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Abstract: Transmembrane voltage and intracellular calcium concentration are coupled 
parameters essential to the function of neurons, cardiomyocytes, and other excitable cells. 
Here we introduce the Firefly-HR microscope for simultaneous optogenetic stimulation and 
voltage and calcium imaging with fluorescent proteins using three spectrally distinct visible 
color bands. Firefly-HR combines patterned stimulation, near-total internal reflection laser 
excitation through a prism located between the sample and a water-immersion objective, and 
concurrent imaging of three color channels. The microscope has efficient light collection, low 
fluorescent background, and a large field of view (0.24 x 1.2 mm @ 1000 frames/sec). We 
characterize optical crosstalk and demonstrate capabilities with three applications: (1) probing 
synaptically connected neuronal microcircuits, (2) examining the coupling between neuronal 
action potentials and calcium influx, and (3) studying the pharmacology of paced human 
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) via simultaneous 
recordings of voltage, calcium, and contraction. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

Introduction 

Recent decades have seen a rapid expansion in the number of protein-based optical tools for 
exploring cellular systems, both optogenetic actuators [1,2] and fluorescent sensors [3–6]. 
One research focus has been the development of constructs for optical electrophysiology, 
both manipulation of transmembrane potential by light-gated ion channels and light driven 
pumps [7–9], and the recording of transmembrane potential by fluorescent voltage sensors 
[10]. Combining tools yielded the all-optical electrophysiology platform Optopatch, which 
pairs the blue-light gated channelrhodopsin CheRiff with the red-light excited voltage sensor 
QuasAr [11]. Optopatch can recapitulate many traditional patch clamp measurements, but at a 
much higher throughput. 

In parallel with developments in voltage sensors and actuators, there have been huge 
strides in fluorescent calcium-sensing proteins, which have been a workhorse for in vivo 
imaging in neuroscience. In addition to the canonical GFP-based calcium sensors [12], there 
have been numerous developments making red-shifted calcium reporters [13–16]. Here, we 
pair the Optopatch platform with orange cytosolic calcium sensor jRGECO1a [15] (Fig. 
1(A)). Optopatch uses blue for CheRiff stimulation and the red and near-infrared for voltage 
readout, leaving a window in the yellow-orange portion of the visible spectrum for 
jRGECO1a (Fig. 1(F)). It is natural to pair calcium and voltage recordings, as calcium often 
converts electrical signaling between cells into a local, intracellular signal. Recording both in 
tandem opens a window in to key cellular processes such as synaptic plasticity [17], activity-
dependent regulation of transcription in neurons [18], and excitation-contraction coupling in 
myocytes [19]. 

Customized optics are required to implement Optopatch because of the fast frame rate 
necessary for voltage imaging and because the voltage-sensing protein QuasAr is ~200-fold 
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dimmer than GFP [11,20]. We build on optical design element from the Firefly microscope, 
designed for high-throughput screening applications with Optopatch, which can 
simultaneously stimulate and record action potentials in hundreds of neurons [21]. We dub 
the new microscope Firefly-HR (high resolution). Firefly-HR pairs patterned optogenetic 
stimulation with simultaneous voltage and calcium recordings from tens of neurons in parallel 
at a 1 kHz frame rate with a high signal-to-noise ratio (SNR). 

Here, we first show the optical and mechanical design of Firefly-HR (Fig. 1) and 
characterize its optical performance (Fig. 2). We then demonstrate capabilities in several 
different systems. The first demonstration highlights SNR and patterned stimulation in 
measurements of synaptic transmission (Fig. 3). Next, we consider optical crosstalk when 
adding calcium imaging with jRGECO1a (Fig. 4). We then show optogentetic stimulation 
paired with voltage and calcium imaging in neurons (Fig. 5) and examine how simultaneous 
voltage and calcium signals can be used to access biological information unavailable with 
either recording alone. We finish with optical pacing and simultaneous imaging of motion, 
voltage, and calcium in cardiomyocytes (Fig. 6), and show how distinct facets of cardiac 
function are targeted by different pharmacological modulators. 

Protein constructs 

For Optogenetic stimulation, we use the channelrhodopsin CheRiff, with peak photocurrent at 
~460 nm and a larger photocurrent than the widely used ChR2 [11]. We use the voltage 
sensor QuasAr3 [22], which is similar to QuasAr2 [11] but with additional amino acid 
sequences that improve trafficking to the neuronal membrane. We tested three orange calcium 
sensors: R-CaMP2 [14], jRGECO1a, and jRCaMP1a [15]. Consistent with literature results, 
we found that jRGECO1a was clearly the most sensitive for detecting the calcium transients 
from individual action potentials, so used it in all measurements below. 

Firefly-HR design and characterization 

Table 1. Microscope Specifications 

Spec. 
“high-mag.” 
microscope 

Firefly-HR Firefly 

Objective Mag. 60x 20x 2x 
Microscope Mag. 15x 5x 2x 
Immersion fluid Oil Water Air 
NA 1.5 1.0 0.5 
Illumination 
geometry 

Through-obj. 
near-TIR 

Through-prism 
near-TIR 

Through-prism 
near-TIR 

FOV @ 1 kHza 0.08 x 0.36 mm 0.24 x 1.2 mm 0.6 x 6 mm 
Resolutionb 0.4 μm 1.3 μm 3.3 μm 
Multicolor readout Potentially Yes No 
asCMOS can record ~200 rows of pixels at a 1 kHz frame rate. 
bCamera pixel size (6.5 μm) divided by magnification. 

For all-optical electrophysiology measurements using Optopatch, we had previously worked 
with a more traditional, high-magnification microscope system [23] (Table 1, Col. 1) and the 
low-magnification Firefly microscope [21] (Table 1, Col. 3). The high-magnification system 
makes high signal-to-noise ratio (SNR) recordings due to the high light collection efficiency 
and can record from two fluorescence channels simultaneously, but it can only record from a 
few neurons simultaneously because of the relatively small field of view (FOV). The Firefly 
microscope can record from ~100 neurons simultaneously with sufficient SNR for reliable 
action potential (AP) detection in primary rat pyramidal neurons, and so is the preferred 
instrument for applications where throughput is paramount, such as phenotypic drug 
screening. However, the SNR is marginal for detecting APs in some small, human induced 
pluripotent stem (iPS) cell derived inhibitory neurons and for recording post-synaptic 
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potentials (PSPs) resulting from synaptic signaling between pairs of neurons. On the Firefly, 
it is also difficult to implement multicolor fluorescence recordings because of the large 
etendue of the fluorescence light and the requirement for very large optics. To address these 
limitations, we introduce the intermediate magnification Firefly-HR (Table 1, Col. 2), which 
enables multicolor fluorescence recordings for simultaneously tracking voltage and calcium 
during optogenetic stimulation, has an FOV large enough to explore neuronal circuits in vitro, 
and has excellent SNR. In addition to QuasAr and jRGECO1a fluorescence channels, it can 
record trans-illumination in the green channel for tracking contraction in myocytes. Figure 1 
shows optical and mechanical designs. 

Through-prism, near TIR red and yellow illumination 

One of the unique design features of Firefly-HR is laser illumination through a prism to 
implement near total internal reflection (TIR) shown in Fig. 1(B)-1(E), which is essential to 
minimize background autofluorescence. Background fluorescence is particularly important in 
our application for 3 reasons: 1) QuasAr2 is ~200x dimmer than EGFP [11,20], so the 
background autofluorescence is much larger relative to the signal than for typical fluorescent 
protein imaging. 2) We image a large area, so more laser power is required, which can 
produce significant out-of-focus autofluorescence from glass in the objective. 3) We have 
short, 1 millisecond exposure times to capture voltage dynamics, so high laser powers are 
required, again causing out-of-focus background autofluorescence. The prism is made from 
low-autofluorescence fused silica, and the sample is grown on cyclic-olefin copolymer (COC) 
coverslip-bottomed dishes, whose background autofluorescence is many times lower than 
typical glass coverslips (data not shown). The prism is optically coupled to the coverslip by 
an index-matched, low-autofluorescence oil (Olympus Type F). At the near-TIR angle of 
incidence, the beam refracts at the COC/buffer interface and propagates nearly horizontally 
(Fig. 1(C)), parallel to the COC surface. This refraction compresses the beam, and in spite of 
reflection losses near the critical angle, the beam intensity is increased roughly 4-fold [21], 
reducing the total laser power required. The beam rapidly propagates out of the FOV, 
minimizing out-of-focus fluorescence from the imaging buffer. This excitation geometry 
reduces background autofluorescence by ~13-fold (Fig. 2(A)-2(C)). 

To have the advantages of the through-prism near-TIR illumination, but also to leverage 
the high numerical aperture of the water immersion objective, we built a prism holder that 
enabled oil coupling above and water coupling below the prism (Fig. 1(C) and 1(E)). The 
45°-angled facets of the prism through which the laser entered was isolated from immersion 
fluids above and below the prism and kept dry. An 8 W, 638 nm laser (DILAS/Coherent, 
M1B-638.3-8C-SS4.3-T3) for QuasAr excitation and a 300 mW, 560 nm laser (MPB, VFL-P-
300-560-OEM1) for jRGECO1a excitation were re-shaped and combined. Each laser could be 
modulated by a fast shutter (Uniblitz, DSS10B1ZM0L). Lasers were routed through an 
orthogonal pair of slits to create a homogeneous illumination rectangle with tunable width 
and height, which was imaged onto the sample, and tuned in size to match the FOV. The final 
mirror before the sample was located on a vertical translation stage in the Fourier plane of the 
final lens, which decoupled degrees of freedom: position in the sample plane was set by 
angular adjustment and the incidence angle was tuned around TIR with the translation stage. 
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Fig. 1. Firefly-HR design. (A) The proteins involved in the measurement system: Membrane 
bound, light-gated ion channel CheRiff is opened by 470 nm light. Cytosolic calcium sensor 
jRGECO1a is excited by 560 nm light. Membrane bound voltage sensor QuasAr is excited by 
638 nm light. (B) An optical diagram of the microscope. There are four key light sources: 1) 
Patterned blue light reflected off the digital micromirror device (DMD) for e.g. targeted 
stimulation of individual neurons. 2-3) 638 & 560 nm lasers for at near-total internal reflection 
(TIR) for fluorescence excitation of QuasAr and jRGECO1a. 4) Green light in trans-
illumination for measuring cardiac contractions. Two synchronized cameras record the three 
light sources simultaneously. The top camera is designated as a brightfield collector, while the 
bottom camera is designated as a fluorescent collector. (C) An expanded view of prism. The 
water-immersion objective is optically coupled to the bottom of the prism with water, and the 
prism is optically coupled to the glass-bottomed dish with immersion oil. This geometry 
enables TIR or near TIR illumination over a large field of view, does not rout intense lasers 
through the objective, and maintains the high numerical aperture of 1.0. “1” and “2”, which are 
reproduced in (E), are the objective access and laser access apertures, respectively. (D) The 
prism design. (E) The design of the prism plate that prevents oil and water from mixing or 
obscuring the laser path. (F) Spectra. JRGECO1A spectrum is mApple, and filters are from 
Semrock. Optopatch component spectra from [11]. 
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Fig. 2. Optical characterization. Images in the QuasAr fluorescence channel of a pristine, 
empty cyclic olefin copolymer (COC) substrate illuminated by a 638 nm laser routed (A) 
through the prism at near-TIR and (B) through the objective in traditional Epi illumination. For 
both light paths, the 638 nm laser was apertured to illuminate exactly the same area, and the 
laser power in both paths was tuned to match illumination intensities. Counts in the Epi sample 
were scaled so that the median of measured bead intensities in a separate sample (after 
background subtraction) matched between Epi and near-TIR illumination. In near-TIR 
illumination, there is a small amount of background from the immersion oil and substrate. In 
Epi illumination, there is a much larger amount of out-of-focus autofluorescence from glass in 
the objective, still present when the sample is removed entirely. (C) The histogram of pixel 
intensities after background subtraction from the rectangles shown in A and B show 13x lower 
autofluorescence in the near-TIR illumination geometry. (D) The light collection efficiency of 
the 2 fluorescence imaging pathways [QuasAr left, GFP right]. A relatively homogeneous 
fluorescent orange paper sample was illuminated by an oversized, homogeneous LED source 
from above. Images were captured at many locations within the paper and averaged to 
minimize effects of sample inhomogeneity. The lineout reveals some light loss from the 
objective where the colors are still colinear and some light loss in the dual-view path after the 
colors have been separated. (E) A dualview image of 1 um Tetraspeck beads emitting multiple 
fluorescent colors is captured on the bottom camera (of Fig. 1(B)). The image spans the full 
camera width and shows the 1.2 mm wide FOV for both the QuasAr channel (left) and the 
GFP channel (right). The dichroic reflecting green light to the first camera was removed. Each 
half of the image has been independently background subtracted and contrasted. Expanded 
views of indicated sub-regions in (E) for red (F - H) and green (I - K) fluorescence channels. 
Expanded images from each fluorescence channel are shown with the same brightness and 
contrast values. 

Imaging path 

The full path is diagrammed in Fig. 1(B). Starting from the sample plane, all three imaging 
wavelengths (brightfield, jRGECO1a, and QuasAr) are transmitted through the fused silica 
prism (Fig. 1(D)) to the 20x water immersion objective (Zeiss, 421452-9900), which is 
positioned so the image of the sample is formed at infinity in the absence of additional lenses. 
Immersion oil between the prism and sample and water between the objective and prism 
ensure that the objective’s full numerical aperture is utilized. A tube lens forms an 
intermediate image plane at the slit; the slit imposes sharp edges on the image, so QuasAr and 
jRGECO1a images can be nearly touching on the camera. After a lens located 1 focal length 
from the slit, a dichroic mirror (Chroma, ZT488/640rpc) reflects the collimated green 
brightfield light while transmitting JRGECO1A and QuasAr fluorescence. The brightfield 
light passes through a bandpass filter (Semrock, FF01-542/20) and is imaged onto a 
Hamamatsu ORCA-Flash4.0 sCMOS camera. A second dichroic mirror (Semrock, FF640-
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FDi01-25x36) separates jRGECO1a and QuasAr fluorescence, each of which is filtered 
(Semrock, FF01-600/37; FF02-736/128). The fluorescence is recombined by a second 
dichroic identical to the splitter and imaged onto the camera with a 50 mm photography lens 
(Zeiss, Zeiss Makro-Planar T* 50mm f/2 ZF.2 Lens). Optics in the infinity space with 
separated QuasAr and jRGECO1a fluorescence were carefully positioned and aligned to 
minimize clipping; because of the large spatial extent of the FOV and high angular collection 
efficiency of the objective, fluorescent light has a large spatial and angular content. In 
particular, QuasAr and jRGECO1a fluorescence were overlapped at the final lens pupil and 
incident with equal and opposite angles. QuasAr and jRGECO1a fluorescence were mapped 
to camera left and right (e.g Fig. 2(E)). The total magnification of the imaging system was 5x, 
which enabled us to map essentially the full, 1.2 mm wide voltage and calcium images from 
the objective side-by-side on the camera. The low magnification also fits more area into the 
central 200 rows of pixels that can be read out from the sCMOS chip at 1 kHz. The 
magnification cannot be reduced further without sacrificing detection efficiency because the 
sCMOS chip and microlens array in front of it start to lose light beyond and incidence angle 
of ± 15°. 

The two cameras can be synchronized by triggering each frame in the movie, 
“synchronous” mode on the camera, which locks the acquisition time of each frame. Camera 
synchronization and modulation of light sources was controlled by a data acquisition card 
(National Instruments, NI PCIe-6323). 

Light collection efficiency across the FOV was characterized with a homogeneous 
fluorescent sample (Fig. 2(D)). The resulting efficiency readout results from collection 
efficiency of the objective (narrower peaked curves within each color) multiplied with the 
efficiency of optics after fluorescence colors are separated, predominantly the final lens. The 

~2x reduction in light collection at the image edges results in a 2x  degradation in SNR 
due to shot noise, but strong signals can still easily be detected. The effects of optical 
aberration are shown in Fig. 2(E)-2(K). 1 μm Tetraspeck beads, which absorb and emit across 
the visible spectrum, were imaged. Pixelation-limited resolution was achieved at the center of 
each color channel (Fig. 2(H) and 2(K)). Although resolutions degraded slightly towards the 
image edge (Fig. 2(F) and 2(I)), it was still sufficient for functional fluorescence imaging. 
The optical system provides high-sensitivity, multi-color imaging over a large FOV. 

Patterned stimulation 

A 488 nm laser (Coherent OBIS 488 LX 50 mW) was routed through a poly chromatic 
acousto optic modulator (Gooch & Housego, 48062-1.0-0.55-1W) for rapid analog 
modulation, expanded, and collimated before reflecting of a digital micromirror device 
(DMD; Texas Instrument, DLP3000). The beam overfilled the DMD so blue light intensity 
was flat across the pixel array. The DMD was imaged onto the sample, so any image 
displayed on the DMD was projected onto the cells. The maximum laser intensity at the 
sample was 600 mW/cm2, which opens >90% of CheRiff channels and achieves near-
maximal photocurrent [11]. 

Methods 

Rat hippocampal neuronal culture 

Cells were plated on either Ø10 mm glass bottom dishes (MatTek, # P35G-1.5-10-C), or 
cyclic olefin copolymer (COC) bottomed dishes in a single well (Ibidi, # 81156) or 8-well 
(Ibidi, # 80826) format. The COC dishes had lower autofluorescence and slightly improved 
optical performance. Prior to cell plating, the imaging area of each dish was coated with Poly-
D-Lysine (Sigma Aldrich, # P6407-10X5MG; 100 μg/mL, overnight incubation at 4°C), 
rinsed twice with PBS, and coated with Laminin (Thermofisher Scientific, #23017-015; 20 
μg/mL, overnight at 4°C or 2 hours at room temperature). E18 rat hippocampal tissue, 
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maintained at 4°C between dissection and dissociation (Brain Bits, # SDEHP), were 
dissociated with papain following the manufacturer protocol for neuron production, pelleted 
(200g, 1 min), and re-suspended in rat neuron feeding media [475 mL Neurobasal-A 
(Thermofisher, #10888022), 5 mL 100x Glutamax (Thermofisher, #35050061), 5 mL 5,000 
IU Penicillin/ 5,000 µg/mL Streptomycin (Corning, #30-001-CI), 10 mL 50x B27 supplement 
(Thermofisher, #17504044), 5 mL 100x N2 supplement (Thermofisher, #17502048), 1 μg/mL 
Laminin (Thermofisher, #23017015), 10 ng/mL BDNF (R&D systems, #248-BD), 10 ng/mL 
GDNF (R&D systems, #212-GD)]. Neurons were plated at a density of 25k/cm2. For glass 
bottomed dishes, 70 μL of cell suspension was added to the recessed region dropwise. The 
following day, the media volume in each dish was increased to 1.5 mL with rat neuron 
feeding media. Cells were transduced on DIV6 with lentiviral vectors encoding optogenetic 
constructs. For dual view Ca/V measurements, 2 μL of hSyn-CheRiff- EBFP2, 10 μL of 
CaMKII-jRGECO1a, and 10 μL of CaMKII-QuasAr2-darkCitrine were used. For excitability 
measurements without the calcium sensor, we used the voltage sensor construct hSyn-
QuasAr-Citrine for easy readout of expression levels and trafficking during culture. The virus 
mixture was diluted with rat neuron feeding media to a final volume of 70 μL/dish and added 
carefully to the recessed region of the dish after aspirating existing media. The virus was 
removed after 16 hours and the dish volume was returned to 1.5 mL feeding media. 40,000 rat 
cortical glia were added on DIV8 to each dish, which increased neuron viability, increased 
neurite outgrowth, and reduced cell clumping. 70 μL of glial suspension was added carefully 
to the recessed region of the dish after aspirating existing media, and the media volume was 
increased to 1.5 mL the following day. 48 hours before imaging, cell media was exchanged 
and supplemented with 100 nM retinal, an essential cofactor for rhodopsins, including 
CheRiff and QuasAr. Dishes were imaged on DIV13-15. 

Rat cortical glial culture 

Rat cortex tissues are obtained from Brain Bits (#PRcx Rat) and dissociated as per the manual 
provided with the tissue. The tissue is digested in Papain enzyme (Brain Bits, #PAP/HE), 
titurated, and plated in Glia media [500 mL NbAstro media (Brain Bits, #NbASTRO), 5 mL 
5,000 IU Penicillin/ 5,000 µg/mL Streptomycin (Corning, #30-001-CI)] in T25 PDL coated 
flasks (VWR, #12777-090). They are cultured for 2 weeks, transitioning from the initial 
sparse plating to a confluent monolayer, with 90% media exchange every 4 days. After 2 
weeks, the glial cells are trypsinized (VWR, #45000-660), aliquoted, frozen in freezing media 
[20% DMSO (Sigma Aldrich, # D2650-100ML) and 80% FBS (GE Healthcare, 
#SH30070.03HI)] and stored in liquid nitrogen for future use. 

Lentivirus production 

To prepare lentivirus with consistently high-quality batches, we expanded HEK293T cells 
(ATCC, #CRL-3216), and produce a large stock of cryovials (2.5M cells/vial in 40% DMEM, 
10% DMSO, and 50% FBS). For each round of virus production, HEK cells were thawed and 
expand into 15 cm plates, passaging at 80-90% confluence. All culture was performed in 
DMEM10 [440 mL high-glucose DMEM (Life Technologies, #11995-073), 5 mL 100x 
Glutamax (Thermofisher, # 35050061), 50 mL fetal bovine serum (HyClone, 
#SH30071.02HI), and 5 mL 100x non-essential amino acids (Life Technologies, # 11140-
050)]. Once cells reached 70-80% confluence they were transfected with second generation 
lentiviral plasmids. 20 μg of the plasmid containing the fluorescent construct, 25 μg of the 
mixed packaging and envelope plasmids PSPax2/pMD2.G (Cellecta, #CPCP-K2A), 500 μL 
of Opti-MEM reduced serum media (Thermofisher, #31985-070), and 180 μL of 1 mg/mL 
PEI transfection reagent (Polysciences, #24765-2) were mixed and incubated for 10 min. The 
solution was added to 25 mL DMEM10 and added to the 15 cm plate after aspiration of the 
old media. The virus-laden media was harvested 48-60 hours after transfection and 
centrifuged at 1500g for 5 min to pellet out any cell debris. The viral supernatant was sterile 
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filtered using a 0.45 µm steriflip, and then concentrated 10x following the Lenti-X 
concentrator protocol (Clontech, #PT4421-2). The lentivirus was then aliquoted and stored at 
−80°C. The lentiviral stocks are qualitatively titered with Lenti-X GoStix from Clontech and 
quantitatively by qRT-PCR protocols. Viral genome titers of 109 to 1010 copies/mL are 
achieved routinely with functional titers ~50 times lower at ~108 IFU/mL. 

iPSC-derived cardiomyocyte cell culture 

Human induced pluripotent stem cell derived iCell cardiomyocytes were purchased from 
Cellular Dynamics (CDI no. CMC-100-110-001) and cultured following manufacturer 
recommendations. 35 mm MatTek dishes with 10 mm glass bottoms (MatTek no. P35G-1.5-
10-C) were coated with 150 μL of 0.1% w/v gelatin and incubated at 37°C for one hour. The 
dishes were kept at room temperature for at least one hour prior to use. After thawing, cells 
were resuspended in plating medium (CDI no. CMM-100-110-001) and seeded at a density of 
1.27 x 105 cells/cm2, calculated using the lot-specific plating efficiency. 72 μL of cell 
suspension was added to the central recessed region of the glass-bottomed dish dropwise. 
After 16-24 hours, 1.5 mL of plating medium was added to each dish. 48 hours post-plating, 
the dish was gently agitated to dislodge non-adherent cells, and the plating media was 
replaced with 1.5 mL of maintenance medium (CDI no. CMM-100-120-001). Media was 
exchanged every 2-3 days. On DIV 7, the cardiomyocytes were transduced with Optopatch 
vectors: 4μL of CMV-CheRiff-GFP (viral titer: 9 x 108 genome copies/mL), 4 μL of CMV-
jRGECO1a (4 x 109 genome copies/mL), and 8 μL of CMV-QuasAr2-dark-mOrange2 (3 x 
109 copies/mL). The three lentiviruses were combined and diluted with maintenance medium 
for a final volume of 70 μL/dish and added to the recessed region of the dish following 
complete dish aspiration. The virus was removed after 16 hours and the cells fed with 1.5 mL 
of fresh maintenance medium. 48 hours before imaging, the cell medium was supplemented 
with 100 nM retinal, a required co-factor for Optopatch rhodopsins. Cardiomyocytes were 
imaged on DIV14. 

Neuronal imaging 

Neurons were imaged in a buffer with minimal autofluorescence containing salts and sugars 
in identical concentration to the BrainPhys culture medium [24]. The formulation was (in 
mM): 121 NaCl, 4.2 KCl, 1.1 CaCl2, 1 MgSO4, 26.5 sodium gluconate, 0.5 Na2HPO4, 0.45 
NaH2PO4, 10 HEPES, 2.5 glucose, 0.5 sodium pyruvate. Buffer was exchanged 15 minutes 
before imaging to allow equilibration, and imaging was performed at room temperature. For 
non-synaptic measurements, synaptic blockers were added to uncouple the cells and to obtain 
cell-autonomous excitability: 25 μM D-AP5 (Tocris, #0106; blocks NMDA channel), 10 μM 
NBQX (Tocris, #0373; blocks AMPA channel), 20 μM gabazine (Alomone Labs, #G-216; 
blocks GABA channel). Typical light illumination intensities were: 300 W/cm2 at 638 nm for 
QuasAr excitation, 80 mW/cm2 at 560 nm for jRGECO1a excitation, and 0 – 100 mW/cm2 at 
488 nm for CheRiff stimulation. 

Cardiomyocyte imaging 

Cardiomyocytes were imaged in a buffer with minimal autofluorescence containing salts and 
sugars in concentration matched to the CDI culture medium. The formulation was (in mM): 
129 NaCl, 5.3 KCl, 1.8 CaCl2, 0.8 MgSO4, 0.9 NaH2PO4, 25 HEPES, 10 D-( + )-Galactose, 1 
sodium pyruvate. Buffer was exchanged 15 minutes before imaging to allow equilibration, 
and imaging was performed at 37°C. Typical light illumination intensities were: 5 W/cm2 at 
638 nm for QuasAr excitation, 25 mW/cm2 at 560 nm for jRGECO1a excitation, 25 mW/cm2 
at 488 nm for pacing with CheRiff, and 1 mW/cm2 at 530nm for brightfield imaging. 
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Optopatch recordings of synaptic signaling 

As a first demonstration of microscope performance and SNR, we probe synaptic signaling 
using targeted stimulation with the DMD. Figure 3(A) shows QuasAr fluorescence image of 
excitatory cells E1 and E2 connected in a microcircuit with inhibitory cell I. Visualization 1, 
Visualization 2, and Visualization 3 are the corresponding movies. Recordings were made in 
imaging media without synaptic blockers. To probe microcircuit connections, we stimulated 
each individual neuron with the digital micromirror device (DMD) and observed the voltage 
responses of all 3 cells, as shown in the three panels of Fig. 3(B). In the left panel, cell E1 is 
stimulated, which in turn triggers cell I, which inhibits all three neurons. The potentials of all 
three neurons drop well below baseline after each action potential, and the duration of the 
voltage drop is longer than would be expected for an action potential afterhyperpolarization, 
suggesting inhibitory synaptic drive. Neuron I appears to form an autapse and inhibits itself. 
In the middle panel, cell E2 is stimulated, which triggers cell I, which again inhibits all three 
neurons. In the right panel, cell I is stimulated to fire 2 action potentials that lead directly to 
inhibition. Figure 3(C) summarizes the microcircuit connectivity based on the observations. 
Figure 3(D)-3(H) are selected frames (corresponding to black arrows in middle panel of Fig. 
3(B)) from Visualization 2. The stimulated neuron E2 first fires an action potential (Fig. 
3(E)), which triggers an action potential in neuron I (Fig. 3(F)), which inhibits all three 
neurons (Fig. 3(H)). 

Fig. 3. Synaptic microcircuit. Neurons were collected from an E18 rat hippocampus and 
cultured for 14 days. (A) QuasAr fluorescence image of excitatory cells E1 and E2 connected 
in a microcircuit with inhibitory cell I. (B) The digital micromirror device (DMD) is used to 
stimulate single cell individually, indicated by the blue rectangle, while recording from the 
other 2. The left of each panel shows inferred connectivity for excitatory (red) and inhibitory 
(green) synaptic coupling. (C) A diagram of microcircuit connectivity determined from the 
functional recordings in B. (D) – (H) Frames from the video where E2 is stimulated (blue 
square), at times indicated by black arrows in B. (D) Before cell E2 fires. (E) The stimulated 
cell E2 fires, which triggers (F) cell I to fire. (G) & (H) Cell I induces inhibitory post synaptic 
potentials in cells E1 and E2. 

Simultaneous optogenetic stimulation and voltage and calcium imaging 

Characterization of optical crosstalk 

Optical crosstalk must be carefully characterized when using optogenetic tools in concert 
because action spectra of actuators and the absorption and fluorescence spectra of sensors are 
broad and partially overlapped. There are 6 types of potential crosstalk: each engineered 
protein can interact with either of the other two. Crosstalk between CheRiff and QuasAr is 
small, and carefully quantified in the original Optopatch publication [11], so we will not 
discuss further here. A third crosstalk, QuasAr fluorescence in the jRGECO1a channel, is 
undetectable in our system. When excited by intense 638 nm laser light, QuasAr fluorescence, 
which must be lower in energy than the excitation light, is fully blocked by the jRGECO1a 
emission filter. QuasAr leakage in the jRGECO1a channel from excitation with the 560 nm 
laser is also negligible because of poor spectral overlap with the jRGECO1a emission filter 
and because QuasAr is much dimmer than jRGECO1a. 
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The three remaining types of crosstalk are non-negligible. Overlap of jRGECO1a 
fluorescence with the QuasAr channel is shown in Fig. 1(F). The jRGECO1a emission filter 
(Semrock, FF01-600/37) captures 48% of jRGECO1a’s emission spectrum while the QuasAr 
filter collects 12% of this emission spectrum (Semrock, FF02-736/128). To address this 
spectral leakage, we subtract 0.25x the jRGECO1a signal from the QuasAr signal. QuasAr 
raw counts are typically ~10x higher than jRGECO1a raw counts because we drive the 
QuasAr with intense 638 nm illumination to capture fast voltage dynamics, so even without 
subtraction the effect is generally small. 

The most difficult of the 6 types of crosstalk is the known change in basal jRGECO1a 
fluorescence induced by blue light [15]. Quasi-instantaneous changes in jRGECO1a 
fluorescence from direct jRGECO1a excitation by the blue light are small relative to 560 nm-
excited fluorescence and can be corrected because they directly follow the blue light intensity. 
However, long-lasting changes in jRGECO1a fluorescence levels, presumably caused a 
change in the quantum mechanical state, are comparable in magnitude to fluorescent changes 
from real calcium dynamics (Fig. 4(A)), particularly at high blue stimulus intensities. It is 
difficult to separate this optical cross-talk from calcium signaling, as they occur on similar 
timescales. During experiment design, care must be taken to avoid this confound. Strategies 
we have used include 1) Keeping the blue stimulus intensity low (e.g. Figure 4(A), first blue 
step). 2) Looking for drug-induced changes in behavior. Although crosstalk is present, any 
observed changes in jRGECO1a fluorescence will result from drug-induced changes in 
calcium levels (e.g. Figure 5(I)). 3) Spatially separating optogenetic stimulation and 
fluorescence recording. Spatial separation is possible because a remote, optogenetically 
triggered electrical signal can propagate through the electrically connected cardiomyocyte 
syncytium (e.g. Figure 6) or along neuronal axons and induce a response in the detection 
region. 

 

Fig. 4. Optical Crosstalk. (A) The average fluorescence from 19 FOV’s of jRGECO1a-
expressing neurons with (gold) and without (gray) CheRiff expression. Blue light 
photoconverts jRGECO1a into a brighter fluorescent state as shown in the blue stimulated 
portions of the gray trace. 560nm laser intensity: 80 mW/cm2. 488nm illumination intensities: 
10 – 100 mW/cm2. At higher blue stimulation intensities, the optical crosstalk can exceed the 
true calcium signal, where the true calcium signal is calculated by the difference between the 
yellow trace and the gray trace. Direct blue-light induced fluorescence, captured with the 
560nm laser off, is negligible. (B) 560 nm laser-induced stimulation of the CheRiff. The 
average firing rate from at least 780 neurons/condition is shown before any intervention (gray) 
and after illuminating the cells with different intensities of yellow light in response to a slow 
ramped blue stimulus. The highest 560 nm intensity of 406 mW/cm2 is the largest we use in 
any experiment. There may be a slight change in the blue light intensity to induce the first 
action potential at the stronger yellow illumination intensities, but it does not rise to statistical 
significance and typically one can ignore this effect. 

Finally, we examined the possibility that the 560 nm laser light used to excite jRGECO1a 
could directly stimulate CheRiff through the long-wavelength tail of the action spectrum. The 
CheRiff photocurrent is at least 20x smaller at 560 nm than at its spectral peak at 470 nm 
[11], but blue stimuli can drastically perturb neuronal behaviors significantly lower than 
typical 560 nm imaging intensities. To probe whether the yellow light stimulates CheRiff and 
perturbs neuronal behavior, we examined the neuronal firing rate during ramped blue 
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stimulus while cells were bathed in different intensities of 560 nm light (Fig. 4(B)). Cells 
were transduced with QuasAr and CheRiff only, and the average neuronal firing rate was 
calculated as shown in Fig. 4(B). Cells were illuminated with sequentially increasing 
intensities of 560 nm laser light. There may be a small shift in behavior at 128 and 406 
mW/cm2, but the effect is small, indicating at most a modest stimulation of CheRiff by the 
jRGECO1a excitation light. For experiments below, yellow laser intensities were kept low to 
minimize perturbation: 80 mW/cm2 in neurons and 25 mW/cm2 in cardiomyocytes. 

Simultaneous voltage and calcium imaging in neurons 

Visualization 4 and Fig. 5 show synchronized voltage and calcium recording during 
optogenetic stimulation to probe neuronal excitability and calcium signaling. Rat 
hippocampal neurons were imaged after 14 days in culture. They were lentivirally transduced 
at day 7 with CheRiff, jRGECO1a, and QuasAr; expression of all three constructs was driven 
by the neuron-specific human synapsin promoter (see methods). As in Fig. 2(E), QuasAr and 
jRGECO1a fluorescence were imaged side by side onto Fig. 1(B)’s bottom camera (Fig. 5(A) 
and 5(B)). Image registration (Fig. 5(C)) was performed using an affine transformation; one 
transformation matrix was applied to the whole data set. The transformation was determined 
by manual control point selection. 

To analyze the movies, the voltage image was first segmented into smaller spatial regions 
with a watershed algorithm, and then pixel weight maps and voltage time-traces were 
extracted from each region using principal component analysis/independent component 
analysis (PCA/ICA) [23]. This produces a pixel weight mask (e.g. colored blobs in Fig. 5(D)) 
and a voltage time trace (e.g. red traces in Fig. 5(E)) for each cell. Calcium time traces for 
each cell (e.g. orange traces in Fig. 5(E)) were calculated by multiplying each frame in the 
movie by the (affine transformed) pixel weight mask and averaging over space. Passing a 
single movie through these analytical steps generates Figs. 5(D) and 5(E), where 5 electrically 
active cells are detected within the FOV. In Fig. 5(E), each voltage spike (red) is 
synchronized to a blip in calcium signal (orange). Individual cytosolic calcium transients can 
be observed for lone action potentials, but faster spike trains result in larger calcium 
deflections where the contributions from individual action potentials are difficult to identify. 
Figure 5(F) displays the spike raster for data from ~250 neurons – each row corresponds to 
one cell and each point represents one action potential. Figure 5(G) shows the calcium 
“raster” with each row representing a single cell with yellow high calcium and blue low 
calcium. Action potentials are mostly confined to stimulus epochs, while the jRGECO1a 
signal extends long after firing has ceased. 

Figures 5(H) and 5(I) show the average rate of action potentials and the average calcium 
signal, respectively. In response to a 500 ms step stimulus, vehicle control neurons (blue) 
initially fire rapidly and then the firing rate slows as neurons adapt. The corresponding 
average calcium trace shows matched, but slower dynamics. 

The 3 colors correspond to different drug treatments: vehicle control (blue), potassium 
channel blocker 4-aminopyradine (4-AP, 30 μM, green), and calcium channel blocker 
isradipine (10 μM, purple). 4-AP is low potency (high μM), non-selective blocker of voltage 
gated potassium channels. These Kv channels are responsible for the fast downstroke after an 
action potential, returning the neuron voltage to baseline [25]. Here, 4-AP increases both the 
amplitude and width of recorded action potentials (Fig. 5(J)-5(K)). As a result, although 4-AP 
reduces the spike rate (Fig. 5(H)), the calcium signal is increased (Fig. 5(I)), presumably 
because of increased calcium influx during each action potential. Isradipine is a potent (low 
nM) and selective blocker of L-type (Cav1.x) voltage-gated calcium channels, which in 
neurons is responsible for much of the calcium influx during an action potential [26]. 
Isradipine reduced the spike rate (Fig. 5(H)), reduced the calcium influx (Fig. 5(I)), shrank the 
AP area, and reduced spike afterhyperpolarization (Fig. 5(K)), presumably due to an indirect 
effect on calcium-activated potassium channels. 

Vol. 10, No. 2 | 1 Feb 2019 | BIOMEDICAL OPTICS EXPRESS 799 

https://doi.org/10.6084/m9.figshare.7374086


 

Fig. 5. Simultaneous voltage and calcium imaging in neurons. (A) QuasAr fluorescence from 
an example field of view. (B) jRGECO1a fluorescence from the same field, imaged on the 
other half of the camera. (C) A color overlay after image registration. (D) The pixel weights 
used to calculate the time traces for 5 neurons in this FOV. (E) Synchronized voltage and 
calcium recordings from the cells labeled in D. The blue light stimulus of CheRiff is shown 
below. (F) A raster plot from 47 FOVs in 3 dishes with no pharmacological modulation. Each 
row in 1 cell and each point is one action potential. (G) The calcium traces from the same cells. 
(H) The average spike rate for all cells treated with 30 μM 4-AP (green), 10 μM isradipine 
(purple), or vehicle control (blue). (I) The corresponding average calcium time traces. The 
voltage action potential waveform averaged over all spikes during (J) spontaneous recording 
and (K) all epochs excluding the comb. (L) – (N) For each cell, the integrated calcium signal is 
plotted against the total number of spikes. Although the change is not statistically significant, 
the changes in slope suggest that the calcium flux per action potential may change. (O) The 
number of spiking neurons per FOV, demonstrating throughput. 
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We then examined whether we could detect changes in the calcium influx per spike, an 
important parameter in calcium-mediated intracellular signaling that cannot be detected from 
either voltage or calcium imaging alone. Figures 5(L)-5(N) show the number action potentials 
vs integrated jRGECO1a signal for each neuron (both signals exclude the final 10 pulse 
stimulus epoch). The integrated calcium signal is normalized to the average non-spiking 
vehicle control cell. Each scatter of points is fit with a line, the slope of which is a measure of 
calcium influx per action potential. 4-AP has a slope greater than vehicle, suggesting 
increased calcium flux/AP, while isradipine has a slope less than vehicle, suggesting 
decreased calcium flux/AP. The trends align with expectations for an action potential widener 
and calcium blocker, suggesting that simultaneous voltage and calcium imaging gives access 
to new physiological information. 

Simultaneous voltage, calcium, and contraction recordings in cardiomyocytes 

As a final application, we examined human induced pluripotent stem cell-derived 
cardiomyocytes (hiPSC-CMs). In addition to voltage and calcium, we tracked motion (green 
path in Fig. 1(B)), a third critical readout to assay excitation contraction coupling and 
cardiomyocyte function. Having all three readout modalities gives critical information for 
evaluating efficacy of cardioprotective drug candidates and toxicity of any candidate 
therapeutic. 

To track motion, we positioned a green LED over the sample and recorded a phase image 
in the transmitted light. Contrast was created by slightly defocusing the camera. The green 
much weaker than fluorescence excitation light, so it did not appreciably stimulate CheRiff or 
excite the fluorescent sensors. To calculate the motion trace from the phase movie, we first 
average all phase images when the calcium recording is at baseline to calculate the at-rest, 
uncontracted image. Next, each frame in the phase movie was normalized by this image to get 
the fractional change in light intensity for each pixel. Finally, the root-mean-square (RMS) 
deviation of the fractional change was calculated for each frame, yielding a measure of 
average displacement from the resting position across the FOV (Fig. 6). 

Cardiomyocytes were cultured for 14 days and transduced with lentivirus with CheRiff, 
jRGECO1a, and QuasAr (see methods). Cells were paced with 3 x 3 mm extended blue light 
illumination to the left of the FOV. From one FOV, we simultaneously captured voltage (Fig. 
6(A)) and calcium (Fig. 6(B)) fluorescence images and a phase image (Fig. 6(C)) 
(Visualization 5). The action potential propagated from the stimulus region through the 
electrotonically coupled cardiomyocyte syncytium into and across the record region. The 
voltage propagation is visible as temporal lag from different spatial locations in the FOV (Fig. 
6(D)). Figure 6(E) shows the voltage (red), calcium (orange), and motion (green) responses of 
the cardiomyocytes during optogenetic stimulation with a 1 Hz train of 6 ms wide blue pulses. 
The expected sequence of signals, voltage followed by calcium followed by contraction, was 
observed. 
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Fig. 6. Tri-functional recordings in human iPS-derived cardiomyocytes. (A) Voltage and (B) 
calcium fluorescent recordings were captured on one camera, and (C) motion was captured on 
a second, synchronized camera. The optogenetic stimulus was delivered from above with a 470 
nm LED offset to stimulate left of the FOV (not shown in Fig. 1(B)). The action potential 
propagated from left to right with a velocity of ~20 μm/ms. (D) Multiple beats from the 
regions in A are aligned in time to the optogenetic stimulus. The good overlap shows the 
highly reproducible conduction velocity. (E) Simultaneous voltage, calcium, and motion 
recordings. Motion was calculated as the root-mean-square deviation from the average baseline 
image. As an action potential enters the FOV, the voltage deflection precedes the calcium 
transient, which precedes motion, as expected. (Fi - Fxii) Pharmacology in the tri-view system. 
Each FOV was measured three times: before drug application (blue), 1 min after drug 
application (purple), and 10 min. after drug application (magenta). Columns show functional 
readouts and rows correspond to different drugs. After application of a vehicle control (0.1% 
DMSO), voltage and calcium changed minimally upon re-imaging while motion showed an 
unusual, temporary change. Calcium channel blocker nifedipine (0.1 μM) drastically changed 
AP and CT shapes after 1 min treatment and eliminated firing part way through the recording. 
Motion was stopped before electrical activity ceased. β-adrenergic receptor agonist 
isoproterenol (0.1 μM) increased conduction velocity and contraction strength after 10 min. It 
also increased spontaneous beat rate (data not shown). para-Nitroblebbistatin (20 μM), a 
photostable myosin II inhibitor [30], had relatively small effects on AP’s and CT’s but 
drastically reduced, and then eliminated, contraction. 
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To demonstrate the value of this three-modality recording, we tested cardiomyocyte 
response to vehicle control, calcium channel blocker nifedipine, β-adrenergic agonist 
isoproterenol, and myosin II blocker para-Nitroblebbistatin during 1 Hz optogenetic pacing 
(Fig. 6(F), panels i – xii). Recordings were made before compound addition, 1 minute after 
addition, and 10 minutes after addition. In our vehicle control, DMSO, there is little to no 
change in voltage (i) and calcium (ii) activity, although there was an unexplained change in 
motion that we occasionally observe in these iPSC-CM systems. (iii) Nifedipine, which 
blocks the L-type calcium current responsible for the sustained cardiac action potential [27], 
induced large changes in AP (iv) and calcium transient shape (v) by 1 min; part-way through 
the recording, beating terminated (vi) Contraction stopped before voltage and calcium 
transients ceased completely, presumably because the calcium transient is too small to trigger 
calcium-induced-calcium release through ryanodine channels in the sarcoplasmic reticulum 
[28]. The non-selective β-adrenergic agonist isoproterenol, which in vivo triggers fight-or-
flight signaling to make the heart beat faster (positive chronotropic) and harder (positive 
inotropic) [29], had dramatic effects in vitro. Although un-paced cardiomyocytes beat faster 
in response to isoproterenol, here cells were locked to the optogenetic pacing rate of 1 Hz. 
The conduction velocity was increased by 10 min (vii), and contraction strength increased, as 
reported by cell displacement (ix) Para-Nitroblebbistatin, a photostable and non-cytotoxic 
version of the traditional myosin II inhibitor Blebbistatin [30], should block calcium-induced 
contraction downstream of voltage and calcium signaling. We saw a dramatic reduction in 
contraction strength by 1 min (xii) with minimal effect on voltage (x) and calcium (xi), and a 
complete lack of coordinated contraction by 10 min (xii). The diverse functional responses 
highlight the value of tri-functional readout and optogenetic pacing for understanding 
compound effects. 

Discussion 

Because of its versatility and unique capabilities, the Firefly-HR microscope could be of 
interest to a variety of labs. It is designed to be a replicable system for the biological research 
community. Except for the customized fused silica prism, and its corresponding holder (Fig. 
1(D)-(E)), all other components are commercially available. The microscope can be built 
fully equipped for a little over $100k. It is compatible with a variety of coverslip-bottomed 
dishes, although fused silica and cyclic olefin copolymer coverslips offer the lowest 
background for demanding voltage-sensing applications. 

Prior to the Firefly-HR platform, simultaneous voltage and calcium neural recordings 
during stimulation generally had to be implemented with manual patch clamp paired with a 
calcium-sensing protein or dye. Recording of synaptically mediated electrical signaling 
between neurons had to be implemented with a dual patch-clamp system. Although patch-
clamp data has superb SNR, temporal resolution, and control over the cells electrical state, the 
throughput is very low, typically no more than a couple cells per hour for a skilled operator. 
Attempts have been made to automate the patch-clamp process to achieve throughputs of 10’s 
of cells an hour [31], but simultaneous calcium recording is challenging, no more than 1 cell 
can be recorded at a time, and extensive human intervention is require to swap out patch 
pipettes. All-optical tools, in contrast, lend themselves to high-throughput recordings. The 
large FOV enables us to routinely record from ~13 neurons at once (Fig. 5(O)). When paired 
with a motorized xy stage and motorized focus control paired with a standard autofocus 
algorithm, we can record from 2 FOV’s/min, for a throughput exceeding 1000 cells/hour. We 
have used 8-well plates (Ibidi, µ-Slide) with the microscope to speed pharmacology 
measurements, and plan to make the microscope compatible with 96-well plates for high-
throughput applications. 

In the past, other researchers have demonstrated simultaneous voltage and calcium optical 
recordings, but they did not have the versatility of the current system. Work using dyes 
enabled promising voltage and calcium optical readouts, but the blue-shifted dyes Fura Ca2+ 
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and JWP1114 [32] are spectrally incompatibility with channelrhodopsin stimulation. Other 
work imaged voltage and calcium using engineered proteins using an Arch-based near-
infrared voltage sensor, from the same family as QuasAr used in this study, and the GFP-
based calcium sensor GCaMP6F [33,34]. However, GCaMP6F is also spectrally incompatible 
with direct channelrhodopsin stimulation. We developed Firefly-HR to enable voltage 
recording, calcium recording, and optogenetic stimulation all at the same time. 

There are many applications that can benefit from the multi-modal readout of the Firefly-
HR platform. One example is in vitro disease modeling using either rodent or human iPS cell-
derived neurons or cardiomyocytes. It is becoming ever faster and easier to generate disease-
model iPS cell lines from patients or with genome editing [35], and applications in drug 
discovery and personalized medicine are multiplying. The richer the assay readout, the more 
likely one is to discover a robust, disease-relevant phenotype with these cellular tools, which 
plays to Firefly-HR’s strengths. Another application is for drug discovery centered around 
calcium channels, which have been implicated in numerous indications including chronic pain 
[36], familial hemiplegic migraine [37], schizophrenia [38], epilepsy [39], autism spectrum 
disorder [40], and cardiac arrhythmias [41]. Simultaneous recoding of voltage and calcium 
will give much deeper insight into a candidate therapeutic’s mechanism and performance. A 
final example is in cardiotoxicity measurements: cardiotox accounts for 7% of attrition during 
drug development [42,43], and simultaneous recordings of voltage, calcium, and motion in 
cardiomyocytes would be sensitive to a broad set of toxicity mechanisms. 

Finally, the biggest current complication with the platform is optical crosstalk, specifically 
blue-light induced changes in jRGECO1a baseline fluorescence levels which has similar 
temporal dynamics to calcium signals (Fig. 4(A)). Currently, care must be taken in designing 
experiments to avoid this confound. Fortunately, there is a strong motivation in the field to 
develop improved red calcium sensors as there is high demand for pairing calcium imaging 
with optogenetics or other GFP-based sensors. Hopefully this issue will soon be resolved. 
Although we have not yet tested it, K-GECO1 [16] looks very promising. 

Conclusion 

The Firefly-HR is a custom microscope optimized for simultaneously recording of calcium, 
voltage, and motion at frame rates up to 1 kHz during optogenetic stimulation. High SNR, a 
wide FOV, and patterned stimulation enable a variety of measurements, including neuronal 
excitability and calcium signaling, synaptic transmission and microcircuits, and 
cardiomyocyte tri-functional recordings. The versatility, rich functional readout, and 
throughput make it a powerful tool for basic science and drug discovery. 
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