Action potential alterations induced by single F11 neuronal cell loading
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ARTICLE INFO ABSTRACT

Keywords: Several research programmes have demonstrated how Transcranial Ultrasound Stimulation (TUS) can
Neuron multiphysics non-invasively and reversibly mechanically perturb neuronal functions. However, the mechanisms
Action potential through which such reversible and a priori non-damaging behaviour can be observed remain largely
Mechanoelectrical coupling unknown. While several TUS protocols have demonstrated motor and behavioural alterations in in

vivo models, in vitro studies remain scarce. In particular, an experimental framework able to load
mechanically an individual neuron in a controlled manner and simultaneously measure the genera-
tion and propagation of action potentials before, during and after such load, while allowing for direct
microscopy, has not been successfully proposed. To this end, we herein present a multiphysics setup
combining nanoindentation and patch clamp systems, assembled in an inverted microscope for simul-
taneous bright-field or fluorescence imaging. We evaluate the potential of the platform with a set of
experiments in which single dorsal root ganglion-derived neuronal cell bodies are compressed while
their spontaneous activity is recorded. We show that these transient quasi-static mechanical loads
reversibly affect the amplitude and rate of change of the neuronal action potentials, which are smaller
and slower upon indentation, while irreversibly altering other features. The ability to simultaneously
image, mechanically and electrically manipulate and record single cells in a perturbed mechanical
environment makes this system particularly suitable for studying the multiphysics of the brain at cell
level.

1. Introduction combination is not straightforward, as standard AFM sample
stages do not generally allow room for conventional patch
clamp systems. As a result, while no commercial system
is available, different research groups have built customised
combined setups. A modified AFM with an adapted scan
head to allow clearance for patch clamp pipettes, compati-
ble with an inverted microscope, was introduced in Ref. [6].
Similarly, a customised AFM/whole-cell voltage clamp sys-
tem was proposed for the investigation of membrane elec-

Similar to the way general anaesthetics have evolved as
a cornerstone of modern surgery, Transcranial Ultrasound
Stimulation (TUS) is poised to become a significant part of
the future of brain clinical intervention [1]. In both cases, the
neuronal membrane appears to play a major role in the way
their actions occur. In particular, it is increasingly clear that
the wide array of functions it is involved in, at the interface

of mechanics, biochemistry and electrophysiology, hints at tromotility in voltage-clamped HEK-293 cells [7, 8]. Planar

a concurrent multiphysics role whereby any alteration of a .
hysical b ial. o hanical patch clamp systems have also been successfully combined
physical property (€.g., membrane potential, pH, mechanica with AFMs [9-11]. Furthermore, microchannelled AFM

deformation, etc.) simultaneously affects the other physics. cantilevers have permitted simultaneous mechanical and

Tra'lditionally, however, the neuronal action Potent'ial electrical measurements [12]. Open-loop systems, mainly
(AP) is ofteq so‘lely regarded_ as an electrochemical 318" based on piezoelectric actuators that push glass probes [13—
nal [2], despite 1nc.reasmg evidence of ther.modynamlcal 15] or pillar arrays [16] into cells, have been widely used
changes accompanying the AP [1]. In particular, a neu- to study mechanically activated currents in sensory neurons,
ronal membrane displacement has been observed to accom- . . .

. . . - recorded with patch clamp amplifiers. However, in these ex-

pany the electrophysiological changes occurring during AP eriments, the imposed load or displacement was indirectl
ropagation [3-5]. These findings have been possible, to P T p P . y
propag oo & P ’ calculated, with no feedback control available. It must be

a large extent, thanks to the development of novel experi-
) e . noted that a closed-loop force-clamp system has been com-
mental techniques whose sensitivities enable the detection . . . .
bined with patch clamp but at larger scale, to investigate

of nanometer—scale? merpbrane deflections. While hlghly de- touch sensation in C-elegans [17]. As such, a feedback-loop
sirable to further identify and understand the mechanisms . . .
framework to investigate the effects of a mechanical load on

at play in mul.tlp hysics p hep omena such as TUS, simultane- the spontaneous activity of single cells with simultaneous
ously measuring and monitoring them at the cellular level .
microscopy has not yet been proposed.

remaimns c.hallengmg.l To this end, we present here a multiphysics setup that si-
Atomic Force Microscopy (AFM) and patch clamp are . . . .

. . . . multaneously combines nanoindentation and patch clamp in

extensively used techniques when studying single cell me- . . .

. ; 3 ” an inverted microscope for concurrent bright-field or fluores-
chanics and electrophysiology, respectively. However, their . . . . . .

cence imaging. A set of experiments is designed to quantify
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antoine.jerusalem @eng.ox.ac.uk propagation of neuronal APs. In particular, the multiphysics

setup, presented in Section 2, is used for the measurement
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of spontaneous APs alteration induced by quasi-static in-
dentation in Section 3, leading to a reversible decrease of
AP amplitude and rate of change during loading, but an ir-
reversible hyperpolarisation, among other AP features. To
investigate the mechanisms behind such alterations, a study
making use of a finite element (FE) simulation of the 3D in-
dentation coupled to an electrophysiologically based model
is conducted in Section 4. This analysis and the accompany-
ing discussion conclude that the observed response cannot
be solely explained by a membrane area change, thus point-
ing towards a coupled effect of the membrane deformation
and ion channel action alteration.

2. Materials and Methods

2.1. Experimental methods
2.1.1. Cell culture

F11 cells (ECACC, UK), a hybrid between mouse
N18TG-2 neuroblastoma and embryonic rat dorsal root gan-
glion (DRG) neurons, and commonly used as a functional
DRG neuronal model [18], were chosen for these experi-
ments for their mature neuronal features such as outgrowth
of extensive neurite-like processes and spontaneous APs
[19].

F11s were expanded and differentiated following pub-
lished protocols [20] (details in Section 7). ~5 x 10* cells
were seeded per glass bottom dish (WillCoWells) and dif-
ferentiated for five days [18] prior to experiments, topping
up the media every two days. The low confluence of cells
seeded for differentiation was empirically optimised in order
to obtain sparsely distributed, yet connected, cells, see Fig-
ure 1. Higher seeding densities resulted in less and shorter
neurites, as well as cell bodies in contact, preventing single
cell indentation studies.

2.1.2. Inverted microscope

The arrangement of the setup allows for a continuous
inspection and control of the nanoindenter probe and patch
pipette positions via bright-field imaging through an inverted
Nikon Eclipse Ti microscope (see Figure 1, left). Fluores-
cence (both widefield and confocal) imaging is also avail-
able throughout the experiment, with the advantage that the
probes are hidden from the field of view (see Figure 1, right).

2.1.3. Mechanics

Cell indentations were carried out with the Chiaro
nanoindenter (Optics11). Probes of 3 um spherical tip ra-
dius and 0.05 N/m cantilever stiffness were used.

In order to avoid cell damage during loading, such as cy-
toskeletal components rupture [21], the quasi-static inden-
tation depth was chosen to be within the cell’s linear vis-
coelastic region (LVR). F11’s LVR was determined by sub-
sequently indenting N=9 cell bodies at increasing depths of
2,3 and 4 ym for 20 s (that ensured full relaxation) and by fit-
ting and comparing the corresponding Young’s moduli (see
Section 7).

Figure 1: Brightfield and widefield fluorescence images of dif-
ferentiated F11 cells on a glass bottom dish. Nanoindenter and
pipette do not obstruct vision in fluorescence images. Scale
bars are 50 ym.

The typical relaxation times of F11 cells were studied
via stress-relaxation tests. In a stress-relaxation experiment,
the stress (or force F, as measured by the nanoindenter) ex-
hibits an exponentially decaying response. By fitting this
decay, the characteristic relaxation times corresponding to
different viscoelastic relaxations mechanisms can be identi-
fied. Single and double exponential decays were used to fit
the stress-relaxation curves from constant strain (2 gm in-
dentation depth) indentations in N=13 F11 cell bodies, see
Appendix.

The viscoelastic behaviour of F11 cell bodies was further
studied through dynamic mechanical analysis (DMA) ex-
periments, imposing constant oscillating amplitudes of 500
nm around a mean of 2 um, at five different frequencies:
0.1,0.316, 1, 3.16 and 10 Hz in N=7 F11 cell bodies. The
cells’ storage and loss moduli at each frequency were calcu-
lated by fitting their force-indentation responses (details in
Section 7).

2.1.4. Electrophysiology

F11s on their fifth and sixth differentiation days were
used for experiments, with passages ranging from 14 to 23.
Neuronal maturation was confirmed by immunohistochem-
istry with NeuN marker (Abcam, ab177487). Healthy F11s
with sufficiently large round somas were selected for the
study. While high cell density and well-connected neurons
are desired for high spontaneous spiking rates, relative isola-
tion of the cell is required to minimise the mechanical influ-
ence of neighbouring cells during indentation. As a compro-
mise, cells whose somas were not in direct contact with those
of other neurons, but still connected to other cells through
their neurites, were chosen for the experiments.

Pipettes with resistances between 2 and 5 MQ, as mea-
sured in the bath solution, were pulled from borosilicate
glass capillaries (BF100-78-10, Sutter Instruments) through
a 2.5 x 2.5 mm? box filament with a P-1000 puller (Sut-
ter Instruments), following optimised parameters from Ref.
[22]. Compositions of intra- and extracellular solutions can
be found in Section 7. The liquid junction potential between
the solutions was experimentally determined (to -11.9 mV),
and the membrane potential values were corrected accord-

Tamayo-Elizalde et al.: Preprint to be submitted to Progress in Biophysics & Molecular Biology

Page 2 of 14



Action potential alterations induced by single F11 neuronal cell loading

1000

900

800 _.\NAJ\J\J\J\_/\M,_

700

600 b " A NANNN

Fluorescence intensity (a.u.)

500
0 10 20 30

Time (s)

Figure 2: The voltage of all cell membrane regions follows a
voltage clamp episodic stimulation of 10 sweeps of 20 mV volt-
age steps, starting at -100 mV. On the right, the fluorescent
intensities (FluoVolt Membrane Potential kit, ThermoFisher)
of the regions selected on the left. Scale bar is 20 ym.

ingly.

Prior to performing the indentation experiments, a space
clamp test was performed to confirm the whole cell spa-
cial extension of the clamp. As the distance nanoindenter-
micropipette is maximised within the soma, the influence of
local mechanical deformation on the measured current could
potentially be underestimated in case of poor space-clamp,
i.e., in case of excessive gradient of voltage within the cell.
To this end, the FluoVolt Membrane Potential Kit (Ther-
mofisher) fluorescent dye was used during a voltage clamp
experiment. The voltage clamp was started at -100 mV and
increased by 10 voltage steps of 20 mV amplitude. Fluores-
cence intensity, indicator of membrane voltage values, was
quantified during hyperpolarisation and depolarisation steps
in the soma and proximal regions of the neurites, see Fig-
ure 2. Results show that, even though a negative gradient in
the voltage amplitude is observed, the activity remains the
same in the soma within 10%, and ionic currents occur, in
phase, for all analysed regions. This ensures that the electri-
cal alterations arising from the indented region are captured
by the patch electrode.

The cells’ spontaneous activity was recorded in gap-free
current clamp (I0) mode. To minimise variability introduced
by step-wise episodic stimulation, only cells showing spon-
taneous activity or stable activity upon continuous small cur-
rent flow (<50 pA) were studied, and their AP character-
istics analysed (see Section 2.2.4). This requirement dra-
matically reduced the number of cells eligible for experi-
ments'. Pipette capacitance was compensated and the bridge
balanced in all experiments before starting the recording.
Voltages were recorded with an Axopatch 700B amplifier
and digitised with a Digidata 1550A data acquisition sys-
tem, using the pPCLAMP 10.5 software (Molecular Devices).
Pipettes were back-filled to avoid bubble formation in the tip
and 1-2 kPa positive pressure was applied while approach-
ing the cell to prevent tip contamination from cell debris.
When in contact, negative pressure (2 to 5 kPa) was applied
in order to promote gigaseal (>1 GQ) formation. The volt-
age signal was sampled at 20 kHz and low-pass filtered at 10

! Additional electrophysiological characterisation experiments through
calcium imaging reported that only ~30% of the F11s show spontaneous
activity on their fifth differentiation day (data not shown).

kHz. If the gigaseal was not formed in the first two minutes,
cell and pipette were discarded.

2.1.5. Combined mechanics and electrophysiology
Patch stability under a 3 um loading was first con-
firmed in 3 cells via the “Membrane Test” option of Clam-
pex (Molecular Devices) in voltage clamp mode, by evalu-
ating the access resistance R, [23]. R, is required to vary
by less than 20% during electrophysiological recordings to
be considered stable. A protocol was established for which
R, remained within the constrained values: gigaseals were
>1 G, the nanoindenter was kept as far as possible from
the micropipette, the smallest possible nanoindenter step of
0.25 ym was used when approaching the probe and the load-
ing was carried out at small velocities (3 ym/s).
If a gigaseal was formed, and the cell showed ongoing spon-
taneous activity or stable activity under small positive cur-
rent flow, the nanoindenter was then approached (see Figure
3) and the cell indented by 3 ym for 80 s, while tracking
the cell’s membrane potential time evolution in I0 mode; for
more details, see Section 7. Nanoindenter and electrode sig-
nals were simultaneously recorded with a PicoScope 4262
(Pico Technology) sampled at 2 kHz. APs were detected and
their features were analysed via custom MATLAB (Math-
Works Inc.) codes.

2.2. Numerical methods
2.2.1. Material properties calibration

Taking as inputs nanoindentation force-displacement
curves, custom MATLAB scripts were developed to deter-
mine the cell’s LVR, fit the exponential decay of stress-
relaxation experiments, extract the storage and loss moduli
at each indentation frequency from DMA experiments and
fit these data to a Prony series (details in Section 7).

2.2.2. 3D FE simulation of the indentation

A 3D FE simulation of the indentation was conducted
to study the cell deformation. The cell 3D shape was ac-
quired through a z-stack of live widefield images taken ev-
ery 0.025 um. Cells were incubated with CellMask Green
Plasma membrane live stain (ThermoFisher) for 15 min at
1:1,000 dilution. The image was 3D-deconvoluted in Auto-
Quant x3 (Bitplane), the cell body cropped and its surface
object created with Imaris 7.6.5 (Bitplane). The surface was
then loaded into Autodesk Meshmixer software (Autodesk
Inc.), meshed with 8,512 tetrahedral elements and finally ex-
ported to ABAQUS (Dassault Systemes SE) to perform a FE
simulation of the indentation using the material properties
calibrated from DMA experiments. For implementation de-
tails, see Section 7.

2.2.3. Membrane area driven electrophysiology
alteration
The cells’ surface area change induced by the indenta-
tion was extracted from the deformed configuration of the FE
simulation. This value was updated in a modified surface-
dependent electrophysiological model of DRG cells [24] to
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Figure 3: Left and centre: Nanoindenter and patch pipette arrangement. Right: both
probes on the same F11 cell body. Inset: fluorescent image of a single cell with both
probes. Scale bars are 20 um.

study the effect of cell membrane area variation on mem-
brane capacitance, when keeping constant the number of ion
channels per unit reference area:

CuAdVy (GNaAO
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where C,, is the membrane electric constant, A, is the mem-
brane thickness, V,, is the membrane potential, A, and A
are the undeformed and deformed total membrane areas, re-
spectively, I;,,; is the patch injected current, G y,, G, , Gk
and G are the fast and slow-inactivated sodium, potassium
and leak reference conductivities, m, mg, h, hy and n are the
ion channels gating variables, and Ey,, Ex and E; are the
sodium, potassium and leak reference potentials. The main
assumption behind this equation is that the area change does
not alter the number of ion channels, but alters the membrane
leak conductance and capacitance, as proposed in Ref. [25].
The values of the parameters and the evolution of the gating
variables used in the simulation are those of a DRG cell [26]
and are included in Tables 5, 6 and 7 of Section 7.

2.2.4. AP features analysis

The APs from the recorded voltage signal were detected
and their features analysed via custom MATLAB codes. The
experimental AP features were compared between the three
phases of the indentation (before, during and after): AP
amplitude, AP width, membrane resting voltage V,,,, AP
threshold voltage V;,, rising and falling phases (see Fig-
ure 4), as well as AP firing frequency and maximum values
of the first temporal derivative of the membrane potential,
dv,,/dt. The AP amplitude is defined as the difference be-

APmax |

o, APampl

APmin

0 100 200 300 400 500
Time (ms)

Figure 4: Analysed AP features.

tween the depolarisation peak and the maximum hyperpo-
larisation voltage values of the AP. The AP width is deter-
mined at half maximum AP amplitude. V,,, is defined as
the value of the voltage 250 ms before the AP peak. V, is
defined as the voltage at which dV,,/dt exceeds 0.35 mV/ms
as determined by visual inspection of the reference mem-
brane voltage vs. time curve. The rising phase is defined as
the time lapse between the membrane potential at V;, to the
peak of the AP, and the falling phase, the time lapse between
the maximum and minimum values of the AP.

Although the cells under study were a priori selected
based on the similarity of their phenotype, i.e, rounded cell
bodies with neurites, the recorded APs had different cell-
specific shapes and durations, even before indentation. This
is however expected from the already mentioned multiple
phenotypes found within F11s [20]. For comparison pur-
poses, each averaged value of interest for each cell was nor-
malised by dividing it by its counterpart before indentation.
As voltage values during the APs remain always negative
in the studied cells, both numbers are negative, the ratio is
positive, and a normalised value >1 means that the cell hy-
perpolarised with respect to before the loading, while a nor-
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malised value <1 indicates a cell depolarisation during or
after indentation. For temporal quantities, a ratio >1 illus-
trates a longer process, and <1 a shorter one. For reference,
the original mean values are included in Appendix.

In the following, results are classified into reversible (or
transient) and irreversible (or sustained). Reversible results
are those for which the normalised mean values increase (or
decrease) from before to during, but then decrease (or in-
crease) back to the original values, see Figure 8, plotted to-
gether with the standard error (SE). If instead there are two
consecutive increments or decrements, then the results are
referred to as non-reversible, at least for the time-length of
the study, see Figure 9.

2.2.5. Statistical analysis

The features of the APs were analysed via custom MAT-
LAB codes. Statistical analyses of the post-processed elec-
trophysiological data were performed with GraphPad Prism
6. The normality of data distribution was checked with
Kolmogorov—Smirnov test, a=0.05. In order to test the
significance (defined with a threshold probability of 0.05)
of the observed differences between the three experimen-
tal phases (before, during and after indentation) in terms of
normalised mean values of the analysed AP features, one-
way ANOVA with Tukey’s multiple comparisons post-hoc
tests were conducted if the data were normally distributed,
and non-parametric Kruskal-Wallis test with Dunn’s multi-
ple comparisons post-hoc tests were carried out otherwise.

3. Results

3.1. Mechanical characterisation of F11 cells

F11 cells’ LVR was determined by fitting the Young’s
moduli of the subsequent 2, 3 and 4 ym indentations (see de-
tails in Section 7), leading to values between 55 and 166 Pa,
see Figure 5. The results are in agreement with published
values of Young’s moduli for DRG and other neuronal cell
types [27, 28]. Although the values vary a lot (arising from
the heterogeneity of phenotypes present within F11 popula-
tions [20]), each cell’s Young’s moduli at 3 and 4 ym were
within 10% of the value at 2 um; 10% being the chosen cri-
terion to ensure that these depths are within the LVR. A
fixed indentation of 3 ym was thus chosen for all coupled
electrophysiological-mechanical experiments. Indentation-
controlled feedback loop ensured that this indentation depth
was held constant throughout the experiment.

Single and double exponential fits of stress-relaxation
experiments lead to calibrated relaxation time constants, 7y,
of 2.77 +0.67 s and 2.29 + 0.56 s, respectively, see Ap-
pendix. In the double exponential case, only 7, is physically
relevant, as 7, essentially captures the drifting of the system.
As a compromise, 7; = 2.5 s was chosen for the numerical
model as the time constant of the first branch (see Appendix
for details).

For the DMA, the fitted mean and standard de-
viation (SD) storage and loss moduli values at
0.1,0.316, 1,3.16 and 10 Hz are given in Table 1 (see
Section 7 for derivation details).
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Figure 5: Boxplot showing the median, min and max fitted
Young's moduli values for indentations of 2, 3 and 4 ym depth
in N=9 cells.

Freq (Hz) || E’' (Pa) \ E” (Pa) | tan 5
0.1 105.63 + 32.09 | 57.84 +20.33 | 0.55
0.316 151.79 + 40.55 | 86.71 + 28.62 | 0.57
1 210.29 + 59.62 | 140.59 + 41.46 | 0.67
3.16 292.29 + 88.91 | 250.43 + 70.43 | 0.86
10 421.36 + 61.86 | 398.58 + 54.48 | 0.95

Table 1

Storage (E’) and loss (E”) moduli mean and SD, and tané$
values at each DMA frequency.

3.2. AP alterations during and after indentation

The features of a total of 284 spontaneous APs from N=5
F11 cells were analysed and compared. The altered char-
acteristics of the APs before, during and after mechanical
loading for one of these cells are shown in Figure 6. To help
the visualisation of those changes, an exagerated qualitative
schematic of the AP shape and AP dynamics alterations in-
duced by the quasi-static loading is shown in Figure 7. Com-
parisons were made for each cell in the three different inden-
tation regimes: before, during and after (with a total of 115
APs before, 80 during and 89 after).

3.2.1. Transient changes: Smaller, wider and slower
rising APs upon indentation

The normalised mean amplitudes of the APs are signif-
icantly reduced under loading (adjusted *p = 0.0352), re-
covering their original values after the 80 s indentation, see
Figures 6-B and 8-A. APs during indentation are also sig-
nificantly wider (adjusted *p = 0.0347) and show the same
recovery trend when the applied pressure is released (Fig-
ure 8-B). The widening of the peaks is an indication of
slower dynamics of the electrical signals in cells under load-
ing. To further investigate this, the rate of membrane volt-
age change over time (dV,,/dt) and the duration of the rising
AP phases were analysed. The maximum normalised mean
dV,,/dt value is significantly smaller under loading with re-
spect to before (adjusted *p = 0.0473) and after (adjusted
*p = 0.0364) indentation (Figure 8-C). Phase plots are ob-
tained by plotting dV,,/dt against V,,, see Figure 6-C which
shows that the rate of voltage change is slower in a com-
pressed cell (Iess pronounced depolarisation and repolari-
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Figure 6: A) Spontaneous APs before, during (shaded) and after 3 um indentation for
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the loading is removed. Figure 6-C further shows that APs
of loaded cells reach smaller maximum values, as does Fig-
ure 8-A. In agreement with the mentioned slower dynamics,
although non-significant, the rising phases of the APs are
longer under loading and tend towards recovery after inden-
tation (Figure 8-D), indicating that a compressed cell takes
more time to depolarise (more gradual slope in Figure 6-C).

3.2.2. Sustained changes: Hyperpolarised cells with
longer repolarisations after indentation
Non-reversible results show that cells remain hyper-
polarised after indentation; at least for the few minutes
recorded after the loading was halted. Normalised mean
V.., values are significantly hyperpolarised after indentation
when compared to before and during (adjusted **p = 0.0036
and **p = 0.00635, respectively, see Figure 9-A). The evo-
lution of V};, reveals a similar result: normalised mean V;
values after indentation are significantly hyperpolarised with
respect to before (adjusted ***p = 0.0005) and during (ad-
justed ***p = 0.0002) loading. In addition, although not
significant, mean V;, values during loading are slightly de-
polarised (see Figure 9-B), which will be discussed in Sec-
tion 4. Despite cells being hyperpolarised during and af-
ter loading, on average they also fire more APs per s (Fig-
ure 9-C). Finally, even though AP widths tend to recover

Figure 8: Mean and SE of the reversible or transient AP
changes. A) Normalised AP amplitudes. B) Normalised AP
widths. C) Normalised max dV,/dt values. D) Normalised AP
rising phases. In A), Kruskal-Wallis test was conducted with
Dunn’s multiple comparisons post-hoc test (*p < 0.05). In B)
and C), one-way ANOVA was performed with a Tukey's mul-
tiple comparisons post-hoc test (*p < 0.05).

once the indentation is released (Figure 8-B), normalised
mean falling phases are significantly longer after indentation
(**p = 0.0075), see Figure 9-D. These longer repolarisation
phases are in line with the more hyperpolarised voltage val-
ues the cell reaches after indentation.

4. Discussion

The normalised mean AP amplitudes during loading are
significantly reduced when compared to those before inden-
tation (Figures 6-B and 8-A). These values are reached more
slowly, as shown by the significantly smaller maximum val-
ues of the dV,,,/dt evolution (Figures 6-C and 8-C) and longer
rising phases (Figure 8-D) during loading. Furthermore, on
average, cells take more time to repolarise back to their rest-
ing values during indentation, see Figure 9-D. Overall, this
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Figure 9: Mean and SE of the irreversible or sustained AP
changes. A) Normalised resting membrane voltage values. B)
Normalised threshold potential. C) Normalised AP firing fre-
quencies. D) Normalised AP falling phases. In A) and B),
one-way ANOVA was performed with a Tukey's multiple com-
parisons post-hoc test (**p < 0.01; ***p < 0.001). In D),
Kruskal-Wallis test was performed, with Dunn’s multiple com-
parisons post-hoc test (**p < 0.01).

slower dynamics in turn results in a slower AP rate (Figure
6-C), or equivalently, wider APs (Figure 8-B), during load-
ing.

Similar results have previously been found in experi-
ments and numerical simulations. Experimentally, a de-
crease in AP amplitude was observed in guinea pig spinal
cord compression [29] and in patients with suspected median
and ulnar nerve lesions [30] or carpal tunnel syndrome [31].
In many of these cases, AP conduction velocity was also
found to decrease with loading. Modelling efforts have led
to similar results. For instance, in Ref. [32], the authors sim-
ulated the AP shape along a compressed axon, showing that
its amplitude was reduced upon application of a force, and
its conduction velocity decreased as the loading increased.
Identical results were obtained when the AP propagation was
modelled in axons subjected to stretch [33, 34].

In the following, we investigate the possible causes for
these findings. As the indentations are within the cell’s LVR,
we assume that only membrane and membrane cortex are
influenced by the loading. We first look at the more gen-
eral contribution of the morphological nature of the mem-
brane, accounting for the membrane geometry change and
the corresponding induced voltage dynamics alteration. We
then discuss the effects of the ion channels embedded in the
membrane, focussing particularly on mechanosensitivity.

4.1. Geometrical contribution

An in silico FE neuronal soma was created from wide-
field microscopy, segmentation and meshing. A simulation
of the cell indentation was performed in ABAQUS (see Fig-
ure 10 and Section 7 for details). The results showed an over-
all cell surface area increase of 0.4% for a 3 ym indentation.

Logarithmic strain in
maximum principal
direction

+4.668e-01

Figure 10: FE simulation of a F11 cell body indentation show-
ing both the undeformed and deformed configurations; colour
field corresponds to the logarithmic strain in the maximum
principal direction.

This increase is in line with the assumption that the shape
of a quasi-incompressible volume with surface tension (e.g.,
arising from the cell membrane) will naturally tend towards a
sphere so as to minimise its surface energy, and thus area. As
such, any mechanical disturbance is indeed expected to in-
crease the area. Note that comparable 0.26 and 0.16% peak
and steady-state membrane area changes arose in artificial
protein-free lipid membranes stimulated with 1 MHz US, as
a result of the membrane displacement caused by the acous-
tic radiation force [35].

As Figure 10 shows, the higher values of the maximum
principal strains in the compressed cell are localised at and
around the area of direct contact with the glass bead. The
three principal strain components of several elements, un-
derneath the bead and in its direct neighbourhood, were
also extracted in order to evaluate their external surface area
change. Results showed that elements below the bead in-
creased their external area by ~40% when the cell was in-
dented 3 ym, whereas those in the immediate vicinity of the
nanoindenter experienced a ~10% area increase. This indi-
cates that heterogeneous and localised electrophysiological
changes can be expected upon indentation (see Figure 15 in
Section 7 for the effect of those area increments on the AP
shape). However, these large alterations are significantly di-
luted (to 0.4% overall area change) when considering the en-
tire cell membrane. It is worth mentioning that, although in
this simulation the cell area increased, a less spherical cell
body indented in a particular way could have seen instead its
area decrease. While the results discussed here are thus cell-
specific, the order of magnitude of the predicted changes is
not expected to vary drastically. Similar curvature effects
connecting cell geometry and depolarisation have also been
discussed in Ref. [5].

The resolution of Equation (1) was implemented in
MATLAB and the APs were simulated for the following
two cell area values: A, (the non-indented cell area) and
A = 1.0044,. While the simulated APs followed the same
trend observed experimentally, i.e., smaller and wider (or
slower) APs (see Figure 11), the AP peak reduction only
accounts for a fraction of the one observed experimentally
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Figure 11: Modelled (through Equation (1)) DRG APs (A)
and their phase-plots (B) before and during a 0.4% cell area
increase, resulting from a 3 um cell indentation. Inset: AP
peaks zoomed in. In B), unfilled and filled arrows point at
smaller and slower APs, respectively, during loading (dashed
blue curves).

(0.1 mV AP amplitude change, as opposed to the experi-
mentally measured ~2.53 mV on average). In order to reach
similar numerical values to those obtained experimentally
in Figure 6, the overall cell area change had to be increased
to 10%, as Figure 15 in Section 7 shows. This discrepancy
implies that other mechanisms are at play. In Equation (1),
the membrane thickness /,, was considered constant dur-
ing deformation. Nonetheless, in the indented area and po-
tentially other parts of the cell, the tension induced in the
membrane by the indentation can potentially make it thinner
through the Poisson effect, which would, similarly to a mem-
brane area enlargement, increase the membrane capacitance
c, = ehi), and slow down the voltage dynamics during an

AP. Myelimn wrapped around axons has the opposite effect of
increasing the total insulating lipidic membrane thickness,
which decreases the membrane capacitance and increases
the AP propagation speed. Whether driven by area or thick-
ness change, an overall cell membrane capacitance increase
of ~10% is thus required to recover the time-changing dy-
namics of Figure 15. Previous authors have shown that cell
capacitance increase is a mechanism by which, through dif-
ferent means such as infrared light [36] and thermal tran-
sients [37], one can influence neuronal electrophysiology (in
these cases, by depolarising the cells). While the effect of
capacitance changes cannot be discarded without further in-
vestigations, both area and thickness (and thus capacitance)
changes are predicted to be very small for most of the cell,
and other mechanisms are most likely involved.

4.2. Ion channels contribution

Ion channels and their gating kinetics can be expected
to be affected in a compressed membrane; especially those
mechanically activated or mechanosensitive (MS). F11 cells
are DRG hybrids, which are sensory neurons with MS
traits. F11s respond with small currents to mechanical in-
dentations [38] through endogenous mechano- and volume-
activated channels such as TRPV4 [39, 40] and Tentonin3
(TMEM150C) [38]. They also present neuronal mark-
ers of A- and C-fibre mechanosensors and proprioceptors,
including LDHB, NEFH and TrkC [41]. Furthermore,
ion channels with recognised roles in nociception such as

ASIC1, CaV3.2, KV7.2, TRPM3 [41] and bradykinin and
prostaglandin receptors [18] are expressed in F11s.

Although not specifically on F11s, simultaneous indenta-
tion and electrophysiology recordings have been conducted
in DRG cells to characterise indentation-evoked MS cur-
rents [14, 15, 42]. In particular, both rapid and slow adapt-
ing MS ion currents were recorded in DRGs under in-
dentation [15]. These mechanically activated currents are
non-selective cation inward currents that depolarise the cell
membrane potential, in turn inactivating some sodium ion
channels and contributing to smaller AP amplitudes, slower
AP and longer rising phases, in line with what was observed
for F11 quasi-static loading (Figure 8). Although cell depo-
larisation (V,,,) under loading was not observed in our ex-
periments (Figure 9-A), normalised mean V;; values appear
to be slightly reduced during loading (Figure 9-B), mean-
ing that less depolarising current is needed to trigger an AP
when the cell is being compressed.

After indentation, normalised mean V,,, values are sig-
nificantly hyperpolarised (Figure 9-A) and the neuronal
firing rate is increased (Figure 9-C). The repolarisation
phase of the AP is mediated mainly by potassium cur-
rents, which also regulate AP firing frequency [43]. The
longer AP falling phases observed after indentation (Fig-
ure 9-D) point towards activation of delayed rectifier potas-
sium channels, which permit high frequency AP firing [44].
In addition, hyperexcitability has been observed in chron-
ically compressed DRGs, as a result of an upregulation
of hyperpolarisation-activated currents [45]. These are,
similarly to MS currents, inward non-selective cation cur-
rents that flow through hyperpolarisation-activated cyclic
nucleotide-gated channels, known to be present in DRG so-
mas and axons. While these DRGs were compressed be-
tween five and seven days in order to induce a chronic re-
sponse, it may be that hyperpolarisation-activated currents
could arise in F11 cells in a much shorter time (here, af-
ter only 80 s indentation) and contribute to the observed ir-
reversible enhanced hyperpolarisation and increased firing
rates (Figure 9-A,C).

The observed irreversible (for the few minutes recorded
after indentation) electrophysiological alterations could be
the result of a compound ion channels’ response, potentially
also including nociceptive signals. However, studies have
shown that even the slow adapting currents are only per-
sistent for hundreds of milliseconds, with their amplitudes
considerably decaying after 4 s [15]. As the observed AP
shape changes are maintained throughout the 80 s indenta-
tion (see Figure 6-A), an exclusively ion channels’ response
is yet again unlikely to be the sole driver behind the observed
sustained 80 s lasting changes.

4.3. Multiphysics response

As seen above, the sole contribution of either membrane
topology or ion channel alterations is unlikely to account
for the observed effects. A combined action, where mem-
brane and ion channels (among other proteins) work con-
currently and collaboratively through mechanical and bio-
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chemical changes, is proposed here instead. Such observa-
tion builds naturally on the growing body of evidence point-
ing towards the need to redefine the cellular membrane as
a coupled multiphysics system [1]. In our experiments, the
geometrical changes induced by the indentation affect the
state of stress in the lipid bilayer, thus potentially altering
the structure and function of the embedded ion channels
[46, 47]. MS channels and voltage-gated potassium [43, 48—
50] and sodium [51-53] channel gating kinetics are known
to be affected by membrane tension and composition. In
fact, previous work by the authors demonstrated that these
same F11 cells showed smaller magnitude sodium currents
when subjected to uniaxial strain [54]. The altered rising
(Figure 8-D) and falling (Figure 9-D) phases during and af-
ter loading observed here could indicate that voltage-gated
sodium and potassium channels kinetics, respectively, are al-
tered by the applied mechanical load. Conversely, MS Piezo
channels have been shown to be modulated by voltage [55].
These results, together with the data provided here, show
that the mechanics of the neuronal membrane is intrinsically
coupled to its electrophysiology.

The contribution of the cytoskeleton to the results intro-
duced here is not believed to be very significant because of
the indentation depth falling within the cell’s LVR, thus a
priori pointing towards a limited biochemical reorganisa-
tion. A given degree of plastic deformation arising from
bond ruptures within the cytoskeleton [56], in turn affect-
ing the cell’s electrophysiology [34] is still, however, possi-
ble. In Ref. [57], the authors argued that a negative (left-)
shift found in the voltage-dependence of sodium channels
was due to ruptures of sites of membrane attachment to cy-
toskeleton. Whether the irreversible AP characteristics ob-
served here would recover over a longer period or are the
product of some mechanical damage would need to be as-
sessed in future work.

5. Conclusion

In this paper, we have presented a setup that facilitates
single cell multiphysics study whereby electrophysiology
and mechanics can be simultaneously controlled and mea-
sured. These initial results on the quasi-static indentation
of F11 cells provide evidence of the mechanoelectrical cou-
pling in neurons at the single cell level. In particular, al-
tered APs in compressed neurons appear as the result of the
interplay between membrane and ion channels topological
and conformational alterations. In the proposed paradigm,
all physical processes need to be accounted for simultane-
ously and collaboratively to capture the mechanics-driven
functional alteration of neurons in the nervous system.
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7. Appendix

7.1. F11 expansion and differentiation media

F1ls were expanded in high glucose DMEM (Ther-
moFisher) with 10% fetal bovine serum (FBS) (Ther-
moFisher) and 1% penicillin/streptomycin (P/S) (Ther-
moFisher) in a humidified incubator at 37°C and 5% CO,,
changing media every three days. For differentiation,
~5 x 10* cells were seeded per glass bottom dish (WillCoW-
ells), in high glucose DMEM, supplemented with 1% FBS,
1% P/S, 0.5% insulin transferrin selenium (ThermoFisher),
10 uM 3-isobutyl-1-methylx- anthine (Sigma-Aldrich), 50
ng/mL nerve growth factor (Peprotech), 2 uM retinoic acid
(Sigma-Aldrich) and 0.5 mM bromoadenosine 3,5-cyclic
monophosphate, following Ref. [20]. Cells were differen-
tiated for five days [18] prior to experiments, topping up the
media every two days.

7.2. Intra- and extracellular solutions

The intracellular or pipette solution contained 140 mM
KCI, 5 mM NaCl, 0.1 mM CaCl,, 2 mM MgCl,, 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
1 mM guanosine-5’-triphosphate sodium salt hydrate, 2
mM adenosine triphosphate magnesium salt hydrate (mg-
ATP) and 1 mM ethylene glycol-bis(f-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA), with pH adjusted to 7.3
by addition of KOH and osmolarity adjusted to 290 mOsm/L
by glucose addition. The intracellular solution was aliquoted
into 500 uL, stored at -20°C and filtered through a 0.22 ym
filter after thawing, on the day of experiments. The extracel-
lular or bath solution contained 130 mM NaCl, 5 mM KCl, 2
mM CaCl,, 1 mM MgCl,, 10 mM glucose, 10 mM HEPES,
with pH adjusted to 7.4 by addition of NaOH and osmolar-
ity adjusted to 300 mOsm/L by glucose addition. The bath
solution was filtered through a 0.22 um filter, aliquoted into
5 mL and stored at 4°C. All reactants were purchased from
Sigma Aldrich.

7.3. Combined electrophysiology and
nanoindentation

After calibrating the nanoindenter, 2 mL of warmed bath
solution were added to a glass bottom dish of F11 differenti-
ated cells. Microelectrode and nanoindenter approached the
cell from opposite (180°) sides (see Figure 3 left and mid-
dle, and Figure 12). In order to minimise seal instability and
the pipette influencing the mechanical measurement, the cell
was patched as close to the edge as possible. Once a good
and stable seal of >1 GQ was obtained, the patched mem-
brane was broken by gentle suction. In some cases, the “zap”
option was used to promote membrane breakage, although it
was found that membranes broken by zapping had a higher
probability of membrane reseal. In whole-cell configuration
and 10 mode, after two minutes of stabilisation (dialysis) of
intracellular solution and cytoplasm, and pipette capacitance
and bridge compensations, the recording of spontaneous or
induced stable activity was started. After one minute of
activity recorded before the indentation, the nanoindenter
was manually positioned above the patched cell, opposite
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Electrode

Operating
amplifier

Figure 12: Schematic of the combined nanoindentation and
patch clamp techniques on a single cell.

Fit type 7 (s) |

“ 7, (s)
Single exponential decay 2.77 + 0.67
Double exponential decay || 2.29 + 0.56 | 103.68 + 94.98

Table 2
Mean and SD time relaxation values obtained by fitting stress-
relaxation curves with one and two exponential decays.

the microelectrode (see Figure 3 right). The nanoindenter
was manually brought into contact with the cell by 0.25 ym
z-steps and then retracted 1-2 ym above the cell surface.
These small movements did not displace the micropipette,
whose position was continuously monitored through bright-
field imaging. A 3 um indentation-controlled loading was
then started and held for 80 s, and the activity recorded dur-
ing loading, after which the probe was withdrawn a few tens
of um above the cell and the activity further recorded (after
loading) for another minute. Nanoindenter and cell mem-
brane voltage signals were simultaneously recorded with a
PicoScope 4262 (Pico Technology), sampled at 2 kHz. APs
were detected and their features analysed via custom MAT-
LAB codes.

7.4. Stress relaxation fitting

As a first approximation, a single exponential decay was
used to fit the stress-relaxation curve via nonlinear least
squares regression, by fixing the peak and plateau, see Fig-
ure 13. In order to better capture the initial decay, however, a
double-exponential is commonly used [58, 59], of the form:

F = F +ajexp(—t/t)) + ayexp(—t/7,) 2)

with F_ is the load value at equilibrium, when the cell has
fully relaxed, and z; and 7, are the characteristic time re-
sponses of the material, corresponding to viscoelastic relax-
ation mechanisms.

Results of the single exponential fit were compared to
the double exponential fit (MATLAB’s “exp2”) by only fix-
ing the plateau, see Figure 13. Mean and SD values of time
relaxation values are shown in Table 2.

7.5. LVR determination
F11 cells can be considered, as a first approximation,
as nonlinear viscoelastic: their mechanical response varies

357 T T
— Experimental data
3 —— Double exponential fit | |
Single exponential fit

0 5 10 15 20 25
Time (s)

Figure 13: Single (in green) and double (in red) exponential
decay fit of a stress-relaxation experiment from of a 2 um F11
cell indentation for 30 s.

with indentation depth, due to the different mechanical na-
tures of the membrane, membrane cortex, cytoplasm, or-
ganelles and nucleus. However, for small enough strains, the
cell viscoelastic response is linear and as a result, its stiffness
does not vary significantly (and is thus a “Young’s modu-
lus”). The LVR of a material under strain is defined as that
in which the Young’s modulus can be calculated within a
10% variance.

To identify the F11s’ LVR, cells were indented at in-
creasing depths (2, 3 and 4 ym), giving them enough time
(20 s) torelax after each indentation. For each case, the load-
ing part of the force-indentation curve was fitted to the Hertz
model. The Hertz model assumes that, for small enough de-
formations, an isotropic material behaves as linear elastic,
and the material responds with a force F' to an indentation
depth & following [60]:

4 E  pippap 3)
3(1-12)
where E is the Young’s modulus, v is the Poisson’s ratio (as-
sume that cells are incompressible, v ~ 0.5) and R is the
indenter’s spherical tip radius.

The loading region of the force-indentation curves was
fitted via nonlinear least squares regression (fit type F =
ax h3/? + F,, with F, being the value of the load at the point
of contact) with a custom MATLAB code. The point of con-
tact was manually estimated from the curves. The obtained
Young’s moduli might be overestimated because of adhesion
forces, but as this systematic error is present in all the sam-
ples and indentations, their direct comparison should not a
priori be affected. A boxplot of the Young’s moduli at in-
dentations of 2, 3 and 4 ym for N=9 cells is shown in Figure
5. The Young’s modulus of F11 cells at small indentations is
between 55 and 166 Pa, in agreement with previous results
on DRG elastic moduli values and other neuronal cell types
[27, 28]. The variability on the measured Young’s moduli
comes from the different phenotypes present in F11s [20].
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Figure 14: Force indentation responses from DMA on F11 cells
at 0.1, 0.316, 1, 3.16 and 10 Hz.

Of the studied nine cells, the Young’s moduli at 3 and 4 ym
fell within the 10% of the initial value at 2 ym. A fixed inden-
tation of 3 ym was thus chosen to compare electrophysiolog-
ical signals of F11s under mechanical loading. Indentation-
controlled feedback loop ensured that this indentation was
held constant throughout the experiments.

7.6. DMA fitting

DMA allows for the identification of the complex modu-
lus E = E' +iE", where E' and E" are the storage and
loss moduli, respectively. These moduli are a priori fre-
quency dependent, i.e., the elastic and viscous behaviours
of the material vary with the loading rate. To evaluate the
evolution of moduli with frequency f, F11 cell bodies were
indented at constant oscillating amplitude and logarithmic
spaced frequencies: 0.1, 0.316, 1, 3.16 and 10 Hz, record-
ing larger force and stiffer responses at higher frequencies
as shown in Figure 14. The moduli can then be fit against
the experimental force F vs. indentation h responses at each
frequency through the following relations [61]:

E'(w) F 1

— 7 _ = 4
- 7 Cos(é)z\ﬂzs_R 4)
E/l

where v ~ 0.5, ¢ is the phase lag between the indentation
and force responses, R is the nanoindenter probe radius, A,
the static indentation depth and w = 27z f.

Noting that the relation between Young’s modulus and
shear modulus G follows:

E

T ©
one then obtains:
G'@ _F cos(8)— )
(I-v) h 44/h,R

AP feature Before During After
AP amplitude (mV) 65.34 + 12.52 60.95 + 10.54 | 64.36 + 11.99
AP width (ms) 36.85 + 13.78 | 42.53 + 17.74 | 37.78 + 14.84
V,“ (mV) -44.71 + 247 | -44.93 £3.13 | -47.07 +3.55
V,, (mV) -28.55 + 5.85 | -28.41 + 654 | -30.63 + 6.39
AP rising phase (ms) 49.87 + 12.81 52.38 + 15.28 | 51.15 + 13.99
AP falling phase (ms) || 131.92 + 33.91 | 60.95 + 145.25 | 144.48 + 35.46
Max dV, /dt (mV/ms) || 1.72 + 0.31 1.35 +0.23 1.67 +0.17
AP firing freq (APs/s) 0.15 + 0.10 0.17 £ 0.13 0.19 +0.20

Table 3
Original analysed mean and SD AP features values before,
during and after quasi-static indentation.

G"(CU) B E .
(I-v)  h sm(6)4 h.R

S

®)

7.7. Original AP features values

Table 3 includes the original mean values of the analysed
AP features. From these, the normalised ones shown in Fig-
ures 8 and 9 are obtained by dividing each averaged value of
interest in table 3 by its counterpart before indentation.

7.8. Generalised Maxwell model

The frequency-dependent mechanical response of vis-
coelastic materials (Section 7.6) can be modelled with the
Generalised Maxwell model, which consists of a long-term
elastic (spring) branch, in parallel with a set number of vis-
cous branches (spring and dashpot) in series. Each viscous
branch i represents one relaxation response of the material,
where relaxation time is defined as 7; = =, G; being the

shear modulus (the spring) and #; being the viscosity (the
dashpot) of the branch. The elastic branch, with a shear
modulus G, corresponds to the elastic response when the
viscous branches are not loaded elastically, e.g., after a re-
laxation time much larger than all max;(z;).

Using Prony series notation, the storage and loss moduli
of a three-branch Maxwell model are then given by:

&’
G'(®) = Gyll - Zg,]+GOZ - ©)
i=1 lw
GH( ) G 2 gl‘[la)2 (10)
®
V& trw?
where g; = G;/Gy and Gy = G, + X, G;.

The parameters G, g; and 7; were then fitted to match
storage and loss moduli of the experimental DMA results by
using a nonlinear least squares algorithm in MATLAB. They
were then used as input in ABAQUS to define the 3D cell
mechanical properties of the three-branch Maxwell model,
see Table 4.

7.9. 3D FE simulation
The ABAQUS model consists of three distinct parts: the
glass indenter, the cell and the glass bottom dish. The glass
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Magpnitude Value
G, 479.99 Pa
g 0.06
T, 2.50s
& 0.09
T, 211.77 ms
g 0.82
T3 9.85 ms

Table 4
Calibrated viscoelastic parameters.

indenter was modelled as a spherical shell with an outer ra-
dius of 3 ym. The indenter was meshed with quadrilateral
shell elements and assumed quasi-rigid. The 3D cell geom-
etry was constructed from a z-stack’ed widefield image of
a live F11 cell. The geometry was smoothed, meshed with
tetrahedral elements, and imported into ABAQUS. The cell
was modelled as a linear viscoelastic material whose me-
chanical properties were taken directly from the DMA re-
sults (with v = 0.49). The cell-culture dish was modelled as
a rigid plane and was spatially fixed in the simulation. An
interaction algorithm was defined between the indenter and
the cell, as well as between the cell and the plate, in which a
‘hard’ contact was chosen for the normal direction, coupled
to a penalty friction formulation with a friction coefficient
of 0.2. A general static simulation was run in which a 3 ym
downward displacement was applied to the indenter in 1 s,
and sustained for another 20 s (thus longer than the relax-
ation period observed experimentally). The surface area of
the cell both before and during the indentation was finally
extracted for comparison.

7.10. Electrophysiological model

The parameters and channel gating evolution needed to
model the AP through Equation (1) were taken from the
DRG model in Ref. [26]. The model parameters are given
in Table 5, while the potassium and sodium gating variables
evolution equations are given in Tables 6 and 7, respectively.

The analysis of the AP features predicted by Equation (1)
for a 10% area increase (i.e., the area increase needed to fit
the experimental results, see Section 4.1) is given in Figure
15. The results of a 40% increase are also given for illustra-
tion.

Magnitude Value
C, 443x 1071 F/m
Gy, 1.41x 1076 S/m
Gya, 2.76 x 107 S/m
G, 840 105 S/m
G, 5.60x 10 S/m
v, - 49.1 mV
Ey, 62.94 mV
E, - 9234 mV
E, - 543 mV
A, 1256.64 um?
A 1261.66 um?

Table 5
Parameter values used in the DRG electrophysiological model.

Potassium channel
I — a,(V)A —n)+ B,(V)n

dr

a,(V) = 0.001265 L4273
l—e ™ -T0

(V) =0.125¢ 55

Table 6
Potassium channels’ gating equations.

Sodium channel

2 = a, (V)1 —m)+,(V)m

dh
dt

L = a,(V)(1 = h)+ B,(V)h

dr

_ 1.032
ams(V) - V+6.99
14e —14.87115

1149
am(V) - V+8.58
l4+e —847

B,(V) = — By (V) = —20r

14e 278 1+e 229
—+120) 0.06435
a,(V) = 0.0658e 2033 a, (V) = —5sars
l+e  3.71928
3.0 0.13496
ﬂh(V) - V—6.8 ﬁh;(V) - V+10.27853
I4e=12.998 I4+e —9.09334

Table 7
Sodium channels' gating equations.
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Figure 15: Left: prediction of APs through Equation (1) before
and during a 10% (above) and 40% (below) area increase, as
a result of cell loading during indentation. Insets: AP peaks
zoomed in. Right: phase plots of the APs.
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