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Abstract

Offering high temporal resolution, voltage imaging is an
important and essential technique in neuroscience. Among
different optical imaging approaches, the label-free approach
remains attractive because exogenous chromophores are not
used in this approach. The intrinsic voltage-indicating signals
arising from membrane deformation, membrane spectral
change, phase shift, light scattering, and membrane hydration
have been reported. First demonstrated 70 years ago, label-
free optical imaging of membrane potential is still at an early
stage, and the field is challenged by the relatively small signals
generated by the intrinsic optical properties. We review major
contrast mechanisms used for label-free voltage imaging and
discuss several recent exciting advances that could potentially
enable membrane potential imaging in mammalian neurons at
high speed and high sensitivity.
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Introduction

Membrane potential is critical for many physiological
processes. The membrane voltage is a form of signaling
for cellular communications, especially for excitable

cells. The standard approach for monitoring membrane
potential is by patch clamp electrophysiology. The
direct measurement of electrical signals provides
extremely high sensitivity and temporal resolution,
making it the gold standard in neuroscience. However,
patch clamp is an invasive method performed at single
position or occasionally at a few positions. The need for
performing multisite measurement becomes more
apparent as an increasing number of research suggests
that the neural network forms a functional unit of the
nervous system [1]. The neural network functioning can
be better studied using optical recording approaches,
with its advantages of noninvasiveness and capability of
mapping the membrane potentials in a neural circuit at
subcellular to multicellular levels [2—4]. Although it is
challenging to optically detect membrane voltage, the
significant advances in technological innovation and
development of new contrast mechanisms have made
optical voltage recording an important field in
neuroscience.

The first observation of changes in intrinsic optical
property during neuron activation was reported nearly
70 years ago [5]. Since then, various contrast mecha-
nisms have been studied and demonstrated in
nonmammalian neurons or nerve bundles [6—11].
However, limited by the weak intrinsic signal, optical
measurement in mammalian neurons, which are even
smaller and more transparent than invertebrate neurons,
remains extremely challenging. Voltage-sensitive dyes
with strong signals and fast-response kinetics were
developed, offering the capability for large-scale moni-
toring of neural activities [ 12—14]. These reporters have
been a powerful tool for imaging neural activities in
mammalian neurons and tissues. More recently, genet-
ically encoded voltage indicators were developed,
providing advantages of targeting specific cell popula-
tions and low-invasive staining of neurons [15]. These
advantages of genetic targeting allow monitoring neural
activities of specific cell types in brain tissues and i vivo
preparation [4,16,17]. With the improved sensitivity and
signal to noise ratio, fast spiking activities and sub-
threshold electrical events were detected both # vivo
and in live animals using these voltage imaging tech-
niques [18—21].

On the other hand, label-free optical recording remains
attractive because of its own merits [22]. First, label-
free imaging requires minimal sample preparation.
Second, there is no concern for cytotoxicity or pertur-
bation of membrane properties caused by labeling.
Third, label-free imaging is free of photobleaching
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Table 1
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Label-free optical imaging of membrane potential.

Imaging modality Contrast mechanism Biological systems Sensitivity Imaging speed Reference
Transmission Membrane deformation Mammalian neurons Single AP with averaging 1603 Hz frame rate [33]
OCT Scattering Aplysia neurons Single AP with averaging 1 KHz line rate [36]
Interferometric imaging  Phase changes HEK293 cells Single AP with averaging 1 KHz frame rate [39]
SHG Membrane hydration Mammalian neurons Membrane depolarization 1.7 Hz frame rate [47]
SRS Chemical bond vibration =~ Mammalian neurons,  Single AP, membrane 10 Hz frame rate, [61]

brain slices

depolarization 750 Hz line rate

OCT, optical coherence tomography; SHG, second harmonic generation; SRS, stimulated Raman scattering microscopy; AP, action potential.

complications, allowing long-term measurement. Forth,
label-free imaging is of interest for clinical measurement
and translation to human subjects. These factors have
driven continuous attempts for improving the detection
sensitivity of intrinsic optical signals and developing
new intrinsic contrasts for membrane potentials.

Here, we review recent advances, mainly over the past 5
years, in label-free imaging techniques developed for
recording membrane potential toward single-cell reso-
lution. These technologies are summarized in Table 1,
sorted by the contrast mechanisms. We note that label-
free, indirect imaging of neural activity through mea-
surement of blood flow, and oxygenation has been
demonstrated (for reviews, refer to the study by Boas
and Dunn [23] and Morone [24]). Those techniques are
beyond the scope of this review, as they are unlikely to
provide membrane voltage dynamics with single-cell
precision.

Label-free voltage imaging by linear optics
Change in mechanical properties of membrane
Although neural activities are studied mainly by elec-
trophysiology, this process is more than just an electric
wave. It involves dynamics of all the structures: extra-
cellular fluid, the biomembrane, ion channel proteins,
and the axoplasm. A large number of studies have shown
transient mechanical changes accompanying action po-
tentials [7,8,25—33]. In fact, such intrinsic changes of
cell morphology are among the earliest properties
exploited to visualize action potentials in invertebrate
nervous systems apart from electrophysiology. Cohen
and Keynes. [6,7] first reported the changes of neuronal
structures, including axon diameter and retardation,
during action potential propagation in the squid giant
axons. The observation is later confirmed by others
[8,25,26,28]. Owing to the development in atomic force
microscopy with subnanometer detection sensitivity,
Gonzalez-Perez et al. [31] measured mechanical
changes during action potential propagation. Membrane
displacement in the order of 0.3—1.2 nm was observed
in a single axon from lobster, which is proportional to the
changes in voltage. Although these studies were mostly
carried out in invertebrate nerves, in which the

morphological changes are prominent because of large
axon diameters, they gave rise to the theory that a me-
chanical wave accompanies action potential propagation
in axons. A series of studies focused on modeling of this
mechanical coupling [30,32,34] and predicted the
similar membrane displacement on rat hippocampal
neurons [30]. Later, Yang et al. [33] further validated
these biophysical models in mammalian neurons by
imaging rat hippocampal neurons using a simple optical
microscope with a high-speed camera (Figure 1a).
Membrane displacements were identified by an edge-
tracking approach, indicating an average membrane
displacement of 0.3 nm during action potential.
Importantly, the multiplex capability of the imaging
system enabled visualization of action potential initia-
tion and propagation from soma to distal axons
(Figure 1a), providing spatial information of the
morphological changes [33].

Change in optical properties of membrane

Apart from the morphological changes, pressure and
thermal events during action potential also change the
intrinsic optical properties of the neurons or tissue.
Indirect optical detection of refractive index or bire-
fringence changes offers a higher sensitivity than the
direct measurement of the nanoscale membrane
displacement.

The first optical recording of neural activity reported
was using scattered light. In 1949, Hill and Keynes [5]
observed the change in light scattering from crab leg
nerves when activated with a train of stimuli. This
phenomenon was reproduced by multiple studies in
different biological systems, in which signal is improved
over averaging to detect a single action potential
[6,9,11,35]. In 1991, Stepnoski et al. [11] optically
resolved action potentials in a single Aplysia neuron
using a dark field illumination scheme. It was proposed
that the detected scattered light arises from changes in
alignment of dipoles in the membrane. Almost two de-
cades later, Graf et al. [36] established the correlation
between light scattering intensity and membrane
voltage in Aplysia neurons by optical coherence tomog-
raphy (OCT) and optical coherence microscopy
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Label-free linear optical imaging of membrane voltage. (a) Quantification of membrane displacement and corresponding action potential trace of rat
hippocampal neurons by transmission imaging, and mapping of local membrane displacement at the peak of an action potential. Reprinted with
permission from Yang et al. [33]. (b) M-mode scattering OCT image and membrane voltage of a single Aplysia bag cell neuron in culture during a train of
stimulation pulses. Reprinted with permission from Graf et al. [36]. (c) Schematic of experimental setup for detecting XPS based on birefringence
changes during an action potential. Recorded XPS signal and the corresponding electrical signal in lobster nerve are compared on the right. Reprinted
with permission from Badreddine et al. [37]. (d) Left: Propagation of the action potential across the field of view over 6 ms acquired by full-field
interferometric imaging of HEK293 cells. Right: Comparison between the electrical signal on the reference electrode and the time derivative of the
optical signal. Reprinted with permission from Ling et al.[39]. XPS, cross polarized signals; OCT, optical coherence tomography.

(Figure 1b). Birefringence is another important optical
property of neural tissues. Because neurons and nerves
are structurally anisotropic, they inherently exhibit a
static birefringence contributed by the cytoskeleton,
membrane phospholipids, proteins, and surrounding
environment such as the myelin sheath. The birefrin-
gence change accompanied by action potential was first
observed on crab axons and squid giant axons [35].
Badreddine et al. [37] recorded the propagation of
action potential along the lobster nerve by measuring
the cross polarized signals (XPS) (Figure 1c). However,
scattering- and birefringence-based methods have not
been applied to mammalian neurons with single neuron
resolution, likely beacsue of the fact that mammalian

neurons have significantly smaller size (10 pm)
compared with that of Aplysia (200—500 pm), which
makes the detection difficult.

Change in phase shift

Phase-sensitive interferometry is one of the most sen-
sitive methods to detect nanoscale changes in optical
path length and has been used to probe the small
changes of light path during action potential [38,39].
Interferometry is achieved by the superposition of a
reference beam and a signal beam, where the signal
beam carries the object information of interest. In
different apparatus, the reference beam could be pro-
vided by a spatially filtered plane wave or a spatially
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offset beam at the sample plane. The action potential—
induced phase change is extracted through polarization
change or interference fringe change [38,39]. Laporta
and Kleinfeld [38] demonstrated an interferometric
measurement of action potential in lobster nerve with
single point detection. Batabyal et al. [40] recorded a
network of neural activity in cultured mammalian neu-
rons sandwiched between two cover glasses, potentially
resolving single action potentials. More recently, Ling
et al. [39] demonstrated full-field interferometric im-
aging of HEKZ293 cells on a multielectrode array setup.
The phase-shift signal correlates with the electrophys-
iology signal, and a 3 nm change in optical path was
reported (Figure 1d). However, extensive averaging was
required to achieve reasonable signal to noise ratio.

Label-free voltage imaging by nonlinear
optical microscopy

The intrinsic optical properties discussed above usually
adopts linear optical techniques that allow high speed,
wide-field imaging, but its signal is deteriorated heavily
in highly scattering samples such as brain tissues.
Furthermore, lack of longitudinal sectioning capability
limits the application in deep-tissue voltage imaging.
The advantages that are inherent to nonlinear optical
techniques, including axial sectioning and penetration
into thick tissue samples, offer opportunities to address
these challenges in label-free voltage imaging. We note
the innovation reported by Fischer et al., in 2008, in
which the linear process of light scattering changes is
probed using a nonlinear optical technique known as
self-phase modulation, to detect population electrical
activity in brain slices [41]. Here, we focus on a few new
contrast mechanisms discovered and developed recently
for nonlinear optical imaging of single membrane
potential.

Change in membrane hydration

The signal from second harmonic generation (SHG)
arises from noncentrosymmetric or  anisotropic
materials and is inherently sensitive to interfacial pro-
cesses, chemical changes, and electrochemical re-
sponses [42]. Therefore, SHG is one of the important
techniques to study noncentral symmetric structures. In
the voltage imaging application, various voltage-
sensitive molecules with asymmetric structure were
developed for SHG voltage imaging in mammalian
neurons [43] and brain slices [44—46]. Only recently,
label-free SHG imaging of membrane potential in
mammalian neurons has been achieved [47] (Figure 2a
and b). Technological innovation in this study involves
structurally illuminated wide-field imaging scheme that
enhances the imaging throughput of SHG microscopy
by three orders of magnitude [42,48]. Such improve-
ment allows detection of weak SHG processes such as
orientational ordering of interfacial water. Water mole-
cule orientation is highly dynamic and sensitive to the
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surface charges [49,50]. Using the high-throughput
wide-field SHG microscope, membrane structure and
dynamics were plotted on millisecond time scales by
imaging water aligned by charge—dipole interactions
between water molecules and charged lipids [51]. Later,
the membrane water orientation is used to optically
record membrane potential in mammalian neurons [47].
The SHG intensity decreased upon the application of
high K™ extracellular buffer, which agrees well with the
clectrophysiology measurements (Figure 2b). Further-
more, the spatiotemporal dynamics of membrane po-
tential and K' jon efflux were mapped in cultured
neurons within 600 ms intervals [47]. Although the
imaging speed in the hundreds of millisecond range is
not fast enough for capturing action potentials and fir-
ings, the significant improvement in the optical system
and the importance of water/lipid interactions promise
possibilities of wide-field SHG imaging for mapping
membrane potentials in real time.

Change in membrane vibrational spectral profile
Vibrational spectroscopy provides qualitative and
quantitative information on the chemical and physical
properties of molecules. Specifically, chemical bonds in
a molecule vibrate in many ways, generating different
vibrational modes. The vibrational energy can be
measured by spectroscopic techniques. Among them,
Raman spectroscopy uses scattered light to obtain
knowledge about molecular information, including
molecular structure, orientation, bonding, and symme-
try. In addition to the characterization of molecular
properties, the Raman spectral change of molecules
induced by microenvironment such as pH [52], elec-
trochemical environment [53], and solvent shell of ions
[54] can be measured for functional analysis. However,
Raman spectroscopic characterization of membrane
potential in living cells was not possible because
spontaneous Raman scattering is naturally a very weak
process.

The recently developed coherent Raman scattering
microscopy [55], including coherent anti-Stokes
Raman scattering (CARS) and stimulated Raman
scattering (SRS), overcomes such barrier. CARS and
SRS have shown promise in biomedical imaging appli-
cations with an acquisition speed of 3—5 orders of
magnitude faster than spontaneous Raman microscopes
[56,57]. Especially, CARS or SRS microscopy has been
successfully applied to study membrane structures,
such as membrane lipid ordering [58] and phase sep-
aration [59]. Furthermore, SRS microscopy has been
applied to show correlation of membrane spectral pro-
file with transmembrane potential in model membrane
[60]. These studies indicate the capability of coherent
Raman imaging technique for probing membrane
action potential which happens in the millisecond time
scale.
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Label-free nonlinear optical imaging of membrane voltage. (a) Schematic of SHG imaging setup in a wide-field double beam transmission geometry
for imaging cultured cortical neurons. The extracellular buffer is controlled by a constant flow of solution via a peristaltic perfusion system. Scale bar:
20 pum. (b) The square-rooted spatially averaged SHG signal plotted over time (left) and compared with the whole-cell current clamp recording shown on
the right. The arrow indicates the time neurons encountered the high K* buffer. (a—b) are reprinted with permission from Didier et al. [47]. (¢) Schematic
of hyperspectral SRS imaging setup synchronized with patch clamp electrophysiology. (d) SRS image (2930 cm™) of a cortical neuron under somatic
voltage-clamp control. Color map of SRS intensity changes in the 30 regions of interest upon depolarization is superimposed scale bar: 10 um. (e)

Single-trial SRS time trace (red) of the neuron with a simultaneous current clamp recording (blue). (c—e) are reprinted with permission from Lee et al.
[61]. Copyright 2017 American Chemical Society. CM, chirping media; AOM, acousto-optic modulator; SU, scanning unit; PMT, photomultiplier tube;
MM, micromanipulator; PD, photodiode; SHG, second harmonic generation; SRS, stimulated Raman scattering.

By synchronizing the voltage-clamp recording with a
frame-by-frame hyperspectral SRS imaging scheme, Lee
and Zhang et al. [61] identified spectroscopic signature
of neuronal membrane potentials (Figure 2c—e). The
SRS spectral profile analysis of neuronal membrane
under somatic voltage-clamp control revealed that CHj
vibration at 2930 cm ™ !, mainly contributed by proteins,
is sensitive to membrane voltage. The origin of the
spectroscopic change is attributed to ion interactions on
the CHj3 Fermi resonance peak, which is partially
dependent on Na' ion influx [61]. The SRS voltage
imaging allowed mapping of membrane potential with
subcellular resolution (Figure 2d), and high-speed im-
aging for multineuron analysis in mouse brain slices.

Importantly, by adopting a dual-SRS balanced detection
scheme to further enhance signal-to-noise ratio, label-
free single-trial action potential imaging was demon-
strated in a single mammalian neuron [61] (Figure Ze).
As SRS imaging relies on pixel-by-pixel scanning, a line-
scanning mode was applied to capture single action
potentials of several milliseconds in this study. With
continuous efforts to improve the imaging and spectral
acquisition speed, SRS imaging holds great potential as a
novel label-free voltage imaging technique.

Discussion and outlook
Label-free voltage imaging has been sought because of
its advantages that are discussed previously. Despite the
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efforts over many years, the label-free imaging modal-
ities are still at the early state for applying to high-speed
voltage imaging. Overall, intrinsically weak signal, low
sensitivity, and slow imaging speed are some of the
common challenges in these techniques. To date, none
of the current label-free methods have achieved voltage
imaging in live animals. The mammalian brain is a
complex and highly scattering medium containing
neurons, glial cells, extracellular matrix, and lipid-rich
structures. These properties are not ideal for label-free
voltage imaging methods that use light scattering,
birefringence, or phase detection. Nonlinear optics—
based methods have demonstrated its capability of im-
aging more complicated systems such as brain slices
[61—63] and even mouse brain i vivo [64]. However,
advances in imaging speed are required for resolving
single action potentials with large area coverage.

Besides the existing strategies, new imaging modal-
ities and contrast mechanisms are expected to be
developed. Sum frequency generation (SFG) and
third harmonic generation (THG) are two other
nonlinear optical processes for label-free imaging of
biological tissues [65—67]. Both SFG and THG mi-
croscopy has been demonstrated to provide excellent
contrast for axon fibers and extracellular matrix
[65,67]. However, the voltage-sensitive signatures are
yet to be identified. Another promising label-free
imaging modality is based on infrared spectrum.
Jiang et al. [68]. identified the infrared spectrum
changes in sensory rhodopsin II, a membrane photo-
receptor protein of Archaea, in response to voltage
changes in the substrate. The recently developed
mid-infrared photothermal microscopy offers new op-
portunities by applying infrared spectroscopy to map
live biological samples [69—71], which is beyond the
reach of conventional infrared imaging capabilities.
The pixel dwell time of the aforementioned work is
down to 500 ps, which will be suitable for resolving
action potentials. In addition, new advances such as
wide-field detection have been demonstrated recently
to further improve imaging speed [72]. We anticipate
that infrared-based imaging is a promising technique
for voltage imaging. Overall, continuous efforts are
expected to improve current label-free imaging mo-
dalities and develop new intrinsic contrast mechanism
for probing membrane potential.
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