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Abstract 36 

Genetically encoded voltage indicators (GEVIs) could potentially be used for mapping neural 37 

circuits at the plane of synaptic potentials and plateau potentials – two blind spots of GCaMP-38 

based imaging. In the last year alone, several laboratories reported significant breakthroughs in 39 

the quality of GEVIs and efficacy of the voltage imaging equipment. One major obstacle of using 40 

well-performing GEVIs in the pursuit of interesting biological data is the process of transferring 41 

GEVIs between laboratories, as their reported qualities (e.g. membrane targeting, brightness, 42 

sensitivity, optical signal quality, etc.) are often difficult to reproduce outside of the laboratory of 43 

the GEVI origin. We have tested eight available GEVIs (Archon1, ArcLightD, ASAP1, ASAP2s, 44 

ASAP3b, Bongwoori-Pos6, FlicR1, & chi-VSFP-Butterfly) and two voltage sensitive dyes 45 

(BeRST1 & di-4-ANEPPS). We used the same microscope, lens and optical detector, while the 46 

light sources were interchanged. GEVI voltage imaging was attempted in three preparations: [1] 47 

cultured neurons, [2] HEK293 cells, and [3] mouse brain slices. Systematic measurements were 48 

successful only in HEK293 cells and brain slices. Despite the significant differences in 49 

brightness and dynamic response (ON rate), all tested indicators produced reasonable optical 50 

signals in brain slices and solid in vitro quality properties, in the range initially reported by the 51 

creator laboratories. Side-by-side comparisons between GEVIs and organic dyes obtained in 52 

HEK293 cells and brain slices by a “third party” (current data), will be useful for determining the 53 

right voltage indicator for a given research application. 54 

 55 

Key words:  ArcLight, Archon1, ASAP3b, Bongwoori, BeRST1, FlicR1, VSFP Butterfly 56 

 57 
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Significance Statement 60 

Voltage indicators are useful for studying brain circuitry and brain information 61 

processing, as they detect subthreshold neuronal signals missed by calcium indicators. 62 

But which voltage indicator should one use when planning a new (expensive) project? 63 

We performed systematic side-by-side testing of several popular genetically encoded 64 

voltage indicators (GEVIs), and then a voltage sensitive dye was used in the same test. 65 

All reported measurements were acquired on the same electrophysiology-imaging 66 

station, using the same optical path and detector. Our results are potentially useful for 67 

guiding the practical choice of a GEVI indicator. We describe available excitation 68 

wavelengths, emission wavelengths, brightness, voltage-sensitivity, and signal-to-noise 69 

ratio. 70 

 71 

  72 
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Introduction 73 

The exact cellular mechanisms, by which mammalian brains experience sensations and 74 

generate decisions, are largely unknown. Modern “brain research” efforts are directed towards 75 

mapping the connections between neurons and recording the activity of as many cells as 76 

possible (Lecoq et al., 2014; Chen et al., 2016; Tantirigama et al., 2017; Weisenburger et al., 77 

2019). Optical imaging techniques, such as calcium imaging and voltage imaging, are 78 

particularly well-suited for parallel recordings from multiple cells simultaneously. The choice 79 

between calcium and voltage should be based on the nature of the biological signal. When 80 

experimental designs require a simple detection of nerve impulses (also known as action 81 

potentials), calcium imaging is often superior to voltage imaging (Liang et al., 2018; Kerlin et al., 82 

2019). When experimental designs require monitoring of subthreshold membrane potential 83 

changes, such as synaptic potentials and spikeless plateau depolarizations (Lampl et al., 1999; 84 

Volgushev et al., 2006), voltage imaging performs better than calcium imaging (Abdelfattah et 85 

al., 2019; Adam et al., 2019; Piatkevich et al., 2019; Villette et al., 2019). Therefore, 86 

comprehensive neuronal circuit analyses should be based on both GCaMP (calcium) and GEVI 87 

(voltage) imaging data.  88 

 89 

Although GEVI imaging shows some potential in neurobiology and systems neuroscience (Antic 90 

et al., 2016; Knopfel and Song, 2019), it is not nearly as established and widely adopted as the 91 

GCaMP calcium imaging (Dana et al., 2014; Girven and Sparta, 2017). Simply, the GEVI optical 92 

signals were often too small, to use in a real experiment (Bando et al., 2019), but see (Storace 93 

et al., 2019). Systems neuroscientists are already overwhelmed with the complexity of their 94 

experiments (involving awake behaving animals and complex stimulation paradigms) to also 95 

worry about not getting any optical signals in GEVI imaging applications. Recently, we 96 
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witnessed a sudden surge in the amount of research effort invested towards improving GEVI 97 

indicator properties and GEVI imaging equipment, mostly funded by the NIH Brain Initiative 98 

(Koroshetz et al., 2018). The latest improvements in the GEVI imaging field are quite impressive 99 

(Kannan et al., 2018; Abdelfattah et al., 2019; Adam et al., 2019; Piatkevich et al., 2019; Villette 100 

et al., 2019). However, sometimes GEVI variants do not perform as well as initially reported by 101 

their lab of origin. For example, in the original study, the GEVI probe “Ace2N” reported in vivo 102 

signals from the cell bodies and even dendrites of cortical pyramidal neurons (Gong et al., 103 

2015), but the same construct, Ace2N, did not report any optical signals among all of the 104 

experimental conditions in vivo in an independent study (Bando et al., 2019). Another GEVI 105 

variant, “MacQ-mCitrine” (Gong et al., 2014) didn’t produce a stimulus-evoked response when 106 

averaging across all cells, in the hands of a research team experienced with GEVI methodology 107 

(Chamberland et al., 2017). Although GEVI variants “ASAP1 and ASAP2s” are compatible with 108 

two-photon imaging (Yang et al., 2016), in imaging mouse visual cortex in vivo using two-photon 109 

excitation of ASAP1 or ASAP2s, Bando et al. (2019) did not detect reliable optical responses to 110 

visual stimulation. Clearly, the exciting GEVI performances reported by the laboratory of the 111 

indicator’s origin have not been consistently replicated by the users in the field. Adoption of a 112 

GEVI imaging technology into an existing systems neuroscience research laboratory is a time-113 

consuming, challenging and risky process. Those who invested funding resources and 114 

personnel time, but failed to achieve adequate or reportable results, are fittingly reserved from 115 

the idea of using GEVIs in costly biological projects. Side-by-side comparisons of the existing 116 

GEVIs by an independent “third party” (Bando et al., 2019) could produce valuable practical 117 

data, potentially facilitating the use of GEVIs in meaningful experiments. 118 

 119 

In the present project, we sought the most stable expression system that would allow us to 120 

compare the performances of several popular GEVIs. All of the recordings reported in the 121 
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present manuscript were obtained using the same microscope, objective lens, optical path and 122 

CCD camera. When switching between two GEVIs of different excitation spectra, we toggled 123 

between light emitting diode, LED (pE, CoolLed, UK), metal halide lamp (Lumen 200, Prior, 124 

USA) or semiconductor laser (OBIS, Coherent, USA), attached to the same microscope port. 125 

We found that all GEVI indicators, tested in the present study, can produce quality population 126 

voltage imaging data (i.e. synaptically-evoked compound synaptic potentials in the cortical 127 

neuropil). We found that ArcLight, Bongwoori and VSFP express well, and are bright in brain 128 

neuropil. Consequently, these three indicators report good quality population (compound) 129 

signals. Furthermore, we found that Archon1 (red emission) and ASAP3b (green emission) are 130 

suitable for monitoring fast action potentials in individual cells, with ASAP being a slightly 131 

brighter and more forgiving probe. Our current data are potentially useful for guiding the 132 

practical choice of a GEVI indicator depending on the: [1] biological application (e.g. cell body 133 

action potential (Abdelfattah et al., 2019); cell body UP state – a sustained ~20 mV 134 

depolarization (Adam et al., 2019; Villette et al., 2019), dendritic back-propagating action 135 

potential (Gong et al., 2015; Adam et al., 2019), dendritic subthreshold depolarization (Kwon et 136 

al., 2017), compound excitatory synaptic potential (Storace and Cohen, 2017; Song et al., 137 

2018);  and compound inhibitory (hyperpolarizing) synaptic potential (Nakajima and Baker, 138 

2018)); [2] excitation wavelength; [3] emission wavelength; [4] brightness; [5] voltage-sensitivity; 139 

and [6] signal-to-noise ratio. 140 

 141 

  142 
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Material and Methods 143 

 144 

Animals 145 

Swiss-Webster mice of either sex were used for the isolation of primary neurons (animal age 146 

P0.5), as well as for the intracerebroventricular injections of genetically encoded voltage 147 

indicators packed in several variants of adeno-associated virus (AAV) backbones (animal ages 148 

P0-P1), according to the animal protocols approved by the UConn Health IACUC. For the 149 

evaluation of chimeric voltage sensitive fluorescent protein (chi-VSFP) we used transgenic 150 

animals (C57BL/6 background) that express chi-VSFP (Song et al., 2017; Song et al., 2018) in 151 

all cortical pyramidal neurons (CaMK2A-tTA; chi-VSFP), kindly donated by Chenchen Song and 152 

Thomas Knopfel (Imperial College London, UK). 153 

 154 

GEVIs and dyes 155 

FlicR1 (Abdelfattah et al., 2016) was kindly provided by Ahmed Abdelfattah and Robert E. 156 

Campbell (University of Alberta, Edmonton, Canada). ArcLightD (Jin et al., 2012) was kindly 157 

provided by Jelena Platisa and Vincent Pieribone (Yale, Univ., New Haven, CT, USA). ASAP1 158 

(St-Pierre et al., 2014) was kindly provided by Mikhail Matlashov and Vlad Verkhusha (Albert 159 

Einstein, Bronx, NY). ASAP2s and ASAP3b (Chavarha et al., 2018) were kindly provided by 160 

Guofeng Zhang and Michael Z. Lin (Stanford Univ., CA, USA). Bongwoori-Pos6 (Lee et al., 161 

2017) was kindly provided by Sungmoo Lee and Bradley J. Baker (Korea Institute of Science 162 

and Technology, Seoul, South Korea). BeRST1 (Huang et al., 2015) was kindly provided by 163 

Evan Miller (UC Berkeley, CA, USA). Archon1 (Piatkevich et al., 2018) was kindly provided by 164 

Kiryl Piatkevich and Ed Boyden (MIT, Boston, MA, USA). di-4-ANEPPS was purchased from 165 

Thermo Fisher Scientific (cat. D1199).  166 
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 167 

HEK293 cell culture and plasmid transfection 168 

HEK293 cells were maintained in DMEM supplemented with 10% FBS, 2 mM GlutaMAX, 100 169 

U/ml penicillin and 100 μg/ml streptomycin. Cells were transfected in 24-well plates with 0.5 μg 170 

of DNA, using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s 171 

instructions. One day after transfection, cells were seeded onto poly-L-ornithine coated 172 

coverslips. GEVI voltage imaging was performed one to two days after seeding. Coverslips with 173 

transfected cells were washed in external solution, and transferred to the microscope for 174 

imaging.  175 

 176 

HEK293 cell dye staining 177 

For the experiments with voltage sensitive dye, HEK293 cells were plated onto poly-L-ornithine 178 

coated coverslips, and one to two days after seeding, cells were treated with 1 μM BeRST1 in 179 

external solution for 15 min at 37°C. The external solution for voltage-sensitive dye staining 180 

contained (in mM): 125 NaCl, 0.5 KCl, 1 MgCl2, 3 CaCl2, 30 glucose, 10 HEPES (pH 7.35 181 

adjusted with NaOH, osmolality ~300 mOsm/kg). After dye treatment, cells were washed with 182 

external solution and transferred to the recording chamber on the microscope for imaging. 183 

 184 

Neuron culture and AAV transduction 185 

Primary cortical and hippocampal neurons were isolated from newborn pups (P0.5) of Swiss-186 

Webster mice, according to the modified procedure by (Beaudoin et al., 2012). Briefly, relevant 187 

brain structures were isolated in dissecting medium (DM) consisting of: HBSS without calcium 188 

and magnesium (Invitrogen, #14175095) supplemented with sodium pyruvate, 1 mM, glucose, 189 

0.02% w/vol, HEPES, 10 mM. The tissue was washed three times in DM, followed by enzymatic 190 
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digestion at 37°C in the water bath in DM with trypsin (1 mg/ml for cortices and 0.5 mg/ml for 191 

hippocampi; freshly dissolved prior to this step; Sigma-Aldrich #T4799), for 13 min in case of 192 

hippocampi or 20 min in case of cortices, with occasional mixing. After the enzymatic digestion, 193 

DNase was added to the solution (0.1% final concentration) and incubated for an additional 5 194 

min at room temperature. At this point the tissue structure was loosened, and settled on the 195 

bottom of the tube. The tissue was carefully washed three times in DM, an additional three 196 

times in temperature equilibrated plating medium (PM) consisting of MEM Eagle’s with Earle’s 197 

BSS (Invitrogen, #21010046) supplemented with FBS, 10%, glucose, 0.09%, sodium pyruvate, 198 

1 mM, GlutaMAX, 2 mM, penicillin, 100 U/ml and streptomycin, 100 μg/ml. Finally, the loosened 199 

tissue was carefully mechanically digested in 1 ml of PM with 1 ml pipette tip (up to 20 strokes, 200 

avoiding bubbles), and left for 5 min at room temperature, allowing bigger pieces of tissue to 201 

settle on the bottom of the tube. The cell suspension (without bigger pieces of tissue) was used 202 

for plating onto 12 mm round glass coverslips (coated with poly-L-ornithine, 50 μg/ml, and 203 

laminin, 10 μg/ml) in 24 well plates (around 75,000 cells/well). The medium was changed to 204 

maintenance medium (MM) with 25 μM glutamic acid, 4 h after plating. MM consisted of 205 

BrainPhys Neuronal Medium (Stemcell Technologies, #05792) supplemented with B-27 206 

(Invitrogen #17504044; 2% final concentration), GlutaMAX, 2 mM, and gentamicin, 10 μg/ml. 207 

The following day, half of medium was changed with fresh MM. Three days after plating, half of 208 

the medium was changed with fresh MM with Cytosine β-D-arabinofuranoside hydrochloride 209 

(Sigma-Aldrich, #C6645; 1-3 μM final concentration). Half of the medium was changed with 210 

fresh MM every third day, and the culture could be maintained up to 45 days. Primary neurons 211 

were transduced by adding AAVs to the wells with neuronal cells on DIV6-9. Neurons were 212 

imaged after DIV15, at which point they were mature enough to generate action potentials. 213 

 214 
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Electrophysiology and voltage imaging of HEK293 cells 215 

HEK293 cells were first washed with external solution, consisting of (in mM): 125 NaCl, 0.5 KCl, 216 

1 MgCl2, 3 CaCl2, 30 glucose, 10 HEPES (pH 7.35 adjusted with NaOH, osmolality ~300 217 

mOsm/kg), and then placed into the recording chamber of an Olympus BX51WI upright 218 

microscope filled with 5 ml of external solution. Fluorescently labeled cells were patched under 219 

infrared differential interference contrast (IR-DIC) video microscopy. Patch pipettes (5-7 MΩ) 220 

were filled with an intracellular solution containing (in mM) 123 potassium gluconate, 10 221 

HEPES, 4 MgCl2, 0.1 CaCl2, 4 ATP-tris, 0.3 GTP-tris, 1 EGTA and 10 phosphocreatine di(tris) 222 

(pH 7.2 adjusted with KOH, osmolality ~295 mOsm/kg). Whole-cell patch clamp recordings were 223 

done in voltage clamp configuration, where electrical signals were amplified with Multiclamp 224 

700B and digitized with two input boards: (i) Digidata Series 1400A (Molecular Devices, Union 225 

City, CA, USA) and (ii) Neuroplex (RedShirtImaging, Decatur, GA, USA). Optical responses to 226 

the changes in membrane voltage were simultaneously recorded with NeuroCCD camera 227 

(NeuroCCD-SMQ; RedShirtImaging, Decatur, GA) connected to the microscope via 0.67x 228 

demagnifier using a 40x, 0.8 NA water immersion objective. Cells were held at -70 mV, and in 229 

one set of experiments, voltage was changed from that level to -100, -40, 30, and 100 mV in a 230 

series of subsequent steps, each lasting 500 ms, followed by 500 ms of the resting voltage level 231 

(-70 mV). Optical response to these voltage changes were sampled at 20 Hz. Amplitudes of 232 

optical signals (fluorescence intensities in ΔF/F, where “F” represents baseline fluorescence 233 

before application of the voltage pulse and “ΔF” represents the intensity change from the 234 

baseline fluorescence “F”, were used for evaluation of the indicator’s voltage sensitivity. In the 235 

other set of experiments, the same voltage step (from -70 to 30 mV) was held for different 236 

durations (1, 2, 4, 6, 8, 10, 20, 100, and 500 ms) in order to compare the speed of each voltage 237 

indicator. Optical responses to these voltage protocols were sampled at 500 and 2,000 Hz. In 238 

the third set of experiments we tried to evaluate optical response to action potentials. Since 239 
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action potentials cannot be evoked in HEK293 cells, we used already recorded action potentials 240 

(in current clamp mode) from primary hippocampal neurons evoked by current injection, as 241 

voltage command signal (Playback action potential) for HEK293 cells. Optical responses of 242 

voltage indicators were sampled at 500 Hz in this case. 243 

 244 

Electrophysiology and voltage imaging of cultured neurons 245 

Primary neurons were patched with the same equipment used for HEK293 cells, with the same 246 

intracellular solution, but slightly modified external solution that consisted of (in mM): 140 NaCl, 247 

4.2 KCl, 1.1 CaCl2, 1 MgCl2, 10 glucose, 10 HEPES, 2 sodium pyruvate (adjusted to pH 7.35 248 

with NaOH, osmolality ~320 mOsm/kg). Neurons were kept in current clamp, and stimulated via 249 

patch electrode to produce three action potentials separated by 100 ms. Optical responses were 250 

sampled at 500 Hz, and each sweep was repeated five times to provide traces for temporal 251 

averaging. 252 

 253 

Optical filters for voltage imaging  254 

ArcLight, Bongwoori, ASAP1-3 and chi-VSFP were excited using a 470 nm light emitting diode, 255 

LED (pE, CoolLED, Andover, UK). Excitation filter: 480/40 nm; Dichroic 510 nm, and Emission 256 

filter: 535/50 nm. In HEK293 cells, Archon-1 and BeRST1 were excited using a 637 nm laser 257 

(Coherent Obis LX, 140 mW). Excitation filter: NONE; Dichroic 640 nm, and Emission filter: 664 258 

nm long pass. FlicR1 was excited using a broad GYR (568±60 nm) LED (pE, CoolLED, 259 

Andover, UK). Excitation filter: 510/80 nm; Dichroic 570 nm, and Emission filter: 610 nm long 260 

pass. 261 

 262 
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Intracerebroventricular injections 263 

AAVs containing the sequence of GEVIs of interest were mixed with trypan blue solution, and 264 

loaded into a Hamilton syringe, attached to a Narishige mechanical micromanipulator (NMN-21). 265 

Newborn (P0.5) mice of either sex were cold anesthetized by placing on ice for a couple of min, 266 

and then positioned on the pad below the Hamilton syringe, so that the needle touches the skull 267 

surface at a location approximately 0.25 mm lateral to the sagittal suture and 0.50 - 0.75 mm 268 

rostral to the neonatal coronary suture. The needle was then carefully inserted into the skull 2-3 269 

mm deep via a micromanipulator. A volume of 1-2 μl of solution was slowly injected (for ~30 sec 270 

with several 3-5 sec pauses) into the lateral ventricle. After the injections, bright white light was 271 

shone through the skull to reveal trypan blue-filled ventricles, and mice were placed on a heated 272 

pad to recover prior to returning them to the breeding cage. Intracerebroventricular injections 273 

using AAV vectors carrying the following constructs were attempted (“n” indicates number of 274 

animals injected on P0.5 and then sacrificed on P21-P80): Bongwoori-Pos6 (n=12 animals), 275 

ArcLightD (n=16), Archon1 (n=9), SomArchon1 (n=6), ASAP1 (n=6), and ASAP3b (n=4). Upon 276 

euthanasia and brain slice harvest, we found no expression of SomArchon1 (n=6), ASAP1 277 

(n=6), and ASAP3b (n=4). FlicR1 was never obtained in an AAV vector and never injected in 278 

this project. 279 

 280 

Brain slice, electrophysiology and voltage imaging 281 

Ventricularly-injected and/or transgenic mice (P21 - P80) were anesthetized with isoflurane 282 

inhalation, decapitated and brains were extracted with the head immersed in ice-cold artificial 283 

cerebrospinal fluid (ASCF). ACSF contained (in mM) 125 NaCl, 26 NaHCO3, 10 glucose, 2.3 284 

KCl, 1.26 KH2PO4, 2 CaCl2 and 1 MgSO4. Coronal slices (300 μm) were cut from the 285 

frontoparietal cortex, incubated at 37°C for 30 min and then at room temperature prior to 286 

experimental recordings. Selection criteria for brain slices used in recordings are as follows: In 287 
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both, transgenic animals and ventricularly-injected animals, the GEVI expression was not 288 

uniform. Some cortical areas showed stronger expression than others. From each animal, we 289 

selected brain slices with the strongest expression of the voltage indicator. In injected animals, 290 

the brain slice yield per animal was low; typically 0-4 useful slices per animal. The greatest yield 291 

of fluorescent brain slices per animal (typically 6-10 slices) was obtained in transgenic animals. 292 

However, in transgenic animals, cortical layers L2/3 and L5 expressed more strongly than 293 

cortical layers L1 and L4. All optical recordings in the current project were attained in cortical 294 

layer 2/3.  295 

 In brain slices, all experimental measurements were performed at 32–34°C. Acute brain 296 

slices were transferred to an Olympus BX51WI upright microscope or Zeiss Axioskop 2F, and 297 

perfused with aerated (5% CO2/95% O2) ACSF at 32 - 34°C. The synaptic stimulation was 298 

achieved by a computer-controlled stimulus isolation unit, IsoFlex (A.M.P.I., Jerusalem, Israel). 299 

The stimulation electrodes were pulled from borosilicate glass filament (1.5 mm outer diameter; 300 

0.8 mm inner diameter; resistance ~7 MΩ) filled with ACSF, and positioned in cortical layer 2/3. 301 

Triplets of synaptic shocks at 8.3 Hz and at 83 Hz were delivered in the same optical recording 302 

sweep, separated by a 1 sec interval. The duration of a typical optical sweep was 3 sec (shutter 303 

open time = 3 sec). Optical traces were repeated every 15 – 20 sec. For excitation of brain 304 

slices, metal halide lamp (Lumen 200, Prior Scientific) was used or LED (pE, CoolLed, UK). 305 

Optical filters used on brain slices are the same as described in paragraph “Optical filters for 306 

voltage imaging”, except for Archon1 we used Ex: 605/30, Dichroic: 640, Em: 665lp. The 307 

intensity of the excitation light was similar between all GEVIs tested on brain slices. Voltage 308 

optical signals were sampled with NeuroCCD-SMQ camera (80 x 80 pixel configuration; 309 

RedShirtImaging, Decatur, GA). The maximum full-frame sampling rate of NeuroCCD-SMQ was 310 

2,000 Hz.  311 

 312 
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Data analysis 313 

Analysis of optical data from HEK293 cells was done with custom made scripts written in 314 

MATLAB (MathWorks). The scripts used an averaged intensity of the region of interest (ROI) 315 

that covered the cell body, corrected for the background fluorescence (near the cell body). 316 

Optical signal amplitudes (ΔF/F) were thus calculated using the formula: (Fs-F) / F, where Fs is 317 

the intensity of the optical signal, and F is the baseline intensity (both corrected for the 318 

background fluorescence). Optical traces were plotted in GraphPad Prism 6 (GraphPad 319 

Software Inc., CA), and the same software was used for fitting Boltzmann sigmoid to voltage 320 

sensitivity of optical amplitudes. Calculation of time constant (TAU) from optical traces was 321 

performed on the sections of the trace belonging to the 100 and 500 mV voltage steps. The 322 

traces were fitted with a double exponential in MATLAB, and the two time constants (fast and 323 

slow) were extracted from the fit. 324 

Analysis of optical data from primary neurons and brain slices, including spatial averaging, 325 

exponential subtraction, and low-pass filtering, was conducted with the Neuroplex data 326 

acquisition and analysis software (RedShirtImaging). Optical signal amplitudes are expressed 327 

as ΔF/F, where F represents the resting fluorescence intensity at the beginning of the optical 328 

trace (baseline), and ΔF represents the intensity change from the baseline fluorescence during 329 

the biological signal. No additional corrections of F were used for the cultured neurons or brain 330 

slice data. Results are presented as average values ± the standard error of the mean (SEM), 331 

unless otherwise stated. Statistical significance was set at p < 0.05. An unpaired t-test, or one-332 

way analysis of variance (ANOVA), were used to test statistical significance. The ANOVA 333 

results were stated as “F-ratio (df1, df2)”, where df1 = degrees of freedom between groups; and 334 

df2 = degrees of freedom within groups; outliers included.  335 

 336 
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Results 337 

GEVIs were tested in three preparations: cultured neurons, HEK293 cells, and brain slices. 338 

  339 

Cultured Neurons 340 

We attempted to characterize the performance of GEVIs in neurons in vitro. In this experimental 341 

series, we generated ten (10) rounds of primary hippocampal neuron cultures (Methods). On 342 

DIV 6 through DIV 9, neurons were transduced by AAV vectors carrying one of the following: [1] 343 

hSyn-Bongwoori-Pos6, [2] pCAG-ASAP1, [3] hSyn-ASAP2s or CaMK2-ASAP2s, [4] hSyn-344 

ASAP3b, [5] hSyn-Archon1, or [6] hSyn-SomArchon1. Seven to 22 days after the AAV vector 345 

treatment, the neurons were transferred to the recording chamber and examined for florescence 346 

and health. Our experiments with cultured neurons were relatively unsuccessful, as we often 347 

found weak GEVI expression or none, whereas occasional bright neurons with strong 348 

fluorescence levels were most often dead. We obtained the expression of ASAP1, ASAP2s, 349 

Bongwoori-Pos6 and Archon1 in a very small number of healthy-looking neurons; typically less 350 

than ten (10) cells per coverslip. We were unable to obtain neuronal expression of SomArchon1 351 

and ASAP3b (zero fluorescent + healthy cells per coverslip).  352 

An important and infrequently addressed issue with sensor evaluations is cell selection. 353 

In the present study, the following criteria were used for selecting primary cultured neurons to 354 

be patched and recorded. First, the surface of the culture is screened in the fluorescence 355 

channel, in a video microscopy mode, using low intensity excitation light and infrared camera at 356 

high gain (in this mode, camera is more sensitive than human eye). Since screening the surface 357 

of a 12-mm coverslip takes some time, the combination of low excitation intensity and infrared 358 

camera protects neurons from phototoxicity during screening. Upon finding a fluorescent neuron 359 

(in fluorescence channel), we switched to infra-red video microscopy and examined the surface 360 
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of the neuronal cell body and primary processes. We patched cells with smooth healthy-looking 361 

cell body and two or more primary processes. Neurons with resting membrane potential more 362 

positive than -55 mV, or action potentials smaller than 60 mV were discarded. Approximately 363 

70% of neurons we patched in this project were discarded on the basis of poor health. In our 364 

hands, maximum one (1) good neuron per coverslip can be found, patched, recorded electrically 365 

and optically, before the coverslip needed to be replaced. Hence, all neurons reported in this 366 

section were from different coverslips. 367 

  In live neurons expressing ASAP1, we detected action potential-associated optical 368 

signals from the cell body (Fig. 1A1). With illumination intensity set to 42% LED output (5.05 369 

mW/mm2), and camera sampling rate of 500 Hz, we were able to detect action potential optical 370 

signals without averaging (Fig. 1A2, Single sweeps 1 - 3). At the region of interest (ROI) 371 

encompassing the cell body of the nerve cell, the peak of the optical signal lagged behind the 372 

electrically recorded action potential by 2.1±0.2 ms (n=3) (Fig. 1A3, Peak delay). The average 373 

time delay between the peak of the action potential recorded by whole-cell electrode and the 374 

peak of the same action potential recorded optically from the cell body for ASAP2s was: 3.2±0.1 375 

ms (n=12) (Fig. 1B); for Bongwoori-Pos6 it was: 11.2±0.4 ms (n=6) (Fig. 1C); and for Archon1 it 376 

was: 1.9±0.2 ms (n=9) (Fig. 1D). The half-width of optically recorded action potentials was on 377 

average 6.1±0.3 ms (n=9); 8.5±0.2 ms (n=3), 12.3±0.7 (n=6); and 33.1±2.6 (n=6), for Archon1, 378 

ASAP1, ASAP2 and Bongwoori, respectively. Since we simultaneously record electrical signal 379 

via whole-cell patch electrode and optical signal via CCD camera, we compared the optical 380 

action potential half-width to the half-width of the electrically recorded action potential in the 381 

same experimental trial (Fig. 1A3, action potential Half-Width). In the case of Archon1, the 382 

relative half-width of the optical signals was on average 515±51% greater than the electrical 383 

whole-cell signal half-width in the same trial. For ASAP1, ASAP2, and Bongwoori this half-width 384 

distortion was on average 741±25%, 766±121%, and 1,800±122% in the optical signal. That is 385 



Excellent Properties of GEVIs  P a g e  | 17 
 

 17 

to say that those optical action potential waveforms were: ~ five (5) times wider in Archon1 386 

recordings, ~ seven (7) times wider in ASAP1 recordings, ~ eight (8) times wider in ASAP2s 387 

recordings, and ~ eighteen (18) times wider in Bongwoori-Pos6 recordings, compared to the 388 

whole-cell action potential acquired in the same experimental trial (Fig. 1).  389 

In summary, our data indicate that GEVIs can track electrical activity in cultured neurons 390 

on single trials (Fig. 1A2, single sweep). The dynamic properties of ASAP1, ASAP2s, 391 

Bongwoori-Pos6 and Archon1 impose distortions on the optical action potential timing and 392 

optical action potential duration (Fig. 1A-D, ROI-1). However, the temporal distortions in the 393 

action potential timing and action potential duration (half-width) detected during the GEVI 394 

voltage imaging were negligible compared to the temporal distortions accompanying the 395 

GCaMP calcium imaging (Dana et al., 2014). Unlike BAPTA-based organic dyes such as 396 

Oregon Green BAPTA-1, GCaMP must not only bind calcium, but also undergo additional, rate-397 

limiting conformational changes before entering or exiting the fluorescent state. As a result, 398 

GCaMP fluorescence signals change at a slower rate than the binding and unbinding of calcium 399 

to its calmodulin domain (Badura et al., 2014). One of the fastest GCaMP variants, GCaMP6f, 400 

produces action potential-associated calcium signals with ~250 ms half-width (Badura et al., 401 

2014), while ASAP1 produces action potential-associated voltage signals with 25 times shorter 402 

half-widths, on the order of ~10 ms (Fig. 1A3). A good activity-tracking probe should minimize 403 

temporal filtering by not introducing unwanted delays (i.e. optical peak timing delayed in respect 404 

to the electrical event timing (Fig. 1A3, Peak delay). Although we report GEVI-induced peak 405 

delays ranging from ~2 ms to ~11 ms, depending on a GEVI variant, in neurons with higher 406 

spike rates, GEVI voltage indicators such as ASAP1, ASAP2s, Bongwoori-Pos6 and Archon1 407 

will more accurately track changes in firing frequencies, spike timing and spike shape than any 408 

current GCaMP variant (Badura et al., 2014). Experiments in cultured neurons showed that 409 

once we were able to deliver GEVIs into the neuronal membrane, optical signals were obtained 410 
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relatively easily (Fig. 1A-D). However, due to very low transduction efficacy and variable 411 

expression levels in our hands, cultured neurons are not an ideal preparation for systematic 412 

testing of GEVI performance.  413 

 414 

HEK293 cells 415 

In this experimental series, we tested the voltage sensitivity of six (6) voltage indicators using a 416 

HEK293 cell preparation (Fig. 2Ai). More specifically, we tested five (5) GEVIs (FlicR1, ASAP1, 417 

ArcLight, ASAP3b, and Archon1) and one (1) voltage-sensitive dye (BeRST1). HEK293 cells 418 

were transfected by plasmids using lipofectamine transfection protocol (0.5 μg of DNA per well 419 

of 24-well plate), and re-plated on coverslips the next day. Recordings were obtained 1-2 days 420 

after re-plating (Methods). We found that ASAP1, ASAP3b and ArcLight expressed nicely, with 421 

>60% of HEK cells showing good health and strong resting fluorescence; thus yielding 422 

hundreds of good cells per coverslip. With Archon1 and FlicR1 plasmids, we found fewer GEVI 423 

expressing HEK cells; less than ten (10) good cells per coverslip.   424 

 425 

Membrane localization. All tested GEVIs exhibited a reasonably good membrane localization 426 

with a few signs of the fluorescent protein (GEVI) stuck in intracellular membranes (Fig. 427 

2Aii,iii,iv). We did not find a GEVI indicator with ideal membrane targeting, where 100% of protein 428 

is localized in the plasma membrane. Every GEVI in this series of experiments, showed off-429 

target localization (e.g. intracellular membranes associated with putative Golgi, lysosomes, 430 

etc.). The undesired labeling of intracellular membranes will reduce the optical sensitivity of the 431 

probe and worsen the signal-to-noise ratio in optical recordings (Popovic et al., 2015; Antic et 432 

al., 2016). 433 

 434 
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Voltage sensitivity. HEK293 cells transfected by GEVI variants, or stained by a voltage-435 

sensitive dye (BeRST1), were patched with 6-7 MΩ pipettes (Fig. 2Ai) and their membrane 436 

voltage was clamped using negative and positive command voltage steps, -30, +30, +100, +170 437 

mV, relative to the holding voltage, set to -70 mV (Fig. 2B, Vcmd). The best trace from each 438 

indicator is shown on the same amplitude and time scale, except for FlicR1 and Archon1 traces, 439 

where the amplitude scales were adjusted to fit the figure (Fig. 2B). Optical signals from all 440 

GEVIs exhibited a more or less linear dependence on the command voltage (Fig. 2C). ArcLight 441 

and ASAP3b voltage dependences showed the strongest deviation from linearity (Fig. 2C, thick 442 

gray dashed line), consistent with the previously reported sigmoidal fluorescence-voltage 443 

relationship of ArcLight (Jin et al., 2012). Interestingly, ArcLight and two ASAP variants also 444 

gave proportionally the strongest optical signal at voltages more negative than -70 mV (neuronal 445 

resting membrane potential), suggesting that these three (3) indicators may be useful for 446 

tracking hyperpolarizing (inhibitory) signals, consistent with the data obtained with ArcLight-447 

derived Bongwoori (Nakajima and Baker, 2018) or ASAP1 (St-Pierre et al., 2014). The 448 

amplitudes of the optical signals obtained upon a long duration (500 ms) voltage step of 100 mV 449 

(expressed as ΔF/F/100 mV) are shown for each of the 6 voltage indicators, from all cells 450 

tested, on the same graph (Fig. 2D, gray round markers). We recorded 4 - 9 optical traces per 451 

HEK cell. Each marker represents averaged optical data from one HEK cell. The thick black 452 

horizontal dashes denote the mean value across cells labeled with the same GEVI (group 453 

mean), and these ΔF/F values were as follows: ASAP3b (49.3 ± 2.8 %, n=5); Archon1 (48.6 ± 454 

22.4 %, n=4); BeRST1 (31.8 ± 8.6 %, n=4); ArcLight (29.6 ± 6.9 %, n=5); ASAP1 (25.7 ± 3.4 %, 455 

n=6) and FlicR1 (2.54 ± 0.9 %, n=6) (Fig. 2D). One-way ANOVA showed that the difference 456 

between averages of some groups is statistically significant; F (5, 24) = 18.44, p = 1.59 x 10-7. In 457 

the upper part of the figure panel (Fig. 2D), we display the post-hoc Tukey testing between 458 

ASAP3b and other indicators in this experimental series. ASAP3b showed significantly larger 459 

optical amplitudes than ArcLight, ASAP1 or FlicR1 (p < 0.05), but no statistically significant 460 
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amplitude difference existed between ASAP3b and Archon1, or between ASAP3b and BeRST1 461 

(Fig. 2D). In the middle row of the figure panel (Fig. 2D), we display Tukey testing between 462 

Archon1 and other indicators in the experimental series. Archon1 amplitudes were not 463 

significantly different than BeRST1, but significantly greater than the amplitudes of ArcLight, 464 

ASAP1, or FlicR1. In the base of the graph (Fig. 2D), we mark additional comparisons between 465 

indicators. Specifically, BeRST1 amplitudes were no different than ArcLight, and ArcLight’s 466 

amplitudes were no different than ASAP1 (Fig. 2D, gray rectangle). Overall, these data indicate 467 

that almost all tested GEVIs exhibited strong voltage sensitivity within the biologically plausible 468 

range -100 to +100 mV (Fig. 2CD). The apparent weak amplitude performance of FlicR1 may 469 

not be real, as discussed in the Brightness paragraph below. 470 

 471 

Kinetics of the optical response. The ON rate (Fast TAU) of the GEVI optical signal was 472 

quantified in traces in which HEK293 cells responded to a sudden voltage command step of 100 473 

mV, and lasted 100 ms or longer (Fig. 2B, asterisk). The probe dynamics were fitted with a 474 

double exponential equation (Methods). In Fig. 2E, we display all recorded Fast TAU values 475 

(gray round markers) grouped per GEVI (vertical gray stripe). Each marker represents Fast TAU 476 

data from one HEK cell. The thick black horizontal dashes denote the mean Fast TAU value per 477 

GEVI (Fig. 2E), and these mean values were as follows, arranged from the fastest to the 478 

slowest construct: BeRST1 (3.8 ± 0.2 ms, n=6); ASAP3b (7.6 ± 0.4 ms, n=12); Archon1 (8.1 ± 479 

0.9 ms, n=4); ASAP1 (11.5 ± 0.5 ms, n=7); FlicR1 (11.8 ± 0.5 ms, n=6); and ArcLight (47.3 ± 480 

4.43 ms, n=5). Optical measurements shown in Fig. 2E were performed at room temperature, 481 

using 500 Hz optical sampling rate, which limits our temporal resolution to the Nyquist resolution 482 

of 4 ms. Consequently, all of the Fast TAU values reported here are somewhat slower than the 483 

originally reported values in the initial publications; ArcLight response in particular. 484 

Nevertheless, our measurements and quantifications were done in a systematic manner - each 485 
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GEVI variant was analyzed under identical experimental conditions. One-way ANOVA showed 486 

that the difference between averages of some groups is big enough to be statistically significant; 487 

F (5, 34) = 104.48, p = 2.22 x 10-16. On the top of the figure panel (Fig. 2E), we display Tukey 488 

testing between BeRST1 and other individual GEVIs used in this experimental series. The 489 

Tukey test detected statistically significant difference between BeRST1 and ASAP1, BeRST1 490 

and FlickR1 or BeRST1 and ArcLight (full black circle), but not between BeRST1 and ASAP3b 491 

or between BeRST1 and Archon1 (gray rectangle). In the middle row of the figure panel (Fig. 492 

2E), we display Tukey testing between ASAP3b and other GEVIs in the Fast TAU experimental 493 

series. The ASAP3b kinetics was significantly faster than the kinetics of ArcLight (full black 494 

circle), but not against any other GEVI (gray rectangles). Both ASAP1 and FlicR1 were 495 

significantly faster than ArcLight (not shown), while no difference detected between ASAP1 and 496 

FlicR1 (gray rectangle shown in the lower part of the graph). Our measurements thus indicate 497 

the following hierarchical order of indicator’s speed: BeRST1 = ASAP3b = Archon1 > ASAP1 = 498 

FlicR1 > ArcLight (Fig. 2E). If we instead of ANOVA with Tukey, used an unpaired t test (not 499 

shown), then these measurements indicate the following hierarchical order of indicator’s speed: 500 

BeRST1 > ASAP3b = Archon1 > ASAP1 = FlicR1 > Arclight. 501 

 502 

Brightness. Transfected HEK293 cells were illuminated by LED or laser (Methods). In a ROI 503 

encompassing the entire cell body, the resting light intensity (F) obtained prior to the onset of 504 

the optical signal, and adjusted for illumination intensity and camera gain, was used as a 505 

measure of the indicator brightness. In Fig. 2F, we display all recorded brightness values (gray 506 

round markers) grouped per GEVI (vertical gray stripe). Each marker represents data from one 507 

HEK cell. The thick black horizontal dashes denote the mean brightness value per indicator, 508 

group mean (Fig. 2F), and these values were as follows, arranged from the most bright to the 509 

most dim (in arbitrary units x 1,000): BeRST1 (329 ± 61, n=5); ArcLight (59 ± 17, n=5); ASAP1 510 
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(36 ± 7, n=6); ASAP3b (34 ± 8, n=5); Archon1 (13 ± 3, n=4); and FlicR1 (1.6 ± 0.3, n=6). One-511 

way ANOVA detected statistically significant differences between the groups; F (5, 25) = 23.18, 512 

p = 1.2 x 10-8. On the top of the figure panel (Fig. 2F), we display Tukey testing between 513 

BeRST1 and other individual indicators used in this experimental series. The brightness of 514 

voltage-sensitive dye BeRST1 outperforms all GEVIs; significant differences detected (full black 515 

circles). In the middle raw of Fig. 2F, we display Tukey testing between ArcLight and other 516 

individual GEVIs. The brightness of ArcLight was not significantly different from any other GEVI 517 

(Fig. 2F, gray rectangles).  518 

 Next, the BeRST1 data were removed and a second ANOVA analysis was performed, 519 

this time comparing only the GEVI variants (ArcLight, ASAP1, ASAP3b, Archon1 and FlicR1). 520 

The difference between averages was statistically significant; F (5, 21) = 6.08, p = 0.0021. More 521 

specifically, ArcLight was significantly brighter than either Archon1 or FlicR1 (not shown), but no 522 

difference detected between the brightness of ArcLight against the brightness of ASAP1, or 523 

ASAP3b (not shown).  524 

 Several factors contributed to the reported indicator brightness score including: inherent 525 

optical properties of the molecule, membrane expression level, excitation optical filters, 526 

emission filter, and spectral sensitivity of the optical detector. In practical terms, differences in 527 

the membrane expression level are real and contribute to the brightness character of the probe 528 

in our hands, which in turn will determine the signal-to-noise ratio in optical recordings, 529 

discussed in Lin and Schnitzer (2016) and Kannan et al. (2019) (Lin and Schnitzer, 2016; 530 

Kannan et al., 2019). All HEK293 cells were transfected in the same way, using currently 531 

available plasmids, so the comparisons shown in Fig. 2F are informative. In our hands, the 532 

voltage-sensitive dye BeRST1 was several fold brighter than the brightest GEVI, “ArcLight”. The 533 

low brightness levels of FlicR1 in our current experiments suggested some practical problems 534 
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with the FlicR1 plasmid, or optical filters used, and thus the FlicR1 data reporting the signal 535 

amplitude (Fig. 2D) and signal brightness (Fig. 2F) should be taken with reservation. 536 

 537 

Temperature sensitivity. Some GEVI indicators utilize voltage sensing domains of the 538 

naturally occurring membrane proteins (Knopfel and Song, 2019). Channel opening and closing 539 

is a temperature sensitive process (Hodgkin and Huxley, 1952; Rodriguez et al., 1998). We 540 

hypothesized that voltage-sensitivity of the popular GEVIs (Fig. 2C) may fluctuate with the 541 

ambient temperature. To test this hypothesis, we ran an identical experimental paradigm 542 

(voltage clamp + voltage imaging) at two temperatures, 21°C or 34°C (Fig. 3A1). The mean 543 

ΔF/F values, fitted with Boltzmann equation, revealed that ArcLight shows some temperature-544 

dependent effects on the optical signal size, especially at the lower and upper ends of the 545 

voltage range examined (Fig. 3A2, arrow), however only one voltage point (-100 mV) was 546 

significantly different between the two temperatures (Fig. 3A2, asterisk, unpaired t-Test, 547 

p<0.05). Temperature-induced changes in voltage sensitivity were not detected when working 548 

with ASAP1 (Fig. 3B), or ASAP3b (Fig. 3C). That is, the ΔF/F vs V plots of ASAP1 and ASAP3b 549 

were stable in spite of the large ambient temperature change of 13°C (Fig. 3C2). 550 

 551 

Short pulse test. In Fig. 2E, we evaluated the speed of each GEVIs’ optical response (Fast 552 

TAU) by fitting an exponential function on the optical transient, as traditionally done in the GEVI 553 

field (Jin et al., 2012; St-Pierre et al., 2014). Optical signals in the GEVI recordings are noisy, 554 

and the estimates of Fast TAU may vary among the cells expressing the same GEVI, based on 555 

signal-to-noise ratio, digital conditioning of signals (bleach subtraction), low pass filtering, etc. 556 

Here we sought another method for testing the speed of fluorescence change, which would be 557 

independent from the signal filtering parameters, incident noise levels, or the exponential fitting 558 

algorithms.  559 



Excellent Properties of GEVIs  P a g e  | 24 
 

 24 

 Long (500 ms) voltage command pulses allow plenty of time for optical signals to reach 560 

their steady states, marked by the horizontal dashed lines “max” (Fig. 4A), while short (couple 561 

of milliseconds) voltage command pulses (100 mV in amplitude) impose a considerable 562 

challenge on fluorescent indicators. That is, voltage indicators regularly failed to reach their 563 

steady-state amplitude in a short amount of time (couple of milliseconds, Fig. 4A). The actual 564 

optical signal amplitude reached during a short pulse is directly proportional to the speed of the 565 

indicator (ON rate or Fast TAU). Faster indicators achieve bigger amplitudes given the same 566 

duration of time allowed (pulse duration). For the purpose of the GEVI-to-GEVI, side-by-side 567 

comparisons, we do not need absolute measurements of the Fast TAU (Fig. 2E). Instead, we 568 

can perform informative side-by-side comparisons using an indirect measure of the GEVI 569 

kinetics: the fraction of the steady state amplitude reached during a standard short pulse (e.g. 570 

pulse duration = 2 ms). This finding allowed us to design a protocol for systematic testing of the 571 

GEVI’s kinetics in HEK293 cells without the need for exponential fitting of noisy optical traces. In 572 

the new experimental paradigm, we ordered voltage command pulses to go from short to long 573 

duration (to reduce the impact of bleaching), and we made the last pulse of this series to be 574 

long enough (e.g. 500 ms) to allow for appropriate assessment of the steady state value (max). 575 

One important aspect of this experimental design is that short test pulse (2 ms) and long steady 576 

state pulse (500 ms) are recorded under identical recording conditions (sometimes in the same 577 

trace) – to avoid variations in excitation power, excitation/emission filters, camera settings, 578 

bleaching, temperature, cell health, voltage-clamp health, etc. In all experiments of this 579 

experimental series, the series resistance compensation in the whole-cell recordings was 580 

adjusted to be at least 75% compensated, allowing the voltage clamp apparatus to rapidly 581 

change the HEK293 cell’s membrane voltage. To our surprise, not a single GEVI was able to 582 

reach the steady state level even when the voltage pulse was 10 ms in duration (Fig. 4A, 583 

Protocol 2). This was in stark contrast to the voltage-sensitive dye BeRST1, which regularly 584 

reached ~95% of its physical maximum (max) for all pulse durations, except for the 2 ms pulse. 585 
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ASAP3b and Archon1 had very similar kinetic performances in our experiments, across a series 586 

of pulses, except for the 2 ms pulse (Fig. 4B, compare green and red), where ASAP3b 587 

responded better (faster) than Archon1. Based on the fraction of the max amplitude reached 588 

during short voltage pulses, we ranked the current voltage indicators in the following order: 589 

BeRST1 > ASAP3b > Archon1 > ASAP1 > ArcLight.  590 

The experiments shown in Fig. 4AB were accomplished through voltage imaging at 500 591 

Hz sampling rate (full frame rate). To test if optical undersampling distorted our values shown in 592 

Fig. 4B, we re-tested the three fastest indicators using voltage imaging at 2,000 Hz optical 593 

sampling rate and by introducing even shorter voltage command pulses (1 ms) into the protocol 594 

(Fig. 4C, Vcmd pulse). The faster optical sampling rate (2,000 Hz) produced identical 595 

conclusions as the slower sampling rate (500 Hz). Based on these measurements, ASAP3b and 596 

Archon1 showed the fastest responses in the group of the tested GEVIs. Assuming that the 2-597 

ms-long voltage pulse simulates the voltage swings imposed onto the plasma membrane during 598 

a real action potential (the action potential half-width is on the order of 2 ms (Zhou et al., 2008)), 599 

Archon1 and ASAP3b can capture >40% of the action potential full dynamic range (Fig. 4C, AP 600 

sim.). That is, during a 100 mV-tall action potential, Archon1 and ASAP3b reach at least 40% of 601 

their physical maxima for a 100 mV change, where physical maxima is the value reached during 602 

the steady state (Fig. 4C, max). 603 

 604 

Action Potential Playback. We sought to develop another experimental paradigm for testing 605 

the ability of GEVIs to track an action potential, while avoiding the practical obstacles associated 606 

with the variable health of cultured neurons, and variable efficacy of GEVI transfections (Fig. 1). 607 

To this aim, we recorded action potential waveforms in cortical pyramidal neurons (Fig. 5B, 608 

“VC”) and we stored those waveforms in the computer used for patching HEK293 cells. Next, 609 

the GEVI-expressing HEK293 cells (Fig. 5A) were patched and voltage clamped. Instead of 610 
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standard rectangular voltage steps (Fig. 2B), here we used pre-recorded action potentials. In 611 

addition to the three fast action potentials, this trace also contained a substantial slow 612 

component (Fig. 5B, slow depol.). As previously noted, slow sustained depolarizations allow 613 

GEVIs plenty of time to reach the steady state optical signal. Having both slow and fast signals 614 

in the same command voltage waveform allows for an extraction of a number of interesting 615 

features. In the same trace, we can compare the known amplitude of the slow depolarization (in 616 

mV) against the amplitude of the slow depolarization optical signal (in ΔF/F), but also the known 617 

amplitude of action potential (in mV) against the amplitude of the action potential optical signal 618 

(in ΔF/F). Furthermore, the command voltage waveform contained a natural 619 

afterhyperpolarization following the 1st and 2nd action potentials (Fig. 5B, hyperpol.). We noted 620 

that the GEVIs’ ability to track an after action potential hyperpolarization event was determined 621 

by the OFF kinetics, but also by the signal-to-noise ratio of the optical signal. The trace with the 622 

best signal-to-noise ratio (ASAP3b) also had the best display of the afterhyperpolarizations (Fig. 623 

5B, hyperpol.). The OFF kinetics of ArcLight and ASAP1 appeared the slowest in this group of 624 

indicators (Fig. 5C, arrows). This could explain the apparent lack of the afterhyperpolarization 625 

event in the optical traces of these two indicators (Fig. 5B, ArcLight, ASAP1). While Fig. 5B 626 

depicts five (5) voltage indicators on the exact same amplitude scale (ΔF/F in %), which is 627 

useful for the side-by-side optical signal comparisons, Fig. 5C displays the optical GEVI signals 628 

scaled based on the slow depolarization phase of the optical trace. This type of data analysis 629 

revealed the fraction of the electrical action potential not covered in the optical trace (“missing”). 630 

The voltage-sensitive dye BeRST1 typically covered 81±4% (n= 15 action potentials in 5 cells) 631 

of the action potential amplitude measured above the sustained plateau depolarization. The 632 

tested GEVIs, Archon1, ASAP3b, ASAP1 and ArcLight, covered 64% (n=12 action potentials in 633 

4 cells), 48% (n=18 action potentials in 6 cells), 36% (n=15 action potentials in 5 cells), and 33% 634 

(n=12 action potentials in 4 cells), of the fast action potential signal, respectively (Fig. 5D). 635 
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Based on this “AP coverage efficacy” we ranked voltage indicators as: BeRST1 > Archon1 > 636 

ASAP3b > ASAP1 > ArcLight.  637 

 638 

Brain Slices 639 

Compound synaptic potential. Acute brain slices (300 μm) prepared from the brains of 640 

transgenic animals (chi-VSFP, Fig. 6A(iv)), or ventricularly-injected animals (Fig. 6C), were 641 

positioned in the recording chamber under the 10X or 20X water immersion objective lens. The 642 

synaptic stimulation protocol consisted of 2 triplets of synaptic shocks, with the inter-stimulus 643 

interval set to 120 ms and 12 ms, respectively (Fig. 6B, Syn. Stim.). In the first experimental trial 644 

(Control), synaptic stimulation, delivered in layer 2/3, evoked optical responses in the same 645 

cortical layer, 100-200 μm away from the stimulation site (Fig. 6B, Control). In the second 646 

experimental trial, a blocker of K+ channels 4-AP (0.5 mM) was introduced into the recording 647 

chamber and voltage imaging was repeated in the same region of interest (ROI), and with the 648 

same synaptic stimulation protocol (Syn. Stim.). The pharmacological block of K+ channels with 649 

4-AP caused a greater than 100% increase, in both the amplitude and duration, of the first 650 

optical signal in the train (n = 3 animals, Fig. 6B, compare 4-AP to Control), consistent with an 651 

increased excitability of cortical neurons (Hoffman et al., 1997). These data indicate that GEVI 652 

imaging was not an experimental artifact, but rather the optical signal reflected an increased 653 

level of depolarization in neurons. Treatment with 4-AP may have also caused an increase in 654 

the number of synaptically-recruited neurons inside the ROI, which in turn increases the 655 

amplitude and duration of the compound optical signal. 656 

In wild type animals, GEVIs were delivered via ventricular injection of AAVs (Methods) 657 

resulting in non-specific labeling of the cerebral cortex - cortical neurons of all layers expressing 658 

a fluorescent indicator (Fig. 6C, left). Synaptic stimulations delivered in Layer 2/3 produced 659 
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optical signal in multiple ROIs (ROIs 1-4). In this figure (unlike the previous figures), we display 660 

ArcLight optical signals in their real polarity – the ArcLight optical signal decreases with 661 

membrane depolarization. We took the negative signal polarity of ArcLight as an opportunity for 662 

combining GEVI imaging with voltage-sensitive dye imaging, in the same brain slice. In this 663 

series of experiments, following a GEVI imaging session (Fig. 6C, ArcLightD), the brain slices 664 

were loaded extracellularly with the voltage sensitive dye di-4-ANEPPS (staining performed 665 

inside the recording chamber), and voltage imaging sessions were carried out using the red 666 

optical filters (Fig. 6C, di-4-ANEPPS). Since the X-Y position and the optical focus of the brain 667 

slice were kept fixed between green and red voltage imaging sessions, this allowed us to 668 

compare green and red optical signals in the same ROI (Fig. 6C, Superimposed). Optical 669 

signals obtained with green GEVIs (ArcLightD (n=4), VSFP (n=4) and Bongwoori (n=3)) 670 

invariably exhibited longer durations (duration at half amplitude, half-widths) compared to the di-671 

4-ANEPPS red optical signals obtained in the same brain slice, same ROI (Fig. 6C, 672 

Superimposed), which is consistent with the fact that organic voltage sensitive dyes have faster 673 

response times than the protein-based GEVIs (Yan et al., 2012; Popovic et al., 2015).  674 

 675 

Regardless of the voltage indicator used (di-4-ANEPPS; chi-VSFP-Butterfly, Bongwoori-Pos6, 676 

ArcLightD or Archon1), each brain slice subjected to synaptic stimulation in layer 2/3 produced 677 

clear optical signals (Fig. 6D). Optical signals displayed in Fig. 6D are shown on the same 678 

amplitude scale, except Archon1 where the scale is two-fold reduced, to fit the figure panel. 679 

Optical signals were averaged temporally (4 sweeps) and then across several brain slices (“n” in 680 

the range of 5 to 13 brain slices). These signals are shown without low-pass filtering, and on the 681 

same time scale to allow side-by-side comparisons of the GEVIs’ temporal dynamics. Visual 682 

inspection of the optical traces suggested that the voltage-sensitive dye (di-4-ANEPPS) 683 

produced the fastest transients, while ArcLightD and its derivative Bongwoori-Pos6 produced 684 
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the slowest responses (e.g. temporal distortion), but robust optical signals. The ArcLight signal-685 

to-noise ratio was the largest in brain slices (Fig. 6D) even though ArcLight amplitudes in 686 

HEK293 cells were among the smallest (Fig. 4A). The voltage sensitivity expressed as ΔF/F 687 

was best in Archon1 and worst in chi-VSFP experiments. More specifically, in our current brain 688 

slice assay based on synaptically-evoked compound population signals, the indicator sensitivity 689 

was ranked as: Archon1 > ArcLightD > Bongwoori-Pos6 > di-4-ANEPPS > chi-VSFP. The 690 

acquired ΔF/F values in the current study were not strikingly different between GEVIs (Fig. 6D), 691 

similar to their reported differences observed in individual neurons (Chamberland et al., 2017; 692 

Xu et al., 2017). Therefore, some modifications of our experimental design and improvements in 693 

experimental success rate, involving stronger neuronal expression, improved light sources, 694 

optical filters, and optical detectors, may improve ΔF/F of selected GEVIs, and cause some re-695 

ordering of the ranks. 696 

For each of the three synaptically-evoked voltage transients at 120 ms interval, we 697 

measured time-to-peak using the individual brain slice data. The fastest rise of the optical signal 698 

was detected in experiments utilizing the voltage-sensitive dye, while the slowest rise time was 699 

detected in experiments utilizing ArcLightD (Fig. 6E). Measurements of the signal duration 700 

(signal half-width) indicated that ArcLight and Bongwoori produced the broadest optical signals 701 

(Fig. 6F). Despite clear differences between indicators in terms of the quality of optical signal 702 

(brightness, sensitivity, speed) reported in the literature (Storace et al., 2016; Chamberland et 703 

al., 2017; Xu et al., 2017; Bando et al., 2019; Kannan et al., 2019), and evaluated in Fig. 6EF, 704 

voltage imaging of synaptically-evoked compound population depolarizations (Fig. 6BC) is quite 705 

doable with all four genetically-encoded voltage indicators tested here (Fig. 6D).  706 

 707 

  708 
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Discussion 709 

Compared to the family of calcium indicators GCaMPx, voltage indicators (GEVIs) produce 710 

weak optical signals and for that reason, they have yielded very few relevant systems-711 

neuroscience data, so far. In theory, the GEVIs potential (for neural circuit analysis) is very high 712 

(Antic et al., 2016; Knopfel and Song, 2019). For this reason, a lot of effort has been invested in 713 

improving the performances of the existing GEVI variants, as well as in developing new ones 714 

(Lin and Schnitzer, 2016; Storace et al., 2016; Xu et al., 2017; Kannan et al., 2019). While the 715 

transfer of the GCaMP-based methods between laboratories appears to be flawless and leading 716 

to a constant stream of high value biological data (Bai et al., 2018; Liang et al., 2018; Kerlin et 717 

al., 2019), the propagation of GEVIs between laboratories is less efficient. For this reason, it is 718 

useful to know how different GEVIs perform in the hands of a third party (Inagaki and Nagai, 719 

2016; Lin and Schnitzer, 2016; Chamberland et al., 2017; Bando et al., 2019).  720 

  721 

Testing GEVIs in neuron culture. Experiments in cultured hippocampal neurons revealed our 722 

lack of laboratory skills in obtaining robust expression of GEVIs by transduction of neurons with 723 

AAV vectors. When neuron transfection occasionally did work, we obtained voltage optical 724 

signals of reasonable quality (Fig. 1), suggesting that in certain experimental designs (improved 725 

AAV transduction, or neurons isolated from transgenic GEVI animals), both evoked (Hochbaum 726 

et al., 2014) and spontaneous (Jin et al., 2012; St-Pierre et al., 2014) electrical activity of 727 

cultured neurons, can be monitored by a multi-cell GEVI imaging technique – recordings from 728 

multiple cells simultaneously. However, for the purpose of the systematic evaluations of the 729 

GEVI’s biophysical characteristics, this particular biological preparation (neurons in culture) is 730 

not an ideal preparation. The neuron cultures are more variable than HEK293 cultures (variable 731 

cell maturity and health); the success of transfections and transductions is relatively low (low 732 
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experimental yield); the transfected neurons express variable levels of a GEVI indicator in their 733 

membrane (variable brightness and signal-to-noise ratio); and in many cases, neurons 734 

expressing high levels of GEVI in their plasma membrane, were injured or dead. 735 

 736 

Testing GEVIs in HEK293 cells. We expressed five (5) GEVI variants in HEK293 cells and 737 

performed optical imaging of the voltage waveforms applied through a whole-cell patch pipette 738 

(Fig. 2). All of the results in the current study were obtained on the same electrophysiology – 739 

imaging station centered on an upright microscope with a 40X objective and CCD camera. 740 

Compared to neuron cultures, the HEK293 cells show less variability in cell health and less 741 

variability in the expression of GEVIs in their plasma membrane (Fig. 2F). The ease of HEK293 742 

transfection, and the efficacy of optical imaging in cultured cells, render this preparation well-743 

suited for testing new GEVI variants (Akemann et al., 2001; Jin et al., 2012; St-Pierre et al., 744 

2014; Lee et al., 2017). On the positive side, all tested GEVI variants performed well in our 745 

hands, and their optical signals were in the range previously reported by the laboratory of origin. 746 

In terms of signal amplitude (ΔF/F/100 mV), the best signals in our hands were from the 747 

voltage-sensitive dye (BeRST1) and two GEVIs (ASAP3b and Archon1). In Fig. 2B, we show 748 

the best traces. In Fig. 2D, we show the average response (thick horizontal dash). We feel that 749 

both displays (best trace and average) are useful for evaluating the full potential of a voltage 750 

probe. Interestingly, two of the three best performing voltage indicators in our hands (Archon1 751 

and BeRST1) were red-shifted indicators, excited by a red laser. In experiments on HEK293 752 

cells, the 637 nm red laser (used on Archon1, Fig. 2) delivered approximately four (4) times 753 

stronger light power at the object plane compared to the 470 nm blue LED illuminator (used on 754 

ASAP3b, Fig. 2). The HEK293 cell culture background fluorescence (autofluorescence) at 755 

green emission wavelengths (ArcLight, ASAP1, ASAP3b) is stronger than the background 756 

fluorescence at the far-red emission spectrum (Archon1 and BeRST1), thus influencing the 757 
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ΔF/F values. In brain slices and intact brain tissue in vivo, the green autofluorescence becomes 758 

notably stronger and more disruptive to optical imaging. For that reason, empowering calcium 759 

and voltage indicators with a red emission spectrum has been recognized as a promising trend 760 

in experimental neuroscience (Perron et al., 2009; Abdelfattah et al., 2016; Dana et al., 2016; 761 

Baloban et al., 2017). In summary, three factors: [1] the excellent inherent properties of Archon1 762 

and BeRST1; [2] the strongest illumination intensity supplied; and [3] the red-shifted excitation 763 

and emission spectra, are contributing to their performance in the best trace category (Fig. 2B).  764 

 The fast TAU for ArcLight in Figure 2E is longer than that reported in Jin et al. (2012). All 765 

measurements in Fig. 2 were performed at room temperature. Room temperature improves the 766 

stability of electrode patch, reduces mechanical vibrations, and increases duration of a dual 767 

electrical-optical recording session per cell. Whilst the fast TAU measurements (Fig. 2E), cannot 768 

be used as specifications of the GEVI’s speed in mammalian brain at physiological temperature, 769 

they are useful documents of indicator performance. All measurements reported here were 770 

carried out under the same conditions, and may be used for relative comparisons between 771 

indicators. In the terms of the ON rate (fast TAU), none of the GEVIs could compete against the 772 

voltage-sensitive dye, BeRST1 (Fig. 2E). The two slowest indicators, ArcLight and ASAP1, 773 

were repeatedly the slowest on three independent tests of the optical kinetics: [test 1] the long 774 

pulse test (Fig. 2B), [test 2] the short pulse test (Fig. 4), and [test 3] the action potential-775 

Playback test (Fig. 5). The long pulse test and exponential fitting of the signal rise, [test 1, Fig. 776 

2B], is well-established (Jin et al., 2012), but our combined data indicate that all three tests of 777 

indicator’s kinetics [1 – 3] are useful for evaluation of the GEVI’s biophysical properties. The 778 

recently developed “short pulse test” [test 2, Fig. 4] is very practical. It eliminates the 779 

exponential fitting step, and most importantly, this test is less sensitive to noise and noise 780 

filtering than the traditional [test 1]. The recently-developed “AP-Playback test” [test 3, Fig. 5] 781 

exposes three interesting features of the GEVIs. First, a well-defined slow component and 782 
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several fast action potential-mimicking fast components in the same sweep (Fig. 5) can be used 783 

to calibrate the amplitude of the optical signal in mV. Steady-states of the slow (long-duration) 784 

voltage transients are often used to calibrate optical recordings (Palmer and Stuart, 2009; 785 

Holthoff et al., 2010; Popovic et al., 2014). Second, the natural action potential waveform 786 

contains a rapid repolarization phase followed by an afterhyperpolarization transient, which are 787 

useful for gauging the speed of the indicator’s OFF rate and its ability to track hyperpolarizing 788 

events. In the cerebral cortex, hyperpolarizing potentials may provide important clues about the 789 

status of outward potassium currents (which are often influenced by important neuromodulators 790 

(Hoffman and Johnston, 1998; Dong et al., 2004)), as well as the status of the GABAergic 791 

inhibitory signals (which are slower and do not require a fast response (Tremblay et al., 2016)). 792 

In an elegant study by Nakajima and Baker (2018), the spreading hyperpolarization due to 793 

GABAergic inhibition was optically monitored in hippocampal brain slices using GEVIs 794 

(Nakajima and Baker, 2018). Along these lines, specific mutations in the voltage-sensing 795 

domain have been shown to improve the GEVI’s sensitivity to hypopolarizing potentials 796 

(Dimitrov et al., 2007; Piao et al., 2015). Thirdly, the AP-Playback test revealed the fraction of 797 

the action potential waveform being lost in the GEVI measurements. The speed of the action 798 

potential upstroke and downstroke is simply too fast for any given GEVI to follow faithfully. As a 799 

result, the GEVI optical signal reaches a certain height (Fig. 5C), which is only a fraction of the 800 

signal height that could have been reached if the optical signal were as fast as the whole-cell 801 

recording. 802 

 803 

Testing GEVis in brain slices. The major difficulty in this experimental series is unstable 804 

expression level of the tested GEVIs. In our hands, the ventricular injection method had a low 805 

efficacy (a high number of failures) and a variable level of the GEVI expression. The uneven 806 

efficacy of GEVI expression from experiment to experiment precluded very precise comparisons 807 
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of the GEVIs’ performances. However, the acquired traces and numerical analyses (Fig. 6) do 808 

provide some useful insights. For example, the brain slice data clearly showed that all voltage 809 

indicators tested in the current study can be successfully utilized for monitoring synaptically-810 

evoked compound depolarizations in the neocortical neuropil (Fig. 6D). This type of population 811 

imaging (dense cellular labeling – no cellular resolution) produces strong and slow optical 812 

signals, which impose a minimal challenge to a voltage indicator. Note that in our brain slice 813 

experiments, the amount of the indicator-labeled neuronal plasma membrane greatly exceeds 814 

the amount of the membrane available to those who utilize GEVIs for monitoring membrane 815 

potential changes in individual neurons (Adam et al., 2019; Piatkevich et al., 2019; Villette et al., 816 

2019). Furthermore, a synaptically-evoked compound cortical signal is slower than an action 817 

potential, which allows for longer sampling intervals, more photons collected, and thus a better 818 

signal-to-noise ratio. For all these reasons imaging compound population signals (Fig. 6) is less 819 

challenging than imaging electrical activity in individual neurons (Fig. 1). In the context of a 820 

compound electrical signal (population imaging without cellular resolution in a densely labeled 821 

preparation, Fig. 6), some unsuspected GEVI characteristics are more important than others. 822 

For example, two factors [a] the sensitivity (dF/F/100 mV) and [b] the ON rate of the voltage 823 

indicator are less important than [c] the ease of transfection and [d] the inherent brightness of 824 

the probe. That is to say that one can produce very useful physiological data using a probe 825 

which is neither the most sensitive nor the fastest indicator available (Fig. 6). Accordingly, 826 

Bando et al. (2019) determined that although a rhodopsin-based GEVI, QuasAr2, showed the 827 

highest signal amplitude, signal-to-noise ratio and temporal resolution in vitro, it was ArcLight-828 

MT which emerged as the most useful GEVI for measuring responses to visual stimulation in 829 

vivo (Bando et al., 2019). Although ArcLight is neither the fastest nor the most sensitive GEVI 830 

around, Storace and colleagues use ArcLight for its excellent brightness and high targeting 831 

efficacy to the neuron class of their interest (Storace et al., 2019). In accordance to this in vivo 832 

performance (Bando et al., 2019; Storace et al., 2019), ArcLight had a relatively large signal-to-833 
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noise ratio in our population measurements ex vivo, in brain slices (Fig. 6D). In summary, for 834 

the purpose of imaging synaptically-evoked compound potentials in the brain parenchyma (brain 835 

slices or in vivo), we found that any of the currently available GEVIs would do the job (Storace 836 

et al., 2016; Xu et al., 2017; Kannan et al., 2019; Knopfel and Song, 2019), as long as it 837 

possess reasonable brightness, and its carrier vector (AAV or transgene) is reasonably efficient 838 

in the neuronal population of interest.  839 
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 1022 
Figure Legends 1023 

 1024 
Fig. 1. GEVI imaging in cultured neurons. (A1) Right: Fluorescence of primary neuron culture, 1025 
mouse, day in vitro 22, transduced with pCAG-ASAP1. Left: Image captured by a low resolution 1026 
camera during voltage imaging at 500 frames per second. (A2) A cell was stimulated via patch 1027 
electrode to produce three (3) action potentials, while optical signals were recorded from the 1028 
entire visual field. In data display, one ROI was selected over the cell body of the patched 1029 
neuron (actual pixels marked by dashes in A1). Red trace shows action potential-associated 1030 
optical signals after five (5) temporal averaging, but also in single sweeps (black optical traces). 1031 
(A3) Temporal discrepancies between electrical (gray, 16 kHz) and optical (red, 0.5 kHz) 1032 
recordings: the peak of the optical signal lags behind the peak of the electrical signal (Peak 1033 
delay). The action potential half-widths are much longer in optical recordings (Optical action 1034 
potential Half-Width). (B) Same as in A, except different cell (DIV 15), different AAV vector 1035 
(CamK2-ASAP2s) and three ROIs are selected. (C) Same as in A, except different cell (DIV 28), 1036 
different AAV (hSyn-Bongwoori-Pos6), nine (9) temporal averaging and three ROIs are 1037 
selected. (D) Same as in C, except different cell (DIV 15), different AAV (hSyn-Archon1) and 1038 
four ROIs are selected. All spatial scales = 10 μm. Imaging conditions for ASAP1, ASAP2 and 1039 
Bongwoori: Ex: 480/40 nm, Dichroic: 510 nm, and Em: 535/50 nm. Light power ASAP1 & 1040 
ASAP2 = 5.05 mW/mm2; and Bongwoori = 10.1 mW/mm2. Imaging conditions for Archon1: LED 1041 
568±60 nm, 2.7 mW/mm2, Ex: 605/30, Dichroic: 640, Em: 665lp. 1042 

Fig. 2. Optical signal amplitude, voltage sensitivity and kinetics. (A) Microphotographs of 1043 
HEK cells used for characterization of the GEVIs. (i) Infrared image of a cell transfected with 1044 
FlickR1, with patch pipette attached. (ii) FlicR1 fluorescence captured by a fast (low resolution) 1045 
camera. (iii and iv) same as (ii), except Archon1 or ASAP3b plasmids were used. (B) Each cell 1046 
was voltage-clamped at four (4) command potentials (Vcmd). Asterisk marks a 100 mV-large 1047 
voltage transient (from -70 to +30), which was used for reporting ΔF/F in D, and Fast TAU in E. 1048 
Each optical trace is a product of four (4) temporal averaging from the same cell. The best cell is 1049 
displayed. Light power in [mW/mm2]: FlicR1=[1.4], ASAP1=[2.0], ArcLight=[1.3], 1050 
BeRST1=[0.43], ASAP3b=[2.0] and Archon1=[4.69]. (C) Voltage sensitivity trends of six (6) 1051 
voltage indicators are superimposed. Trends are polynomial fits of the 3rd order through the 1052 
mean value of the each voltage step. Each mean value is an average of 4-6 cells. Marker points 1053 
and error bars are omitted for clarity. (D) Graph within borders: Amplitudes of the optical signals 1054 
in response to a standard 100 mV-large change in membrane potential. Each circle marker 1055 
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represents averaged data from one HEK cell. Thick horizontal dash is the group mean ± s.e.m. 1056 
In this and all remaining figure panels, above the graph are displayed the results of one-way 1057 
ANOVA with post-hoc Tukey test. “Black full circles” indicate p<0.05. “Gray rectangles” indicate 1058 
“no significant difference” (p>0.05). (E) Optical transient was fitted with double exponential. 1059 
These fast TAU values are plotted in the graph. Each circle marker represents averaged data 1060 
from one HEK cell. (F) Cell body resting light intensity (basal fluorescence) in arbitrary units 1061 
(a.u.).  1062 

Fig. 3. Temperature sensitivity of the GEVI optical signal. (A1,2) In the same cell, voltage-1063 
clamp evoked optical signals were measured at two temperatures (21°C and 34°C). Group data 1064 
show voltage sensitivity of the optical signal. Each marker is a mean ± s.e.m. The “n” is 1065 
indicated in the lower left corner. The trend line is a Boltzmann fit through the markers. Arrow 1066 
marks alleged discrepancy between two temperatures. Asterisk marks significant difference 1067 
(p<0.05). (B1,2) Same as in A, except ASAP1 was tested. (C1,2) Same as in A, except ASAP3b 1068 
was tested.  1069 

Fig. 4. Temporal dynamics of the GEVI optical response. (A) Voltage pulses of the same 1070 
amplitude (100 mV) but variable duration (2 – 8 ms, Protocol 1) were applied on HEK cells, 1071 
while measuring optical signals from the surface of the cell at 500 Hz frame rate. In Protocol 2, 1072 
voltage command pulse durations were in the range 10 – 500 ms. All optical traces are on the 1073 
same amplitude (ΔF/F) and time (ms) scale. Dashed horizontal line indicates steady-state 1074 
amplitude (max). (B) Average amplitude reached per indicator per pulse duration. Prior to 1075 
averaging the amplitudes were normalized using the steady state amplitude (max) achieved 1076 
during the 500 ms voltage command pulse in the same cell. Number of cells for ArcLight, 1077 
ASAP1, Archon1, ASAP3b and BeRST1 are 4, 6, 2, 6 and 3, respectively. (C) Evaluation of the 1078 
GEVI temporal dynamics using 2,000 Hz sampling of optical signals. Voltage command (Vcmd) 1079 
pulse durations are 1, 2, 10 and 100 ms. All optical traces are on the same amplitude (ΔF/F) 1080 
and time (ms) scale. Steady state amplitude (100 %) and the 40% amplitude levels are marked 1081 
by horizontal dashed lines to yield the interpretation of the data. “AP sim.” marks the optical 1082 
signal responding to a 2 ms-long voltage pulse. “AP sim.” marks a 2 ms voltage pulse, which is 1083 
similar in duration to a membrane potential transient experienced by the plasma membrane 1084 
during a real action potential (AP).  1085 

Fig. 5. “AP-Playback” was used for testing the temporal dynamics of GEVIs in HEK cells. 1086 
(A) Microphotographs of fluorescently labeled HEK cells used for testing the speed of the optical 1087 
response. Scale, 10 μm. (B) Top: Action potential waveform recorded in cortical pyramidal 1088 
neuron (in current clamp mode) was used to shape the voltage command pulse in HEK cells 1089 
(voltage clamp mode). Bottom: Optical signals obtained from the surface of the patched HEK 1090 
cell transfected with a corresponding GEVI. Each trace is a product of 4 temporal averaging. 1091 
Optical signals were sampled at 500 Hz. All traces are shown on the same time and amplitude 1092 
scale. (C) Slow components of electrical and optical signals are scaled. Horizontal dashed line 1093 
(optical) marks the fraction of action potential covered by the GEVI optical signal. (D) Mean 1094 
fraction of the action potential covered by the optical signal. n – indicates the number of action 1095 
potentials averaged. 1096 
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Fig. 6. GEVI imaging of population signals in brain slices. (A) Coronal sections through 1097 
mouse cerebral cortex, all scales = 1 mm. (i) Wild-type animal; GFP fluorescence channel; 1098 
exposure duration = 0.25 s. (ii) same as in “i” except bright-field. (iii) Image shown in “i” is 1099 
enhanced digitally to reveal autofluorescence pattern in wild-type mouse cortex. (iv) Transgenic 1100 
animal showing expression of a GEVI called “chi-VSFP”; GFP fluorescence channel; exposure 1101 
duration = 0.25 s. Identical imaging settings as in panel “i”. Arrow indicates position of synaptic 1102 
stimulation electrode (syn. stim.) in layer 2/3. (B) Synaptic stimulation was delivered in layer 2/3. 1103 
Two optical traces were recorded from the same ROI. Trace “Control”: Before drug application. 1104 
Trace “AP-4”: After treatment with K+ channel blocker 4-AP (0.5 mM), the GEVI optical signal 1105 
exhibits a notable increase in amplitude and duration. (C) Brain slice from an AAV-ArcLightD-1106 
injected animal was also stained with a voltage-sensitive dye, di-4-ANEPPS. A glass pipette 1107 
used for stimulation is marked by the “syn. stim.” label. Optical signals were obtained from four 1108 
(4) ROIs simultaneously, first in the green channel (ArcLight channel, 480/60, 515, 535/40) and 1109 
then in the red channel (di-4-ANEPPS channel, 510/60, 570, 600lp). Optical signals are 1110 
products of temporal averaging (4 sweeps). (D) Voltage indicators were delivered by three 1111 
methods: [1] Transgenic animal (chi-VSFP mouse); [2] Intracerebroventricular injections of 1112 
AAVs at P0 (ArcLight, Bongwoori, and Archon); and [3] Incubation of brain slices with a voltage 1113 
sensitive dye di-4-ANEPPS. Regardless of the voltage indicator, each brain slice was subjected 1114 
to synaptic stimulation in layer 2/3, three synaptic shocks at 120 ms interval. Optical signals are 1115 
products of averaging between slices (n in the range 5 to 13). (E) An average time-to-peak ± 1116 
s.e.m, for each of the three synaptically evoked voltage transients. (F) Same as D, except the 1117 
quantification was made on duration (half-width), and then averaged between slices (n indicated 1118 
in C).   1119 
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