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Abstract: We describe an optical technique for label-free detection of the action potential in
cultured mammalian neurons. Induced morphological changes due to action potential
propagation in neurons are optically interrogated with a phase sensitive interferometric
technique. Optical recordings composed of signal pulses mirror the electrical spike train
activity of individual neurons in a network. The optical pulses are transient nanoscale
oscillatory changes in the optical path length of varying peak magnitude and temporal width.
Exogenous application of glutamate to cortical neuronal cultures produced coincident
increase in the electrical and optical activity; both were blocked by application of a Na-
channel blocker, Tetrodotoxin. The observed transient change in optical path length in a
single optical pulse is primarily due to physical fluctuations of the neuronal cell membrane
mediated by a yet unknown electromechanical transduction phenomenon. Our analysis
suggests a traveling surface wave in the neuronal cell membrane is responsible for the
measured optical signal pulses.

© 2017 Optical Society of America

OCIS codes: (120.3180) Interferometry; (120.5050) Phase measurement; (170.2655) Functional monitoring and
imaging; (180.3170) Interference microscopy; (120.5820) Scattering measurements.
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1. Introduction

The essential role of neurons is to integrate excitatory and inhibitory synaptic inputs at the
level of the neuron soma and dendrites, and transmit this electrochemical information by
triggering an action potential(s) (AP) that is propagated along axons to the nerve terminals
where the neurotransmitter release activates the second-order neurons [1, 2]. Neuronal relays
such as these represent the fundamental units of neuronal networks from the simplest
invertebrates to the complex neural circuitry of the human brain. Understanding the basic
functions of normal neuronal networks and their disruption in disease states has relied mostly
on the recordings of electrical signal [3, 4]. Hence, reliable and accurate recording of
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electrical signals has been the cornerstone of understanding the nervous system. Recording
electrical signals from single or populations of neurons by electrophysiological techniques
has been the mainstay of neuroscience research for the past century [5-7].
Electrophysiological techniques require placement of an electrode in direct contact or close
proximity to neurons, presenting inherent technical limitations [8, 9]. These limitations can be
a significant hurdle in studies that require long term and high throughput recordings in a
network of neurons. Recent developments in multi-electrode array (MEA) electronics
platforms have improved throughput and minimized the invasiveness, but remain limited by
electrode density and inflexibility of the arrays [10-13].

In response to technical challenges of using standard electrophysiological techniques to
monitor neuronal network activity, there have been remarkable advances in the development
of fluorescent proteins for optically imaging action potential propagation [14-18]. Recent
developments including advanced genetically encoded calcium indicators (GECIs) [19-22],
genetically encoded voltage indicators (GEVIs) [23, 24] and voltage sensitive dyes (VSDs)
[18, 25, 26] have overcome some of the previous constraints and challenges of optical
imaging of membrane potential like low signal-to-noise ratio (SNR), cytotoxicity and slow
kinetics [23, 24, 27]. Furthermore, the development of genetically engineered Rhodopsin-
fluorescent proteins [28, 29] have revolutionized the characterization of functional neural
networks [22, 30]

Label-free optical techniques could provide another alternative to non-invasively record
neuronal activities. Unlike electrophysiology, optical interrogation of electrical signaling is
achieved indirectly in a contact free manner. Despite the popularity of fluorescence imaging,
label-free optical detection of action potential (AP) is highly desirable as it eliminates the
need to add exogenous chemical or genetic biosensors with inevitable issues associated with
photo-bleaching, photo-toxicity, low SNR and the potential of interfering with normal
physiological functions. Endogenous optical changes due to action potential propagation can
manifest as changes in scattering [14, 31-33], birefringence [34, 35], refractive index, or
optical path length [36-38], which have been studied for the last few decades, beginning in
1950s [16, 17,39-41].

Reported label-free AP studies using optical techniques have been conducted in
drosophila CNS [42], giant squid axon [43, 44], lobster [45], and rat-nerve bundle [46, 47]
models which typically require averaging of multiple optical signals due to poor signal to
noise ratio. In recent years, a number of label free optical techniques [14, 31-38, 42-45]
based on phase sensitive interferometry have demonstrated detection of neural activity. High
sensitivity in measuring changes in optical path length makes these interferometric techniques
particularly attractive for detecting potential AP induced nanoscale changes in neuronal
optical properties. While interferometric principle is similar in these techniques, they differ in
implementation, neuronal cell/tissue type, and signal detected. To date, none of the label-free
optical techniques have successfully demonstrated single shot measurement of individual
action potential spikes from single mammalian neurons.

In this article, we report real-time and single shot recording of individual action potentials
in a network of cultured mammalian neurons with a label-free optical technique based on
phase sensitive low coherence interferometry. Additionally, we propose a plausible
framework for the electrical-to-optical signal transduction mechanism that contributes to the
measured interferometric signal.

2. Method
2.1. Cortical neuron culture

All experimental procedures were conducted according to UT Arlington Institutional Animal
Care and Use Committee approved protocol. Cortical neurons were isolated from 18-day rat
embryos after cortical tissues were dissected, cleaned (meningeal layer), enzymatically
dissociated (0.125% trypsin in L-15 medium) for 20 minutes at 37 °C. Dissociated cortical
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neurons (40,000/ml) were seeded on Poly-D-lysine (PDL, 0.01%, Sigma) pre-coated neuronal
cell culture devices. The culture media (Neurobasal medium supplemented B-27 with BDNF
and NT-3, 10 ng/ml) in these devices was changed every 24 hours. For patch clamp
experiments, neurons were grown in 35 mm glass bottom petri dishes, coated with Poly-D-
Lysine and the culture media was changed every 3 days. Glutamate and TTX used for
neuronal stimulation and inhibition experiments were purchased from Sigma-Aldrich and
Tocris Bioscience, respectively.

2.2. Neuronal cell culture device

Two (25 x 75 x 1 mm) glass slides were used to make each sandwich neuronal cell culture
device. First, two holes were drilled (~2 mm diameter) in one glass slide (top slide) using a
diamond drill-bit. Water was injected at the drilling point to dissipate heat and avoid glass
breakage. Next, the glass slides were thoroughly cleaned using isopropyl alcohol and distilled
water. On the top slide, two PDMS wells were attached centered at each hole by plasma
bonding to serve as media reservoirs. After applying nontoxic silicone glue on the top surface
edges of the bottom glass slide, the top slide was placed on it to fluidically seal the sandwich
culture device. The layer of glue in between the glass slides generates a gap of approximately
80 microns. Devices were coated with poly D-lysine 24 hrs prior to cell culturing. Neurons
were gently seeded through holes on the sandwich device and the culture media was changed
every 24-48 hours to maintain healthy growth of neurons.

2.3. Immunostaining of fixed cortical neuron

Cultured neurons were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS).
Fixed cells were immunostained by standard procedure. Cells were briefly treated with
blocking solution that contained 4% goat serum in washing solution (0.5% Triton in PBS) for
1 hour. Mouse anti-p III tubulin monoclonal (mIgG2b, 1:1000; Sigma) primary antibodies
were diluted in blocking solution and precooled at 4°C before use. Secondary antibodies Goat
anti-mouse 1gG2b Alexa Fluor 488 (Green, 1:250; Jackson Immuno Research) were prepared
in the washing solution. After blocking, cells were incubated overnight with primary
antibodies at 4°C. Next day, cells were washed three times with washing solution followed by
incubation with secondary antibody for 1 hour at room temperature and protected from light.
Post antibody incubation, cells were washed and stored in PBS solution. Stained cells were
imaged using a fluorescence microscope.

2.4. Patch-clamp recording

The patch-clamp set up for computer controlled voltage and current clamp consisted of a
recording system, digitizer, and an amplifier (Multiclamp 700B, and Digidata 1440,
Molecular Devices). Borosilicate micropipettes of resistance ranging from 3 to 5 MQ were
used for whole-cell patch-clamp. The micropipette was filled with electrolyte solution
containing (in mM) 130 K-Gluoconate, 7 KCI, 2 NaCl, 1 MgCl,, 0.4 EGTA, 10 HEPES, 2
ATP-Mg, 0.3 GTP-Tris, and 20 sucrose. The micropipette was mounted on a three-axis
motorized micromanipulator (Sutter Instruments). Standard extracellular solution contained
(in mM): 150 NaCl, 10 Glucose, 5 KCI, 2 CaCl;, 1 MgCl, was buffered with 10 mM HEPES
(pH 7.3). Recorded neuronal electrical signals were digitized and analyzed (pClampl10
software) to produce AP traces.

2.5. Detection of AP with phase sensitive low coherence interferometry

Optical setup (Fig. 1) used for detection of action potential in a network of cultured cortical
neurons consists of a fiber interferometer, high speed spectrometer, and an inverted
microscope. Input port of single mode fiber interferometer was seeded with a broadband light
source (SLD -Superlum, Inc., c = 860 nm, 44 = 63 nm). Light splits at the 2 x 2 fiber coupler
and traverses along the output fiber arms. One of the fiber output ports of the interferometer is
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attached to the side port of an inverted microscope (Zeiss Axio Observer). The 80/20 beam
splitter inside the microscope side port allows for simultaneous cell sample visualization and
interferometry. Attached to the side port is a modular opto-mechanical unit which consists of
cage system with a fiber connector (FC/APC) and a collimator mounted on a two axis (tip/tilt)
mirror mount on one end and a C-mount on the other end that is attached to the microscope
side port. Light exiting the single mode fiber is expanded, collimated, and relayed to the
microscope objective. Reflected light from the sample is collected by the microscope
objective and coupled back to the fiber port. Light incident on the sample (Fig. 1B) is
partially reflected from the two reference surfaces of the sandwich neuronal cell culture
device. In this common path topology, components of reflected light co-propagate until
bottom slide, generating a highly phase stable spectral interference signal (Fig. 1D).

C
I VAN — =4

Top Slide

y-

s 7 1T T

5 Bottom Slide [
. —
D
oL —
g coupler B
= : High-Speed P | = ‘-----mmomooo-
2 Spectrometer
= p
Wavelength Broadband Light Source A

Fig. 1. Optical setup for detecting neuronal activity using low coherence phase sensitive
interferometry. (A) Schematic diagram of the interferometric instrument which consists of a
broadband source (center wavelength at 860nm, bandwidth of 63 nm), fiber coupler, high-
speed spectrometer, and computer with data acquisition system. (B) Output port of the fiber
coupler is attached to the side port of an inverted microscope that transmits and focusses light
on the s (C) lllustration of neuronal cell culture device in a sandwich configuration consisting
of two glass slides that are separated by a fixed gap (~80 pum) with neurons attached to the
bottom glass slide, and (D) Light reflecting from the bottom (glass-cell) and the top (cell-
media) interfaces of the two glass slides of the neuronal cell culture device couple back into
the interferometer and mix to form spectral interference fringe signal.

Choosing two fixed interfaces with comparable reflectivity (glass-cell interface of bottom
slide and media-glass of top slide, zoomed inset of Fig. 1(C)) of the neuronal cell culture
device generates fringe modulation depth (visibility) close to 100% (Fig. 1(D)) and hence
enables highly sensitive measurement of change in optical path difference (OPD). Spectral
interference signal generated from light reflecting bottom (glass-cell interface) and top
(media-glass interface) of the culture device can be written as [38,49],

S, (k,t) = a8, (k)R +R, + 2JRR, |u(K)|cos[ 4(k.t)]} 6N

where, S; is the spectral density of the broadband light source, o is the coupling efficiency of
reflected light from the neuronal cell culture device to the interferometer, and k ( = 1/4) is the
wavenumber. Ry and R, are the reflectivity of the bottom and top interfaces of the cell culture

device, respectively. p(k) is the spectral coherence function and ¢(k,t) angular phase
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difference proportional to the optical path difference (OPD) between top and bottom
interfaces of the cell culture device given by the expression [50],

ImS,(z,t)
ReSO(z,t)} @)

T

#z.0)|,= 1—7? p(z,t)= tanl{

where, p(z,t) is the OPD and S_(z) is the Fourier transform of Eq. (1) calculated at the

peak value of the coherence function corresponding to spatial location z=d, which is
equivalent to the gap of the cell culture device. The spectrometer acquires spectra (depth
scans/A-Scans) at maximum rate of ~6000 spectra/s (varies from 4000 to 6000) with a
spectral resolution of 0.05 nm. Spectral fringe modulation frequency is proportional to OPD,
which is the gap between the two glass (top and bottom) surfaces. Since the physical gap of
the neuronal cell culture device remains constant barring any fast thermal and/or mechanical
drift in the device or the spectrometer, transient physical changes in the cells will modulate
the OPD. Although partially reflected light from other interfaces (top and bottom air-glass
interfaces) mix to generate additional interference terms, they are encoded in a different
spatial frequency channel and hence do not contribute to calculated phase in Eq. (2).

2.6. Data analysis

A data acquisition card (NI PCle-8231) and software interface (LabView) was used for data
collection. Spectral interferograms are digitized and stored as binary files for post-processing.
Each spectral interferogram after k-space conversion is Fourier transformed and phase at a
spatial frequency channel corresponding to cell culture device gap is calculated as a function

of time, ¢(d,t). Temporal phase difference (A4¢(d,z,)) at a given time was calculated by

subtracting the measured phase of A-Scan at time t, from the first (baseline) A-Scan at the
start of the experiment. Change in OPD is calculated from the phase difference by,

Ap(d,tn)=:—;d¢(d:tn):i—;[ﬂd’tn)_(b(‘l'ton )

For counting and characterizing individual optical pulses, envelope detection (rectification
and filtering) and thresholding was done on the measured change in OPD to determine pulse
width, peak amplitude, and firing rate. Change in OPD was baselined, filtered and threshold
was set above the baseline noise prior to the envelope detection. Second order bandpass
Butterworth filter with low pass and high pass cut-off frequencies of 200-300 Hz and 20-30
Hz, respectively, depending on the spectrum acquisition rate (A-Scan), were used to filter the
rectified signal. Data was collected in 60 sec segments and only segments that contained
optical pulses were considered for feature extraction analysis. Continuous wavelet analysis
(Morlet wavelet) was carried out in MATLAB software using 45 ms time windows for time-
frequency analysis of optical pulses.

3. Results

Rat cortical neurons were maintained under standard neuronal culture for a period of 14-17
days, over which time they formed an interconnected network of synaptic connection capable
of generating self-sustained spontaneous electrical activity. To detect action potential with the
interferometric setup, a neuronal cell culture device containing cultured network of cortical
neurons (Fig. 2(A)) was firmly mounted on the inverted microscope stage using a custom
stage insert, followed by adjustment of microscope objective (10X, N.A = 0.25) focal position
to obtain maximum interference fringe signal modulation depth for optimal SNR. Recording
experiments were started by first measuring baseline interference signal from a blank region
(without any neurons or axons) of the device (Fig. 2(B)) to establish the OPD noise floor. To
collect the optical signal from an individual neuron, probe beam was parked on the neuron
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soma by laterally translating microscope stage while imaging their relative positions with a
camera attached to microscope visualization port. Probe beam (focus spot size ~4.5 pum)
covers part of only one cell soma. Interference signal was recorded from a neuron for a period
of 3-4 minutes. Next, Glutamate (Glu: 500 uM final concentration) was added into the cell
culture device reservoir for stimulation and interference signal was collected. After 10-12
minutes of data collection, Na-channel inhibitor Tetrodotoxin (TTX: 500 nM final
concentration) was added to the device and interference signal was collected for a further 6
minutes. Typical temporal changes in OPD observed from these experiments are shown in
Fig. 2(C). OPD changes in the form of optical pulses above the baseline are clearly visible in
neurons with ( + Glu) and without stimulation. Cultures of cortical rat neurons are well
known to form interconnected neuronal networks of excitatory glutaminergic synapses that
produce spontaneous random firing in absence of external stimuli. With the addition of
exogenous Glutamate, neuronal firing rate increases which is reflected in greater number of
transient optical pulses. Effect of TTX, a highly potent sodium ion channel blocker known to
effectively kill neuronal firing [51], is clearly noticeable by a reduction in optical pulses.
Recorded optical pulses appear to exhibit single or multicyclic oscillations with short to broad
temporal widths (Fig. 2(D)). In-depth analysis of the optical pulses and their temporal
characteristics are discussed in the subsequent sections.
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Fig. 2. Representative optical signals recorded from individual neurons in a network. (A)
Fluorescence immuno-stained (primary B-11I-tubulin antibody- Alexa Fluor 488) image of
networked rat cortical neurons used in our experiments. (B) & (C) Temporal change in OPD
under different experimental conditions (no cell, cell without any stimulation, cell with
Glutamate stimulation, cell with TTX inhibition) showing a non-periodic train of optical signal
oscillation from unstimulated and stimulated neurons which die out when inhibited with TTX.
Calculated OPD sensitivity (standard deviation of optical trace in (Fig. 2(B))) was 30 pm. (D)
Isolated burst of individual optical pulses that have wave packet like signal pulse
characteristics and their corresponding envelopes show variation in temporal pulse width.

Electrophysiology studies were carried out on cultured cortical neurons for comparison of
the detected optical signal with electrical signal generated during neuronal firing. For each
experiment, a single neuron was patched in a network of cultured cortical neurons, and under
current clamp of whole cell patch-clamp recording, voltage trace was recorded over time.
Spontaneous electrical activity of a networked neuron is reflected in the electrical spikes (Fig.
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3(A)) in the absence of exogenous Glutamate stimulation. After few minutes of recording, the
same patched cell was stimulated by adding Glutamate in the culture media. Time lapse
recording of neuron firing after addition of Glutamate is shown in Fig. 3(A), which clearly
shows that Glutamate increases the rate of firing. In another experimental set, patched neuron
was subjected to stimulation by Glutamate and subsequently TTX was added to block the
sodium ion current. As shown in Fig. 3(B), the TTX diminishes firing activity significantly.
The optical results are in close agreement with the electrophysiology recording, where similar
outcomes for stimulation and inhibition were observed in the detected optical signal.
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Fig. 3. Patch clamp recording of action potential firing from single neurons. (A) Pre-and post-
glutamate stimulation voltage recording (current clamp) of randomly generated action potential
spikes in networked neurons. (B) Inhibition of electrical activity with addition of TTX.
Recordings in (A) and (B) are from two separate experiments.

Feature extraction analysis of optical pulses was carried out using an envelope detection
and thresholding method. Rectified optical signal (Fig. 4(A)) shows a train of optical pulses
and each optical pulse envelope can be characterized by its peak magnitude and temporal
width. Results summarizing the firing rate (no. of pulses), peak magnitude, and temporal
width for unstimulated (-Glu), stimulated ( + Glu), and inhibited (TTX) neurons are shown in
Fig. 4(B)-4(D). As expected, the firing rate increases in case of stimulated neurons and
diminishes under TTX inhibitions. In the case of TTX administered neurons, few optical
pulses were observed, predominantly with short temporal activity window- probably due to
the weak, subthreshold firing. In case of spontaneous and stimulated neuronal firing, wider
optical temporal period of activity was observed. Wider temporal activity windows are more
prominent in the unstimulated neurons, arguably because of the recuperation time availed by
the neurons due to lack of aggressive firing. In case of peak amplitudes of the optical pulses, a



Vol. 8, No. 8 | 1 Aug 2017 | BIOMEDICAL OPTICS EXPRESS 3709 I
Biomedical Optics EXPRESS -~

wide range of distribution was observed (Fig. 4(D)), which is almost identical in case of
stimulated and unstimulated neurons (as Glutamate stimulation only enhances the firing rate,

and does not affect the amplitude of action potentials), and close to the baseline in case of
TTX inhibition.
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Fig. 4. Analysis of extracted features from individual optical pulse (Fig. 2) (N = 5 neurons).
(A) Optical signals are rectified, followed by envelope detection of each pulse. (B) Firing rate
of unstimulated vs stimulated/inhibited neurons, (p<0.05 for -Glu vs + Glu and -Glu vs +
TTX). (C)-(D) scatter plots of envelope width, envelope peak under no stimulation, Glutamate
stimulation, and TTX inhibition conditions, respectively.

3.1. Discussion

Detected optical pulses quantify change in OPD, which is a product of physical path length
and refractive index. Any modulation of OPD is either due to changes in cell morphology
resulting in alterations in cell thickness (height) or refractive index, or a combination of both.
Electro-optic effect and dynamic mass redistribution due to depolarization of the cell
membrane are potential mechanisms that can modulate cell’s refractive index. Modulation in
refractive index due to electro-optic effect is expected to temporally follow the AP signal.
Electrical activity in the cell membrane is not known to trigger a downstream cellular
pathway that could potentially induce cellular mass redistribution resulting in bulk refractive
index change. The optical pulses do not follow the AP signal temporally, and hence each
optical pulse is a result of change in geometric morphology of the neuronal cell body.

To understand the nature of morphological changes we have analyzed the magnitude,
frequency and temporal characteristics (width and shape) of individual optical pulses.
Morphological changes can manifest as whole cell deformation (isovolumetric or non-
isovolumetric), or fluctuations of the cell membrane. Swelling and contraction have been
observed in neurons (nerve fibers, giant squid axons) following action potential, and
displacement changes of 0.5-5 nm have been reported [36, 52-54]. While some have
proposed underlying cause to be transport of water and ions between the cell and extracellular
media [14], others have suggested cation exchange could change the membrane density and
generate electrostatic forces in the nerve fibers, creating lateral expansion [55].



Vol. 8, No. 8 | 1 Aug 2017 | BIOMEDICAL OPTICS EXPRESS 3710 I
Biomedical Optics EXPRESS -~

Cellular deformation in excitable HEK cells has been studied with interferometry to
explore various plausible mechanistic pathways for electromechanical-optical transduction
[48]. The study by Oh et al. concluded that direct coupling between membrane potential and
membrane tension results in whole cell deformation giving rise to measured change in optical
phase signal. No such experimental studies have been reported on mammalian neuron.
Membrane displacements can be induced by a transient change in membrane potential,
mediated by electromechanical coupling phenomena such as flexoelectricity and
piezoelectricity [56]. Previous theoretical [57, 58] and experimental [52, 59] studies using
AFM/Electrophysiology have shown that voltage-dependent motions can arise from a
fundamental electromechanical coupling between membrane potential and membrane
mechanical properties.

We consider the two aforementioned different types of cellular deformation under
isovolumetric conditions which can result in membrane displacement: whole cell deformation
(in which the dimensional change in cell height is due to change in cell morphology, and is
calculated considering the entire cell as one unit with the same refractive index) or localized
deformation of the lipid bilayer (only the thickness of lipid membrane changes, and OPD is
calculated considering the refractive index of lipid bilayer). Assuming the cell refractive
index remains constant, estimated average membrane displacement values are 9 nm and 2.4
nm for whole cell and lipid bilayer deformation cases, respectively. These values are larger in
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Fig. 5. (A) lllustration of plausible mechanistic origin of optical signal pulse (right panel) due
to transient oscillation of neural cell membrane (middle panel) which is triggered by
propagating action potential (B) Time-frequency analysis (continuous wavelet transform) of
optical pulse train, and (C) Frequency characterization of membrane oscillation from
individual optical pulse.

magnitude compared to experimentally measured membrane displacement in giant squid
axons, nerve bundles, and HEK cells [48, 52]. Even after considering differences in cell types
and inaccuracies in refractive index values due to paucity of experimental data in live cells,
our displacement estimates are large. The sandwich geometry of the cell culture device with
two references surfaces to generate interference signal can significantly amplify the measured
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OPD. Cell membrane deformation, be it local or global, will deflect the membrane plane with
respect to the direction of incident light. Even slight membrane deflection can dramatically
alter the geometrical path traversed by light and hence the OPD. For example, a 0.5°
deflection in membrane plane can change the OPL by ~3 nm, for a cell culture device gap of
80 um. Considering contribution of amplified OPD due to membrane deflection, estimated
membrane displacement in the lipid bilayer are of comparable range to reported values (0.2-5
nm [36, 37, 48, 52, 53, 59]).

Biological membranes can support stationary resonant modes of vibration as well as
travelling waves of various forms including surface acoustic waves [5, 60-62]. The top
surface (cell-media interface) of the neuronal cell body is a curved membrane under tension
that is attached to the bottom (cell-glass interface), and can support 2D Eigen modes of
vibration (Fig. 5(A)). Local temperature-dependent nano-mechanical oscillation at
characteristic frequencies ranging from 0.8 to 1.6 kHz with amplitudes of 3 nm have been
detected in live yeast cells [61]. Standing waves due to whole cell deformation will produce
narrow and discrete frequency modes of oscillation. Any other modes besides the
fundamental mode of oscillation will wash out the measured OPD change in our measurement
setup. Lipid monolayers have shown to support propagating 2D pressure pulses [62]. A recent
experimental study has characterized the nature of propagating acoustic waves in lipid
monolayers [60]. Depending on the magnitude of excitation, different lateral compressibility
regimes of lipid monolayer support propagating pulses of varying timescales and frequencies
bandwidths. In the nonlinear compressibility regime, a soliton like pulse propagation with a
wide frequency spread (few Hz to 300 Hz) was observed. While in the linear compressibility
regime, a transient wave with a reduced amplitude and a narrow frequency distribution travels
in the lipid monolayer [60]. Wavelet analysis (Fig. 5(B)) of recorded optical signal shows a
wide and continuous frequency bandwidth of membrane vibration in individual optical pulses
with a bandwidth of ~200 Hz, centered around 70-100 Hz (Fig. 5(C)). The estimated
bandwidth and frequencies are comparable to the reported values in lipid monolayer [60]. We
believe that the temporal variation of the optical pulses from the AP signal is due to various
combination of factors contributing to the electromechanical coupling.

The electromechanical coupling mechanism is pivotal in dictating the temporal
characteristics of the observed optical pulses. Shown in Fig. 6 is the optical recording and
zoomed in portions of individual optical pulses of different temporal widths. The shape and
timescale of membrane displacement as reflected in the optical pulses are different from the
AP signal. Timescale of recorded AP are in the 5-7 ms range, whereas the temporal width of
optical pulses ranges from 20 to 300 ms, with an average of 48 ms for 85% of the detected
optical pulses. On closer examination of optical pulses shown in Fig. 6(i) and 6(iv), it can be
argued that these optical pulses are a collection of single cycle optical pulse shown in Fig.
6(iii), generated by closely bunched APs. Whereas, optical signal in Fig. 6(ii) is a multicyclic
pulse, which appears to be a dampened oscillation. Typically, AP signal spikes in a neuronal
network exhibit minimal variation in amplitude and temporal width. In our case, for a given
electrical input (AP), two different types of mechanical outputs (membrane oscillation) of
varying magnitude, shape and time scale are generated. There are two plausible explanations
for observed multiple outputs; either the two different types of observed optical pulse are
generated due to time varying electrical-to-mechanical coupling efficiency or the multicycle
optical pulse is unrelated to AP propagation. It is possible that the membrane supports both,
individual single cycle pulses and multicyclic pulses, depending on the mechanical input
strength as has been observed in transverse oscillation of lipid monolayer in response to
propagating surface wave [60]. The shape and timescales closely resemble the detected
optical pulse, which strongly suggests the coexistence of a mechanical surface wave in
conjunction with action potential propagation. The strength of electromechanical coupling,
mode of membrane vibration, and gap between successive AP firings contribute to the
observed oscillatory time-period of optical pulses. In order to tease apart the different kinds of
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oscillations, and to determine whether these are in response to a single AP input or a train of
AP spikes, future studies will take advantage of optogenetics to analyze the concordance
between single and multi-spike trains and the composition of the optical signal [63].
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Fig. 6. Optical pulses of varying temporal characteristics (A) Raw (blue) and filtered (low
pass-orange) 60 sec extract of optical recording from a signal neuron showing a train of
randomly spaced optical pulse. (i-iv) Zoomed section of select windows from optical
recordings (A) showing single or multicyclic oscillation of the detected optical pulses. The
temporal variation of the selected oscillatory pulses is evident (scale-bar = 50 ms).

Recent theoretical modeling and experimental studies of electromechanical coupling in
plasma membrane of axons suggests existence of some form of propagating mechanical
wave. Two different theoretical models have examined the input-output relationship in an
axonal system. Heimburg et al. have proposed the soliton model for action potential, in which
the propagation of action potential ties in with changes in hydrodynamic and thermodynamic
properties of the membrane, creating local compression in membrane and forcing the
transition from a fluid to gel phase, along with a release of heat, and vice versa [64]. Hady et
al. have proposed a model of propagating mechanical action waves in axons triggered by
propagation of AP with both lateral and longitudinal displacement of membrane [53]. In the
soliton model proposed by Heimburg et al. there is one-to-one correspondence in shape and
time scale of electrical and mechanical signals, though it should be noted that in soliton
model, entropy driven mechanical pulse propagation induces membrane depolarization and
AP propagation. The action wave model predicts membrane displacement that is concomitant
to AP in timescale but not in shape. A symmetrical voltage input pulse will result in a single
cycle displacement pulse, whose symmetry depends on the relative velocities of AP and
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mechanical pulse propagation. Single cycle optical pulses in our experiments look remarkably
similar to predictions of the action wave model. It should be noted that the above-mentioned
models are based on axons, which are of cylindrical geometry, as opposed to our experiment
and analysis on hemispherical neuron soma. Transient oscillatory displacement of the lipid
bilayer, frequency and temporal characteristics of oscillations, strongly indicates existence of
a propagating surface wave on the neuronal cell membrane triggered by AP.

4. Conclusion

Our interferometry based optical detection method serves as a paradigm for developing an
alternative non-invasive tool for studying electrical activity in neuronal systems from a single
cell to complex networks. A 2D version of our prototype instrument will significantly
increase the throughput by simultaneously recording optical signals from multiple neurons.
Implementation of 2D interferometry may be achieved either by raster scanning the probe
beam over the sample or acquiring hyperspectral images using a swept broadband source in a
microscopy setup. This optical detection technique also benefits from the fact that signals can
be selectively collected from specific regions of neuronal circuit, e.g. axon, synaptic junction,
dendrite, which is technically challenging using conventional glass microelectrode
electrophysiology and thus it can be complementary to electrical recording. 2D interferometry
would also be a viable alternative to optical methods using fluorescent imaging sharing
advantages such as high throughput, noninvasive and noncontact detection, but without
having to resort to averaging, or using high exposure time to mitigate the low SNR of the
fluorescent probes. It also eliminates the drawback of using exogenous molecules that may
interfere with normal physiological functioning of individual excitable cells and as a
consequence, the network properties. The described technique is uniquely suited for in-vitro
applications such as screening of neuro-therapeutic drugs, studying functional recovery of
injured neurons and disrupted neuronal networks, and influence of electrical and magnetic
field on neuronal activity. Moreover, rather than an epiphenomenon, recent studies have
raised the intriguing possibility of a potential coupling between propagating mechanical wave
and AP. Mechanical wave energy could feedback into the propagating AP in a coupled
electromechanical system. Our label-free interferometric technique will be a uniquely suited
for studying fundamental mechanism of electromechanical coupling and its implications in
transmission of signals in neuronal networks.
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