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[19_TD$DIFF]A B S T R A C T

To better understand the spatial distribution of brain functions, we need tomonitor and analyze neuronal
activities. Electrophysiological technique has provided an important method for the exploration of some
neural circuits. However, this method cannot simultaneously detect the activities of nerve cell groups.
Therefore, methods that can monitor the spatial distribution of neuronal population activity are
demanded to explore brain functions. Voltage-sensitive dyes (VSDs) shift their absorption or emission
optical signals in response to differentmembrane potentials, allowing assessing the global electrical state
of neurons. Optical recording technique coupled with VSDs is a promising method to monitor the brain
functions by detecting optical signal changes. This review focuses on the fast and slow responses of VSDs
to membrane potential changes and optical recordings utilized in the central nervous system. In this
review, we attempt to show how VSDs and optical recordings can be used to obtain brain functional
monitoring at high spatial and temporal resolution. Understanding of brain functionswill not onlygreatly
improve the cognition of information transmission of complex neural network, but also provide new
methods of treating brain diseases such as Parkinson’s and Alzheimer’s diseases.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

The functions of the brain, including sensation, movement,
perception, consciousness, learning, and memory, are all realized
through the group activities of neurons. These neurons are related
to each other and form a complex network. There is a multi-level
process from the activity of single nerve cell to population neurons
[1]. Therefore, studying the group activities of neurons is of great
significance for understanding the functions of the brain.

Cell membrane potential or voltage, is a key physiological
parameter that is critical to all aspects of life, especially for
excitable cells, such as neurons [2]. In neural and cardiac tissues,
the membrane voltage is usually strictly regulated by intercellular
communication such as chemical and electrical synapses. To
understand the function of these systems, it is necessary to record
the membrane voltage dynamics with high spatial and temporal
resolutions [3]. Sensors that report membrane potential more
directly will help accurately reflect neuronal activity [4].

The classic potentialmonitoring technology for cellmembrane is
based on various electrode design by invasive neural voltage

measurement. It mainly includes single channel patch-clamp
electrode method, whole-cell patch-clamp electrode method and
glass, metal or silicon extracellular electrode method [5]. These
electrical recording methods through cell surface or punctured
electrodes andpatch-clamptechnologyarewidely usedat the tissue
and cell level [6]. Their advantages are that they have excellent sub-
millisecond time resolution, and can provide the most direct
information on signal transduction within neural cells or small
group of interacting neurons [7]. However, all of these electrode-
basedtechnologiesarehighly invasive,usually limitedtoasinglecell,
extremely low-throughput [8], time-consuming, and resource-
intensive. At the same time, the limited spatial resolution of cell
electrophysiology does not allow precise assessment of conduction
disturbances on the micrometer scale [9].

Optical methods for imaging voltage such as conventional
fluorescence imaging, two-photon fluorescence imaging, and
photoacoustic imaging (PAI) are expected to relieve our depen-
dence on traditional electrode-based methods [10]. They are
capable of monitoring the membrane potential at different
temporal-spatial resolutions and imaging depths. Optical imaging
techniques that use chemically synthesized VSDs or genetically
encoded fluorescent indicators make it possible to monitor
electrophysiological events in living systems that are inaccessible
to various electrode-based methods [11]. They can record the
electrical activities of living subject in a minimally invasive, highly
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parallel, and high-throughput manner. Since calcium concentra-
tion in neurons usually increases rapidly and reliably by 10- to 100-
fold during action potential discharge, nine different fluorescent
calcium sensors have been developed andwidely used in reports of
neural activities [12]. However, calcium imaging can only provide
limited information about natural signal processing in the nervous
system, and calcium imaging is only limited to the application of
neurons when they stimulate action potentials. This limitation
ignores the fluctuation of the subthreshold membrane potential,
because the necessary trigger threshold is not reached, thus the
action potential will not be directly triggered [13]. Compared with
genetically encoded calcium indicators, there are many types of
chemically synthesized VSDs, and their voltage response mecha-
nisms are different, which can monitor membrane potential under
different circumstances.

In this review, we review VSDs and describe some applications
in neuroscience (Fig. 1). Optical imaging technology applied in
VSDs can achieve excellent temporal and spatial resolution.
Therefore, the study of informationprocessing,memory formation,
functional plasticity and pathological processes of the brain in
neuronal population and cortical functional columns is helpful to
further explain the function of the brain, which makes an
important contribution to reveal the underlying mechanism of
complex behavior and pathology.

2. Voltage-sensitive probes

2.1. Overview of VSD

At present, the imaging technology based on VSDs provides
high temporal and spatial resolution for functional imaging of the
in vivo cerebral cortex, which opens a new era for functional
imaging of cortical dynamics. It has facilitated the exploration of
fundamental mechanisms of cerebral cortex development, func-
tion, and plasticity [11]. VSDs are generally believed to bind to the
plasma membrane [14], which can exhibit fluorescence or
absorbance variations on the membrane surface as the membrane
potential changes. Signals are displayed and analyzed by the
detection system via converting bioelectric signals into optical
signals [15].

The optical properties of VSDs change in microseconds [16],
which directly display the membrane potential changes in living
systems [17]. Therefore, the optical response recorded by VSDs can
reflect the formation and flow of large-scale dynamic neuronal
complexes in real time with a high temporal resolution and

effectively track the process of voltage waves throughout the
neuronal system [18].

Faultless VSDs are very sensitive to changes in transmembrane
potential and have almost no pharmacological and phototoxic
effects. In addition, the bleaching of dye is required to be as small as
necessary [19]. Researchers have synthesized and screened out a
large number of dyes with different response sensitivities and
speeds in order to select better VSDs. VSDs can be divided into fast-
response dyes and slow-response dyes according to their response
speed [20]. According to the chemical structure, they can be
divided into cyanine dyes with positively charged nitrogen
heterocycles (such as IR-780) and nitrogen heterocyclic uncharged
merocyanine dyes (such as NK2367), oxonol dyes (such as DiBAC4
(3)) and styryl dyes (such as Di-4-ANEPPS). Cyanine and oxonol
dyes are generally called slow dyes because of their slow response
speed. On the other hand, merocyanine and styryl dyes are
considered as fast dyes. In this review, wewill focus on introducing
the characteristics, response mechanisms, and application exam-
ples of slow and fast response dyes.

2.2. Fast VSDs

Fast VSDs have voltage response kinetics [20], and they are
generally amphiphilic molecules that bind to membranes with a
response time less than a millisecond potential-dependent
fluorescence or absorption changes [21]. Optical recording with
fast VSDs can detect lots of neurons action potentials at the same
time. Its sub-millisecond resolution helps us have a deep
understanding of brain network functions. At present, researchers
have synthesized a large number of fast dyeswith voltage response
capabilities, and they have different structures and response
mechanisms [22,23]. Fast dyes are divided into three categories
according to their response mechanism: 1. Electrochromic dyes; 2.
Molecular wire-based dyes; 3. Fluorescence resonance energy
transfer (FRET)-based dyes (Fig. 2).

One characteristic of electrochromic dyes is the asymmetry of
the chromophore [24], which have aminostyryl pyridine

[(Fig._1)TD$FIG]

Fig. 1. Scheme of optical recording of brain functions based on voltage-sensitive
dyes. VSDI: voltage sensitive dye imaging; PAI: photoacoustic imaging; PeT: photo-
induced electron transfer; FRET: fluorescence resonance energy transfer. Repro-
duced with permission [22]. Copyright 2016, Elsevier Ltd.

[(Fig._2)TD$FIG]

Fig. 2. Work mechanisms of voltage sensing dyes. (a) Electrochromic dyes respond
to voltage through a direct interaction between the chromophore and the electric
field. (b) Molecular wire PeT VSDs depend upon the voltage-sensitive electron
transfer from an electron-rich donor through a membrane-spanning molecular
wire to a fluorescent reporter. (c) FRET-based voltage sensors use lipophilic anions
that intercalate into the cellular membrane and distribute between the inner and
outer leaflets depending upon the transmembrane potential. Reproduced with
permission [23]. Copyright 2011, National Academy of Sciences. (d) Changes in
membrane potential cause a redistribution of the mobile anion, which changes the
efficiency of energy transfer or quenching. Reproduced with permission [22].
Copyright 2016, Elsevier Ltd.
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chromophores containing nitrogen atoms, such as Di-4-ANEPPS,
RH795, and RH414 (Fig. 3), and it is classified as a hemicyanine dye
because of lacking symmetry of regular cyanine dyes [21]. Voltage
sensitivity of electrochromic dyes arises from a molecular stark
effect (Fig. 2a) [25], which is caused by the charge transfer
mechanism. In the electronic ground state, the asymmetry of the
chromophore leads to an asymmetric delocalized electron system
with the center of a positive charge at the pyridyl group and
delocalized electron at the anilino group [22]. When bound to a
membrane, the positively charged pyridine ring is located near the
extracellular space and the long axis of the molecule is
perpendicular to the membrane surface [21]. After photoexcita-
tion, the positive charge center shift from pyridine toward aniline
during the absorption process, and it shifts back to pyridine during
the emission process. If the charge transfer described above occurs
in an external electric field, more or less energywill be required for
excitation and released during emission, which depends on
whether the work is performed in the same or opposite direction
as the external electric field [22]. This energy change will cause a
small wavelength shift of the absorption and emission spectrum.
Fluorescence signal can be best recorded at the edges of the
spectrum, where intensity varies most steeply as a function of
wavelength [23]. In general, electrochromic dyes respond to
voltage through a direct interaction between the chromophore and
the electric field without any movement of the dye molecules. All
of these dyes provide rapid absorbance and fluorescence response
to the membrane potential. Therefore, electrochromic dyes can
record action potentials.

Voltage-sensitive molecular wire-based dyes have fluorophore,
conjugated molecular wire, and aniline donor [20], such as VF2.1.
Cl, RVF5 (Fig. 3). For voltage imaging with cellular resolution in
vivo, molecular wire-based dyes have the required sensitivity,
speed, minimal invasiveness, and compatibility with two photon
excitation [17]. This dye changes transmembrane potential
through the mechanism of photoinduced electron transfer (PeT),
and the rate of PeT competes with the rate of fluorescence. PeT
from electron-rich aniline through conjugated molecular wires to
fluorescent reporters is controlled by the electric fields passing
through the plasma membrane of excitable cells, such as neurons
[26]. Under resting or hyperpolarized potentials, the transmem-
brane electric field promotes the transfer of electrons from the
aniline donor to the excited-state fluorophore through molecular
wires, resulting in fluorescence quenching (Fig. 2b) [27]. When the
membrane is in depolarization during an action potential or the
excitatory input integration of connected neurons, the reversal of
the electric field hinders the electron transfer, and the decrease of

the PeT rate makes the fluorescence increase [23]. This chemically
synthesized VSD that uses PeT as a voltage-sensitive trigger has
high voltage sensitivity and fast response kinetics [5], which can
reach the excitation wavelength ranging from blue to green and
into the far red and two-photon infrared region [17].

FRET is a physical dipole-dipole coupling between the excited
state of the donor fluorophore and the acceptor chromophore,
which relaxes the donor to a non-fluorescent ground state and
excites the fluorescence in the acceptor [28]. The efficiency of FRET
depends on the properties of the chromophore and the distance
between them, which is measured by Förster radius. The size of
Förster radius depends on the donor quantum yield and the
spectral overlap between the donor emission spectrum and the
acceptor absorption spectrum [29]. FRET-based VSDs use hydro-
phobic anions, which are mainly composed of two fluorescent
molecules, a donor, and an acceptor, such as dipicramine-green
fluorescent protein (DPA-GFP), DPA-Di-4-ANEPPS [30]. In princi-
ple, hydrophobic anions can be used as either the FRET donor or
acceptor, but it is most commonly used as the FRET acceptor [31].
FRET-pair voltage sensors with hydrophobic anions could be
embedded in the cell membrane, which distributed on the inner or
outer leaflet of the membrane in a voltage-dependent manner
(Fig. 2c). Taking the hybrid voltage sensor DPA-GFP with
membrane targeting GFP as the donor and DPA as the acceptor
as an example, the GFP is anchored on the outer surface of the cell.
When the membrane potential is resting, the average distance
between the DPA distributed in the outer leaflet outside and the
GFP the externally bounded is close enough to produce a large
amount of quenching [32]. This quenching is then relieved when
the DPA anions is redistributed to the inner leaflet upon
depolarization. FRET-based hybrid voltage sensors have high
sensitivity in neurons and they also have fast kinetics because
of the redistribution of hydrophobic anions on the inner and outer
leaflet less than a millisecond.

2.3. Slow VSDs

Slow VSDs are generally hydrophobic molecules. They are able
to penetrate the cell or organelle membrane, and the better the
permeability, the faster the dye’s time course [21]. The distribution
of these permeable dyes on the membrane is controlled by the
membrane potential, and the absorption or fluorescence of the dye
will change under appropriate conditions. The relationship
between the change and the transmembrane potential conforms
to the Nernst equation, thus the slow VSDs are also called [20_TD

$DIFF]‘Nernstian’ dyes [33]. Comparedwith fast dyes, slowdyes are based

[(Fig._3)TD$FIG]

Fig. 3. The structures of fast and slow VSD. (a) Di-4-ANEPPS; (b) RH795; (c) RVF5; (d) RH414; (e) VF2.1.Cl; (f) DiBAC4(3); (g) IR780; (h) RH1691.
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on voltage-dependent accumulation in or redistributionwithin the
membrane, which can achieve up to [21_TD$DIFF]80% fluorescence change at
100mV (Fig. 2d) [22]. However, it takes several seconds to several
minutes to reach a new fluorescence signal platform due to slow
response. In addition, the time scale of the charged dye molecules
passing through themembrane is similar to the potential biological
changes, which adds an artificial gated charge or capacitive current
and causes prohibitive capacitive load on the membranes [34]. At
present, themost commonly used slow dyes are positively charged
cyanine dyes and negatively charged oxonine dyes, and their
voltage response mechanisms are both on-off mechanisms.

Positively charged cyanine dyes, such as IR-780 (Fig. 3) and
PAVSD800-2, redistribute the dye concentration according to the
cell membrane potential, which show the functional correspond-
ing to electrophysiological events of biological tissue [35]. They
have a tendency of non-fluorescent to form aggregates at high
concentrations. Under resting or hyperpolarized potentials,
positively charged cyanine dyes are attracted to the cellmembrane,
and the dye molecules will accumulate at a sufficiently high local
concentration to produce non-fluorescent aggregates [36], which
dissipates the absorbed light energy in the form of thermal energy.
When themembrane is depolarized, the fluorescent aggregates are
disassembled and dispersed back into the intracellular/extracellu-
lar space to form fluorescent monomers and restore fluorescence
emission. Indeed, under the correct circumstances, depolarization
can produce >100-fold increases in cyanine dye fluorescence,
resulting in a higher voltage response sensitivity.

Negatively charged oxocyanine dyes, such as RH155, DiBAC4(3),
and RH1691 (Fig. 3), move between intracellular and extracellular
compartments, and respond to changes in membrane potential
with very slow kinetics about seconds to minutes [5]. Moreover,
they have a relatively low fluorescence intensity in aqueous
solution, and only emit fluorescence when they enter the cell and
combine with the protein in the cytoplasm [19]. When the
membrane is in hyperpolarization, the negatively charged oxonine
dye is distributed outside the cell membrane, and the fluorescence
intensity of that is weak. However, the dye penetrates the cell
membrane, and binds to the cytoplasmic protein upon membrane
depolarization, and the fluorescence intensity significantly
increases with a large change in the fluorescence fraction [37].

2.4. Novel voltage sensitive fluorescent probes

2.4.1. QD probes
It is reported that quantum dots (QD) also have voltage-

sensitive properties [38]. The strong interaction between QDs and
light field leads to large extinction coefficient and efficient

emission [39]. QD has higher fluorescence intensity, faster voltage
response and better stability under light than fluorescent
molecules. QD has been successfully applied in the field of
neuroscience because of its unique properties such as light, sound,
magnetism, electricity, and heat. For example, QD can sense the
single action potential of neurons by means of quantum
confinement stark effect [39]. QD has better photostability than
molecular or protein voltage sensitive probes.

Up to date, the research on the sensitivity of QD to voltage is
still in its infancy, and its toxicity restricts its application in living
animals. On one hand, it is necessary to improve the sensitivity of
QD. By fusing the voltage sensitive domain with fluorescent
protein or chemical covalent fluorescent labeling protein, we can
construct a genetic coding voltage sensitive molecular probe to
realize high sensitivity and large dynamic range detection. QD
theoretical study shows that the generation of action potential
can cause the change of 5% fluorescence intensity and 1 nm
wavelength of single semiconductor QD, such as ZnS [40,41].
Moreover, the fluorescence intensity of nerve probe that is
composed of two QDs can change [22_TD$DIFF]30% under action potential. On
the other hand, selective neuronal labeling can be achieved by
binding proteins or polypeptides with affinity to neuron type
specific membrane receptors, which is conducive to improving
the sensitivity and specificity of voltage detection. In addition, it is
necessary to overcome the cytotoxicity of QD. Protein coating is
also an effective means to solve this problem. Many researchers
also tried to use other non-toxic inorganic QDs, such as carbon
quantum dots [38].

2.4.2. Other probes
The role of functional nanoparticles in remote control of neural

activity is also increasingly prominent. Recently, Chen [23_TD$DIFF]et al. made
use of the thermal effect of superparamagnetic nanoparticles
Fe3O4 under alternating magnetic field to open the heat sensitive
transient receptor potential cation channel subfamily V member 1
in neurons to achieve the goal of remote control of brain nerve
activity [42]. This method is not only harmless to living tissue, but
also not limited by the depth of penetration. At present, Liu [23_TD$DIFF]et al.
have developed voltage sensitive probes based on upconversion
nanoparticles (UCNPs) [11]. Its unique advantage is that UCNPs can
be excited by near-infrared light (980 nm) with high penetration
depth in vivo. The results showed that the nanoprobes could sense
the changes of cell membrane potential and the variation of
luminescence was significantly higher than any other voltage
sensitive probes. It can be predicted that the interdisciplinary
cooperation between neuroscientists and materials scientists will
make a breakthrough in the future.

Table 1
Characteristics of fast and slow voltage sensitive dyes.

Dyes Signal size (%)a Wavelength Toxicity Solubility

[15_TD$DIFF]Ex (nm) Em (nm)

Fast voltage sensitive dyes Di-4-ANEPPS 0.2�10/ 100mV 496 705 Low Amphiphilic
RH795 1�10/ 100mV 530 712 Low Hydrophilic
RH414 – 531 714 Low Hydrophobic
VF2.1.Cl 27/ 100mV 522 536 Low Amphiphilic
RVF5 28/ 100mV 520 535 Low Amphiphilic
DPA-GFP 34/ 100mV – – Low –

DPA-Di-4-ANEPPS 12/ 100mV 450 530 Low –

Slow voltage sensitive dyes RH155 0.3/ 1mV 650 – High Hydrophilic
RH1691 0.2/ 1mV 630 665 Low Amphiphilic
DiBAC4(3) 1/ 1mV 493 516 Low Hydrophobic
IR-780 – 780 810 Low Hydrophobic
PAVSD800-2 – 790 820 Low Hydrophobic

a Signal size of fast voltage sensitive dyes is explicitly given as percentage in 100mV potential changes, and signal size of slow voltage sensitive dyes is explicitly given as
percentage in 1mV potential changes.
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2.5. Dyes characteristics: specificity, sensitivity, and toxicity

There are as many as 2,000 VSDs discovered so far [43]. These
dyes have different tissue specificities and sensitivity to changes in
external electric fields, and may have different staining effects for
different research subjects. Therefore, we can screen dyes that are
sensitive to transmembrane potential changes and have relatively
low pharmacological or phototoxic effects according to experi-
mental design. The sensitivity, toxicity, solubility of different dyes
were shown in Table 1. We will make a brief description by
comparing two styryl dyes RH795 and Di-4-ANEPPS (Fig. 3).

Fast VSDs RH795 and Di-4-ANEPPS can report membrane
potentials with high temporal and spatial resolution, and the
response time constants are usually less than 1 millisecond. They
can be used to detect membrane potential changes in many
different systems and cell types. Di-4-ANEPPS has higher staining
intensity, response sensitivity, signal quality, and faster staining
speed than RH795 in the staining of motor neurons for stomach-
gastric nervous system of a crustacean. Di-4-ANEPPS has longer
alkyl chain attached to the chromophore than RH795,whichmakes
Di-4ANEPPS more lipophilic. Moreover, they also show different
bleaching characteristics, and the bleaching speed of Di-4-ANEPPS
is faster than that of RH795 due to the difference between the
conjugated carbon chains of RH795 and Di-4-ANEPPS. Studies have
shown that although the signal quality of Di-4-ANEPPS is better,
the toxicity and phototoxicity will also be enhanced. And the
phototoxicity of RH795 on pyloric motor pattern was weak and
developed slowly as well as slow bleaching of the staining, and had
little effect on the movement mode. Therefore, Di-4-ANEPPS is
more suitable for short-term experiments requiring high signal
quality, but RH795 is a better candidate for long-term [24_TD$DIFF]experiments
[44].

3. The application of voltage sensitive dye imaging (VSDI)

3.1. Application of VSDI in visual cortex

Vision is an important part of feeling. More than [21_TD$DIFF]80% of the
external information is received, processed and perceived by the
visual system. Light stimulation in different positions of the visual
field can excite neurons in different positions of the cortex [45].
The spatial distribution of visual stimulation in the cortex is called
the retinotopic map on the cortex [46]. Because VSDI can obtain
the spatial information of neural electrical activity in visual cortex
[47], which cannot be sensed by single cell electrophysiological
methods.

Grinvald [25_TD$DIFF]et al.’s study of monkey primary visual cortex (V1)
using VSDI showed that there is not only a corresponding
relationship between the spatial distribution of the visual field
in layer IV of V1, but also the horizontal diffusion between
functional columns in layer II/III. The author emphasized that a
large amount of input processing by a single cell and its dendritic
tree structure are difficult to evaluatewith traditional electrophys-
iological techniques. The optical signal detected by the VSD RH795
mainly reflects the changes in the transmembrane potential of a
group of neuronal cells, including the subliminal synaptic potential
that affects the extensive arborization of cortical cells [48].
Palagina [23_TD$DIFF]et al. further found that after retinal injury, neurons in
the lesion projection zone will be activated by the propagation of
activities originating from the unaffected cortical region, which
proves that the horizontal connection of the cortex can compen-
sate for the loss of vertical projection function caused by the injury.
These results suggest that the horizontal connections between
different cortical functional columns in V1 may be of great
significance in visual information processing [49]. Yang [23_TD$DIFF]et al.

[(Fig._4)TD$FIG]

Fig. 4. VSDI for visual cortical representations of stationary, moving, and illusory moving stimuli. (a) Square presented before a bar stimulus. (b) Subjects report illusory line-
drawing. (c) The performance of evoked cortex activity in the fourmodes of flashing small square,flashing bar, moving small square, and linear-motionparadigmas a function
of time. Reproduced with permission [50]. Copyright 2004, Springer Nature.
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reported rapid and accurate mapping of retinal sites in the visual
cortex using VSDI in behavior sensitive monkeys. VSDI monitors
the population activity of neurons produced by motor stimulation
in cortex with high spatial and temporal resolution. The ability to
quickly obtain accurate retinal mapping in behavioral monkeys
helps to analyze the relationship between temporal and spatial
dynamics of population response and perceptual behavior in the
visual cortex [47].

In addition, Jancke [23_TD$DIFF]et al. reported a classic experiment on line
motion illusion. The spatiotemporal pattern of visual cortical
electrical activitywas studied byusing VSDI technique (Fig. 4) [50].
VSDI with high spatial and temporal resolution is very sensitive to
monitor the changesofmembranepotential, especially thesynaptic
potential of sub threshold and over threshold, which can identify
themechanismofproducing illusorymotorneurons. Thesefindings
demonstrate the effects of temporal and spatial patterns of
subthreshold synaptic potentials on cortical processing and
perceptual formation. There is a lot of evidence that ongoing
activitiesplayan important role in shapingperceptionandbehavior
[51–54]. There are few studies on VSDI in conscious animals, and
imaging in awake animals is more challenging than that under
anesthesia. Most of the animals in the study were anesthetized,
however, it isnotclearwhetherspontaneousmaplikecortical states
exist in conscious animals. To solve this problem, David [23_TD$DIFF]et al.
combined VSDI with local field potential and multiunit activity
recordings in the main visual cortex of conscious and anesthetized
monkeys. The results showed that the number of spontaneous
activity patterns was much larger in conscious animals and their
dynamics were faster than in anesthetized animals [55].

3.2. Application of VSDI in somatosensory cortex

Using sensory input to guide motor output is the most basic
operation of the brain. Somatosensory plays an important role in
guiding body movement, which can study some simple behaviors
based on tactile sensory motor circuit in mammals. There is a
strong interaction between the sensory and motor areas of the
brain and VSDI can be used to explore the interaction between the
sensory and motor cortex.

The whisker barrel cortex of the primary somatosensory cortex
(S1) is a typical representative of the functional column theory, and
themoustache experiment of rodents is easy to operate. Therefore,
the research on somatosensory cortex is mainly focused on the
barrel bearded cortex of rodents [56,57]. Fezerou [23_TD$DIFF]et al. imaged the
voltage-dependent fluorescence changes in the neocortex with
RH1691 staining, which observed the dynamic changes of the
collecting membrane potential in the epithelial layer at millisec-
ond temporal resolution. The results show that the neural
electrical activity generated by stimulating a single beard will
spread to the whole barrel cortex and even further to the motor
cortex (Fig. 5) [58,59]. Sato [23_TD$DIFF]et al. further proved that neuronal
excitation can be transmitted to layer II/III by stimulating layer IV
of S1, which not only spreads horizontally in layer II/III, but also
deeply spreads to layer V/VI to cause excitation of insular cortex
[60]. In addition, Tang [23_TD$DIFF]et al. visualized the neural activity induced
by thalamic barrel body through the deflection of whiskers in vivo
using VSDI with gradient-index rod lens. The results show that this
method can be widely used in functional imaging of deep brain
structures [61].

[(Fig._5)TD$FIG]

Fig. 5. Bilateral VSDI of somatosensory cortical responses to tactile stimulation of different whiskers and the forepaw. (a) A brief deflection of a single whisker evokes a
depolarizing response in both somatosensory and motor cortex. (b) The craniotomies were stained with VSD RH1691 in a mouse under urethane anesthesia. (c) Images of
resting fluorescence of the VSD-stained bilateral craniotomies under stimulation of different whiskers and the forepaw. (d) The time course of response to different stimuli
was measured. Reproduced with permission [59]. Copyright 2007, Elsevier Inc.
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The barrel cortex of the beard is also used to study neural
plasticity [62,63]. The barrel cortex is highly plastic from birth to
adulthood, so the barrel cortex of rodents is a convenient model to
study the mechanism of cortical plasticity. Wallace [23_TD$DIFF]et al. observed
the pattern distribution of neuronal electrical activity in the barrel
cortex of rats after deprivation by depriving thewhiskers of groups
A, B, and C and retaining the whiskers of groups D and E. VSDI
showed that the excitation was significantly enhanced in the
contralateral group E, while there was no significant change in the
ipsilateral D and E regions. This suggests that the contralateral
cortex may be more important than the ipsilateral cortex in the
formation of the facial bucket like cortical topology [64].

VSDI can also be used in the study of the repair of the injured
somatosensory cortex. Sigler [23_TD$DIFF]et al. used VSDI to examine the
changes of sensory map of forelimb and hindlimb within hours
after acute stroke, suggesting that new forelimb regions provide
signals that may guide future structural plasticity and subsequent
reorganization of somatosensory cortical function over a longer
period of time [65]. Brown [23_TD$DIFF]et al. observed the electrical activity of
nerve using VSDI to explore how the front limb (FL) area was
remodeled and recovered for adult mice after stroke. The
experimental results showed that the newly recovered area
occupied a part of the primary motor area on the same side of
the injury and the somatosensory area hind limb in charge of the
hind limb, and distributed further around to compensate for the
damage of FL area [66].

3.3. Application of VSDI in olfactory cortex

Odor is detected by olfactory sensory neurons in the nose. Each
olfactory neuron can express a kind of odor receptor from different
genes, which can recognize and distinguish a large number of
different odor molecules [67]. Therefore, the olfactory cortex is
more complex than sensory cortex. People tried to find the

corresponding relationship betweendifferent olfactory stimuli and
the excitations of neurons in the olfactory bulb. Freeman [23_TD$DIFF]et al.
found a complex neurodynamic pattern in the olfactory bulb of
rabbits when distinguishing odors, but the changes were not
significant [68]. Cohen's team used a VSD RH414 and a 464-
element photodiode array tomeasure the spatiotemporal variation
of odor induced responses in the olfactory bulb of turtles. They
found that inhaling an odor can produce three oscillations in the
olfactory bulb [69]. After that, the team carried out further
experiments on this phenomenon and found that if another odor
was inhaled, the previous two oscillations would be suppressed,
while if the new inhaled odor was the same as the first, the third
oscillation would be strengthened, and if different, it would be
weakened [70]. Recently, Mizoguchi [23_TD$DIFF]et al. found that the olfactory
and gustatory sense of rats have been integrated into the flavor
through in vivo optical imaging with VSDs, which is helpful to
detect and identify food [71].

4. Application of VSDI in pathological brain

4.1. Epilepsy and VSDI

Epilepsy is a kind of paroxysmal and transient brain dysfunction
caused by abnormal synchronous discharge of brain neurons,
which is a disease caused bymany reasons. Temporal lobe epilepsy
is the most common type of epilepsy syndrome, which can
seriously affect the normal life, work and study of patients, and is
one of the most common serious brain diseases [72]. VSDI
technology is expected to facilitate the study of the pathogenesis of
temporal lobe epilepsy.

At present, we do not have enough understanding of the basic
mechanism of the generation and transmission of seizures because
of difficultly determining the focus of seizures and often finding
multiple locations. Dasheiff [23_TD$DIFF]et al. used VSDs with paramagnetic or

[(Fig._6)TD$FIG]

Fig. 6. PAI recording of neural activity in epilepsy rodent brain in vivo. (a) In vivo functional PAI and the quantification for seizure, VSD control, and seizure control groups for
seizure. Reproduced with permission [80]. Copyright 2019, Frontiers Media S.A. (b) In vivo mouse brain response before and during 4-aminopyridine induced epilepsy and
fractional voltage and fractional hemodynamic signal. Reproduced with permission [82]. Copyright 2017, Springer Nature.
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positron emission traces to generate meanmembrane polarization
maps for analyzing circuits involved in seizures [73]. Sacks [23_TD$DIFF]et al.
demonstrated that slow VSDs have the ability to capture local
electrical events, which provides a new tool for exploring brain
activity [74]. Derchansky [23_TD$DIFF]et al. used multi electrode recording and
VSDI technology to study the temporal and spatial dynamics of
epileptic seizure propagation, which can better visualize the
spatial dynamics of epileptic activity. Their findings provide novel
insights into the dynamic multifocality of seizures and transmis-
sion [75].

In recent years, PAI is a hybrid method combining high-
resolution optical imaging with deep penetration depth of
ultrasound imaging where the signal corresponding to neural
activity is detected in the form of acoustic transcranial imaging
with optical absorbance as an image contrast [76,77]. PAI is based
on the thermal elastic perturbation of the target caused by the
optical absorption of pulsed laser, which generates the radio
frequency acoustic pressure wave detected by piezoelectric
ultrasonic transducer or optical interferometer. This unique
imaging technology has been widely used in preclinical and
clinical research, including diagnosis of brain glioma [78,79].
Recently,Wong and Boctor’s teamproposed a novelmechanism for
selective fluorescence quenching of near-infrared cyanine VSD
based on the change of membrane potential [36]. It is also reported
that near infrared VSD redistribution functional photoacoustic
neuroimaging could detect the changes of graded membrane
potential in vivo epileptic mice (Fig. 6a) [80]. They further
demonstrated that the use of transcranial functional photoacoustic
neuroimaging successfully identified focal epileptic foci in the
hippocampus of mice evoked by high dose N-methyl- [26_TD$DIFF]D-aspartate,
which was successfully correlated with electrophysiological
measurements [81]. Rao [23_TD$DIFF]et al. reported that the calculated
fractional voltage response signal change of DPA dye may show
the whole seizure peak envelopes (Fig. 6b) [82]. In a word, PAI
based on VSDs opens up a feasible technical path for study of deep
brain epilepsy in the future.

4.2. Depression and VSDI

Depression is a kind of neurosis with depression, thinking
retardation, and speech and action reduction and retardation as
typical symptoms. The causes of depression include genetic
factors, physical factors, abnormal function and metabolism of
central nervous medium, and mental factors. In terms of neural
mechanism, the current theories mainly include monoamine
neurotransmitter theory, stress theory, and neurogenesis theory
[83].

According to stress theory, corticotropin releasing hormone
(CRH) is considered to play an important role in pathophysiology of
major depression. However, how CRH specifically acts on the
central nervous system is still unclear. Wolff [23_TD$DIFF]et al. used VSDI
technology to study the effect of CRH on hippocampal slices of
mice. By using CRH in hippocampal slices, it can be seen that the
transmission of neural activity increases from DG to CA1, but it is
not found in the hippocampal slices without CRH. This method
enables us to study the propagation of induced neuronal activity
through the hippocampal formation with micron spatial and
millisecond time resolution. This confirmed that CRH can not only
lead to depression through stress pathway, but also has a direct
effect on hippocampus, which may be one of the mechanisms of
inducing disease [84].

Neurogenesis theory believes that the loss of neurons in the
hippocampus can lead to depression [85]. Airan [23_TD$DIFF]et al. used
quantitative VSDI to confirm that DG area of hippocampus was
inhibited and excitability of CA1 area was enhanced in depression
model rats. Using antidepressant drug fluoxetine can increase the

number of new neurons in DG area and improve the excitability,
and the pathological pathway of CA1 is inhibited. It shows that the
new neurons in DG area have inhibitory effect on depression. This
experiment also further elucidates the direct correlation between
the intrinsic phenotype of neurophysiological loop and emotional
behavior through animal behavior, which is also helpful for the
study of emotion [86].

4.3. VSDI and propagating waves in cortex

The brain generates exciting waves all the time in the process of
wakefulness, sleep, perception and movement. Propagation wave
is amanifestation of neuronalmembrane depolarization, and it is a
new behavior of neuron group activity, which can affect the
activity of single neuron [87]. Due to the fast propagation speed of
neuron excitation waves, VSDI technology can accurately describe
the spatiotemporal state of these excitation waves.

Xu [23_TD$DIFF]et al. first discovered that the speed of propagating waves
related to vision can be controlled by neural networks through
VSDI technology. Their research shows that neurons in two
different visual areas may increase their firing probability through
propagating waves to promote the exchange of information
between these areas within a certain period of time after receiving
visual stimuli [88].

Spiral wave is a special form of propagating wave. Prechtl [23_TD$DIFF]et al.
found that the propagating wave generated by visual stimulation
had the phenomenon of rotation during VSDI of the optic tectumof
tortoise, which first indicated the existence of spiral wave [89].
After that, Huang [27_TD$DIFF]et al. found that there could be a very strong
spiral wave in the rat brain slices after the neural network
disinhibited [90]. In subsequentwork, they found that spiral waves
were very frequent when imaging the cerebral cortex during sleep
[91]. The neural network of the cerebral cortex probably has some
mechanisms to control the spiral wave. The spiral wave is inhibited
in some occasions, and the characteristics of spiral waves are used
to perform some functions in other occasions. Further research is
needed on the function of excitatory waves.

5. Conclusions and outlook

In this review,we presented the classification and application of
VSDs. Optical imaging technology based on VSDs offers many
possibilities for brain functional imaging in vivo due to its good
spatial and temporal resolution. VSDI could visualize neural
activity in somatosensory, visual, and olfactory cortex. In addition,
VSDI was widely used to detect abnormal neural activities such as
epilepsy, depression, and propagating waves.

Currently, the imaging based on VSD provides the highest
spatial and temporal resolution for neocortical functional imaging
in the living brain, which paves the way for a new era of cortical
dynamic functional imaging. The application of VSDI may provide
new insights into the basic principles, development, and feasibility
of cortical processing. However, the available signal-to-noise ratio
and the photodynamic damage are the limiting factors to obtain
better VSDI. Different cortical areas may also require different dyes
in the same species. For example, the same dye can provide strong
signals in the somatosensory cortex of rats, but the olfactory bulb is
well stained, but there is no signal [92]. Therefore, it is very
important to make better probes for brain functional imaging. In
the future, it should be possible to create improved new dyes and
carry out further technological innovations. For example, the
genetically engineered probes could express fluorescent substan-
ces in specific cells, which could facilitate better brain activity
imaging [93–95].

The combination of various technologies is an important
direction of VSDI development. Because VSDI cannot record the
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deep layer of cerebral cortex, the combination of two-photon
fluorescence imaging or PAI may be a feasible method with the
emergence of high-performance dyes. Moreover, the sensitivity of
VSDI to spikes can also be compensated by combining with in vivo
two-photon calcium imaging. In addition, the combination of
function magnetic resonance imaging, electroencephalogram,
patch clamp, and other technologies will have a better role in
promoting brain function research fields.
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