triangle) was where bpAP speeded up most, while the minimum acceleration (the blue inverted
triangle) was where bpAP slowed down most. For fpAP, the maximum acceleration (the brown triangle)
was where fpAP speeded up most, while the minimum acceleration (the brown inverted triangle) was
where fpAP slowed down most. Here we de�ned SDMP as the point where AP slowed down most and
SUMP as the point where AP speeded up most. 

The calculation details of the acceleration are mentioned in the METHODS section. We calculated SDMP
and SUMP on all neurons. In the control group, the relative distance from SDMP and SUMP of bpAP to
the AIS proximal end (SDMP/SUMP - AIS proximal end) was 3.8 ± 0.6 μm (n = 64) and 4.3 ± 0.6 μm (n =
64), the location distribution was present in the histogram (Fig. 3I and J). The relative distance from
SDMP and SUMP of fpAP to the AIS distal end (SDMP/SUMP - AIS distal end) was -1.3 ± 0.7 μm (n = 64)
and -1.8 ± 0.6 μm (n = 64); histogram shows the location distribution (Fig. 3K and L). These results
indicated that the AP velocity had a sudden change near the proximal and distal end of AIS. It suggests a
speci�c morphological structure in the AIS, not only the selective transportation of the molecules at the
terminal of the AIS, but the structure affects the AP propagation properties.  

AP was initiated more distal to the soma in APP/PS1
neurons
Previously we showed that APP/PS1 mouse model had axon abnormalities with shortened AIS mediated
by AnkG down-regulation [9]. We identi�ed the AIS with AnkG as a marker (Fig. 4A). We set the highest
�uorescence value of AnkG along the axon as the maximum (100%) �uorescence intensity and the lowest
�uorescence value of AnkG as the minimum (0%) �uorescence intensity. We de�ned the region with more
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than 10% of the maximum �uorescence intensity as the AIS proximal and distal end [58]. Compared to
wild-type neurons, the AIS of APP/PS1 hippocampal neurons had similar location (WT: 5.904 ± 0.77 μm;
APP/PS1: 5.383 ± 1.05 μm, nsP-value = 0.6857) (Fig. 4B), but had signi�cantly shorter length (WT: 38.49
± 1.86 μm; APP/PS1: 24.07 ± 1.07 μm, ***P-value < 0.001) (Fig. 4C). 

To obtain the detailed AP initiation and propagation information, we extracted the AP propagation
process from raw data and de�ned the location with the earliest action potential peak time as the AP
initiation site (red dot in Fig. 3C). We �rst normalized each AIS length from proximal end (0%) to distal
end (100%) and calculated the relative AP initiation site. We found that in wild-type neurons, the highest
probability of AP initiation site was at 50%-70% of total AIS length, which was coincided not only with the
spatial distribution of voltage-gated sodium channel Nav1.6 in the AIS, but also with the �ndings of the
previous study that AP is initiated in the slightly distal end of the AIS [30, 59]. However, in APP/PS1
neurons, APs were initiated more distally (70%-90% of total AIS length), even one-third of neurons-initiated
AP in the axon area distal to the AIS (Fig. 4D). Nevertheless, APs were nearly initiated at the same
absolute distance to the soma in wild-type and APP/PS1 neurons (Fig. 4E and F). In addition, the
correlation analysis showed that in wild-type neurons, when the AIS was located distal to the soma, AP
further tended to the soma (n = 17) (Fig. 4G). This positive correlation was more apparent between the AP
absolute initiation site and AIS length (n = 17) (Fig. 4H). However, in APP/PS1 neurons, although the
absolute AP initiation site was similar to wild-type neurons, the correlations between absolute AP
initiation site and AIS location or length were both disturbed (n = 11) (Fig. 4I and J).   

The alteration of AIS length and sodium channel decreased
AP velocities in APP/PS1 neuron
The velocity of AP propagation signi�cantly affects the approach timing of the electrical signals, which is
the key to trigger neurotransmitter release at the axon terminals and integrate the information at the
soma [23-28]. Since APP/PS1 neurons showed apparent AP initiation alteration, the AP propagation
patterns in APP/PS1 neurons might be different from those in wild-type neurons. To study whether AIS
structural alteration in APP/PS1 neurons also affected AP propagation, we directly recorded AP
propagation velocity in the AIS via the high spatial-temporal voltage imaging. We measured AP velocities
in the AIS and found that both bpAP (WT: 132.5 ± 10.33 μm/ms; APP/PS1: 77.49 ± 11.55 μm/ms, **P-
value = 0.0016) and fpAP (WT: 90.42 ± 8.45 μm/ms; APP/PS1: 66.42 ± 6.51 μm/ms, *P-value = 0.0254)
velocities in APP/PS1 neurons were lower than the wild-type neurons (Fig. 5A and B). The correlation
analysis of the AP initiation site and AP velocities showed that in wild-type neurons, neither bpAP (n = 18)
nor fpAP velocity (n = 13) were correlated with its initiation site, so did APP/PS1 neurons (n = 11 and n =
9, respectively) (Fig. 5C and D), suggesting the AP initiation site �uctuation did not affect its propagation
velocities.  

To study whether the shorter AIS in APP/PS1 neurons reduced the AP propagation velocities in the AIS,
we analyzed the correlation between the AIS location/length and bpAP/ fpAP velocities. In wild-type
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neurons, the bpAP velocity (n = 18) was not affected by the AIS location (Fig. 5E), but was slightly
reduced in the longer AIS (Fig. 5F). In contrast, the velocity of fpAP (n = 12) signi�cantly decreased in the
AIS located far from the soma or in the shorter AIS (Fig. 5G and H). According to these observations, the
APP/PS1 neuron has a shorter AIS with a similar location than the wild-type neuron. The lower fpAP
velocity was consistent with the correlation between fpAP velocity and AIS length, not the bpAP. These
results suggest that in APP/PS1 neurons, the decreased AP velocities in the AIS and neighbor
compartments were not uniquely related to the AIS length but might also be contributed to other
parameters. We also analyzed the correlation in APP/PS1 neurons, but those correlations were not
appeared in APP/PS1 neurons (bpAP: n = 12 and fpAP: n = 9, respectively) (Fig. 5I-L). 

The AIS was shorter in APP/PS1 neurons, and Nav1.6 was distributed along the entire axon and showed a
lower proportion in the AIS region. We constructed two multi-compartment models to verify whether these
changes lead to the bpAP and fpAP velocities decrease in APP/PS1 neurons, one simulated wild-type
neuron (Fig. 5M), and the other simulated APP/PS1 neuron (Fig. 5N). Both models were composed of
several sections: dendrite, soma, hillock, AIS, and axon. We adjusted the model's morphological and
physical parameters according to the published studies [9, 45-47, 60]. Compared with the wild-type
neuron model, the length of the AIS segment in the APP/PS1 neuron model was set shorter, the sodium
channel density in the AIS segment was set lower, and the sodium channel density in the axon segment
was set higher than wild-type neuron model. The speci�c parameters are listed in Supplementary Table
S2. We injected the same current (1 nA, 1 ms) into the soma section. Each section contained some
compartments, and the length of each compartment was 1 μm. Fig. 5M and N showed the AP peak arrival
time of each compartment. The slopes of the dotted arrows showed the mean velocity of bpAP and fpAP
in the AIS. In the simulation, the bpAP and fpAP velocities in APP/PS1 neuron model (bpAP: 125.0
μm/ms; fpAP: 166.7 μm/ms) were both lower than wild-type neuron model (bpAP: 144.7 μm/ms; fpAP:
185.2 μm/ms). These simulation results reproduced the experiment conclusions, indicating that the
shorter AIS and the abnormal location of sodium channels together decreased AP velocities in the
APP/PS1 neuron. 

fpAP propagation velocity was in�uenced by the AIS length
and location
Our study uncovered that fpAP velocity signi�cantly correlated with AIS location and length (Fig. 5G and
H). To further investigate the relationship between fpAP velocity and AIS location, we pharmacologically
perturbed the AIS location in wild-type neurons. A previous study showed that treating mature AIS (after
DIV7) with 15 mM KCl for 48 hours signi�cantly shifted the AIS distally without affecting the AIS length
[58]. Therefore, we employed this method to induce an AIS location shift. 

In the untreated neuron, the velocity of bpAP (n = 30) slightly decreased in AIS either was located far from
the soma or longer. However, neither of them showed statistical signi�cance (Fig. 6A and B). In contrast,
the velocity of fpAP (n = 19) was negatively correlated to the AIS location and positively correlated to the
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AIS length (Fig. 6C and D). After 15 mM KCl treatment from DIV10 to DIV12, the resting potential of these
neurons did not change (Fig. 6E), while the rheobase current signi�cantly increased when the neurons
were moved back to the 2.5 mM K+ extracellular medium (Fig. 6F).  

As envisioned, the AIS location was considerably moved away from the soma (Fig. 6G and H), while the
AIS length did not change (Fig. 6G, I). Consistent with the above observations (Fig. 6A-D), bpAP velocity
barely changed (101.3 ± 8.87 μm/ms and 83.74 ± 13.89 μm/ms, respectively, nsP value = 0.2676) (Fig.
6J), and fpAP velocity was much lower (138.8 ± 20.1 μm/ms and 65.33 ± 9.30 μm/ms, respectively, **P-
value = 0.0028) (Fig. 6K), when compared to the untreated neurons. Moreover, in the KCl-treatment group,
the velocity of bpAP (n = 15) was not signi�cantly in�uenced by AIS location and length (Fig. 6L and M).
In contrast, the velocity of fpAP (n = 10) was negatively correlated with AIS location and positively
correlated to AIS length (Fig. 6N and O), consistent with the correlations in the untreated neurons (Fig. 6A-
D). Taken together, the AIS distally shifting did not signi�cantly in�uence the bpAP velocity in the AIS, but
signi�cantly affected the fpAP velocity in the AIS. These results demonstrated that the AIS location and
length in�uenced the fpAP velocity. 

Sodium channel distribution determined the correlation
between AIS location/length and AP propagation velocities
To quantitatively study neuronal propagation velocity, we constructed a multi-compartment model. Our
model consisted of several sections: dendrite, soma, hillock, AIS, and axon. For simplicity, we modeled
each section as a cylinder (Fig. 7A). The model included four types of ionic currents: INav, INav1.2, INav1.6,
and IKv. The AIS contained INav1.2, INav1.6, and IKv, but not INav; all other sections contained INav and IKv.
Furthermore, the AIS had higher current densities than the other sections, consistent with previous
observations. The stimuli injected in the middle of the soma was a pulse current (1 ms, 1 nA).  

To examine the mechanisms underlying the correlation between AIS location/length and AP propagation
velocities in our experiments (Fig. 6A-D), we explored many parameters in our model. We found parameter
regimes where the model qualitatively reproduced experimentally observed trends. Among all the
parameters, we found that the spatial distribution of sodium channels most robustly affected the trends.
Here we demonstrated the effect by comparing two speci�c types of sodium channel distribution in the
AIS. The default, Type 1 (left panel in Fig. 7B), was a uniform distribution. However, as described in
previous studies, the densities of Nav1.2 and Nav1.6 were not uniform. Therefore, in Type 2 (right panel in
Fig. 7B), we modeled Nav1.2 to have a higher density in the proximal AIS and Nav1.6 to higher density in
the distal AIS. As shown in Fig. 7C, when the distribution of sodium channels was set to be uniform (Type
1), bpAP propagated slightly lower in the AIS located distally, consistent with our experimental results.
However, bpAP propagated faster in longer AIS, which contrasts with the experimental results. Moreover,
the dependencies of fpAP velocities in the AIS location and length were all inconsistent with our
experimental observations.   
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However, if sodium channels were distributed as Type 2, we could reproduce many experimental trends.
For example, in Type 2 sodium channel distributions simulations, bpAP propagated slightly lower in the
AIS located distally. Furthermore, modeling results demonstrated that the longer the AIS was, the faster
the fpAP propagated. These conclusions were consistent with the experimental results. Compared to
Type 1, in Type 2 AISs, the fpAP velocity was not higher in the AIS located distally, and the bpAP velocity
had no uniform correlation with AIS length. These conclusions are similar to the experimental trends in
Type 2 than in Type 1. In addition to these two types of sodium channel distributions, we tried other types
of sodium channel distributions, as shown in Supplementary Fig. S4A-D. Their corresponding simulation
results were similar to Type 2 (Supplementary Fig. S5).  

Type 2 simulation results could not completely reproduce the experimental trends due to the complexity
of soma-to-dendritic morphology in neurons. Soma-to-dendritic morphology in�uences neuronal
physiology, weakening the correlation between AIS plasticity and AP velocities. Furthermore, in our
models, as long as the proximal AIS had higher Nav1.2 densities than the distal AIS and distal AIS had
higher Nav1.6 densities than the proximal AIS, simulation results can reproduce many experimental
results. Therefore, we concluded that sodium channel distribution signi�cantly in�uenced the interaction
between AIS length/location and AP propagation velocities. These simulations suggested that the
change in the correlation between AIS location/length and AP propagation velocities in APP/PS1 neurons
to wild-type neurons might due to the sodium channel disorganization attributed to axon pathology. 

Finally, to study the effect of ion channel densities on AP propagation velocities, we adjusted gNav1.2,
gNav1.6, and gK, respectively, keeping to a Type 2 sodium distribution (Supplementary Fig. S6). We found
that densities of Nav1.2 and Nav1.6 hardly affected neither the AP velocities nor the trends of how bpAP
and fpAP velocities varied with AIS location and length. However, the density of Kv affects the AP
velocities the most (generally, a higher Kv density led to lower bpAPs and faster fpAPs) but hardly
affected how bpAP and fpAP velocities varied with AIS location and length. These results suggested that
the ion channels' spatial distribution, but not its densities on speci�c sites, more strongly in�uenced the
interaction between AIS length/location and AP propagation velocities.

Discussion
As an important axonal region, the AIS regulates neuronal excitability and is the initiation site of APs. Our
data suggested that compared to wild-type hippocampal mouse neurons, the neurons from APP/PS1
mice were with a signi�cantly higher rheobase during a 500 ms depolarizing stepwise current injection
and were with a signi�cant lower AP frequency and a longer AP latency when facing a moderate injection
intensity around the rheobase (Fig. 1B, E, and H). However, when the current injection intensity increased,
APP/PS1 neurons re�ected a sharper excitability elevation in the higher AP frequency and the lower �rst
AP peak latency (Fig. 1D-J). Under the 100 pA current injection intensity, the APP/PS1 neuron represented
much higher excitability, especially in a higher AP �ring frequency (60% more than the wild-type neurons)
(Fig. 1D, E, and G). The elevation in the expression of voltage-gated sodium channels, especially the
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lower-threshold Nav1.6 channel, was reported in the APP/PS1 mouse neurons[61]. Even the treatment of
exogenous soluble Aβ1-42, which is the main secreted marker in the brain of AD patients, could also
increase the Nav1.6 channel expression level. Previous studies showed increased excitability in mature
cultured APP/PS1 neurons with the increased expression levels of sodium channels, especially the AIS-
localized Nav1.6 channel [52, 54, 62, 63]. These neurons were reported with a higher AP �ring frequency
and a lower threshold upon injecting a strong depolarizing current (i.e., 200 pA, 500 ms). Incubation of
soluble Aβ1−42 could also alter neuronal excitability in cultured mouse cortical neurons or hippocampal
pyramidal neurons via elevating the expression of Nav1.6 or persistent sodium currents, respectively [52,
64]. Therefore, we suspected that in APP/PS1 mice neurons, the heterogeneous expression level and
distribution of Nav1.6 channel and other molecular and structural changes in the AIS could also lead to
the diversity in the initiation site propagation style of action potentials.  

On the other hand, rodents and human Aβ modulate the current densities of various voltage-gated
potassium channels, which may synergistically in�uence the AP frequency and latency of APP/PS1
neurons with different current injection intensities [65-67]. However, these results cannot directly elucidate
the lower excitability of APP/PS1 neurons with milder current injection. Considering the immense
structural and molecular changes in the AIS of APP/PS1 mice, we suggested that other factors in the AIS
may induce the stimulation-strength-dependent intrinsic excitability difference in APP/PS1 neurons.
Besides intrinsic neuronal excitability, we found that the low-threshold Nav1.6 channel was vital in
determining the action potential initiation site in the AIS [30, 68-70]. Previous studies have reported that in
the APP/PS1 neurons, the Nav1.6 channel is in overexpression and dislocation along the entire axon, but

not the distal AIS in the wild-type neurons [9]. In addition, abnormal Na+ channel distribution is a critical
factor of seizure, a common symptom observed in AD patients as a comorbidity widely reported [71-74].
The early-onset familial AD is linked to an 87-fold rise in seizure incidence compared with the general
population [75]. A recent study suggested epileptiform activity accelerates AD onset, and the evidence
from a sporadic AD patients study showed a relationship of electroencephalography (EEG) abnormalities
with an earlier onset of AD and faster progression of clinical impairment [76]. Therefore, this evidence
suggests that a therapeutic strategy targeting the Na+ channel in the early stage AD patients may
postpone AD complications such as seizures. 

We screened the AP initiation site and AP velocities during the bidirectional propagation in the AIS and
adjacent regions using the high spatial-temporal voltage imaging technique. Compared to other
techniques recently used in studying AP propagation in the AIS like high-density microelectrode array (HD-
MEA) [77, 78] or intracellular or extracellular recording technique [34, 79], the optical method (voltage
imaging) is believed to have a better spatial resolution, higher sampling density (more individual
acquisition points in the AIS). It has already been used to evaluate “sub-frame level” action potential
details [43, 80-82]. As mentioned earlier, in situ interrogation of AP propagation in the AIS via multi-
electrode intracellular patch-clamp recording has remained a technical challenge, so we cannot directly
validate our method via electrodes-based “gold-standard techniques” in the AIS and neighbor
compartments [29, 83]. Our results might differ from recently reported data via other techniques. A
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previous extracellular-recording study at 37°C showed that the average bpAP velocity in the AIS was 1100
± 1500 µm/ms (mean ± s.d.), with a median velocity of 600 µm/ms [79]. Our data, which were acquired at
room temperature (22°C), showed the bpAP velocity was 88.02 ± 7.02 µm/ms (mean ± s.e.m.), and the
fpAP velocity was 120.7 ± 13.8 µm/ms (mean ± s.e.m.), lower than the previous data. The difference in
velocity may be due to the temperature difference. Another study based on HD-MEA recording showed
that AP propagation velocity in the proximal axon of cultured neurons would decrease at least 60% when
the temperature was down to 22°C from 37°C. The other possible reason is the difference in the spatial
resolution of the various techniques used in the studies mentioned earlier. According to Bakkum et al. [32,
79], the costumed HD-MEA they used is composed of electrodes with 17.8 µm pitch and 8.2 × 5.8 µm2

area (3150 individual acquisition points per mm2), which might be not able to capture the electrical
activity details in the entire AIS because of the too large electrode size and pitch (few electrodes could
record the signal belonging to the AIS). In our voltage imaging setup, the area of individual acquisition
units (pixels) is about 0.325 × 0.325 µm2 (9.5 million acquisition points per mm2). Thus, we could get
about 100 unique data points to measure the action potential and calculate the propagation, so the
improved data sampling density may also distinguish between the velocity results in the AIS. 

As a severe neurodegenerative disorder, AD is associated with neuronal cytoskeletal alterations and axon
pathology, which is highly related to the loss of dendritic spines and synapses and neuronal
degeneration [3-7]. Our previous study showed an AIS structure transformation in the APP/PS1 mouse
neurons, but how the AIS structure alteration causes neuronal function defects in the AD model remains
unknown [9]. Taking advantage of the recent development of sensitive �uorescent voltage indicators and
advanced data processing methods, we now observe the point of AP initiation within the AIS region and
comprehensively describe how the AP propagates towards the cell body and the axonal terminal. We
found that the highest AP initiation occurrence in wild-type neurons was at 50%-70% of the AIS length
(Fig. 4D), consistent with the previous study [30]. However, in the APP/PS1 neurons, the AP initiation site
was a signi�cantly distal shift, and even 30% of APs initiated in the axon (Fig. 4D). The shift may be
attributed to the distribution change of the low threshold voltage-gated sodium channel Nav1.6, which is
down-regulated in the AIS and distributed along the entire axon. The pathological distribution of Nav1.6

may be the most critical factor of epilepsy, which was common comorbidity widely reported recently [71-
74]. The early-onset familial AD is linked to an astonishing 87-fold rise in seizure incidence compared
with the general population [75]. 

The structural changes of cytoskeleton proteins and adaptor proteins will alter the density, location, and
interaction of these ion channels, leading to changes in neuronal excitability. In our study, although the
AIS length was much shorter in APP/PS1 neurons than that in wild-type neurons, the AP’s initiation site
shared a similar distance from the soma with wild-type neurons. Meanwhile, compared to the wild-type
neuron, APP/PS1 neurons showed a low AP spiking frequency under lower current injection but a much
higher AP spiking frequency when the injection intensity increased. This may be attributed to the
disturbance of ion channel homeostasis in their expression and distribution, resulting in a lower AP
propagation velocity in the AIS and abnormal neuronal function. It is noteworthy that these results were
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derived from postnatal day 0 mice neurons, suggesting that for familial AD, there were signi�cant
changes in neuronal excitability and AP conduction velocity long in the neurons before the onset of AD
symptoms. This pathological process is a long way away from sporadic AD, through AIS pathology to
white matter lesions. Meanwhile, we also have reasons to believe that changes in neuronal excitability
and AP dynamics can be observed long before the symptoms appeared, suggesting that using
electroencephalography (EEG) to assist diagnosis in suspected AD patients may help to diagnose AD
relative patients in an early stage. Therefore, this evidence suggests that a therapeutic strategy targeting
the sodium channels in the early-stage AD patients may postpone AD complications, such as seizures.
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Figure 1

Intrinsic excitability increased more sharply with the simulation strength elevation in APP/PS1 mouse
hippocampal neurons A No signi�cant difference was observed in resting potential between wild-type
mice neurons (showed in gray, -69.1 ± 0.98 mV, n = 77) and APP/PS1 neurons (showed in teal blue, -67.1
± 0.82 mV, n = 48, nsP value = 0.1703). B The APP/PS1 neurons had signi�cantly higher rheobase under
stepwise depolarizing current injection (from 5 pA to 100 pA with a 5 pA step size, and the current
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injection duration and the followed rest-time duration were all about 500 ms) than wild-type neurons
(APP/PS1: 63.6 ± 4.3 pA, n = 35; wild-type: 50.2 ± 3.7 pA, n = 52, **P value = 0.0057). C Typical
membrane potential traces responding to stepwise current injection from 5 pA to 100 pA (the identical
stimulation in Fig. 1B, here the results of 30 pA, 50 pA, and 100 pA were highlighted). D The �ring
probability of APP/PS1 neurons (if the neurons burst at least one AP during the current injection or not, n
= 35) increased in the current injection pattern described in Fig. 1B when the injected current was more
than 40 pA and surpassed the wild-type neurons (n = 52) when the current was more than 65 pA. E The
�ring frequency of wild-type neurons and APP/PS1 neurons in the same test of Fig. 1C. The �ring
frequency of APP/PS1 neurons surpassed the wild-type neurons when the current was more than 70 pA.
F The distribution of wild-type and APP/PS1 neurons �ring frequency when neurons are under 50 pA, 496
ms current injection (corresponding to Fig. 1E). G The distribution of wild-type and APP/PS1 neurons
�ring frequency when neurons are under 100 pA, 496 ms current injection (corresponding to Fig. 1E). H
The �rst peak latency of the wild-type neurons (data of each point at least from 16 neurons) and
APP/PS1 neurons (data of each point at least from 3 neurons) to the current injection pattern described
in Fig. 2B. The �rst peak latency of the APP/PS1 neurons decreased when the current strength increased.
The neurons in this �gure. �red at least one AP in all current injections when the current was more than
35 pA. I The �rst peak latency of APP/PS1 neurons under 50 pA, 496 ms current injection was
signi�cantly longer than wild-type neurons (APP/PS1: 228.1 ± 28.2 ms, n = 14; wild-type: 149.6 ± 12.4 ms,
n = 28, *P-value = 0.0202), corresponding to Fig. 1H. J No signi�cant difference were observed between
the �rst peak latency of APP/PS1 neurons (111.3 ± 12.0 ms, n = 32) and wild-type neurons (n = 42, 109.9
± 10.6 ms) under 100 pA, 496 ms current injection, (APP/PS1: 111.3 ± 12.0 ms, n = 32; wild-type: 109.9 ±
10.6 ms, n = 42, nsP-value = 0.9303), corresponding to Fig. 1H. K The interval between the �rst peak and
second time of the wild-type neurons (data of each point at least from 10 neurons) and APP/PS1 neurons
(data of each point at least from one neuron) to the current injection pattern described in Fig. 1C. The
neurons included in this �gure �red at least two APs in all current injections when the current was more
than 35 pA. Data were presented as mean ± S.E.M.. Statistical analysis was performed using Mann-
Whitney test in Fig. 1A, B, F, and G, or by unpaired t-test in Fig. 1I and J. The data acquisition rate is 21159
Hz.
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Figure 2

AP initiation and propagation in the AIS could be well-resolved via voltage imaging A The pipeline of
investigating AP details in the AIS and adjacent soma, axon, and dendrites via voltage imaging. Firstly,
current injection and synchronized voltage imaging were performed on cultured wild-type (control) and
APP/PS1 mouse hippocampal neurons (DIV12) expressing QuasAr2-mOrange2, and biocytin was �lled in
the internal solution of the patch pipettes to identify the tested neurons. Then, standard IF was performed
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on the neurons. After the IF, tested neurons and their AIS would be indicated via dye-conjugated
streptavidin and AnkG antibody, respectively. Finally, the tested neurons and their AIS could be recognized
under a microscope. A group of representative �uorescence images is shown in Supplementary Fig. 2. B
A cartoon illustrating AIS identi�cation in a neuron after voltage imaging under a microscope. C The
Spike-triggered average movie was generated for the average AP waveform of each pixel in the �eld of
view for the following interpolation. D Left, a selected cell expressing QuasAr2-mOrange2 is with current
injection on the soma for the action potentials train, and different regions of interest (ROI) in the neuron in
the �eld-of-view were polygonally outlined in different colors, corresponding to the traces in the middle
column; Middle, the signals of somatic recorded electrophysiological data and corresponding voltage
imaging data to the selected cell. The injected current (200 pA 10ms, 4 Hz, shown in the gray line) evoked
action potential trains (electrical signal in soma, gray). The corresponding optical voltage signals were
simultaneously recorded with an sCMOS camera in good synchronization (blue: soma; orange: AIS;
yellow: axon). Sub-threshold electrical event (failed APs) would be well-removed in the traces; Right, the
averaged electrical AP trace (black line on the top) and optical traces of the averaged AP signals (blue:
soma; orange: AIS; yellow: axon) evoked by the somatic stimulation (black line on the bottom). The
average traces were superimposed with single AP trails (gray lines backward). E Left, superimposed
average signals of the three ROIs in Fig. 2D acquired in 484 Hz. The circle markers on the solid lines
indicate the raw optical data points; Right, the corresponding 1000-times upsampled optical signal via a
maximum correction-based waveform �lter and cubic spline-based interpolation algorithm (interval =
2.0658 μs) (Supplementary Fig. 3 and METHOD). F According to the high spatial-temporal AP initiation
and propagation mapping from voltage imaging and interpolation, the AIS parameters (like length,
distance to soma, and width, left column) and AP propagation details (AP initiation site, bidirectional
propagation velocities in the AIS, soma, axon, and neighbor dendrites, right column) and diversities
between the neurons from different types of the mouse like the wild-type mouse (in gray) and the
APP/PS1 mouse (in teal blue) could be resolved. The circles in the right �gure represent the AP arrival
timing calculated from the original voltage imaging movie. The dash lines represent the AP arrival timing
from the interpolated data.
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Figure 3

AP velocities were varied during propagation A Schematic diagram of a neuron, including dendrites,
soma, AIS, and axon. AIS location is de�ned as the distance from the soma to the AIS proximal end. AIS
length is de�ned as the distance from the proximal end to the distal end. AP is initiated in the initiation
site (red star) and propagates backward (blue) and forward (orange). B The heatmap of action potential
arrival timing generated from the spike-triggered average AP movie after �ltering and interpolation (Fig. 2
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D and E). The black arrow indicates the location where AP is initiated. C Gray circles are the AP peak
arrival time at each location in the axon. The red dot is the AP initiation site. The dotted line shows mean
bpAP propagation. The solid lines show mean fpAP propagation. The blue and brown lines show mean
AP propagation in AIS. The green line shows AP propagation in the axon. D Paired comparison of fpAP
velocities in the AIS and axon (number of pairs = 21, mean velocity in the AIS = 119.5 ± 18.64 µm/ms,
mean velocity in the axon = 73.45 ± 7.76 µm/ms, *P-value = 0.0214). E Paired comparison of bpAP and
fpAP velocities in the AIS (number of pairs = 29, mean bpAP velocity = 84.99 ± 7.6 µm/ms, mean fAP
velocity = 112.6 ± 14.2 µm/ms, *P-value = 0.0547). F Gray circles are the raw data of peak time. Lines are
�tted by raw data using the least-squares curve �tting with linear constraints (The details of data analysis
are described in METHODS). The dotted curve is bpAP propagation. The solid curves are fpAP
propagation. The blue and brown curves are AP propagation in AIS. The green curve is AP propagation in
the axon. The red dot is the initiation site. G Each dot is the instantaneous velocity on each location on
the axon. The blue, brown, and green dots are the velocity of bpAP in the AIS, fpAP in the AIS, and fpAP in
the axon. H Each dot is the instantaneous rate of a velocity change on each location in the axon. The
blue, brown, and green dots are the velocity change rate of bpAP in the AIS, fpAP in the AIS, and fpAP in
the axon. The blue triangle indicates the largest velocity change rate of bpAP, indicating that velocity
becomes faster on this location. The blue inverted triangle shows the lowest velocity change rate of bpAP,
indicating that velocity becomes slower on this location. The brown triangle and inverted triangle indicate
the highest and lowest velocity change rate of fpAP. I Relative location of SDMP and SUMP of bpAP to
AIS proximal end in the control group (positive: the points are in AIS, negative: the points are in hillock).
Gray circle, the relative location of SDMP of bpAP (Mean ± SEM 3.816 ± 0.5569, n=64); blue circle, the
relative location of SUMP of bpAP (Mean ± SEM 4.333 ± 0.5581, n=64). J Histogram of Fig. 3I. K Relative
location of SDMP and SUMP of fpAP to AIS distal end in the control group (positive: the points are in the
axon, negative: the points are in AIS). Gray circle, the relative location of SDPM of fpAP (Mean ± SEM
-1.814 ± 0.6093, n=64); brown circle, the relative location of SUMP of fpAP (Mean ± SEM -1.33 ± 0.6614,
n=64). L Histogram of Fig. 3K.
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Figure 4

AP initiation site were more distal to soma in APP/PS1 mouse neurons A Immuno�uorescence imaging
of hippocampal neurons shows the APP/PS1 neuron has shorter AIS. MAP2 (green) denote the cell body,
axon and dendrites; AnkG (red) denote the AIS, scale bars: 20 µm) B and C No signi�cant difference was
observed between the AIS location of WT neurons (5.904 ± 0.77 µm) and APP/PS1 neurons (5.383 ±
1.053 µm), but the AIS length of APP/PS1 neurons (24.07 ± 1.07 µm) is signi�cantly shorter than WT
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neurons (38.49 ± 1.86 µm). Neuron numbers: wild-type n = 18, APP/PS1 n = 12; For AIS location
comparison, nsP value = 0.6857; For AIS length comparison, ***P value < 0.001. All data were acquired
from the neurons after voltage imaging. D Histogram of relative action potential initiation site in the AIS.
Wild-type hippocampal neurons (gray), mean = 48.06% ± 3.28%, n = 32; APP/PS1 hippocampal neurons
(blue), mean = 81.86% ± 9.12%, n = 14. E The absolute location (distance to the soma) was similar in
both wild-type (24.26 ± 1.78 µm, n = 18) and APP/PS1 neurons. (20.89 ± 1.92 µm/ms, n = 11), nsP value
= 0.2281. F Histogram of absolute AP initiation site in the AIS. Wild-type hippocampal neurons (gray),
mean = 24.26 ± 1.78 µm, n = 18; APP/PS1 hippocampal neurons (blue), mean = 20.89 ± 1.92 µm/ms, n =
11. G Correlation of AIS location and absolute AP initiation site in wild-type neuron (n = 17, r = 0.325, nsP
value = 0.2026). H Correlation of AIS length and absolute AP initiation site in wild-type neuron (n = 17, r =
0.520, *P value = 0.0325). I Correlation of AIS location and absolute AP initiation site in APP/PS1 neuron
(n = 11, r = 0.309, nsP value = 0.3555). J Correlation of AIS length and absolute AP initiation site in
APP/PS1 neuron (n = 11, r = -0.471, nsP value = 0.1434). Somatic AIS counted for most of the AIS
recorded; thus only somatic AIS data were included in this study. Error bars represented S.E.M., the two-
tailed unpaired t-test was employed in B and C, and the linear regression was employed in G-J.
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Figure 5

The neurons from APP/PS1 mice had lower bpAP and fpAP velocities than neurons from wild-type mice
We compared the bpAP and fpAP velocities in neurons from APP/PS1 mice and wild-type mice. Our data
showed that compared to wild-type neurons, both bpAP and fpAP velocities in APP/PS1 neurons were
lower. Moreover, our data suggested that the fpAP velocity negatively correlated with AIS location and
positively correlated with AIS length. A The bpAP velocities in the AIS in APP/PS1 neurons (77.49 ± 11.55
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µm/ms, n = 12) were signi�cantly lower than WT neurons (132.5 ± 10.33 µm/ms, n = 18). **P-value =
0.0016. B The fpAP velocities in the AIS in APP/PS1 neurons (66.42 ± 6.51 µm/ms, n = 9) were
signi�cantly lower than WT neurons (90.42 ± 8.446 µm/ms, n = 13). *P-value = 0.0254. C Correlation of
bpAP velocity and absolute AP initiation site in wild-type neuron (n = 18, r = -0.061, nsP value = 0.8088)
and APP/PS1 neuron (n = 11, r = -0.133, nsP-value = 0.6970). D Correlation of fpAP velocity and absolute
AP initiation site in wild-type neuron (n = 13, r = 0.075, nsP value = 0.8090) and APP/PS1 neuron (n = 9, r
= -0.067, nsP-value = 0.8650). E Correlation of AIS location and bpAP velocity in wild-type neuron (n = 18,
r = 0.115, nsP-value = 0.6489). F Correlation of AIS length and bpAP velocity in wild-type neuron (n = 18, r
= -0.424, nsP-value = 0.0798). G Correlation of AIS location and fpAP velocity in wild-type neuron (n = 13,
r = -0.568, *P-value = 0.0430). H Correlation of AIS length and fpAP velocity in wild-type neuron (n = 13, r =
0.592, *P-value = 0.0331). I Correlation of AIS location and bpAP velocity in APP/PS1 neuron (n = 12, r =
-0.134, nsP-value = 0.6774). J Correlation of AIS length and bpAP velocity in APP/PS1 neuron (n = 12, r =
0.025, nsP-value = 0.9375). K Correlation of AIS location and fpAP velocity in APP/PS1 neuron (n = 9, r =
-0.173, nsP-value = 0.6554). L Correlation of AIS length and fpAP velocity in APP/PS1 neuron (n = 9, r =
0.232, nsP-value = 0.5479). M Wild-type neuron model. Upper, the schematic diagram of a somatic multi-
compartment model, depicting all the model compartments and the injected stimulus in the simulation.
Soma compartment was attached to a dendrite compartment and a hillock compartment. AIS
compartment was attached to a hillock compartment, then attached to an axon compartment. The model
parameters are shown in Supplementary Table S2. The stimulus was a 1 nA current that lasted for 1 ms.
The current stimulus was injected into the center of the soma. Lower, the arrival time of action potential
peaks on some segments. The black line labeled these segments in the upper schematic diagram.
Different compartments are shown in different colors. The slopes of dotted arrows are the mean bpAP
and fpAP velocities in the AIS compartment. N APP/PS1 neuron model. Upper, the schematic diagram of
a somatic multi-compartment model, depicting all the model compartments and the injected stimulus in
the simulation. The compartments and stimulus were the same with wild-type neurons. The only three
differences are: 1) shorter AIS, 2) lower sodium channel density in the AIS, 3) higher sodium density in the
axon. The model parameters are shown in Supplementary Table S2. Lower, the arrival time of action
potential peaks on selected segments. The black line labeled these segments in the upper schematic
diagram. Different compartments are shown in different colors. The slopes of dotted red (pink) arrows
are the mean bpAP and fpAP velocities in the AIS compartment in the wild-type (APP/PS1) neuron model.
Error bars represented S.E.M., the two-tailed unpaired t-test was employed in A and B, and the linear
regression was employed in C-L.
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Figure 6

The fpAP velocity was negatively correlated with AIS location and positively correlated with AIS length A
Correlation of AIS location and bpAP velocity (n = 30, r = -0.224, nsP-value = 0.2332). B Correlation of AIS
length and bpAP velocity (n = 30, r = -0.334, nsP-value = 0.0712). C Correlation of AIS location and fpAP
velocity (n = 19, r = -0.603, **P-value = 0.0063). D Correlation of AIS length and fpAP velocity (n = 19, r =
0.579, **P-value = 0.0093). E No signi�cant difference was observed in the resting potential of neurons in
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the control group (-64.9 ± 1.2 mV, n = 22) and chronic KCl treatment group (-67.5 ± 0.97 mV, n = 46), nsP-
value = 0.1228 F 48 hours 15 mM KCl treatment signi�cantly increases the rheobase current (76.18 ±
7.718 pA, n = 46) of the neurons compared to the control group neurons (29.55 ± 3.877 pA, n = 22), ***P-
value < 0.001. G Representative images of cultured WT rat hippocampal neurons (DIV12) without
treatment (as control, upper) and with 48 hours 15 mM KCl treatment (lower). All the neurons were
transfected in DIV7 with QuasAr2-mOrange2 plasmid. (Left) Selected neurons (white) and their AISs
(blue) were indicated by the �uorescence of mOrange2 and axonal marker NF186, respectively; (Right)
The corresponding DIC images to the neurons in the left column (Scale bars: 20 µm). H AIS location (AIS
distance to the soma) comparison. AIS is signi�cantly far from soma in 48 hours 15 mM KCl treatment
group (14.98 ± 2.30 µm, n = 15) than in control group (6.76 ± 0.85 µm, n = 45), ***P-value < 0.001. I No
signi�cant difference was observed between the AIS length of the control group (32.51 ± 1.16 µm, n = 45)
and 48 hours 15 mM KCl treatment group (30.26 ± 2.40 µm, n = 15), nsP-value = 0.6635. J No signi�cant
difference was observed in the bpAP velocities in the AIS in control group neurons (101.3 ± 8.861 µm/ms,
n = 30) and 48 hours 15 mM KCl treatment group neurons (83.74 ± 13.89 µm/ms, n = 15), nsP-value =
0.2767. K fpAP velocities in the AIS in 15 mM KCl treatment group neurons (65.33 ± 9.30 µm/ms, n = 10)
are lower than control groups (138.8 ± 20.1 µm/ms, n = 19), **P-value = 0.0028. L-O Correlation between
the bpAP/fpAP velocities and AIS location/length: (L) Correlation between bpAP velocity and AIS location
(n = 15, r = -0.210, nsP-value = 0.4533); (M) Correlation between bpAP velocity and AIS length (n = 15, r =
0.038, nsP-value = 0.8939); (N) Correlation between fpAP velocity and AIS location (n = 10, r = -0.765 **P-
value = 0.01); (O) Correlation between fpAP velocity and AIS length (n = 10, r = 0.702 *P-value = 0.0237).
Error bars represented S.E.M., the two-tailed unpaired t-test was employed in E-F and H-K, and the linear
regression was employed in A-D and L-O.
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Figure 7

Simulations with two types of sodium ion channel distribution A Schematic diagram of the multi-
compartment model, depicting all the neuronal compartments and the injected stimulus in the simulation.
Soma was attached to a dendrite and an axon. The axon included a hillock, an AIS, and an axon. The
stimulus was a 1 nA current that lasted for 1 ms. The current stimulus was injected into the center of the
soma. B Left, Type 1 sodium channels distribution in the AIS. The height of the bar represents the density
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of ion channels. The blue and green bars represented distributions of Nav1.2 and Nav1.6 channel
densities, respectively. The density of AIS ion channels was uniform along with the AIS in Type 1. Right,
Type 2 sodium channels distribution in the AIS. The densities of Nav1.2 and Nav1.6 were high on
proximal (20%-50% of full length) and distal (50%-80% of full length) AIS. Type 2 was a non-uniform
distribution. C The interaction between bpAP (upper row) / fpAP (lower row) velocities and AIS location
(left column) / length (right column) upon adjusting AIS length (solid dots) and location (circles). The left
and right parts were the results when sodium channel distributions were set as Type 1 and Type 2. (When
AIS length is short, e.g., 10 μm, action potentials are initiated in the axon or the end of distal AIS.
Therefore, the fpAP velocity is meaningless. Thus, we did not record the fpAP velocity when the AIS
length was 10 μm.)
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