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Abstract

Optical methods to interrogate membrane potential changes in neurons promise to revolutionize 

our ability to dissect the activity of individual cells embedded in neural circuits underlying 

behavior and sensation. A number of voltage imaging strategies have emerged in the last few 

years. This Perspective discusses developments in both small molecule and genetically-encoded 

fluorescent indicators of membrane potential. We survey recent advances in small molecule 

fluorescent indicators that rely on photoinduced electron transfer (PeT) to sense voltage as well as 

refinements of voltage-sensitive fluorescent proteins and new opsin-based strategies for 

monitoring voltage changes. We compare the requirements of fluorescent voltage indicators to 

those for more canonical Ca2+ sensing as a way to illuminate the particular challenges associated 

with voltage imaging.

Graphical abstract

Introduction

Neuronal membrane voltage changes drive signaling in the brain and are a key component of 

the emergent properties of the human experience. Despite the important of membrane 

voltage to neurobiology, most of the knowledge we have about the electrophysiological 

behavior of neurons arises from electrode-based methods, which usually involve the 

observation of single neurons at a time. Deeper understanding of neural circuits requires the 

ability to make simultaneous measurements of large numbers of neurons without 

compromising temporal or spatial resolution. A popular method for interrogating neuronal 

circuit behavior is calcium imaging; however, it remains an indirect measure of neuronal 
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activity complicated by the slow intrinsic kinetics of calcium transients relative to 

underlying membrane potential dynamics. While small-molecule and genetically-encoded 

calcium sensors have transformed our ability to indirectly measure neuronal activity,1 

deconvolution of detected calcium transients into the underlying voltage changes remains a 

difficult problem.

Direct fluorescence imaging of voltage presents an attractive method for studying neural 

circuits, complementary to traditional electrode-based methods and imaging modalities that 

rely on Ca2+ fluxes. The field of voltage imaging with fluorescent indicators spans nearly 

four decades. There has been a recently flurry of activity in the development of new methods 

to optically monitor voltage. These new indicators, both small molecule and genetically-

encoded, have made strides towards realizing the potential of voltage imaging. In this 

perspective, we provide a brief overview of recent chemical and genetic strategies employed 

for voltage imaging. We then discus universal constraints on optical voltage determination 

that apply to all sensor designs, with the hope of providing a perspective on upcoming 

challenges.

Pioneering work in the 1970s identified several different classes of small molecules that 

possessed voltage-sensitive optical properties, and this work is extensively reviewed 

elsewhere.2–4 Small molecule voltage-sensitive fluorescent indicators generally fall into two 

classes: electrochromic-type dyes (Figure 1a), which possess response speeds sufficient to 

track to action potentials, but with low sensitivity;5 and oxonols, which have larger fractional 

fluorescence responses to voltage, but respond so slow as to prohibit visualization of discrete 

action potentials.6 Recent work in our lab has employed photoinduced electron transfer 

(PeT) as a voltage sensitive trigger that achieves both fast (sub-millisecond response times) 

and sensitive (>60% ΔF/F per 100 mV) monitoring of membrane potential dynamics.

In contrast, genetically-encoded strategies were first employed about 20 years ago. The first 

genetically-encoded voltage sensitive fluorescent proteins were fusions of native ion 

channels or voltage sensing domains and fluorescent proteins. The first indicators were in 

principal voltage sensitive, but suffered from severe trafficking defects that prohibited 

efficient expression at the cell surface. Poor membrane targeting limited their utility for 

detecting action potentials in neurons. Recent iterations have improved trafficking, kinetics 

and sensitivity. A complementary addition to the genetically encoded toolkit makes use of 

light-sensitive opsins. This is a new mechanism for sensing voltage and has helped to 

reinvigorate the field of voltage sensing by enabling opsin or opsin-fluorescent protein 

hybrid voltage sensing strategies. Comprehensive reviews of voltage-sensitive fluorescent 

proteins are available.7–10 Below, we will first discuss recent dye-based voltage-sensing 

strategies followed by new protein-based strategies.

Small-molecule fluorescent voltage indicators

Our lab has been exploring photoinduced electron transfer (PeT) as a platform for optical 

voltage sensing. The general scaffold of these PeT-based voltage sensors, or VoltageFluors, 

consists of a fluorescent reporter molecule covalently linked to an electron-rich molecular 

wire-donor moiety that quenches the fluorescent reporter via photoinduced electron transfer 
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(PeT). The rate of PeT is sensitive to the presence of an external electric field, enabling it to 

be used as a voltage-sensitive mechanism of fluorescence quenching. By orienting the dye in 

the membrane so that the electron-rich donor is intercalated into the plasma membrane, the 

resting membrane potential accelerates the rate of PeT, quenching the fluorophore. 

Depolarization inhibits PeT, resulting in an increase in fluorescence (Figure 1b).

The use of PeT as a voltage-sensing mechanism affords unique opportunities important for 

voltage imaging. In the context of a VoltageFluor, the rate of PeT must occur within the 

nanosecond lifetime of the fluorophore excited state. This makes PeT processes 

approximately 6 orders of magnitude faster than an action potential and allows VF dyes to 

effectively resolve AP kinetics. Additionally, PeT modulates the fluorescence efficiency of 

the dye in a voltage-dependent fashion, making all of the emitted photons voltage-sensitive 

and useful for imaging. Finally, moving an electron over a relatively long distance 

(approximately half-way across a typical 4 nm plasma membrane), results in high sensitivity, 

without sacrificing response kinetics. We control the orientation of VoltageFluors dyes in the 

membrane using a combination of a hydrophobic molecular wire coupled with an anionic 

anchoring group, usually a sulfonate11 or a tertiary amide.12 After bath application of the 

VoltageFluor, the hydrophobic wire partitions into the plasma membrane, but the water-

soluble anchor prevents the dye from crossing the membrane, ensuring that the dye is 

uniformly oriented in the outer leaflet of the plasma membrane.

Sensitivity of VF dyes can be improved by tuning the relative redox potentials of the donor/

acceptor pairs13 or by improving dye orientation in the plasma membrane.14 Because the 

reporter (fluorescent dye) is chemically orthogonal to the voltage sensing domain (molecular 

wire/aniline) the VF scaffold enables ready exchange the fluorophore acceptor to access a 

wide range of the visible and near-infrared portions of the electromagnetic spectrum,12, 15 as 

well as optimized VoltageFluors for two-photon voltage imaging.16 Although VoltageFluors 

are bright, sensitive, and employ a fast and non-disruptive mechanism of voltage sensing, 

their pan-membrane localization introduces a source of background noise in heterogeneous 

samples, limiting sensitivity.13, 16 We have developed a small-molecule photoactivatable 

optical sensor of transmembrane potential, or SPOT, a photocaged voltage sensor based on 

the first generation VoltageFluor molecules that enables cellular contrast via a 

photoactivation mechanism.17 Other strategies we are exploring involve the use of 

enzymatically cleavable masking groups and self-labeling enzyme/ligand pairs to target 

VoltageFluors to specific neuronal subtypes.

Fluorescent protein-based voltage indicators

A voltage-sensitive fluorescent protein was first reported in 1997, when Iscaoff and Siegel 

fused the green fluorescent protein (GFP) to the Shaker potassium channel.18 Although the 

kinetics of the optical response to voltage were too slow to enable action potential tracking, 

this study showed that membrane potential-induced conformational changes could alter the 

fluorescence of GFP. In 2001, Knopfel and co-workers showed that voltage sensitivity could 

be achieved by using just the voltage-sensing domain of a potassium channel and coupled 

this movement to changes in FRET efficiency between cyan fluorescent protein (CFP) and 

yellow fluorescent protein (YFP).19 In 2002, Pieribone fused GFP to a sodium channel to 
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achieve fast kinetics.20 This first generation of voltage-sensitive fluorescent proteins 

represent an important first step, but combinations of slow response kinetics, poor 

membrane localization, and/or low sensitivity hindered their wide-spread use.

In 2007, Knopfel and co-workers discovered that the use of the voltage-sensing domain from 

the voltage-sensitive phosphatase (VSP) from Ciona intestinalis improved membrane 

localization, response kinetics, and sensitivity.21 Most of the recently-deployed FP-only 

strategies (Figure 1c) make use of the C. intestinalis VSP domain (CiVSD). Pieribone, 

Cohen, and co-workers demonstrated that insertion of super-ecliptic pHluorin to an 

intracellular loop of the CiVSD, results in a voltage-sensitive fluorescent protein. This 

construct, ArcLight, displays high sensitivity to membrane potential changes and sufficient 

kinetics and brightness to detect action potentials in neurons.22 Although the precise 

molecular mechanisms by which CiVSD transduces fluorescence changes in FPs remain 

incompletely characterized, for the case of ArcLight, depolarization causes a turn-off 

response. ArcLight has been used in vivo for dissecting neural circuits underlying odor 

perception in the fly.23 Recently, Pieribone and co-workers uncovered mutations in ArcLight 

which reverses the polarity of response. This new indicator, Marina, gives fluorescence 

increases upon depolarization and maintains the response magnitude and kinetics of the 

parent ArcLight.24

Use of non-canonical FPs, such as super-ecliptic pHluorin, have proved a useful strategy for 

generating voltage-sensitive fluorescent proteins. Another example is the use of circularly 

permuted GFPs (cpGFPs). A screen of CiVSD and cpGFP insertions yielded ElectricPk, 

which had exceptional kinetics and good trafficking to plasma membranes. This study 

showed that cpGFPs and CiVSDs enable fast detection of voltage changes in an FP-only 

sensor.25 Building off of this work, Lin and co-workers described the development of ASAP, 

in which cpGFP is inserted into an extracellular loop of the CiVSD. The ASAP family of 

indicators maintains the rapid kinetics and turn-off response of the ElectricPk construct 

while improving voltage sensitivity by an order of magnitude. This enables detection of 

action potentials in single trials in cultured neurons. Improved versions of ASAP have been 

employed in intact flies.26 Insertion of circularly-permuted mApple (cpmApple), a red-

fluorescent protein, into an intracellular loop of CiVSD enabled the development of FlicR1 

(fluorescent indicator for voltage imaging red), which provides a turn-on response to action 

potentials and retains good response magnitude and kinetics.27

Opsin-based voltage indicators

Genetically encoding sensors of transmembrane potential typically rely on the fusion of a 

fluorescent protein (or two) to an ion channel or voltage sensing domain. A more recent 

approach uses the natural electrochromism of bacteriorhodopsins. Light-gated ion pumps 

and channels find wide application in neurobiology for optical activation or silencing of 

neurons, since cells which express these membrane-bound proteins now pass ions in 

response to light, thereby changing their membrane potential.28 In 2011, Cohen’s group 

showed that these opsin proteins could be “run in reverse,” that is, changes in membrane 

potential causes a change in their fluorescence.29, 30 The reversible electric field-induced 

deprotonation event in bacteriorhodopsins modulates their fluorescence and makes these 
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proteins an attractive candidate for genetically-encoded voltage indicators (Figure 1d). 

Cohen and coworkers developed the Arch system, based on the light-gated proton pump 

Archaerhodopsin 3 (Arch),29 and showed that the weak fluorescence of the all-trans-retinal 

(ATR) cofactor of Arch was modulated by changes in membrane potential. By deactivating 

the proton pumping mechanism with a single amino acid mutation (D95N) and taking 

advantage of the improved eukaryotic membrane localization of Arch 3, Arch(D95N) can 

effectively report on voltage changes in cells without the induction of a photocurrent. 

Despite the high voltage sensitivities and turn-on responses of rhodopsin-based voltage 

indicators, they require high light power to achieve sufficient fluorescence, as a result of 

their complex photocycle.31 Mutational screens identified a few mutations that improve 

brightness32 (Archer, or Arch with enhanced radiance) or kinetics,33 relative to Arch(D95N). 

Focused screening to improve brightness and reduce photocurrent, while retaining the fast 

kinetics of Arch resulted in the development of QuasAr1 and QuasAr2 (Quality superior to 

Arch).34 With improvements in brightness and further bathochromic excitation shifts, 

QuasAr1 can be used in conjunction with optogenetic actuators to faithfully report neuronal 

action potentials. More recently, synthetic analogs of ATR, merocyanine retinals (MCR), 

coupled with evolved Arch mutants with binding preferences for MCR over ATR provide 

access to brighter and red-shifted variants of Arch.35 The most promising Arch mutant, 

Mero-6, displays strong, membrane-associated, near-infrared fluorescence in E. coli 
expressing Mero-6 and treated with MCR. Trafficking to the plasma membrane in 

eukaryotic cells is poor relative to E. coli. Despite this, the Mero-6/MCR pair displays some 

voltage sensitivity and may be a promising platform for future development.

Dual opsin-fluorescent protein strategies

In addition to improving the intrinsic brightness of the opsin indicators, another solution is 

to couple opsin voltage indicators with a brighter reporter via energy transfer (Figure 1e). 

Decoupling the voltage sensing component (opsin) from the optical reporter (fluorescent 

protein), conceptually similar to the sensor/reporter decoupling in VoltageFluor dyes, allows 

for flexibility in choosing both the voltage sensor and optical reporter. This strategy was 

initially used to investigate the photocycle of opsins,36 because changes in the absorption 

spectrum of the opsin alter the efficiency of fluorescence resonance energy transfer (FRET) 

from a nearby fluorophore. Changes in FRET efficiency indicate changes in the absorption 

spectrum of the opsin. If the spectrum of the opsin is altered by changes in transmembrane 

potential, the fluorescence of the FRET donor provides a convenient signal for monitoring 

voltage.37 This approach, variously described as FRET-opsin38 or electrochromic FRET 

(eFRET),39 has been implemented across a number of opsins—including Arch,37 QuasAR 

(Arch parent),39 Mac (L. maculans),38 and Ace (A. acetabulum)40—paired with assorted 

fluorescent proteins—mOrange2,39 mCitrine,38 or mNeon.40 The proposed mechanism is 

that depolarization of the plasma membrane results in an increase in the absorption spectrum 

of the opsin, making it a better FRET acceptor and quenching fluorescence from the 

fluorescent protein donor. This results in a fluorescence decrease upon membrane 

depolarization – whereas the opsin fluorescence itself increases upon depolarization. FRET-

opsin or eFRET efficiency is governed by the usual FRET parameters: both distance and 

spectral overlap between donor and acceptor influence FRET efficiency. Recently, a FRET-
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opsin hybrid, Ace2-mNeon, was deployed to optically record spikes in intact mouse and fly 

brains.40 The improved performance of Ace2-mNeon pair is, in part, aided by the 

hypsochromic spectral shift of the Ace chromophore relative to Mac, providing enhanced 

overlap with the bright fluorescent protein, mNeon.41 Matching rhodopsins (and mutants) 

with desirable photocycle kinetics and spectral overlap with fluorescent reporters may be 

source of enhanced sensitivity and/or brightness. Enhancing trafficking to cell membrane 

and substantially reducing photocurrents while maintaining response kinetics offer pathways 

for improvement of these indicators.

Universal challenges for voltage imaging

Whether chemically-synthesized or genetically encoded, optical voltage determination faces 

inherent challenges. We outline a few of these considerations below and compare them to 

considerations for fluorescent Ca2+ indicators (Figure 2), which are the most prevalent 

functional imaging modality in neurobiology.

The first consideration is the speed of the biological event of interest: the neuronal action 

potential (Figure 2a). The electric field reorientation that occurs during an action potential 

occurs on timescale of one to two milliseconds with the fastest component, the rising phase, 

occurring over the course of approximately 250 µs.42 Therefore the response kinetics of a 

voltage indicator must be able to resolve changes on the sub-millisecond timescale. 

Achieving sufficiently fast response speed while maintaining high sensitivity is the primary 

hurdle for voltage indicators. While neuronal action potentials have a fleeting duration, on 

the order of several milliseconds, Ca2+ concentration increases can persist for 10s to 100s of 

milliseconds inside of a neuron. The consequences of this are several-fold. First, image 

acquisition must be fast, on the order of 1000 Hz to accurately sample action potentials. 

Acquisition speeds for Ca2+ imaging can be in the 1 to 10 Hz range. Relative to Ca2+ 

indicators, voltage indicators therefore have less time to deliver photons to the imaging 

detector, making each measurement inherently noisier. To compensate, voltage indicators 

need to have higher inherent brightness than Ca2+ indicators. One cannot bypass this 

restriction by acquiring images at lower rates, because slower sampling frequencies will 

result in “missed” events. Achieving fast acquisition speeds (>1 kHz) while maintaining a 

large field of view is a related hurdle faced uniquely by voltage imaging—more detailed 

reviews of the quantitative aspects of signal detection for imaging43 and voltage imaging,44 

in particular are available. For imaging modalities well-suited for thick tissues, like raster-

scanning two-photon microscopy, acquiring large fields of view at fast rates is difficult for 

voltage imaging, but less problematic for Ca2+ imaging. A number of promising strategies 

are pushing the limits of acquisition rate during two-photon imaging.45 Future progress in 

this area will be required to capitalize on the full potential of voltage imaging.

The second universal constraint is indicator localization (Figure 2b). Ca2+ indicators 

function by translating the rise in intracellular Ca2+ concentration into changes in 

fluorescence intensity or color. Mediated through ionotropic receptors, voltage-gated Ca2+ 

channels or release from internal stores, cytosolic Ca2+ concentration can increase by one to 

two orders of magnitude over their 50–100 nM resting concentration. Ca2+ indicators work 

best when localized to cytosolic compartments. In contrast, voltage indicators must localize 
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to the plasma membrane in order to properly sense voltage. Improperly localized voltage 

indicator erodes sensitivity by raising the level of background fluorescence from non-

response indicator. However, even given perfect localization, the total amount of voltage 

indicator that can “fit” in the volume of the plasma membrane on the order of <0.1% of the 

amount of Ca2+ indicator that can fit in the cytosol (based on the relative volumes of plasma 

membrane and cytosol for a perfectly spherical cell with a 10 µm radius and 4 nm plasma 

membrane). This restriction places a further design challenge on voltage indicators if they 

are to match the performance of a typical Ca2+ indicator.

Finally, image analysis and segmentation must be considered for voltage imaging (Figure 

2c). One aspect of the appeal of optical indicators is the ability to record from multiple 

neurons simultaneous. Ca2+ indicator-stained neurons appear as bright islands, segmented by 

the plasma membrane of adjacent cells. Voltage indicators, in contrast, give a “chicken wire” 

staining pattern when cell bodies abut one another. Optically resolving two adjacent 

membranes using just their fluorescent signals is difficult and presents a unique challenge 

that must be solved by all optical voltage-sensing modalities. In areas like the CA1 region of 

the hippocampus, where cell bodies are positioned in ordered arrays, this represents a 

particular challenge. In brain regions like the cortex, where cell bodies can be more sparsely 

scattered, this may be less of an issue. Nonetheless, registering signals from hundreds of 

neurons with cytosolic Ca2+ indicators is challenging and the problem is compounded with 

voltage imaging, where fluorescence signals overlap in space.

Overall, compared to Ca2+ imaging, voltage imaging requires acquiring data at 100–1000 

times faster speeds, resulting in 100 to 1000-fold fewer photons collected per cycle. Voltage 

imaging must be done with concentrations of indicators limited to just the plasma 

membrane, resulting in 1000-fold fewer indicators per cell. Finally, because fluorescent 

signals from voltage indicators come from the plasma membrane rather than cytosol, 

segmentation of images and resolving individual cells is more difficult than for cytosolic 

Ca2+ indicators. Despite having to do “more with less”, voltage indicators can achieve good 

success in detecting single action potentials. For example, the red voltage indicator 

developed in our lab, RhoVR 1 shows excellent signal to noise and good ΔF/F, in addition to 

far superior kinetics for single action potentials when compared to the genetically encoded 

Ca2+ indicator GCaMP (Figure 3).12

In addition to the universal constraints or design challenges of all voltage indicators, there 

are some specific considerations related to particular methods of voltage sensing. First, 

because voltage indicators must reside in the plasma membrane to sense voltage, it is 

important to consider delivery routes for a particular indicator to the plasma membrane. For 

small molecule approaches, this means developing amphipathic indicators that can exist in 

aqueous environments en route to the cell of interest, reside in the hydrophobic cell 

membrane environment, and avoid internalization once reaching the membrane of interest. 

VoltageFluor dyes do both of these well, and bath application of VF dyes gives membrane 

localized fluorescence.12, 14 However, small molecule voltage indicators display poor 

selectivity for particular cell types and stain all membranes, making cellular resolution 

difficult.13, 16 We have developed photoactivation methods to address the problem of 
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contrast,17 and development of complementary approaches with genetically encoded 

components is underway in our lab.

Genetically-encoded voltage indicators offer cell-type specificity but face similar challenges 

in proper targeting to the cell membrane. Indeed, the very first generation of fluorescent 

protein- and opsin-based voltage indicators suffered from poor membrane trafficking in 

mammalian cells, limiting their performance.19, 30 Trafficking to the plasma membrane has 

improved with both the use of voltage sensing domains from CiVSD and targeting 

sequences that can, in some cases, improve membrane trafficking. Poor trafficking of 

genetically encoded voltage sensitive fluorescent proteins results, at best, in intracellular 

fluorescence that is not voltage sensitive and, at worst, in indicators that do not function in 

mammalian cells.30 Optimal trafficking signals remain an empirically determined choice and 

improvements in this area are needed.

Second, with any indicator, care must be taken that use of an indicator does not alter the 

observed event itself. Ca2+ indicators can buffer native Ca2+ fluxes. All voltage indicators 

can, depending on the mechanism of sensing, change the excitability of neurons in a number 

of ways. Added capacitance coming from charges moving within the membrane on the same 

time scale as biological charges perturbs the intrinsic properties of the neuron under study—

this is most problematic for “slow response” dyes6 and is not encountered for electrochromic 

or PeT-based dyes. For genetically encoded indicators, the gating charges on the voltage 

sensing domains (VSDs) used in fluorescent protein-based indicators could also increase 

capacitance. If high concentrations of electrochromic or oxonol indicators are required, this 

can alter neuronal responses by potentiating the GABA-A receptor.46 Phototoxicity—often 

through generation of singlet oxygen and other reactive oxygen species—can compromise 

membrane integrity. Another perturbation specific to opsin-based approaches is the 

generation of a photocurrent. For sensing methodologies based on opsins, removal of the 

native light-induced charge transport function of the proteins must be mitigated while 

maintaining voltage sensitivity and response kinetics. For each of the approaches discussed 

above, these disruptive properties must be considered during any imaging application.

Summary/Outlook

In summary, voltage imaging presents a unique opportunity to peer into the inner workings 

of neural systems with unprecedented spatial and temporal resolution. Yet, despite the clear 

promise of voltage imaging, widespread application of voltage imaging lags behind 

techniques like Ca2+ imaging. This gap is due, in part, to a lack of methods that can 

faithfully record neuronal action potentials with the required speed and sensitivity. As 

discussed in this Perspective, the requirements for voltage imaging are more demanding than 

the requirements for Ca2+ imaging. Voltage indicators must respond orders of magnitude 

more quickly and occupy a small fractional volume of cell bodies. These constraints place 

sharp demands on fluorescent voltage indicators, which must be faster, brighter, and more 

sensitive than corresponding Ca2+ indicators. Despite these challenges, in the last few years, 

several complementary approaches have emerged, offering new promise for voltage 

imaging. Small molecule PeT-based indicators, fluorescent protein-CiVSD fusions, voltage-

sensitive opsins, and opsinfluorescent protein hybrid all address aspects of the challenges 
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outlined above. In future years, these approaches, and others, such as the use of 

nanodiamonds47 or nanoparticles48 embedded in plasma membranes, will need to address 

the pitfalls outlined here in order to reach the full potential of voltage imaging.
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Figure 1. 
Fluorescent voltage indicators. Numerous strategies for optically sensing voltage changes in 

living cells exist. Small molecule fluorophore platforms (upper panels) include 

electrochromic dyes (a) and photo-induced electron transfer (PeT) approaches (b). 

Genetically encoded strategies (lower panels) include fusions of fluorescent proteins to 

voltage-sensing domains (c), use of opsins (d), and hybrid opsin – fluorescent protein pairs 

(e). [note: single column figure]
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Figure 2. 
Design challenges encountered in the development of fluorescent voltage indicators. 

Constraints for the design of fluorescent voltage indicators (red) are contrasted against the 

requirements of fluorescent Ca2+ indicators (blue). [note: double column figure]
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Figure 3. 
Comparison of voltage and Ca2+ imaging in neurons. a) Ca2+ (green) and voltage (magenta) 

responses to single, spontaneously-arising action potentials in the same rat hippocampal 

neuron, as recorded by GCaMP6s (green) and the voltage-sensitive dye, RhoVR 1 

(magenta). Panels b and c depict the neuron (white star) analyzed in part a. Scale bar is 20 

µm. Figure adapted from Deal, et al., 2017. [note: single column figure]
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