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Chapter X    
Genetically encoded fluorescent calcium- and voltage- indicators

Abstract
Fluorescent probes that indicate biologically important quantities are widely used for many different types of biological experiments across life sciences. During recent years, limitations of small molecule–based indicators have been overcome by the development of genetically encoded indicators. Here we focus on fluorescent calcium- and voltage- indicators, and point to their applications mainly in neurosciences.

[bookmark: _GoBack]1. 	Introduction 
Calcium concentration, transmembrane voltage, and in particular their spatiotemporal fluctuations, are ubiquitous carriers of biological information in many cell types of animals and plants. Calcium and voltage signalling give rise to fundamental questions and associated measurement across life sciences. Intracellular calcium (Ca2+i) is a common secondary messenger known to regulate a large number of physiological processes including synaptic transmission and plasticity, muscle contraction, cell death, and fertilization. Voltage transients in the form of action and synaptic potentials carry, integrate, and propagate information in neurons. In non-excitable cells (cells that do not generate action potentials (APs)), membrane voltage relates to cellular differentiation and transmembrane transport of ions and larger molecules. Calcium indicators are typically loaded into the cytoplasm to report the intracellular Ca2+ concentration ([Ca2+i]), whereas voltage indicators sense the voltage (potential difference) across the plasma membrane.
In earlier times, recordings through microelectrodes had been the method of choice for calcium (ion-selective electrodes) and voltage measurements (e.g. intra- and extracellular electrodes, or patch-clamp pipettes for membrane voltage measurements), but in the 21st century optical methods took over more and more terrain. This shift in approaches was driven by the fact that optical methods facilitate upscaling of cellular-level measurements to simultaneously recording from a large number of cells and provide spatial information (imaging). This methodological shift has been paralleled and fuelled by the development of better performing fluorescent calcium- and voltage- indicators and optical instrumentations.
Here we focus on fluorescent calcium and voltage indicators and their application in neuroscience and cardiac science. We briefly mention bioluminescent indicators, but do not cover other emerging imaging modalities such as photoacoustic imaging. General principles of calcium and voltage indicators hold broadly for applications throughout life sciences. 

2. 	Calcium versus voltage imaging 
Depending on the research question (calcium- or voltage-signalling related) one would naturally measure calcium or voltage signals. A special case of broader importance is the measurement of action potentials in neuronal networks or cardiac tissue. Although action potentials are in the domain of electrical signalling, optical imaging of action potential activities using calcium imaging has become a fruitful and widely used alternative to electrophysiology, in particular in neurosciences. Calcium imaging is less demanding in terms of instrumentations and even with the most advanced equipment, the signal to noise ratio (SNR) of calcium imaging usually outperforms that of voltage imaging. Nevertheless, voltage imaging cannot be replaced by Ca2+ imaging if the signals of interest include membrane hyperpolarization and high frequency oscillations. 

3. Advantages of genetically encoding indicators
The first broadly used synthetic chemical fluorescent calcium indicators (e.g. fura-2) did not permeate lipid membranes, and therefore needed to be injected into cells for measurement of cytosolic calcium concentration. These organic compounds were then made membrane permeant by adding an ester group (e.g. fura-2 AM) that can be cleaved by intracellular esterase, enabling bulk loading approaches for multicellular calcium imaging experiments. Voltage sensitive dyes were first used in mammalian cells by staining the outer leaflet of the plasma membrane following incubation in extracellular dye-containing solutions, and intracellular loading techniques were subsequently developed for single cell-level experiments (Wu et al. 1998; Baker et al. 2005). These indicators therefore allow staining all cells or single cells within a preparation. This approach is problematic when working with preparations where different cell classes exhibit different calcium or voltage signalling properties. A solution to this issue of blindness to cellular diversity is offered by genetically encoded indicators, expressed by cell class-specific expression cassettes (Knopfel et al. 2006). Genetic encoding offers several additional advantages, including reproducible preparations and avoidance of potentially harmful staining procedures. During recent years, genetically encoded calcium indicators have largely replaced organic dyes in many fields of application. However, organic dyes still have advantages against protein-based indicators, including lower molecular weight (resulting in higher diffusibility), greater photostability, inertness, and ease of use. Low Molecular Weight (LMW) voltage indicators have a long history of development and use in neurophysiology. 
The first generation of genetically encoded voltage indicators (GEVIs, named “voltage sensitive fluorescent proteins”) that produced robust signals in mammalian cells, enabling physiological studies beyond methodological proof of principle studies, were published only in 2007 (Dimitrov et al. 2007). Since then, better performing GEVIs were generated at a fast pace, and it is probably fair to say that they are now outperforming organic voltage sensitive dyes in many applications from subcellular to the systems level. Genetic encoding provides the same advantages as described above for genetically encoded calcium indicators (GECIs).  

4. 	Key features of genetically encoded calcium and voltage indicators
4.1.	 GECIs
4.1.1.	 Structure and functional principles of GECIs
The design of GECIs is based on the molecular fusion of a fast calcium-binding protein moiety (typically Calmodulin; CaM), a calmodulin-binding peptide from smooth muscle myosin light-chain kinase (RS20, also known as M13), and either a single fluorescent protein (FP) or a pair of FPs suitable for Förster resonance energy transfer (FRET) (fig1). Upon Ca2+ binding to the Ca2+-binding moiety, GECIs undergo conformational changes that lead to a modulation of fluorescence emission of the FP(s). In the case of single FP GECIs, the conformational change modulates the absorbance (and to some extent the Kd) of the FP. Since fluorescence at a single wavelength is modulated as a function of [Ca2+], these indicators are known as intensiometric. In the case of FRET-based GECIs, the Ca2+-dependent conformation change affects the distance and orientation of the pair of FPs and this alters their FRET efficacy. Consequently, the fluorescence emission of one of the FPs decreases while that of the other increases. Accordingly, this indicator class is termed ‘ratiometric’ because the ratio between the two fluorescence intensities can be used to quantify [Ca2+]. Recently, the concept of FRET-based GECI has been expanded to bioluminescence-based indicators where a bioluminescent protein serves as the FRET donor.

4.1.1.1. Ca2+ binding affinity of GECIs
The optical signal produced by GECIs is proportional to the fraction of indicator molecules occupied by Ca2+, therefore the equilibrium constant of the calcium binding reaction is a crucial feature of each GECI. The ability of Ca2+ to bind to the calcium-binding moiety of the GECI is typically reported as the (apparent) equilibrium dissociation constant (Kd), which is defined by the balance between the rates of formation of the Ca2+-bound fluorescent GECI conformation and the formation of the non-fluorescent Ca2+-free conformation (Perez Koldenkova and Nagai 2013). At a [Ca2+] equal to Kd, half of the GECI molecules are Ca2+-bound, and the sensitivity of the indicator is maximal. GECIs covering Kds ranging from nM to mM are available. The choice of a particular Kd variant depends on the resting calcium concentration and the expected physiological fluctuations, and hence on the subcellular locations of interest, cell types and organisms. Indicators with large Kd (low affinity) are optimized for imaging large amplitude [Ca2+i] transients or [Ca2+] in organelles with high resting [Ca2+]. Conversely, small values of Kd represents a high affinity such that a large fraction of the indicator molecules bind Ca2+- during small transient changes in [Ca2+].
		kon
koff
Kd = koff / kon

GECI + Ca2+ ⇌ GECI-Ca2+

		

kon and koff : rate constants of formation of bright and dim indicator state
The Hill constant (h) describes the steepness of the indicator fluorescence - [Ca2+] relation at a [Ca2+] equal to the indicator Kd -. In the case of GECI, the Hill constant typically indicates the degree of cooperativity of multiple Ca2+ binding at sites of the calcium binding protein. While high h increases the sensitivity to changes in [Ca2+] ranging around Kd, this advantage comes with lower sensitivity outside this range. 

Θ = [Ca2+]h / ([Ca2+] + Kd)
h: Hill constant; Ɵ: fraction of the receptor protein concentration that is bound by the ligand

4.1.1.2. Kinetic properties

Ca2+ binding to organic calcium indicators is typically diffusion limited and the unbinding (koff (s-1), see above) determines Kd. In the case of GECIs, kinetics are often more complex because the rate limiting factor for the fluorescent conformations is not necessarily calcium binding but instead, for instance, the interaction of CaM and M13. Early generation GECIs exhibited kinetics significantly slower than expected from their Kd, probably due to these more complex conformational changes. CaM-based GECIs display much faster Ca2+-binding and unbinding properties than troponin-based indicators. Specific mutations of CaM can facilitate Ca2+-binding while reducing h.   

4.1.1.3. Selectivity and interference
Most naturally occurring Ca2+-binding proteins also bind Mg2+. Therefore, Ca2+/Mg2+ selectivity of the Ca2+-binding motifs of GECIs, derived from CaM or troponin C, may be of concern. In practice, however, Mg2+ sensitivity is not problematic since physiological [Mg2+] varies very little in contrast to the very large dynamic range of physiological [Ca2+] fluctuations (10-9 to 10-3 M). GECIs may interact with other proteins as indicated by the discrepancy of Kd values obtained in cell-free conditions as compared to those measured in cellular cytosolic environment. 
Calcium indicators act as Ca2+ buffers and hence interfere with Ca2+-dynamics. Thus, calcium indicators provide a distorted view of normal calcium dynamics (Neher 1995). 

4.2.	 GEVIs 
4.2.1.	 Structure and functional principles of GEVIs
GEVIs report membrane voltage by sensing the electrical field across the plasma membrane. To do so, they need to be localized within, or in very close proximity to the plasma membrane. The first series of GEVIs that exhibited robust voltage reports in mammalian cells were constructed by the fusion of GFP derivatives and an isolated voltage-sensing domain (Dimitrov et al. 2007). These early GEVIs (dubbed Voltage Sensitive Fluorescent Proteins; VSFPs) parented a large number of voltage-sensing domain-based GEVIs. In these GEVIs, coupling of voltage-sensing and optical output is achieved either via FRET between a pair of FPs, sensitising a single FP by circular permutation (cpFPs), or via mechanisms that await full explanation (fig 2). A second pedigree of GEVIs is rooted in the discovery of voltage-dependent fluorescence of some microbial opsins. The optical output of these opsin-based GEVIs is either the fluorescence of the opsin itself, or the fluorescence of an attached FP that is quenched by voltage-dependent absorbance of the opsin. Most of the currently available GEVIs are known by their acronyms, but their structural design principles are rooted on these two distinct design scaffolds. Chemigenetic or hybrid GEVIs employ genetically targetable proteins which bind compounds that are not proteins or naturally occurring in brain tissue. 

4.2.1.1. Kinetic properties
First generation voltage-sensing domain (VSD)-based GEVIs responded to a quasi-instantaneous change of membrane voltage too slow to faithfully report fast action potentials. They were, however, successfully used to report synaptic population potentials in vitro and in vivo (Akemann et al. 2010). Recent versions of VSD-based GEVIs respond to voltage changes with millisecond kinetics, and are efficiently activated and deactivated during fast APs (St-Pierre et al. 2014a; Gong et al. 2015). Notably, fast activation is required for APs to induce a large fluorescence signal but fast deactivation kinetics imply that fluorescence needs to be measured at a fast sampling rate (kHz or above if the AP shape is of interest). Some opsin-based GEVIs use a mechanism with fast (< 1 ms) kinetics (Kralj et al. 2011b).

4.2.1.2. Selectivity and interference
GEVIs are selective for voltage signals but may also report pH changes in the case of those GEVIs that involve pH-sensitive FPs. Voltage sensing by movable charges in the membrane electric field corresponds to a capacitive current that interferes with voltage dynamics. To control for this effect, basic characterization of a new GEVI typically includes comparative measurements of AP width in GEVI-expressing and non-expressing neurons. Expression levels used in physiological experimentation are normally too slow to significantly affect action potential widths while the effect on dendritic integration of subthreshold potentials remains to be investigated in more detail (Akemann et al. 2009).  
Because of the small changes in fluorescence, GEVI imaging in vivo has to carefully consider confounding optical signals triggered by changes in blood volume and oxygenation (Akemann et al. 2012). 

4.3.	 Features common to GEVIs and GECIs

4.3.1. Dynamic range and signal-to-noise ratio
The dynamic range is often considered as one of the important criteria when judging the performance of genetically encoded indicators. This dimensionless measurement states how many times brighter the Ca2+-bound GECI state (or depolarized GEVI state) is when compared to the Ca2+-free (hyperpolarized) state, or how many times the maximal FRET ratio is larger than the minimal observed FRET ratio. 

Dnon-ratiometric = Imax / Imin
D: dynamic range; Imax: maximal fluorescence intensity; Imin: minimal fluorescence intensity




However, dynamic range is usually measured under non-physiological conditions (including in the absence of Ca2+ and in the presence of very high Ca2+ concentrations for GECIs, or exceedingly large membrane voltage changes for GEVIs), and often not in the cell type the indicator’s use is envisaged. Therefore, more important than the biophysically-defined dynamic range is the size of the optical signal in response to a physiological event of interest (e.g. synaptic activation of a receptor or an action potential) in relation to the measured random photon fluctuations (noise) under concrete conditions of experimental applications. The signal-to-noise ratio (SNR) of an indicator is determined as the ratio between the fluorescence signal (ΔF = Fsignal - Fbaseline) and the noise of the fluorescence (e.g. variance of total fluorescence, Ftotal). Using high-end equipment, measured noise is typically shot (Poisson) noise-limited, which means that SNR increases with the square root of the measured fluorescence intensity. 
SNR ~ ΔF * √ Ftotal
SNR = signal to noise ratio; ΔF = fluorescence signal change; Ftotal = total fluorescence

4.3.2. Brightness
Fluorescent indicators need to be bright. Brightness is determined by a combination of high fluorescence quantum yield and high photostability. Indicators of insufficient brightness require high illumination intensities where indicator photobleaching becomes a limiting factor. Indicator brightness is a critical feature in applications that demand for imaging at high frame rates, small ΔF values, high spatial resolution, and long duration recordings. GECIs such as GCaMPs of generation 6 and above are sufficiently bright so that indicator bleaching is of no concern in most applications. For GEVIs that involve FPs, variants with the brightest and most photostable FPs (VSFP CR, Ace-mNeonGreen) are available. Opsin-based GEVIs are very photostable such that they may show little bleaching even with extended periods of very high illumination intensities. 

4.3.3. Spectral properties (“Colour”)
The first ratiometric FRET-based and intensiometric GECIs were limited to the blue to green spectral range. More recently, a palette of GCaMP-type GECIs covering blue to near infrared becomes available. Similar expansion of the colour range also exists for GEVIs. In addition to the wide spectral range of available FPs, synthetic dyes of different colours have begun to be utilised for activity indicators. Such diverse spectral properties are especially attractive for multi-colour imaging, where the activity from multiple distinct cell types can be simultaneously optically accessed via expression of activity indicators of different colours.

4.3.4. pH, temperature
Modern FP variants used in genetically encoded indicators have been engineered towards a low pKa, making them relatively inert to physiological changes in pH. However, several intracellular organelles are normally acidic and the cytosol of many cell types acidifies under cell stress conditions. In these situations, changes in pH may produce confounding optical GECI and GEVI signals. FPs are also temperature-dependent and this needs to be considered when temperature changes are expected during an experimental paradigm. Specifically designed GECIs are available for monitoring Ca2+ dynamics within intracellular organelles, which may have a lower pH and/or a higher resting [Ca2+] than the cytoplasm.

5. 	Currently available indicators
Description of the first protein-based indicators dates back to the middle of last century, where the luminescent protein Aequorin from the jellyfish L. Hydromedusan was purified (Shimomura et al. 1962) and then injected into barnacle muscle fibres (Ashley and Ridgway 1968). Three decades later, cloning of the genes encoding aequorin and the green fluorescent protein (GFP), and their molecular fusion to coding sequences of calcium-binding or voltage-sensing protein domains, led to the generation of the first genetically encoded calcium (Miyawaki et al. 1997; Persechini et al. 1997) and voltage-dependent indicators (Baker et al. 2008). GECIs evolved to a stage where their performance are probably close to theoretical limits with intensiometric GCaMP-type and X-CaMP variants covering the spectral range from blue to near infrared. GEVIs are still rapidly evolving with largely improved variants emerging at high pace. In the following sections (5.1 and 5.2) we give an overview of currently most used GECIs and GEVIs, and briefly summarize the status of the emerging field of bioluminescent indicators.

5.1.	 Genetically encoded calcium indicators 
5.1.1. FRET-Based GECIs (ratiometric)


The first FP-based calcium indicators used FRET between two FPs as the optical reporting mechanism. FRET relies on the transfer of excitation energy from a donor to a very closely localized (< 10 nanometer distance) acceptor fluorophore through long-range dipole-dipole interactions (Miyawaki et al. 1997; Persechini et al. 1997). For FRET to occur there has to be an overlap between FRET donor fluorescence emission spectrum and FRET acceptor absorbance spectrum. FRET can be used to report conformational changes of fusion proteins involving a pair of FPs, as FRET efficacy is very sensitive to their orientation and distance. In GECIs this mechanism is used to report the conformational changes triggered by Ca2+ binding to a calcium-binding protein. These indicators are excited at a wavelength within the donor excitation spectrum (slightly blue shifted relative to the peak to minimize direct excitation of the acceptor) and fluorescence is split and measured within both the donor and acceptor emission wavelength bands. Ca2+-dependent changes in FRET efficacy are quantified as a change in ratio between acceptor and donor fluorescence.  
Although imaging FRET-based GECIs has advantages over use of intensiometric GECIs, such as a reduced interference by movement of the preparation, in practice they have been almost completely superseded by intensiometric indicators which have a higher dynamic range, require less demanding instrumentation (single channel versus dual channel) and are easier to be combined for multicolour imaging (simultaneous recording from different targets using different colour indicators).
 Recently, a new generation of red-shifted FRET-based GECIs have been created (Waldeck-Weiermair et al. 2015), which possess green and orange or red FPs (GFP, OFP, RFP) as a FRET pair. 
5.1.2. Single-FP (intensiometric) GECIs

After several years of intense efforts by a number of groups, intensiometric GECIs of the GCaMP scaffold became the widely preferred fluorescent indicators for Ca2+ imaging. These probes are based on circular permuted FP (cpFP) flanked by CaM at its C-terminus and the M13 domain of a myosin light chain kinase at its N-terminus. Upon Ca2+ binding, an intramolecular conformational change is triggered and thereby the chromophore environment alters. This, in turn, results in a large modulation of the chromophore fluorescence output (Baird et al. 1999; Nagai et al. 2001). 
The scaffold of GCaMP2 served as template to incorporate “superfolder GFP” mutations (Pedelacq et al. 2006) to generate highly sensitive GCaMPs with improved temporal and spatial resolution in vivo (Muto et al. 2011; Badura et al. 2014). Targeted mutagenesis of the linker sequences connecting M13/CaM to the cpGFP were optimized to yield the highly sensitive series of GCaMP5 (5A, 5D, 5G, 5K and 5L) (Akerboom et al. 2013; Chen et al. 2013a) with improved temporal and spatial resolution. Neuronal expression screening in in vivo imaging in zebrafish, flies and mice, heralded the improved brightness, dynamic range, and slow to fast kinetic properties of the ultrasensitive members of the GCaMP6 and jGCaMP7 series (Chen et al. 2013a; Dana et al. 2019a). With introduction of GCaMP6 and jGCaMP7, optimization of GCaMP-type GECIs for monitoring neuronal action potentials seemed, at least for the green fluorescent variety, to reach a stage where further improvements are difficult to achieve without trade-offs. A more recent suite of GECIs dubbed X-CaMPs demonstrated, that tuning to specific requirements is still possible (Inoue et al. 2019a). Green X-CaMPs (X-CaMP-G) are faster and more linear in response than its predecessors, features that are particularly important for estimating spike rates of fast spiking interneurons (Inoue et al. 2019a). In addition, the increased baseline fluorescence of X-CaMPs facilitates the use of calcium imaging to monitor subthreshold events in spines and synaptic terminals (Inoue et al. 2019a). This feature may, however, be of disadvantage in densely GECI-targeted tissue. New colour variants (blue, yellow and red) in the X-CaMP series facilitate multicolour imaging with either 1-photon or 2-photon fluorescence excitation. Specifically tuned low affinity intensiometric GECIs for targeting the endoplasmic reticulum R-CEPIA1er (with a Kd of 565 µM) and GCaMPer(10.19) (with a Kd of 400 µM) are tuned for monitoring very high [Ca2+] such as in ER, and complete the current toolbox of best performing intensiometric GECIs (Suzuki et al. 2016).

5.2.	 Genetically encoded voltage indicators

5.2.1. Voltage sensing domain-based GEVIs
Over the last two decades, a palette of voltage sensing domain (VSD)-based GEVIs have been developed using fluorescent proteins with emission wavelengths covering a large portion of the visible spectrum. Irrespective of the origin organism of the VSD (either from C. intestinalis or G. gallus), VSD-based GEVIs can be categorised into two families – ratiometric FP-FP FRET GEVIs with emission at two spectral bands, or single FP GEVIs with emission in a single spectral band. The generation of FP-based activity indicators is also largely influenced by the ongoing development of FPs; more recently, VSD-based GEVIs have also been further developed to expand the emission wavelength from the visible spectrum into the near infrared range. 
5.2.1.1. FP-FP FRET GEVIs 
Ratiometric GEVIs function via the voltage-dependent VSD conformation change that alters the FRET energy transfer between a FP pair. Changes of membrane voltage hence results in the negatively correlated changes of fluorescence intensity of the FRET donor and acceptor FPs. The FP pair can either be attached to the VSD S4 domain in tandem (e.g. as in VSFP 2.3, VSFP CR, Mermaid, see table xx (Tsutsui et al. 2008; Akemann et al. 2010; Lam et al. 2012)), or the two FPs can flank the VSD S1-S4 transmembrane segments (e.g. as in VSFP Butterflies (Akemann et al. 2012) or Nabi, (Sung et al. 2015)). Generation of VSD chimeras via transplantation of segments from fast operating ion channels (e.g. Kv3.1 potassium channel) has been used to improve the kinetic properties of VSD-based GEVIs (e.g. chimeric VSFP Butterflies, (Mishina et al. 2012)). 
FRET-based GEVIs can be used in combination with dual-emission imaging setups that captures the donor and acceptor emission wavelength ranges simultaneously. This ratiometric imaging approach is particularly useful for in vivo voltage imaging where the negatively correlated changes of donor and acceptor emission intensity provides information on voltage activity while movement and hemodynamic signals are identified by correlated changes in donor and acceptor fluorescence. For experiments in brain slices, it is sufficient (and possibly more efficient) to image either acceptor or donor of FRET-based GEVIs.    

5.2.1.2. Monochromatic FP GEVIs
Single FPs can be fused with a VSD to produce monochromatic GEVIs. Monochromatic GEVIs are of advantage where simplified optical configurations and a simpler optical imaging setup are needed. In contrast to ratiometric GEVIs, where sampling of photons is restricted to bands that minimize spectral overlap between the two FPs, monochromatic GEVIs allows one to capture across the (almost) full FP emission spectrum to maximise the sampling of useful photons. However, when using monochromatic GEVIs in vivo, especially in the mammalian brain, correction for haemodynamic and movement-related signals are more cumbersome. Strategies for such corrections often involve multiplexing GEVI imaging with a reference signal.
FPs with different colours can be used in monochromatic GEVIs of the VSFP3x type where they are attached to the fourth transmembrane domain of a VSD. The FP can be a cpFP (e.g. cpFP-VSFP3x, FlicR, (Gautam et al. 2009; Abdelfattah et al. 2016)) or a FP in its native configuration (e.g. Arclight, Bongwoori, VSFP3x (Lundby et al. 2008; Perron et al. 2009; Jin et al. 2012; Lee et al. 2017)). cpFP has also been inserted extracellularly between the S3 and S4 transmembrane segment of G. gallus VSD to generate the ASAPx series with high sensitivity and fast kinetics (St-Pierre et al. 2014b). 

5.2.2. Opsin-based GEVIs
More recently, voltage-dependent fluorescence of certain microbial opsins has been exploited to generate opsin-based indicators (Kralj et al. 2011a). Opsin-based GEVIs have been tuned to display high voltage sensitivity and rapid kinetic properties, yet initial versions of these indicators suffered from low brightness and required high excitation intensity and highly specific optical imaging setups. 

5.2.2.1. Opsin GEVIs using rhodopsin fluorescence 
Opsin-based GEVIs reports voltage fluctuations via voltage-dependent protonation of the Schiff base of the opsin retinal component that leads to chromophore absorption. This led to the first opsin-based GEVI Arch with submillisecond kinetic properties, yet Arch is very dim and requires high excitation intensity and mediates an undesired photocurrent (Kralj et al. 2011a). To overcome these issues, Arch-based GEVIs have been further optimised to generate the first generation QuasAr variants (QuasAr1 and QuasAr2), with increased brightness and without the undesirable accompanying photocurrents (Hochbaum et al. 2014). However, first generation QuasAr still suffered from suboptimal membrane localisation and dimness. To further optimise these parameters, second generation QuasArs (QuasAr3 and paQuasAr) were developed (Adam et al. 2019). QuasAr3 displayed improved membrane targeting, but still required high illumination intensity. This need for high intensity is partially alleviated by photoactivated QuasAr (paQuasAr). Co-illumination of light at two different wavelength helps to spatially confine excitation and thereby improve higher signal-to-noise ratio (Adam et al. 2019). 
Molecular evolution based on Arch also produced the Archon family of indicators, which display several-fold higher brightness than the parent protein (Piatkevich et al. 2018). Like other opsin-based indicators, Archon1 displays fast kinetic properties and large sensitivity.
Opsin absorbs at wavelengths > 600 nm and display fluorescence emission in the near-infrared wavelength range. These spectral properties facilitate all-optical electrophysiology, where in combination with blue-shifted optogenetic actuators, light is used to both control and monitor membrane voltage (Hochbaum et al. 2014).

5.2.2.2. Opsin GEVIs using FP-retinal FRET 
Opsin-based FP-retinal FRET GEVIs have been designed with the idea to retain both the rapid kinetic properties of opsin-based GEVIs and the brightness of FPs. Their design exploits the spectral overlap between FP emission and opsin absorption spectrum, where the opsin can act as a FRET acceptor. Combination of the yellow FP mCitrine, the bright FP mNeonGreen, or the orange FP mRuby3 with rhodopsin cloned from L. maculans or A. acetabulum led to Ace-mNeonGreen and VARNAM, respectively (Gong et al. 2014; Gong et al. 2015; Kannan et al. 2018). Since the rhodopsin variants used are only very weakly fluorescent, optical readout is the fluorescence quenching of the donor FP. These fast FRET opsin-based GEVIs operate with considerably lower illumination intensities as compared to opsin only-based GEVIs. 

5.2.3. Chemigenetic hybrid voltage indicators
Aside from the fully genetically encoded voltage indicators, voltage indicators with a genetically encoded component have also been developed. The genetically encoded component of these hybrid indicators (also known as chemigenetic indicators) allows for targeting indicator localisation to specific cell types. The second component may be a fluorescent dye that needs to be delivered to the tissue (this may be achieved via a simple i.v. injection). The advantage of fluorescent dyes is that they can be much brighter than FPs. These indicators offer increasing potential for applications in vivo. 

5.2.3.1. Opsin-dye FRET chemigenetic indicators
Like FP-retinal FRET opsin-based indicators in Section 5.2.2.2, opsin-dye FRET chemigenetic indicators utilises the voltage sensitivity and submillisecond kinetic properties of microbial opsin, and combines this with a bright fluorescent counterpart. Cell type-specific expression of hybrid indicators of this class is hence achieved via genetic encoding of the voltage sensing component (i.e. the opsin). One of the most promising new families of GEVIs of this class are Voltron and Positron, hybrid indicators where the opsin domain from A. acetabulum is fused to a self-labelling protein tag (e.g. HaloTag or SNAP-tag) that allows the covalent binding of a synthetic fluorophore dye ligand (e.g. Janelia Fluor dyes). Voltage-dependent changes of the opsin absorption spectrum then modulates fluorescence quenching of the JF dye component via FRET. JF dye covers a large portion of the visible and near infrared wavelength spectra. Along with distinct self-labelling proteins, Voltrons and Positrons are prepared for multicolour imaging from different cell classes. 

5.2.3.2. FP-dye FRET hybrid indicators
Hybrid voltage indicators can also be targeted to specific cell populations by genetic targeting of its fluorescent component. In hybrid indicators of the hVOS type, genetic targeting is achieved via expression of a membrane anchored FP (Wang et al. 2010). The component to be applied externally is dipicrylamine (DPA) which quenches the FP with an efficacy that depends on its voltage-dependent distribution in the plasma membrane. Like with GEVI FRET opsin-based GEVIs, a voltage-dependent reversible quenching of a FP informs on membrane voltage transients.

5.2.3.3. Indicators using photo-induced electron transfer 
Departing further from protein-based voltage indicators, voltage-sensitive fluorescent dyes can also be modified to be genetically targeted to specific neuronal populations. One of the recent promising examples is VoltageSpy, a series of fluorescein-based voltage sensitive fluorescent dyes conjugated to a peptide (SpyTag) that can covalently attach to peptide-based cell surface receptors (SpyCatcher) (Grenier et al. 2019). Voltage sensing in these indicators is achieved by photoinduced electron transfer via a synthetic molecular wire in the membrane to reversibly quench a synthetic fluorescent reporter. Genetic encoding of such indicators would be conferred by the cell type-specific expression of SpyCatcher.  

 5.3. Bioluminescent Indicators 

The first protein-based optical indicator used for live science applications was the bioluminescent protein Aequorin. Aequorin is a calcium-activated photoprotein which, when in its calcium bound state, converts its prosthetic group, coelenterazine, into an excited state that in turn emits blue light when returning to its ground state. Notably, aequorin occurs in jellyfish together with the green fluorescent protein to produce green light by resonant energy transfer.

The development of well performing bioluminescent indicators has not progressed as fast as fluorescent indicators over the past decades. More recent hybrids between bioluminescent proteins and FPs led to improved bioluminescent indicators both for calcium (Yang et al. 2016; Suzuki et al. 2018) and voltage (Inagaki et al. 2019). These sensors exploit the catalysis of a chemical substrate by a luciferase enzyme and produce light via FRET to FP. 

Recent versions, like the Orange CaMBI (Orange Calcium-modulated Bioluminescent Indicator), have been reported to track calcium dynamics in singles cells (HeLa cells and cardiomyocytes derived from human induced pluripotent stem cells), and in whole organs of a transgenic mouse, in a non-invasive manner. Different variants from Orange CaMBI have been engineered with a broader range of affinities (Oh et al. 2013; Oh et al. 2019).

Likewise, bioluminescent proteins have been combined with voltage indicators. Bioluminescent voltage indicators consist of a voltage-sensing domain (VSD), a luciferase, and a fluorescent protein in a configuration analogous to FRET-based GEVIs. The increase of the membrane voltage causes a structural change of the VSD, enhancing FRET between the light-emitting luciferase and the fluorescent protein. The ratiometric LOTUS-V indicator is a promising example of bioluminescent voltage indicators (Inagaki et al. 2019) that enables voltage imaging form neurons and in freely moving mice using a fiber-free system (Inagaki et al. 2019). Advantage of bioluminescent genetically encoded indicators is low invasiveness, no need for excitation light to fuel fluorescence, and simple instrumentation for detection. As mammalian tissues lack endogenous bioluminescence, even relatively small number of photons can be detected over background with bioluminescence. However, limited photon flux translates into a limited SNR. Their major disadvantage is the requirement of substrate application. 

6. Applications
	
Although optimization to obtain new better performing genetically encoded indicators is still ongoing, GECIs are being broadly used in neurophysiological and cardiac studies since several years. The use of GEVIs for physiological experimentation beyond technical feasibility reports is only emerging. The following example applications have been selected with a bias on studies in the mouse cerebral cortex and heart.

6.1. Monitoring Action Potentials in awake mouse cortex 
One major challenge in neuroscience is to unravel how the information is encoded, stored and processed within the brain circuits. The traditional physiological approach to study representation of neuronal information is by correlating action potentials occurrence with sensory input or motor output. To understand processing of information in neuronal circuits, it is necessary to observe action potential occurrence in a large number of cells simultaneously.  Ca2+ imaging is a powerful optical approach for multi neuronal action potential recordings due to that fact that action potentials in mammalian cortical neurons are generally accompanied by substantial influx of Ca2+. GECIs combined with 2-photon microscopy have revolutionized the study of neural activity in model organisms, since they allow non- or minimally-invasive recordings, and can be used with better spatial resolution than electrophysiological techniques in awake, behaving animals (Chen et al. 2013b). Since emergence of GCaMP2, GECIs based on this general scaffold have been routinely used for in vivo imaging, for tracking presynaptic calcium transients, individual spikes and large populations of neurons (Diez-Garcia et al. 2005; Chen et al. 2013b). In vivo AP recordings using GCaMPs has not been limited to 2-photon approaches. For instance, the fast GCaMP6f variant has been used to study the neuronal networks of behaving mice with a high temporal resolution by single-photon wide-field imaging using miniature microscopes (Aharoni et al. 2019). GCaMP6s has been highlighted for being a slow-kinetics indicator, able to yield high detection rates for singles spikes and resolving subthreshold Ca2+ transients (Chen et al. 2013b) . 
The promising multicolour suite of XCaMPs - especially the green and yellow variants - possess faster kinetics.  These GECIs enable detection of single AP within 3-10 ms of spike onset, thus seem are able to resolve spike trains from fast-spiking parvalbumin interneurons in the cortex of freely moving mice (Inoue et al. 2019b). 
Although calcium imaging is currently the most preferred optical method of systems level assessment of patterns of APs, due to the superior SNR values compared to those of GEVIs, well performing voltage indicators that directly report membrane potential transients are still on the list of “the most wanted”. Considerable progress in the field of GEVI development led to the first voltage indicators that allow monitoring APs of a few cells simultaneously in the awake mouse hippocampus (Adam et al. 2019). 

6.2. Mesoscopic imaging of neuronal circuit dynamics
Optical imaging of cortical activity patterns across mm-size cortical areas has traditionally been the realm of voltage imaging. The first in vivo experiments using GEVIs build on these traditional mesoscopic voltage imaging approaches (Akemann et al. 2010; Akemann et al. 2012; Carandini et al. 2015). While not providing cellular resolution data, mesoscopic GEVI imaging is a powerful approach to map cortical representations (such as retinotopy), establish long-range interactions as well as higher level functional organization principles.

6.3. Monitoring astrocytic activity
Neuronal networks are constantly interacting and being modulated by other cell populations, particularly astrocytes, which represent the most abundant glial cells in the brain. Astrocytes sense neuronal activity and respond with intracellular Ca2+ elevations that in turn evoke the release of gliotransmitters (Losi et al. 2019). Expression of GECIs can be targeted exclusively to astrocytes by using the glial fibrillary acidic protein (GFAP) promoter. Expression of GCaMP6s in astrocytes of the somatosensory cortex has enabled the demonstration of robust astrocytic Ca2+ transients associated with local neuronal activity evoked by sensory stimulation (Sonoda et al. 2018).

6.4. Combination of GECIs and GEVIs with optogenetic interference 
Optogenetic interference exploits the use of light-gated ion channels to activate (using inward current generating opsins such as channelrhodopsin 2, ChR2) or silence (using outward current generating opsins such as ACR) the activity of neurons. In contrast to electrode-based methods, optogenetic interference can be targeted to specific genetically defined cell populations. Optogenetic interference in combination with GECI and GEVI-based monitoring of cellular activity enables all-optical electrophysiology (AOE). Initial efforts towards AOE have been hampered by difficulties to spectrally separate indicators and actuators. For instance, green GCaMPs cannot be used in cells that express ChR2, halorhodopsin (HR) or archaerhodopsin (Arch), since the GECIs excitation light spectrum overlaps with the activation spectra of light-gated channels. In this combination, optical recordings would continuously activate the light-gated channel unless expression of actuators and indicators and light delivery are spatially well separated. The development of red fluorescent Ca2+ indicators based on mRuby and mApple, only partially resolved this issue (Dana et al. 2016). However, far red-shifted genetically encoded indicators have been successfully combined with blue-shifted optogenetic activators to image and modulate specific cells and circuits simultaneously, as the wavelength of the light used for monitoring is sufficiently longer than the wavelengths in the activation band of blue-shifted ChR2 variants. 
An example of a red GECI that has succeeded in being used in combination with optogenetics is the jRGECO1a variant (Dana et al. 2019). GEVIs suitable for AOE are Quasar, Archon and NIR butterflies.

6.5. Calcium and voltage imaging to monitor cardiac cells
Development of GECIs and GEVIs has been driven by interests to use them as tools in neuroscience research. Cardiac scientists became soon interested in these tools as well. Indeed, transgenic mice and fish have been engineered to specifically express first generation GECIs and GEVIs in cardiomyocytes to sense cardiac electrical activity and Ca2+ signalling (Chi et al. 2008; Chang Liao et al. 2015; van Opbergen et al. 2018). GCaMPs were used to demonstrate that human embryonic stem cell-derived cardiomyocytes can electrically couple with host myocytes upon transplantation to infarcted hearts (Shiba et al. 2012). Experiments using a GEVI expressed either in cardiomyocytes or myofibroblast provided direct electrophysiological evidence of hetero-cellular electrotonic coupling in native myocardium (Quinn et al. 2016).

7. Outlook. 
Development of genetically encoded indicators progressed in parallel to considerable advances in instrumentations for functional optical recordings. These include two-photon microscopy, miniature microscopes, and fibre photometry, which allow monitoring of Ca2+ and voltage dynamics in cells, tissue sections and behaving subjects. At the time of writing this chapter (June 2019), cutting-edge action potential detection using Ca2+ imaging in living mice benchmarks at about 10’000 cells with about 20 Hz temporal resolution, but only a handful neurons but at 1kHz using GEVI imaging. Considerable further progress is expected for GEVI imaging along with specialized instrumentation.


Figure Legends

Figure 1

Schematic depiction of genetically encoded calcium indicators
 
A| Förster resonance energy transfer (FRET)-based calcium indicators use two fluorescent proteins (e.g. a cyan fluorescent protein, CFP, depicted in cyan colour and a yellow fluorescent protein, YFP, depicted in yellow colour. Excitation of CFP results in cyan and (via FRET) yellow fluorescence. Binding of Ca2+ (red circles) to a calcium-binding domain (such as the calmodulin (CaM)– M13 complex shown here) increases the efficacy of FRET between CFP and YFP and therefore decreases cyan fluorescence and increases yellow fluorescence.
B | Single fluorescent protein indicators of the GCaMP type incorporate a circularly permuted fluorescent protein (cpFP, depicted in green hue). Binding of Ca2+ to CaM–M13 increases the cpFP fluorescence. 

Figure 2

Schematic depiction of genetically encoded voltage indicators 

GEVIs can be classified based on their structural and functional design into three main groups: (A) Voltage sensing domain (VSD) -based GEVIs, (B) Opsin based GEVIs, and (C) Genetically targetable hybrid voltage indicators.  Implementations of each of these design principles often come with different names of particular variants. 
Aa Fluorescent protein (FP) FRET-based GEVIs are engineered around a four transmembrane segment (S1–S4) voltage-sensing domain (dark grey structure) that spans in the plasma membrane. The efficacy of FRET increases upon plasma membrane depolarization as the voltage sensor adopts its activated state. The FPs can be either in tandem configuration (e.g. VSFP2.x, Mermaid) or flanking the VSD (e.g. VSFP Butterflies). 
Ab Single FP GEVIs exhibit fluorescence voltage dependent fluorescence quenching. The FP can be in its native configuration (VSFP3x, ArcLight, Bongwoori) or in the form of a circularly permuted FP (cpFP indicated by opening of FP structure) as e.g. in VSFP3 and FlicR. Both fusion to the C-terminus of the VSD (former examples) or insertion into the extracellular loop between transmembrane segment S3 and S4 (ASAPx) has been successfully employed to develop GEVIs.
Ba Simple opsin-based GEVIs exploit a voltage-dependent fluorescent state of their retinal chromophore. Prominent examples for this class are xArchs, QuasArs and Archons. Bb To address the dimness of simple opsin-based GEVIs, they have been combined with a bright FP that is quenched by the opsin in voltage-dependent fashion (e.g. Ace-mNeon, VARNAM, macQ-mCitrine, QuasarAr2-mOrange2).
Ca Opsin-dye FRET GEVIs use an organic dye captures by a high affinity binding engineered into the C-terminus of a voltage dependent opsin (e.g. Voltrons). Cb FP-dye FRET GEVIs such as hVOS use a FP in combination with an organic quencher that distributes in the membrane in a voltage dependent fashion, leading to voltage dependent quenching of the FP.  Cc Photo-induced electron transfer GEVIs exploits membrane voltage dependent intramolecular quenching (e.g. VoltageSpy). 
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