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Abstract

The consideration of neurons as coupled mechanical-electrophysiological sys-
tems is supported by a growing body of experimental evidence, including
observations that cell membranes mechanically deform during the propaga-
tion of an action potential. However, the short-term (seconds to minutes)
influence of membrane voltage on the mechanical properties of a neuron at
the single-cell level remains unknown. Here, we use microscale dynamic me-
chanical analysis to demonstrate that changes in membrane potential induce
changes in the mechanical properties of individual neurons. We simultane-
ously measured the membrane potential and mechanical properties of indi-
vidual neurons via a multiphysics single-cell setup. Membrane voltage of a
single neuron was measured via whole cell patch clamp. The mechanical
properties of the same neuron were measured via a nanoindenter, which ap-
plied a dynamic indentation to the neuron at different frequencies. Neuronal
storage and loss modului were lower for positive voltages than negative volt-
ages. The observed effects of membrane voltage on neuron mechanics could
be due to piezoelectric or flexoelectric effects and altered ion distributions
under the applied voltage. Such effects could change cell mechanics by chang-
ing the intermolecular interactions between ions and the various biomolecules
within the membrane and cytoskeleton.
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Introduction

Changes in neuronal membrane voltage above a given depolarisation
threshold induce the generation and propagation of action potentials (APs).
This electrical activity is directly related to the flow of ions across the mem-
brane through the opening and closing of transmembrane ion channels. In5

addition to their electrophysiological function, ion channels also regulate cell
volume [1] and provide mechanosensitive functions [2, 3]. For example, me-
chanical forces can trigger electrophysiological and biochemical responses in
cells by directly affecting the activity of mechanosensitive ion channels [4].
Conversely, the propagation of APs has also been shown to induce physical10

and structural changes at the cell scale such as membrane deformation and
displacement, or nerve thickness variation [5, 6, 7, 8, 9, 10]. The action of ion
channels also directly depends on the surrounding membrane structure [11].
Together, these observations suggest a close relationship between neuronal
electrophysiology and mechanics [12].15

Over the past decades, new techniques and methodologies have been de-
veloped to measure and quantify the submicroscopic mechanical properties
of materials [13, 14]. One such technique is nanoindentation, which can per-
form quasi-static and/or dynamic loading measurements of the mechanical
properties of a sample at the micro- or nanoscale [15]. Using nanoindentation20

and other micro/nanoscale techniques, an increasing body of work has stud-
ied the relationship between a cell’s mechanical properties and functionality
[16], and demonstrated that the mechanical properties of cells are essential
determinants of cellular behavior under normal and pathological conditions
[17, 18, 3]. However, relatively few studies account for coupling between the25

mechanical and electrical properties of cells. While some recent work has
proposed the development of novel experimental techniques that enable suc-
cessful simultaneous measurement of the electrophysiology and mechanical
properties of neurons [19, 20], such measurements are still in their infancy.
In particular, to the best of our knowledge, no study has measured the im-30

pact of membrane electrical potential on neuron mechanics at the single-cell
level. To address this issue, we measured how induced membrane poten-
tials (mV) affect the short-term (seconds to minutes) mechanical properties
of individual neurons by employing a recently developed multiphysics setup
that simultaneously combines whole cell patch clamp, nanoindentation, and35
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imaging [20].

Materials and Methods

Cell culture

F11 cells (embryonic rat dorsal root ganglion × mouse neuroblastoma
(N18TG-2, passage 20-24) hybrid, ECCAC, UK)[21] were seeded at 1× 105

40

cells per dish on 50 mm glass bottom petri dishes (glass thickness 1.5 mm,
Wilco Wells, Amsterdam, NL) in 2 mL differentiation media (DMEM, 1%
foetal bovine serum (FBS), 2 µM retinoic acid, 10 µM IBMX (3-isobutyl-1-
mythylxanthine), 0.5% insulin transferrin selenium, 1% penicillin/streptomycin,
50 ng/mL nerve growth factor, 0.5 mM 8-bromoadenosine 3′ − 5′ cyclic45

monophosphate). Cultures were maintained for 5-8 differentiation days in
a humidified incubator (5% CO2 at 37◦C). Every other day, 1 mL of media
(Gibco, USA) was replaced by prewarmed (37◦C) differentiation media. Af-
ter 5-8 days of differentiation, cells exhibited traits of mature neurons, such as
spontaneous AP firing and neurite elongation [20]. These differentiated cells50

are established models of sensory neurons [21, 22, 23, 24], with mechanical
properties comparable to other neuronal cell types [25].

Dynamic mechanical analysis (DMA)

The mechanical properties of a single cell were measured under compres-
sion using a nanoindenter (Chiaro, Optics 11, Amsterdam, NL). Probes (Op-55

tics11 Life) consisting of a spherical bead (radius of 8±0.5 µm) [26] attached
to a cantilever (stiffness of 0.029− 0.035 N/m) were used. Microscale DMA
was performed to measure the viscoelastic behavior of F11 cells by quanti-
fying the storage (E ′) and loss (E ′′) moduli of the cell. E ′ accounts for the
energy stored elastically, which is recovered after the indentation [27, 28, 29].60

E ′′ accounts for the viscous energy, dissipated as heat, during the indentation
[27, 28, 29]. For each measurement, the selected cell was precompressed by
1 µm over a period of 5 s followed by a relaxation of 30 s. DMA was then
performed by applying a sinusoidal compression with a displacement ampli-
tude of 400 nm and a specific frequency between 0.5 Hz and 10 Hz. DMA at65

several frequencies was performed. After measurement at a single frequency,
the next measurement was not performed for at least 20 s, to allow for cell
relaxation [20]. E ′ and E ′′ for each measurement frequency were calculated
by the Piuma software by fitting the experimental force and indentation time
signals [30].70

3



Electrophysiology

Whole cell patch clamp was performed on a single cell using a Digidata
1550A digitizer acquisition system, pCLAMP 10 data acquisition software,
and a Multiclamp 700B MicroElectrode amplifier (Molecular Devices, CA).
The intracellular solution contained 140 mM KCl, 5 mM NaCl, 0.1 mM75

CaCl2, 2 mM MgCl2, 10 mM HEPES, 2 mM ATP, 1 mM GTP and 1mM
EGTA with pH adjusted to 7.3 by addition of KOH and osmolarity adjusted
to 300 mOsm/L by glucose addition. The extracellular solution contained
130 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose, and
10 mM HEPES, and was adjusted to 7.4 pH by NaOH and 310 mOsm/L80

by glucose addition. All reagents were purchased from Sigma-Aldrich, St.
Louis, MO. Patch clamp recording pipettes were pulled from borosilicate
glass capillaries (BF100-78-10, Sutter Instruments) by a micropipette puller
(Model P-1000, Sutter Instruments), to a resistance of 3-5 MΩ. Pulling
parameters were based on previously published work [31]. After a Giga-seal85

was formed between the pipette and a single cell, suction was applied to
rupture the membrane patch and form a whole-cell patch configuration.

Assessment of the electrophysiological-mechanical coupling

Simultaneous measurements of the electrophysiology and mechanical prop-
erties of a single F11 cell were performed using the multiphysics setup de-90

signed and described by the authors in Ref. [20]. First, the cell was clamped
with the patch clamp recording pipette. Next, the cell was indented with the
nanoindenter tip, and DMA was performed. The resulting measurement con-
figuration is shown in Fig. 1(A). A specific membrane potential was induced
and maintained for the duration of the DMA test. Membrane potential was95

tracked throughout the experiment to ensure that the quality of the clamp
was maintained. If the clamp was lost or damaged, the data were discarded.
A minimum of 4 cells were measured at each applied potential in order to
account for variability in the results due to factors such as cell size, cell het-
erogeneity, and spatial position of the clamp and nanoindenter on the cell100

surface. Measurements were conducted at potentials of: -100 mV (n=4); -50
mV (n=16), -40 mV (n=19), 0 mV (n=18), 10 mV (n=15), 50 mV (n=14),
patch without imposed voltage (n=7), and no patch (n=12).

Only mature neurons, with neurites extending from the soma, were mea-
sured. Cells with a round soma, at least 20 µm in diameter, were selected so105

that both the nanoindenter and patch clamp could be applied to the cell with-
out directly touching each other. To minimise effects from neighboring cells,
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measurements were only performed on cells whose somas were not in direct
contact with those of other neurons. For each nanoindenter measurement,
cells were measured at 1 Hz during and after the DMA frequency sweep. If110

E ′ and E ′′ differed between these two measurements, it was assumed that
the cell had been damaged during the measurement, and the data for the
particular cell were not included in the final analysis.

Microscopy

An inverted microscope Nikon Eclipse Ti (Nikon Instruments Inc., USA)115

was used to acquire images of F11 cells. Images were captured with 10×,
20× or 40× objectives.

Statistical Analysis

A Shapiro-Wilk test was used to test normality of the data. Differences
between measurements were evaluated by performing a one-way ANOVA test120

followed by a Wilcoxon post hoc test to obtain multiple comparison p values.
Comparison p values are mentioned in figure captions.

Results and discussion

A schematic of the multiphysics experimental setup for simultaneous
recording of cell mechanics and cell electrophysiology is shown in Fig. 1(A).125

First, a single F11 cell was clamped. Next, the cell body was indented 1 µm.
This indentation depth was within the cell’s linear viscoelastic regime [20].
After the initial indentation, oscillatory strains with a 400 nm amplitude
were applied at different frequencies (0.5, 1, 2.5, 5, 7.5, and 10 Hz) to per-
form microscale DMA to measure E ′ and E ′′ of the cell in its resting state.130

Finally, cell E ′ and E ′′ were measured at different voltages (-100 mV, -50
mV, -40 mV, 0 mV, 10 mV, and 50 mV) imposed by the clamp. Since the
thickness of the cell membrane is 3-10 nm [32], the applied 1 ± 0.4 µm inden-
tations likely deformed intracellular components of the cell in addition to the
plasma membrane. Therefore, the measured E ′ and E ′′ represent properties135

arising from the combined membrane, cytoskeleton, and possibly nucleus of
the neuron.

Patch clamp induces morphological and functional changes to a cell via
pressure/suction on the cell membrane [33], which could potentially affect
cell mechanics. To control for these effects, DMA with no imposed electri-140

cal potential was performed on individual unclamped (control) and clamped
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Figure 1: Schematic representation (A) and microscope image (B) of the simultaneous
measurement of a single neuron’s mechanical properties (via a nanoindenter) and electro-
physiology (via whole cell patch clamp), scale bar: 20 µm. (C) Storage and loss moduli (E′

and E′′, respectively) and tanδ measurements of control (unclamped) and patched cells.
E′± standard error (SE) (Pa) is shown in black, E′′± SE (Pa) in green, and tan δ ± SE in
blue. Statistical analyses were performed between clamped and control measurements at
each frequency. Both E′ and E′′ were significantly different between clamped and control
cells at each frequency, ***p< 0.001.

cells. As shown in Fig. 1(C), both E ′ and E ′′ significantly (***p<0.001)
increased when cells were clamped. For all measured frequencies, the moduli
of clamped cells were '2× higher than those of the control (Table 1). Since
both E ′ and E ′′ increased in a similar manner, the ratio of the two, i.e. the145

loss tangent tan δ = E′′

E′ , was not affected by clamping.
Several possible mechanisms could explain the observed patch clamp ef-

fects on cell mechanics. First, deformation of the cell imposed by the patch
(illustrated in Fig.1(A)), in addition to that imposed by DMA, could de-
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Table 1: Storage modulus (E′), loss modulus (E′′), and loss tangent (tan δ = E′′/E′) ±
SE at each DMA frequency (f) for neurons without (control) and with patch clamp.
f (Hz) E ′ (Pa) E ′′ (Pa) tan δ

Control Clamped Control Clamped Control Clamped
0.5 216.95 ± 23.78 535.92 ±38.26 111.73 ±13.96 248.28±16.17 0.52 ± 0.02 0.49 ± 0.03
1 253.72±30.09 621.48±36.97 138.78 ±17.95 320.91 ±18.86 0.55 ± 0.03 0.53 ± 0.03
2.5 325.81 ± 39.07 756.30±43.69 211.90±27.40 455.57± 29.18 0.66 ± 0.04 0.63 ± 0.03
5 388.18± 44.22 886.23 ±50.49 301.72±37.81 643.56± 40.47 0.79 ± 0.05 0.74 ± 0.04
7.5 446.50±104.14 976.08±60.27 488.75 ±102.96 826.08 ±54.20 1.07 ± 0.08 1.00 ± 0.07
10 460.25± 62.25 1063.40±68.29 493.50±83.28 1028.30± 70.43 1.13 ± 0.08 0.88 ± 0.06

form the cell more than the desired 1 ± 0.4 µm, potentially pushing mea-150

surements outside the linear viscoelastic regime of the cell. Alternatively,
induced membrane curvature by the patch could alter the ion distribution
on the membrane [34, 35, 36] or the fluidity of the membrane [37, 38], and
thereby alter the mechanical properties of the membrane. Additionally, since
the cytoskeleton of the cell is anchored to the membrane, alterations to the155

membrane by the patch could potentially alter the cytoskeleton dynamics of
the neuron, which could result in additional changes to cell mechanics [39].

Next, we studied the influence of membrane potential on cell mechanics
by imposing a voltage between -100 mV and 50 mV, and performing DMA
at each potential. An example of this procedure is shown in Fig. 2(A).160

DMA measurements at a given potential were compared to control DMA
measurements collected on the patched cell before any membrane potential
was imposed. Fig. 2(B) shows E ′, E ′′, and tan δ at different imposed voltages
as a function of frequency (Hz). The values of E ′ and E ′′ changed in a similar
manner, resulting in a constant tan δ. These results are reminiscent of those165

in Fig.1(B).
Fig. 2(C) shows E ′, E ′′, and tan δ as a function of membrane potential

(mV) for each DMA frequency. Both moduli remained constant at potentials
between -100 mV and 0 mV. When positive voltage was imposed (at 10 and
50 mV), both E ′ and E ′′ decreased. In particular, cell E ′ and E ′′ were170

significantly lower at 50 mV (by a factor '1.5; * p<0.05) compared to the
measurements at -50, -40 and 0 mV. These observations are not due to the
effects of the clamp, shown in Fig. 1(B), since the control was the clamped
cell before any voltage was applied. Therefore, the results of Fig. 2(B) and
2(C) arise from the different imposed voltages. The trends we observed in175

E ′ and E ′′ with frequency agree with those previously reported at both the
cell [20] and tissue [40] level. As with Fig. 1(B), alterations in E ′ and E ′′
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Figure 2: (A) Example multiphysics experiment procedure over a 3.33 min time interval.
A voltage is imposed via patch clamp (black, -100, -50 and 0 mV) while DMA (blue)
at different frequencies is performed via nanoindentation on the same cell (duration 2.5
min for 6 frequencies). Before time 0, control DMA measurements are performed on the
patched cell without any imposed voltage. (B) Frequency dependent variation of storage
modulus E′ ± SE (Pa) in black, loss modulus E′′ ± SE (Pa) in green, and the loss
tangent tan δ ± SE in blue of neuronal cells for multiple membrane potentials (mV). (C)
E′ (Pa), E′′ (Pa), and tan δ ± SE as a function of membrane potential (mV) for each
DMA frequency, n=[4-19]. Statistical analysis was performed between each voltage at a
given frequency, * p<0.05. Measured tan δ were not significantly different.
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between positive and negative voltages occurred in a similar manner, thereby
resulting in a constant tan δ regardless of membrane potential.

Several mechanisms could explain the observed alterations to energy stor-180

age and dissipation between positive and negative membrane potentials. For
example, imposed voltages alter the activity of channels which regulate cell
volume and morphology [41], such as aquaporins [42, 43] and/or ion channels
[4]. Alterations to cell morphology via altered channel activity could poten-
tially change the mechanical properties of the cell. Additionally, it is already185

known that applied voltage alters the spatial distribution of lipids and pro-
teins in the cell membrane, and thereby alters membrane fluidity/state and
mechanics [44, 12]. Alterations in the spatial distribution of membrane lipids
could also alter lipid polarisation and hence the structure of the cell mem-
brane [45, 46]. Lipid redistribution and membrane structure alterations occur190

at the microscale, and can alter whole-cell morphology [47, 19]. These alter-
ations to cell morphology could potentially result in altered cell mechanics.
It is also reasonable to hypothesise that the imposed voltage affected multi-
ple cellular components, rather than the cell membrane alone. For example,
it is already known that alterations to the conformation of the cytoskeleton195

alter cytoskeletal properties and cell mechanics [39]. The neuronal cytoskele-
ton consists mainly of actin and spectrin [48]. Actin [49] and spectrin [50]
are piezoelectric, meaning they undergo strain when a voltage is applied
and vice versa [51]. Therefore, cytoskeletal strains under the voltages im-
posed in our experiments [51] could potentially alter cytosketal and thereby200

cellular mechanics. Similarly, the cell membrane is flexoelectric [44], and
many components (especially proteins) of the membrane are piezoelectric or
exhibit other forms of mechanoelectric coupling [52, 53, 44]. Furthermore,
the cytoskeleton is anchored to the cell membrane, and alterations to one
component can alter the other [54, 55]. For example, cytoskeletal anchor-205

ing to the membrane alters ion channel distribution in the membrane and
lipid fluidity [54, 56]. The membrane-cytoskeleton system as a whole deter-
mines cell shape and mechanics [57]. Together, these observations suggest
that changes in cell mechanics due to different imposed voltages may arise
from alterations to the conformation of molecules in the cytoskeleton and210

membrane via the induced potential. Additionally, the cytoskeleton (and
therefore the membrane) is connected to the cell nucleus [58, 59]. Again,
DNA and other components of the nucleus are piezoelectric [52, 60, 53].
Changes in the conformation of the nucleus could therefore potentially alter
the conformation of the cytoskeleton [58, 59], and thereby the conformation215
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of the cell membrane, further altering the mechanical properties of the cell.
Additional experiments, employing tools such as atomic force microscopy
and/or ion channel or cytoskeletal inhibitors, are needed to determine which
of the changes proposed in this paragraph contribute most to our results.

Piezoelectric, flexoelectric, and other mechanoelectric behaviors in bio-220

logical systems arise from the fact that most biomolecules (such as actin,
spectrin, DNA, proteins, and lipid heads) are small and charged [53, 61, 28].
Interactions between biomolecule charges and the surrounding water and
ions play an important role in modulating the charge, conformation, and
mechanical properties of the biomolecule [28, 62]. For example, interaction225

of membranes with ions alters the fluidity and mechanical properties of the
membrane [63, 64, 36]. Hydration of actin and spectrin plays an impor-
tant role in the mechanical properties and conformation of actin/spectrin
cytoskeletons [65]. Ions also have the ability to modulate hydrogen bonds
and/or alter covalent interactions (by facilitating reactions or sterically block-230

ing sites where covalent bonds can form) that determine how energy is stored
(giving rise to E ′) and dissipated (giving rise to E ′′) by the components of
a cell [62, 66, 67]. The voltages imposed in these experiments likely alter
the distribution (steady state) of ions inside and immediately outside the
cell [68]. Such altered ionic distributions could in turn alter imtermolecular235

interactions [62] and thereby the mechanical properties of the membrane,
proteins, cytoskeleton, and other cellular components. Additionally, it is
reasonable to hypothesise that sign reversal of the membrane potential (neg-
ative to positive) would alter ionic distribution more than changing voltage
within either positive or negative ranges (for example from -100 to -50 mV),240

thereby explaining our observation that the largest change in E ′ and E ′′ of
the neuron occurred between positive and negative membrane potentials.

Future investigation into neuronal multiphysics should test the validity of
the hypothesis that membrane potential affects cell mechanics by altering ion
distributions, and consequentially interactions between biomolecules within245

the neuron. To this end, several different experiments can be performed. For
the first experiment, if the ion hypothesis is true, altering extracellular salt
concentration should have similar effects to imposed membrane potentials
on cell electrophysiology and mechanics. Measurements using our multi-
physics setup, with patch clamp measuring the cell’s resting potential and250

nanoindentation performing microscale DMA, could be performed on cells in
solutions of various salts and salt concentrations. The second batch of exper-
iments should test the effects of membrane potential on cellular components.
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For such studies, atomic force microscope (AFM) cellular imaging techniques
[69, 70] could be employed to image and measure the mechanical properties255

of cells and their intracellular components simultaneously. The effects of
voltage on cell mechanics in such AFM experiments could be studied by ap-
plying voltage in the AFM [71], or by performing AFM on cells in solutions
of different salts or salt concentrations. Similarly, AFM measurements of the
mechanical properties of isolated membranes, actin, spectrin, and DNA in260

different ionic conditions or applied voltages could be performed.
In summary, the objective of this work was to gain insight into elec-

tromechanical coupling in neurons by investigating the short-term (seconds
to minutes) influence of imposed voltage on neuron mechanics. We found
that membrane potential altered neuron viscoelasticity. Similar observations265

to ours have been reported for cells without patch clamp [72, 20]. How-
ever, unlike previous studies, our study also demonstrated a decrease in E ′

and E ′′ with positive membrane voltages. The observed effects of applied
voltage on neuron mechanics could be due to altered intermolecular and
ionic interactions (caused by the imposed voltage) within the cell membrane,270

cytoskeleton, and possibly cell nucleus. Our observations could have im-
plications for several neuronal processes. Alterations to neuron mechanical
properties affect the neuron’s ability to generate and propagate APs [12], and
could explain the effects of a variety of stimuli on nervous system activity
[73, 74, 75, 12]. Therefore, future work designed to test the ion hypothesis275

proposed here and elucidate the mechanisms behind mechanoelectric cou-
pling in neurons could help explain a variety of phenomena, and increase
our understanding of AP propagation in neurons. Such understanding would
increase our ability to exploit mechanoelectric coupling in neurons for clin-
ical applications such as ultrasound neuromodulation [12] or the treatment280

of paralysis [76, 77].
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