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Abstract

Video-based screening of pooled libraries is a powerful approach for directed evolution of
biosensors because it allows selection along multiple dimensions simultaneously from large
libraries. Here we develop a screening platform, Photopick, which achieves precise phenotype-
activated photoselection over a large field of view (2.3 x 2.3 mm, containing > 103 cells, per
shot). We used the Photopick platform to evolve Archaerhodopsin (Arch)-derived genetically
encoded voltage indicators (GEVIs) with improved signal-to-noise ratio (QuasAr6a) and kinetics
(QuasAr6b). These GEVIs gave improved signals in cultured neurons and in live mouse brains.
By combining targeted inn vivo optogenetic stimulation with high-precision voltage imaging, we
characterized inhibitory synaptic coupling between individual cortical NDNF interneurons, and
excitatory electrical synapses between individual hippocampal PV neurons. The QuasAr6 GEVIs
are powerful tools for all-optical electrophysiology and the Photopick approach could be adapted
to evolve a broad range of biosensors.
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Introduction

Results

Genetically encoded biosensors can dramatically advance our understanding of in vivo
neural dynamics 13, but development of improved biosensors is often laborious 3.
Dynamic parameters, including signal-to-noise ratio (SNR), sensitivity, and kinetics, are
critical for sensor performance. Generally, there is a tradeoff between the throughput of

a screen and the richness of information obtained from each variant. In one limit, pooled
screens, such as fluorescence-activated cell sorting (FACS), can readily probe libraries

of size > 10°, but only assess static parameters and thus are ill-suited for developing
dynamic sensors. In the other limit, arrayed screens are compatible with information-rich,
video-based readout, but require cloning of individually isolated and sequenced variants.
Automated microscopy of pooled libraries, followed by optically targeted selection, has

recently emerged as a promising strategy for large-scale screens of complex phenotypes
6-11

Genetically encoded voltage indicators (GEVIs) can report membrane voltage in vivo
8,12-24 and there is substantial interest in improving their performance. A screen of

GEVIs must overcome several challenges. First, for transmembrane proteins such as GEVIs,
trafficking and protein function often differ substantially between bacteria and mammalian
cells 23, so it is preferable to screen in mammalian cells. Second, testing of GEVIs requires
inducing reliable membrane potential changes, a challenging task in most stable cell lines.
For these reasons, GEVIs are a challenging target for screening.

Here we present a video-based pooled screening platform that combines ultra-wide field
imaging and a phenotype-activated photoselection scheme (Photopick) in mammalian cells.
We used this platform to develop new Archaerhodopsin 3 (Arch)-derived GEVIs which
showed improved signal-to-noise ratio (QuasAr6a) and kinetics (QuasAr6b) in cultured
neurons and in live mouse brains.

A unique advantage of Arch-derived GEVIs is that they can be combined with blue-shifted
channelrhodopsins for simultaneous recording and perturbation of membrane potentials,
ie., all-optical electrophysiology, or Optopatch 2. With QuasAr6a-based Optopatch,

we demonstrated n vivo functional connectivity mapping between optically targeted
interneurons in neocortical layer 1. With QuasAr6b-based Optopatch, we demonstrated
optical detection of electrical synapses between PV neurons. The QuasAr6 GEVIs have also
recently been used to map dendritic voltages in acute brain slices 27. The Photopick pooled
screening platform is a powerful approach for high-dimensional optimization of biosensors,
and the improved Arch-derived GEVIs can be broadly useful for all-optical interrogation of
neural circuits.

Video-based screen and photoselection in mammalian cells

We developed a video-based pooled screening platform for directed evolution of biosensors
in mammalian cells. Fig. 1a shows the workflow. A phototaggable (photo-convertible,
activable, or switchable) fluorescent protein (FP) is co-expressed with the mutant library
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in the host cells. An ultra-widefield imaging system, modified from the Firefly microscope
described in 28, records the dynamic responses of >103 cells per 2.3 mm x 2.3 mm field

of view with millisecond time resolution. Cells with the desired phenotype are selectively
phototagged through patterned Illumination. We calibrated the micromirror-based optical
targeting system to achieve high fidelity and efficiency at cellular resolution (Fig. 1b—d,
Extended Data Fig. 1a, d, Supplementary Methods) and found mEOS4a??, a green-to-red
photoconvertible FP, showed high photoconversion efficiency (Extended Data Fig. 1b, ¢).
The phototagged cells are then sorted and recovered with fluorescence activated cell sorting
(FACS). The phototagged population is expanded to create a sub-library. The phototagged
FP degrades during culture expansion while fresh FP is synthesized, thus resetting the
fluorescent marker to its initial state. The screening, tagging, and selection process can

be iterated to further enrich for the desired phenotype. The shift of the prevalence of
candidate reporter genes is quantified with high-throughput (Illumina) sequencing. Our
approach is distinguished from earlier image-based screens®!! by the ultrawide field of
view, high-speed imaging, and integration with an engineered electrically excitable cell line.

Directed evolution of Arch-derived GEVIs

High-throughput GEVI screening requires a means to induce spikes in membrane potential
(see e.g. 19-30). We used spiking HEK cells that co-expressed a voltage-gated sodium
channel (Nay1.5) and an inward-rectifier potassium channel (K;;2.1). In contrast to previous
spiking HEK lines3!- 32 the K;;2.1 was under control of a doxycycline-inducible promoter to
prevent loss of expression upon multiple passages. We also stably expressed a blue-shifted
channelrhodopsin, CheRiff, to optogenetically evoke the spikes. The spiking HEK cells
produced collective action potential-like spikes when grown in a confluent monolayer

and optically stimulated (Methods). Whole-cell patch clamp (Fig. 2b and Extended Data
Fig. 2a) and voltage imaging with a red voltage-sensitive dye BeRST133 (Fig. 2c)

validated the all-or-none spikes in response to increasing levels of optogenetic stimulation.
Conveniently, endogenous gap junction proteins equalized changes of membrane potential
across connected cells3#. Spikes had a narrow distribution of BeRST1 fluorescence changes
(AFFy=0.25+0.02, mean + S.D., Extended Data Fig. 2¢). Thus, optogenetically triggered
and gap junction-coupled spiking HEK cells provided a substrate with uniform action
potentials.

As the starting template, we chose the GEVI Archonl 33, which has been well validated

in vivo'8: 2021 To test the baseline variability across cells expressing Archonl, we made

a monoclonal Archonl-Citrine spiking HEK cell line. Compared to BeRST1, the GEVI
showed substantially larger cell-to-cell variability in response to optogenetically induced
spikes (AF/ Fy=0.23 £ 0.10, mean = S.D., n= 20,900 cells, Extended Data Fig. 2d),
including outliers (the top 1% of cells had AF/ Fy > 0.54), likely due to variations in
trafficking. Due to the long positive tail in baseline single-cell sensitivity, we concluded that
a pooled screen should select for population-level enrichment in genotype frequency, rather
than picking individual high-performing cells. To implement an enrichment (as opposed

to outlier) screen requires many-fold coverage of the genetic diversity of the library,

and selecting enough cells so that shifts in genotype frequency reflect mean genotype
performance.

Nat Methods. Author manuscript; available in PMC 2024 January 01.
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Since the voltage-sensing mechanism of rhodopsin-derived GEVIs is not fully understood
36-38 3 structure-guided approach might miss functionally important mutations. Beneficial
mutations were previously found throughout the scaffold (Supplementary Figure 1) 2633,
For these reasons, we introduced random mutations throughout the opsin using error-prone
PCR (Fig. 2a, Extended Data Fig. 2e, Methods). The library included >103 variants (Fig. 2j),

though non-uniform mutation rates led to variable mutation frequency.

We developed a bicistronic vector to co-express single copies of GEVI mutants and mEos4a,
and introduced these into spiking HEK cells via low-titer lentiviral transduction (multiplicity
of infection ~ 0.01; Fig. 2a, Extended Data Fig. 3e, Methods). Expressing cells were
enriched by FACS and mixed with CheRiff-expressing spiking HEK cells lacking a GEVI
(“spacer” cells) at a ratio of ~1:10 (Fig. 2d). The spacer cells homogenized the membrane
potential via gap-junction coupling and created gaps between the library cells to facilitate
image segmentation and photoselection.

From each round of selection, 60,000 to 100,000 cells (30,000 - 50,000 cells per dish,

2 dishes per round) were scanned, corresponding to 40 - 100 copies/variant. For each

cell, we calculated baseline brightness, Fy, and fluorescence change, AF, induced by an
optogenetically triggered action potential (Fig. 2e). We used the quantity AF/+/F, as

a measure of the shot noise-limited signal-to-noise ratio (SNR). To select mutants that
were both sensitive and bright, we set thresholds at AF> 50t percentile and AF/+/F, >
75t percentile. Approximately 12.5% of cells were selected for photoconversion (Fig. 2f,
Extended Data Fig. 2f, g). We avoided over-stringent selection so that the outcome was not
dominated by outliers.

The cells were then dissociated and sorted based on their fluorescent markers. Three
populations were observed in FACS (Fig. 2g): spacer cells (green™, red”), unconverted
library cells (green*, red”), and photoconverted library cells (green*, red*). The converted
library cells were recovered and then expanded for more screening. After three rounds of
enrichment, we observed that the population had shifted towards higher F and higher AF
(Fig. 2h). We sequenced the opsin mutations and analyzed the fractional changes in single
nucleotide polymorphism (SNP) prevalence relative to the starting library (to control for
variations in initial mutation frequency; Fig. 2i,j). While the majority of SNPs were either
unaffected or depleted, some missense mutations were positively selected above the 2o
threshold determined from a stochastic stimulation (Methods).

Engineering of QuasAr6a and QuasAr6éb

The sequencing results (Fig. 21, j) provided a short list of candidate mutations. We first
created a panel of single missense mutants and screened them in HEK cells for total
expression and ratio of brightness of the GEVI to the attached fluorescent protein tag, as

a measure of per-molecule GEVI brightness (Extended Data Fig. 4¢, d). We prioritized
mutations that enhanced per-molecule brightness as we hypothesized that this photophysical
property is more likely to conserve between cell types, whereas trafficking or total
expression may be more context dependent.
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When we sought to combine these mutations, we found that combining two mutations that
were close in three-dimensional space often resulted in detrimental effects on trafficking.
Therefore, we combined distant mutations based on the Archaerhodopsin 3 structure
(PDB 6GUY) and tested different combinations of mutations that enhanced per-molecule
brightness (W42G, V124G, R2371, A238S) and expression level in HEK cells (M85,
F98L, W148C). To our knowledge, most of these sites have not been previously explored
in Arch-based GEVIs (Extended Data Fig. 3b). We arrived at two new GEVIs (Fig.

3a, Supplementary Figure 2): QuasAr6a (Archonl + W42G/M85I/F98L/V124G/W148C/
A238S) and QuasAr6b (Archonl + W42G/M85I/FI8L/V124G/W148C/R2371). These two
constructs differed in A238S vs. R2371. We found that R2371 improved activation and
deactivation kinetics.

The original Archonl construct consists of the opsin, a trafficking sequence (TS), followed
by an EGFP tag and an endoplasmic reticulum export signal (ER2) (TS-EGFP-ER2). We
previously found that a combination of Citrine and multiple repeats of trafficking sequence
(TS-Citrine-TSx3-ER2) improved the voltage imaging SNRs in cultured neurons 1©. Thus,
for subsequent characterization in cultured cells, the QuasAr6a and QuasAr6b opsins carried
this optimized Citrine tag.

Characterization of QuasAr6a and QuasAr6b in HEK293T cells

We performed biophysical characterization of QuasAr6a-Citrine and QuasAr6b-Citrine
expressed in HEK293T cells (Extended Data Fig. 4). Both showed excellent membrane
localization (Extended Data Fig. 4a). Compared with the template Archonl, QuasAr6a
exhibited enhanced per molecule brightness (1.7-fold, Extended Data Fig. 4b), similar
voltage sensitivity (73 + 8% over 100 mV for QuasAr6a, n= 5 cells; 70 + 13% over

100 mV for Archonl, n= 4 cells; mean &+ S.D., Extended Data Fig. 4c¢) and similar kinetics
at 30 °C (QuasAr6a: t(on, fast) = 1.8 0.5 ms, Toff, fasty = 1.3 £ 0.5 ms; n=7 cells;
Archonl: 7oy fasty = 2.2 £ 0.3 ms, T(off, fast) = 1.6 = 0.3 ms, n= 6 cells; Extended Data Fig.
4d,e). QuasAr6b showed enhanced per molecule brightness (2.0-fold) and smaller fractional
voltage sensitivity (24 + 4% over 100 mV, n= 4 cells; mean + S.D., Extended Data Fig.
4c), but faster on and off-kinetics at 30 °C (o, fast) = 0.8 = 0.2 ms, T(off, fast) = 0.8 +

0.3 ms; n= 7 cells Extended Data Fig. 4d,e). Both QuasAr6a and QuasAr6b showed linear
fluorescence-voltage (F-V) relations from —70 mV to 30 mV (Extended Data Fig. 4c) and
excellent photostability (Extended Data Fig. 6f). We also found negligible photocurrent
under blue or red illumination for QuasAr6a or QuasAr6b (Extended Data Fig. 4g,h).

Characterization of QuasAr6a and QuasAr6b in neurons

In cultured rat hippocampal neurons, both QuasAr6a and QuasAr6b showed efficient
membrane localization (Fig. 3b). QuasAr6a and QuasAr6b showed a fractional voltage
sensitivity of 43 + 4% and 27 + 3% (mean + S.D), respectively, from =70 mV to +20 mV
(Fig. 3c). To obtain robust statistics on the sensor performance, we used a high-throughput
all-optical electrophysiology platform that could perform voltage imaging of > 100 cultured
neurons in parallel at a 1 kHz frame rate 3°. We compared four Arch-derived GEVIs:
Archonl-Citrine, QuasAr6a-Citrine, QuasAr6b-Citrine, and Archon1-EGFP that carried a
TS-EGFP-ER?2 tag as described in the original report 33. Each of these GEVIs was paired
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with CheRiff via a bicistronic lentiviral expression vector to enable Optopatch measurement
of neuronal excitability (Fig. 3d, e). We tested each construct at 6 viral titers, 4 replicate
wells for each condition. At the highest titer we measured between 405 and 843 cells for
each construct, for a total of 2427 single-cell voltage imaging recordings.

Neurons were automatically segmented using an activity-based segmentation 4°. Cells were
kept if the single-trial, single-spike SNR (spike height:standard deviation of baseline noise)
exceeded 3 (Methods). Since neurons in all wells were plated at the same density, the
number of recorded cells per field of view (FOV) was an indicator of sensor performance
(Fig. 3f). Across the titers, QuasAr6a consistently gave 2.1 to 4-fold more neurons with
SNR above threshold per FOV (average 70 neurons per FOV at highest titer, 7= 12 FOVs)
compared to Archonl-EGFP (average 34 neurons per FOV at highest titer), and at least
1.5-fold more above-threshold neurons per FOV compared to Archonl-Citrine (average 49
neurons per FOV at highest titer). QuasAr6b also outperformed Archonl-EGFP by 1.5 -
2.2-fold (average 50 neurons per FOV at highest titer) and yielded comparable numbers of
above-threshold neurons per FOV as Archonl-Citrine.

Of the neurons above threshold, QuasAr6a and 6b both produced significantly higher
average SNR compared to either Archonl-Citrine or Archonl-EGFP (Fig. 3g, Extended
Data Fig. 5a). For Archonl, substituting the TS-EGFP-ER?2 tag with the TS-Citrine-TSx3-
ER2 tag improved voltage sensitivity by ~20% across the titers and hence gave higher

SNR (Fig. 3g, Extended Data Fig. 5c), likely due to improved trafficking (see ', Extended
Data Fig. 1). Within each GEVI type, expression level did not affect measured spike width
(Extended Data Fig. 5g—j), suggesting that GEVI expression did not affect basic biophysical
properties of the cells. The optical spike widths (full width at 80% below the action potential
peak) reported by both QuasAr6a (10.4 = 0.1 ms; mean + SEM, n= 843 neurons) and
QuasAr6b (9.5 + 0.1 ms, n= 596 neurons) were smaller than the spike widths reported by
Archonl-Citrine (11.9 + 0.1 ms, 7= 583 neurons) or Archonl-EGFP (11.4 + 0.1 ms, n=
583 neurons; Fig. 3h, Extended Data Fig. 5b). We attribute the spike broadening relative to
typical in vivo measurements to the fact that the cultured neuron data were acquired at room
temperature.

Despite having slightly lower sensitivity at the highest titer tested, at most titers the

voltage sensitivity of QuasAr6a-Citrine was comparable to that of Archonl1-Citrine and
outperformed Archonl-EGFP (Fig. 3i, Extended Data Fig. 5c). The voltage sensitivity

of QuasAr6b was lower than Archonl-Citrine or QuasAr6a-Citrine by 40~45% (Fig. 31,
Extended Data Fig. 5¢). Nonetheless, the superior brightness and 1.5-fold greater expression
of QuasAr6b compensated for its lower voltage sensitivity, to give a higher SNR. QuasAr6a
and QuasAr6b showed enhanced per-molecule brightness (Frch/Fexagg) compared with
Archonl (1.4-fold and 1.7-fold, respectively; Fig. 3j, Extended Data Fig. 5d).

We then tested QuasAr6a and QuasAr6b in acute mouse brain slices. To resolve individual
neurons, we designed soma-targeted versions of QuasAr6a and QuasAr6b by appending

a Ky2.1 trafficking motif to the C-terminus !¢ 18.41.42 For the soma-targeted Arch-
derived GEVIs, we have not systematically evaluated whether the choice of FP tag

makes a difference for their /n vivo performance. To stay consistent with the recent
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reports '8 20, the somQuasAr6a and somQuasAr6b constructs carried an EGFP tag as an
expression marker. For optogenetic activation in tissue, we used a soma-localized version
of CheRiff, somCheRiff 0. We made Cre-dependent AAV2/9 vectors for somQuasAr6a
and somQuasAr6b and the corresponding bicistronic Optopatch constructs. We sparsely
expressed the Optopatch constructs in mouse cortex and hippocampus. Confocal imaging
confirmed that somQuasAr6a/b and somCheRiff trafficked well in vivo and were largely
restricted to soma and proximal dendrites (Extended Data Fig. 6).

Patch clamp recordings of somQuasAr6a- or somQuasAr6b-expressing cortical neurons

in brain slices showed that these GEVIs did not detectably affect membrane electrical
properties or excitability (Extended Data Fig. 7). Concurrent fluorescence imaging and
current clamp recordings showed that somQuasAr6a and someQuasAr6b reported the
membrane potential with high fidelity (Fig. 3k—p). The spike-triggered average optical and
electrical spike waveforms showed high correlation when both were sampled at 1 kHz
(QuasAr6a: R =0.97 £ 0.02, n= 6 cells; QuasAr6b: R = 0.984 + 0.004, n= 7 cells;

Fig. 3i,p). The fluorescence correlated linearly with the subthreshold membrane potentials
(QuasAro6a: R = 0.94; QuasAr6b, R =0.92, Fig. 3m, p).

The fluorescence of several Arch-based GEVIs is modulated by blue light 8- 1¢, so we
assessed this effect in QuasAr6a and QuasAr6b (Extended Data Fig. 10). Under blue light
intensity used for optogenetic stimulation (488 nm, 60 mW/cm?), blue light modulation

of the fluorescence was < 3% (Extended Data Fig. 10a—f). Illumination with 6-fold

stronger blue light (370 mW/cm?) led to small fluorescence enhancement of QuasAr6a

and QuasAr6b (QuasAr6a: 7 + 2%, QuasAr6b: 12 + 2%, Extended Data Fig. 10g). Overall,
QuasAr6a and QuasAr6b can be combined with optogenetic stimulation with negligible
crosstalk under most circumstances. For strong stimuli time-locked to a subthreshold voltage
response, corrections for crosstalk may be necessary.

Validation of QuasAr6a and QuasAr6b in vivo

Next, we compared the in vivo performance of the QuasAr6 GEVIs. For one-photon voltage
imaging in tissue, structured illumination partially overcomes the effects of background
autofluorescence and light scattering. We previously characterized different structured
illumination schemes in detail (see Fig. 5 of ®). To achieve the highest SNR, we used a
holographic structured illumination microscope that patterned the 635-nm light for voltage
imaging (Extended Data Fig. 8a,b) and the 488-nm light for targeted optogenetic stimulation
(see Figs. 1, S1, S2 of Ref. 29). Cells were recorded one at a time in head-fixed, anesthetized
mice (Fig. 4, Extended Data Fig. 8).

We first compared somQuasAr6a, somQuasAr6b and somArchonl in cortical neuron-
derived neurotrophic factor (NDNF) cells. In cortex, NDNF marks GABAergic
neurogliaform cells mostly restricted to the topmost 100 um of layer 1 (L1) 4343, We
expressed Optopatch constructs based on somQuasAr6a, somQuasAr6b, or somArchonl

in the visual cortex of NDNF-Cre"~ mice (Fig. 4a—¢). . Optopatch constructs gave single-
spike SNR values of: somQuasAr6a: 13.5 = 4.0 (mean + S.D., n = 32 cells, 2 animals),
somQuasAr6b: 8.3 £2.3 (mean £ S.D., n =29 cells, 2 animals) and somArchonl: 9.3 £2.8
(mean £ S.D., n = 22 cells, 2 animals, Fig. 4c). In the samples expressing somQuasAr6b
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and somArchonl, many cells were near the analysis cutoff of SNR = 4, suggesting that
the underlying distributions of SNR values may have had lower mean than reported above.
All three GEVIs reported spike waveforms with similar optical spike widths (Fig. 4d, e;
somQuasAro6a: 2.4 + 0.4 ms; somQuasAr6b: 2.3 + 0.3 ms; somArchonl: 2.7 + 0.5 ms;
mean + S.D.). SomQuasAro6a reliably detected spikes in NDNF cells after 200 seconds of
continuous illumination (Extended Data Fig. 9a).

We next compared somQuasAr6b and somArchonl in fast-spiking hippocampal PV neurons.
These interneurons provide strong perisomatic inhibition of nearby pyramidal cells 40 but
have been difficult to target via patch clamp in the live mouse hippocampus 47. PV neurons’
narrow spikes (FWHM < 0.5 ms) #8 impose an additional challenge for optical detection.

We explored whether the fast variant QuasAr6b could enable accurate detection of these
spikes. We injected AAV2/9 for Cre-dependent somQuasAr6b-Optopatch and somArchonl-
Optopatch into the hippocampal CA1 of PV-Cre*’™ transgenic mice (Extended Data Fig. 6¢).
The overlying cortical tissue was removed and replaced with a cannula window 1649,

We performed voltage imaging at 2 kHz framerate for PV" neurons expressing the
Optopatch constructs in Stratum Oriens (Fig. 4f-1, Extended Data Fig. 8c). somQuasAr6b
showed higher SNR (25x: 8.0 £2.5, n= 24 cells, 3 animals; 10x: 7.9 £ 2.2, n=20 cells,

3 animals; mean + S.D.) and narrower optical FWHM (0.87 £ 0.11 ms, mean =+ S.D.) than
Archonl (25x, SNR, 5.4 + 1.5, n= 23 cells, 2 animals; 10x, SNR, 5.5 + 1.0; optical FWHM,
1.1 £0.15 ms, n= 24 cells, 2 animals).

We also imaged the optogenetically triggered spikes with somQuasAr6b at a framerate of 4
kHz (n= 13 cells, 2 animals, Extended Data Fig. 8d). The mean spike half-width reduced
from 0.91 ms at 2 kHz to 0.71 ms at 4 kHz (Extended Data Fig. 8e.f), approaching the spike
width measured by patch clamp (0.49 + 0.04 ms) *8. QuasAr6b reported the PV spikes for
up to 200 seconds of imaging (Extended Data Fig. 9b). Thus, somQuasAr6b is a fast and
high-SNR sensor suited for reporting sub-millisecond voltage dynamics.

Mapping functional connections between NDNF cells

An optical method that probes cell-to-cell functional connectivity iz vivo would be a
powerful tool for systems neuroscience. The laterally projecting axon arbors of NDNF cells
form a short-range, mutually inhibitory network 20-43-45_The role of this lateral inhibition
is not well understood. We previously showed that transient optogenetic activation of a
population of L1 interneurons suppressed the spiking of a nearby cell 2. However, it was
unclear how much effect activation of a single L1 interneuron would have on its neighbors,
or how cell-to-cell connection strengths were distributed.

The improved SNR of somQuasAr6a cells permitted us to record from multiple L1 NDNF
cells simultaneously, and thereby to correlate activity of putative pre- and post-synaptic
cells. In pairs of L1 NDNF cells, we arbitrarily designated one “presynaptic” and one
“postsynaptic” (Fig. 5a,b). The postsynaptic cell was optogenetically stimulated with a
1-second step of blue light to depolarize the cell and thereby increase the driving force

for inhibitory currents. The presynaptic cell was simultaneously stimulated with a blue
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light ramp to evoke spiking when the stimulus crossed an optical rheobase threshold. This
protocol allowed us to distinguish effects of presynaptic spiking from blue light crosstalk.

We optically monitored the voltage in both cells to observe whether there was a change

in the spike-rate of the postsynaptic cell following the first spike in the presynaptic cell.

As control measurements, we included epochs without presynaptic stimulation. We then
swapped the blue light waveforms between the pair to test connectivity in the other direction
(Fig. 5b). For each pair of cells, we performed 2-7 trials. We used a Bayesian Adaptive
Kernel Smoother (BAKS) 0 to estimate the instantaneous spike rate. We performed these
measurements in anesthetized mice to minimize background voltage fluctuations

We performed double Optopatch experiments on 30 pairs of cells from 4 animals, where

the inter-soma distance ranged from 46 um to 216 um. Figs. 5c,d show a pair with strong
reciprocal inhibition, while Figs. Se,f show a pair exhibiting weaker, one-way inhibition.

To accurately test for a synaptically driven decrease in spike rate, we restricted analysis to
postsynaptic cells in which direct optogenetic stimulation evoked a spike rate above 5 Hz (n
= 51 cells, 22 pairs where both cells spiked above 5 Hz). Activation of a putative presynaptic
cell reduced the mean spike rate of its neighbor from 20 + 2 Hz to 11 + 1.7 Hz (mean +
SEM, Fig. 5g). The connections that showed strong inhibition had comparable presynaptic
spike rate (7= 32 connections, 47 + 21 Hz, mean + S.D.) to the connections that showed
weak inhibition (7= 19 connections, 52 + 24 Hz, mean = S.D., Fig. 5h). There was no
correlation between presynaptic spike rate and strength of postsynaptic inhibition (R = 0.07),
confirming that absence of inhibition was not due to absence of presynaptic activity.

We found that 36% of the pairs (8/22) showed reciprocal mutual inhibition, 45%

(10/22) showed one-way inhibition, and the rest showed no inhibition (4/22, Fig. 51). A
combinatorial calculation (Methods) indicated that existence of a connection from cell A
to B did not affect the probability of connection from B to A. Thus, while inhibitory
connections between NDNF cells were strong (~45% spike rate suppression), consistent
with results in acute slice *4, this inhibitory effect was not always reciprocal. A key next
step will be to relate the functional connectivity maps to the responses of the network to
naturalistic sensory and modulatory inputs.

Mapping gap junction-mediated spikelets in PV cells

Voltage imaging provided a unique opportunity to analyze the correlated voltage dynamics
between PV cells. We recorded pairs of hippocampal PV neurons (Fig. 6a) and calculated
the mean self- and cross spike-triggered voltage waveform (STVW). For the cross STVW,
we restricted analysis to events where only one cell spiked (spike peaks in the two cells
separated by > 10 ms), to avoid spurious contributions from near-coincident spikes. For the
Cell 1 — 2 cross-STVW, the Cell 2 voltage showed little depolarization for t< 0, had a
sharp jump near =0, and then relaxed closely following the waveform of Cell 1 for >0
(Fig. 6¢). Control experiments using a non-cell region 2 confirmed that the signals were not
due to scattered fluorescence from Cell 1 (Fig. 6b, c).

The appearance of a low-pass-filtered copy of the Cell 1 waveform in Cell 2, even when
Cell 2 did not spike, suggested gap junction-mediated coupling. However, there remained a
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possibility that the cross-STVW waveform had a contribution from shared synaptic inputs.
We therefore used optogenetic stimulation to trigger spikes alternately in each cell, and
recorded the spiking and subthreshold dynamics in both (Fig. 6d—g, Extended Data Fig. 10).
Since the presynaptic spike times were independent of subthreshold dynamics, this approach
eliminated any possible contribution of shared synaptic inputs to the cross-STVWs.

We calculated the self- and cross-STVWs in both directions for 19 PV pairs with inter-soma
distances from 41 to 455 um (164 + 108 um, mean + S.D., Fig. 6g). Among the pairs
separated by < 100 pm we observed a subset (5 of 7 pairs) with statistically significant
spikelets (p < 0.05; amplitudes greater than 2% of the action potential amplitude), with an
average amplitude of 4.0 + 1.7% (mean + S.D., Methods). Of these five pairs, two pairs

had reciprocal connections and three pairs were unidirectional. We did not observe any such
spikelets for pairs separated by > 100 pm. These results are consistent with 7in vivo dual
patch clamp recordings of gap junction-coupled cerebellar Golgi cells 3! and support the
interpretation that short-range gap junctional coupling was present among a subset of the
hippocampal PV cells.

Discussion

Pooled screens offer the practical advantages of lower cost and higher throughput compared
to arrayed screens 11> 3532 and are robust to artifacts from well-to-well variability 3.
However, pooled screens can be sensitive to spurious outliers if only a small number of cells
are selected. We previously developed a phototagging technique (“Photostick™) 34, in which
a small number of cells in the pooled library were photocrosslinked to the dish and later
retrieved with pipette aspiration. This approach was suitable for screening for qualitatively
distinct phenotypes, such a nonlinear photoactivation 8. In contrast, to screen for quantitative
improvements in a continuously variable phenotype, much larger-scale selections were
needed. Several photoselection-based pooled screening strategies have been demonstrated
6.7.9,10_Our work demonstrated the feasibility of pooled screening in directed evolution of
biosensors along multiple dimensions. Here the wide-field optics of the Photopick system
enabled multi-fold coverage of the mutant library, while targeted photoconversion achieved
a high photoselection efficiency and fidelity. High-throughput sequencing was a key tool

for genotype enrichment analysis. In this application, a practical challenge was that the
screened cells needed to be embedded in a confluent monolayer to support collective action
potentials, which precluded aspiration-based mechanical separation & 353,

Similar photoselection methodology could be used to optimize fluorescent sensors of other
modalities or enable cell tagging 7n vivo . To achieve spectral compatibility with blue

or green reporters, one could mark target cells with a dark-to-green (e.g., PA-GFP) or
dark-to-red (e.g., PA-mCherry) FP instead of the green-to-red mEos4a FP we used here.
The Photopick platform is in principle compatible with any imaging-based assay of cellular
structure or dynamics. Potential applications include forward genetic screens, e.g., for genes
that affect cell migration, chemotaxis or responses to mechanical or metabolic perturbations.

In prior GEVI engineering efforts, mutations were introduced randomly into the scaffold
26,35 or targeted to specific regions 3> 1% 22: 30 or “hotspots™ 24. To our surprise, most of the
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newly identified mutations in QuasAr6 were located on the protein surface, likely indicative
of the critical importance of membrane trafficking. This observation may be relevant to

the engineering of other sensors based on transmembrane scaffolds. An internal mutation
arose at R237, which is homologous to bacteriorhodopsin (BR) R227. BR R227 is a key
component of the intramolecular proton uptake pathway 37 3%, This role in connecting the
titratable Schiff base to the cytoplasm could potentially explain why mutation of this residue
to neutral isoleucine accelerated voltage-sensing kinetics in QuasAr6b.

Our data highlight the interdependence of SNR and sensor kinetics as well as the importance
of cell type- and system-specific characterization. In the fast-spiking PV neurons, the faster
sensor QuasAr6b exhibited better SNR, despite its lower steady-state voltage sensitivity,
compared to Archonl. In NDNF cells and cultured neurons, QuasAr6a with its larger
voltage sensitivity and slower kinetics outperformed QuasAr6b. Both GEVIs remain
substantially dimmer than other far-red fluorescent indicators, limiting the total number

of neurons that can be recorded simultaneously 7z vivo. Development of brighter far-red
GEVIs, based either on Arch or on other mechanisms remains an important goal.

For functional connectivity mapping in mammalian brain, targeted perturbations can
distinguish genuine connections from effects of shared inputs. Multi-cell patch clamp
measurements in vivo are technically demanding 47 31> 5% 60 All-optical electrophysiology
provides an alternate approach, but requires voltage imaging and optogenetic manipulation
to be crosstalk-free. Since all known channelrhodopsins have substantial photocurrents

in the blue part of the spectrum, crosstalk is minimized by combining a blue-shifted
channelrhodopsin with a voltage indicator excited at 590 nm or longer. Thus far, only

the combination of far-red Arch-derived GEVIs with blue-shifted channelrhodopsins

has demonstrated sufficient spectral orthogonality to meet this standard. In our proof-of-
concept all-optical connectivity mapping experiments, both voltage imaging and optogenetic
stimulation were integral for probing chemical and electric synapses. For studies of
spontaneous network dynamics it will be important to extend the measurements to awake
animals. Together, QuasAr6a and QuasAr6b, with their improved in vivo performance

and spectral compatibility with blue-shifted channelrhodopsins, open many possibilities for
understanding the relation between neural circuitry and network dynamics.

METHODS

DNA constructs

Constructs (Supplementary Table 1) were generated using the standard molecular cloning
techniques. All the new constructs and their sequences are available from Addgene.

Virus packaging

All the lentivirus preparations were made in house using the second-generation lentivirus
packaging system (Supplementary Methods). The high-titer QuasAr6a and Optopatch
AAV2/9 viruses were obtained from the Janelia Vector Core or packaged in house
(Supplementary Table 1). AAV2/9.hSyn::Cre. WPRE was obtained from UPenn Vector Core.
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Engineering monoclonal spiking HEKs

The CheRiff-CFP" tet-on spiking HEK cells express Nay 1.5, rtTA3, CheRiff-CFP
constitutively, as well as Kir2.1-CFP under a tetracycline-inducible promoter CM Vtight
(Supplementary Methods). After monoclonal selection, the CheRiff-CFP™ spiking HEK
clones were optically screened for spiking behavior. The spikes were evoked with
optogenetic stimulation (exc. 490 nm) and visualized using a voltage-sensitive dye (BeRST,
exc. 635 nm) 33. To obtain consistent experimental results, we only used low passage-
number cells and kept a master plate free of doxycycline.

Photopick screening of Arch-based GEVIs

The Photopick system was upgraded from a previously reported optical system 28
(Supplementary Methods). Before each screening experiment, the DMD projection of 405-
nm laser was recalibrated (Supplementary Methods).

Random mutations were introduced into the Archonl opsin sequence through error-prone
PCR. Single copies of the mutant GEVI were stably integrated into the CheRiff-CFP+ tet-on
spiking HEK cells via low-titer lentivirus infection (Supplementary Methods). The library
cells were mixed with CheRiff-CFP™ spiking HEK cells (spacer cells) at a ratio of 1:10.

The mixed cells were plated in glass-bottomed dishes (Cellvis) homogenously (500k cells in
a 14-mm well). The cells were allowed to grow for 40-50 hours in Dox™ medium to form

a monolayer. Before imaging, the medium was replaced with the extracellular (XC) buffer
containing 125 mM NaCl, 2.5 mM KCI, 3 mM CaCl,, | mM MgCl,, 15 mM HEPES, 30
mM glucose (pH 7.3).

In the 2.3 mm % 2.3 mm FOV (500x500-pixel), first, an mEos4a-channel image was

taken (exc. 490-nm LED, Thorlabs, M490L3; em. GFP-emission filter, 540/50 Semrock
FF01-540/50). Next, the spiking HEK cell monolayer was broadly stimulated with the
490-nm pulses (2 mW/mm?2, 10 ms) from the top, and the voltage responses to optogenetic
stimulations was recorded under the pseudo-TIRF configuration (index-matching immersion
oil Olympus, Z-81114; exc. 635-nm laser, 100 W/cm?2; em. Arch-emission filter, long-pass
700 nm; sampling rate:100 Hz). Each experiment run consisted of 8 repeats (5 blue light
pulses with the red laser was on, followed by with 5 blue light pulses with red laser off).

The 500 x 500-pixel FOV was segmented based on the mEOS-channel (exc. 490-nm LED)
image using standard Matlab image processing steps (Supplementary Methods). The Arch-
channel movie (8 consecutive repeats) was first averaged over time, and then corrected for
blue-light crosstalk (via the time-average of the red laser-off epoch) and red-light excitation
profile, and corrected for background fluorescence via spatial filtering (Matlab imtophat).
The average intensity traces were extracted from each ROI and corrected for photobleaching.
The baseline fluorescence intensity was assigned as Fy. The averaged baseline-to-peak
difference was assigned as AF. We used AFA,(,,I/\/m as a proxy of shot-noise limited SNR.

A DMD mask was generated to illuminate the selected ROIs for phototagging (exc 405

nm, 40 mW/cm?, 10 min). Then the dish was moved to screen the next FOV. In a typical
experimental run, the spiking HEK cells responded robustly to optogenetic stimulation
throughout a time course over 6 hours. 20 - 25 FOVs were scanned to achieve good coverage
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of the entire dish, and each FOV contained 2,000 - 4,000 ROIs. From a single dish, 30,000
to 50,000 cells were scanned.

The cells were then trypsinized (1% trypsin, 5 min at 37 °C) to lift them from the dish and
carefully transferred into a 15 mL Falcon tube. The cells were gently centrifuged to remove
the trypsin and washed once with XC buffer. Then the cells were resuspended in the XC
buffer and subjected to FACS (Supplementary Figure 1 and Methods) within one hour. The
photoconverted cells were collected into fresh DMEM 10 medium and cultured under the
standard HEK cell culture condition to expand the population.

In each round of enrichment, 2 dishes (approx. 90k library cells) were screened. 7 - 10 days
later, the enriched library from the 2 dishes were combined at a proportion corresponding to
the number of originally collected cells and subjected to the next round of enrichment. The
remaining library cells were preserved in liquid nitrogen for sequencing. The frequencies of
mutations were analyzed with Illumina sequencing (Supplementary Methods).

Characterization of single mutants in HEK293T cells

The HEK293T cells expressing WT Archonl or the single mutants were characterized on
the ultra-widefield microscope (FCitrine: €xc: 490 nm; GFP emission filter; Fu.cp: exc: 635
nm; Cy5 emission filter). The cells whose brightness were outliers (more than three standard
deviations from the mean) in the Citrine channel or in the Arch channel were removed in the
violin plot.

Concurrent imaging and electrophysiology of HEK293T cells

The GEVIs (Archonl, QuasAr6a, QuasAr6b) were cloned into the lentiviral FCMYV vector
(HT63, HT103, HT110). HEK cells we infected at a low-titer (MOI < 0.1) and purified by
FACS.

All imaging and electrophysiology experiments were performed in XC buffer. Concurrent
whole-cell patch-clamp and high-magnification fluorescence recordings were acquired

on a custom-built, dual-view, inverted epifluorescence microscope equipped with the
electrophysiology module described before 16, Filamented glass micropipettes were pulled
to a tip resistance of 5 - 8 MQ, and filled with internal solution containing (in mM): 125
potassium gluconate, 8 NaCl, 0.6 MgCl,, 0.1 CaCl,, 1 EGTA, 10 HEPES, 4 Mg-ATP

and 0.4 Na-GTP (pH 7.3); adjusted to 295 mOsm with sucrose. Whole-cell patch clamp
recordings were performed with a MultiClamp 700B amplifier (Molecular Devices), filtered
at 2 kHz with the internal Bessel filter and digitized with a National Instruments PCIE-6323
acquisition board at 10 kHz.

The GEVI fluorescence was excited by a 635-nm laser (420 W/cm? unless otherwise
indicated) filtered with a dichroic (Semrock; FF640-FDi01-25%36) and a Cy5-longpass filter
(708/75, and imaged with a sSCMOS camera (Hamamatsu, ORCA-Flash 4.0). The citrine
fluorescence was excited with 488 nm laser (100 - 200 mW/cm? unless otherwise indicated),
filtered with a GFP filter (Semrock 525/30), and imaged with an EMCCD camera (Andor
iXonEM+ DU-897E). All the fluorescence recordings in Extended Data Fig. 4 except for
Panel d,e, were performed at room temperature with a high-magnification water-immersion
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objective (Olympus, 60%, NA 1.2). For photocurrent measurement, higher intensities at

635 nm (1500 W/cm?2) and 488 nm (124 W/cm?2) were used to enhance any potential
photocurrents. For the kinetics measurements (Extended Data Fig. 4d,e), the glass-bottomed
culture dish was maintained at 30 °C with a temperature controller (Warner Instruments,
TC-344B). An air objective (Olympus, 20%, NA 0.8; excitation intensity of 635-nm laser:
330 W/cm?) was used instead to reduce heat dissipation to the objective.

The Arch fluorescence recordings for voltage sensitivity measurements and for kinetics
measurements were acquired at a frame rate of 996 Hz and 2,443 Hz, respectively. In the
kinetics measurement, the fluorescence responses from 50 pulses of 100-ms voltage steps
(=70 mV to +30 mV, 5 Hz, 50% duty cycle) was averaged for each cell and fitted with

a biexponential model to calculate the fast and slow components of the activation and
deactivation kinetics.

High-throughput imaging of hippocampal neurons

Primary E18 rat hippocampal neurons (21k/cm?; dissociated from fresh, never frozen,
BrainBits #SDEHP) were cocultured with primary rat glia (27k/cm?) in custom 96-well
plates (ibidi GmbH; low-absorption, low-autofluorescence cyclic olefin copolymer (COC)
foil substrate and clear COC walls). To minimize variations between samples, neurons
were seeded from a single pool of cells. Lentivirus for Archon1-EGFP, Archonl1-Citrine
(HT075), QuasAr6b-Citrine (HT111), QuasAr6b-Citrine (HT114) was packaged in parallel
under identical conditions. Neurons were transduced after 6 days in culture with 1) 0.33 pL
lentivirus encoding CheRiff-EBFP2 driven by the synapsin promoter and 2) varying doses
(1.19 pL, 1.78 pL, 2.67 puL, 4 puL, 6 pL, 9 puL) of the wltage sensor variants, also driven

by the synapsin promoter. Each condition was replicated in four wells. Three FOVs were
measured for each well.

Functional Optopatch imaging was performed after 14 days in culture on the Firefly
microscope ° (see the Supplementary Methods for the detailed imaging and optogenetic
stimulation protocol). The imaging system was fully automated and ran with no human
intervention. The whole plate was scanned automatically with motorized stages so that the
three FOVs within each well were evenly spaced. Focus was also automatically adjusted for
each FOV.

Spiking neurons were automatically detected and segmented using a principal component
analysis/independent component analysis (PCA/ICA)-based Matlab code described in 3°.
The algorithm identifies spatially compact sets of pixels (neuron masks) that co-vary in time
with action potential positive-going voltage transients. Sources whose action potential height
did not exceed the baseline noise by at least a factor of 3 were discarded.

Characterization of QuasAr6a and QuasAr6b in brain slice

For the acute slice experiment (Fig. 3k—p, Extended Data Fig. 7, Supplementary Fig.3),
expression was achieved through intracranial injection of QuasAr6a/b AAVs (2~3x1012
GC/mL Optopatch + 101" GC/mL hSyn-Cre, diluted in PBS) in PO wild-type CD1 pups. For
intracranial injection, cryo-anaesthetized pups were injected in the left hemisphere, 1.0 mm
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lateral and 1.0 mm anterior to lambda, starting from a —1.0 mm depth. Diluted virus (40 nL,
60 nL/min) was injected at 0.1 mm increment as the pipette was withdrawn.

Coronal brain slices (350 um) were prepared from CD1 mice of either sex between
postnatal days of P14-P25. Standard whole-cell recording was performed at 34 °C during
continuous perfusion at 2 mL/min with ACSF. Cortical L2/3 neurons were visualized using
a custom-built microscope described below. The whole-cell internal solution comprised (in
mM): 8 NaCl, 130 KMeSO3, 10 HEPES, 5 KCI, 0.5 EGTA, 4 Mg-ATP, 0.3 Na3-GTP.

The pH was adjusted to 7.2-7.3 with KOH and osmolarity was set to 290-295 mOsm/L.
Borosilicate glass pipettes were used with a resistance of 3-5 MQ (1B150F-4; WPI). Patch
clamp recordings were acquired and filtered at 10 kHz with the internal Bessel filter using

a Multiclamp 700B (Molecular Devices) and digitized with DAQ PCle-6323 (National
Instruments) at 100 kHz. During the recording, the perfusion buffer was maintained at 33 -
34 °C with an in-line heater. Following the whole-cell configuration, membrane capacitance,
and membrane resistance were estimated under voltage-clamp mode. Measurements of
resting membrane potential, rheobase, and spike rates were made under current-clamp mode.
Rheobase was defined as the minimum current step (in 500 ms duration) required to elicit at
least one spike. Whole-cell recordings were monitored and analyzed in Matlab.

The voltage imaging optical system was originally described in !¢ with a few modifications
(Supplementary Methods). The Arch-channel fluorescence were acquired with a 25x water
immersion objective (Olympus XLPLN25XSVMP2), at 996.3 Hz (1 kHz) with a sSCMOS
camera (Hamamatsu ORCA-Flash 4.0). The control software generated a metadata output
for precise mapping between the amplifier readout and the camera frame counts. In the
analysis where the 100-kHz current clamp recordings were downsampled to 1 kHz, the
membrane potential readouts within the same camera frame were averaged and aligned with
the camera frame timing.

Immunostaining of the slice and confocal imaging

Expression was achieved through intracranial injection of AAV's (5x10'2 GC/mL Optopatch
+ 10" GC/mL hSyn-Cre) in PO - P2 wild-type C57BL/6J pups. Coronal slices were
prepared with the injected pups 21 days after virus injection. The slices were fixed in

1% paraformaldehyde for 3 - 4 hours and immunostained to visualize the HA tag (primary
antibody: HA Tag recombinant rabbit monoclonal antibody, ThermoFisher, RM305, 2,000
dilution; second antibody: goat anti-Rabbit IgG (H+L) cross-adsorbed secondary antibody
conjugated with Cyanine5, ThermoFisher, A10523, 500x dilution). The mounted slices
(VECTASHIELD® Antifade Mounting Medium H-1000, Vectorlabs, H-1000-10) were
imaged on LSM880 Airyscan (exc. 488 nm for EGFP; exc. 635 nm for Cy5).

In vivo voltage imaging

The cranial window surgery for imaging L1 cortex and hippocampus CA1 was based on
previously published protocols 1649 66 (Supplementary Methods). The imaging set-up was
originally described in 20 with a few modifications (Supplementary Methods).

Head-fixed animals were imaged in various degrees of anesthesia or full wakefulness. For
imaging experiments under deep anesthesia, 1 - 1.5% isoflurane was supplied, and the
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dose was adjusted throughout the imaging session to maintain a stable breathing rate.

For imaging experiments under light anesthesia, animals were first administrated with
chlorprothixene (0.2 mg/ml, 5 uL/g weight mouse). In the imaging session, 0.4 - 0.7%
isoflurane was supplied to keep the animal in a state of semi-wakefulness, with occasional
body movements. In all experiments involving anesthesia, the animal was kept on a heating
pad (WPI, ATC2000) to maintain stable body temperature at 37 °C, and their eyes were
kept moist using ophthalmic eye ointment. A typical imaging session lasted 1 - 2 h, after
which the animal generally recovered within 5 min. For imaging experiments under full
wakefulness, the animal was first habituated to head restraint in a body tube prior to the
imaging sessions, and no extra heating was necessary.

Imaging was performed with a 25% water immersion objective (Olympus
XLPLN25XWMP2, 2-mm working distance, NA = 1.05), or a 10x water immersion
objective (Olympus XLPLN10XSVMP, 8-mm working distance, NA = 0.6). To ensure stable
water interface between the window and the 10% objective, a 3D-printed adapter hat was
attached to the headplate temporarily with vacuum grease during the imaging session.

For voltage imaging, red laser excitation was targeted to the cell membrane or whole

soma with holographic optics (see Supplementary Table 3 for the light intensity, patterning
method and frame rate). In our experiences, membrane-focal illumination gives better SNR
when a high-NA objective (e.g., 25x, NA=1.05) was used and the cells show little motion.
When the cells were experiencing stronger movement, soma-targeted illumination helped to
reduce motion artifacts.

Optogenetic stimulation with patterned blue light

For optogenetic stimulation, the DMD patterned the blue light to target the soma. The
structural image in the GFP channel was excited with a low level of blue light (< 1 mW/
mm?) and imaged with a GFP emission filter. The pixel bitmap containing the ROI masks
was created based on the GFP channel image. When the experiments required the blue light
intensity to change globally for all the ROIs, the blue intensity was modulated with an
AOTF upstream of the DMD, with a range from 0 to 25 mW/mm?2. When the experiments
involved different blue light waveforms for different ROIs (e.g., experiments in Fig. 5), the
intensity was controlled by randomly switching on a fraction of pixels within the ROI. The
pre-defined sequence of pixel bitmaps was loaded into the on-board RAM on the DMD and
timed with digital pulses sent from DAQ to the DMD.

Double Optopatch in NDNF* cells

For the double Optopatch experiments on NDNF* neurons, the blue light intensity was
modulated by randomly switching on a fraction of DMD pixels within each cell mask.

For each ramp stimulation, a series of DMD masks were generated and displayed on the
DMD as a movie. By varying the fractions of “on” pixels independently for each cell mask,
different optogenetic stimulation waveforms and strengths could be achieved for each cell.

Before the two-way inhibitory connection test, the two optically targeted cells were
sequentially stimulated with varying blue light intensities (upward linear ramp followed
by downward linear ramp, maximal intensity 25 mW/mm?) to ensure both cells responded
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to the optogenetic activation, and the stimulation was specific to the intended cell. Due to
possible light scatter from one-photon optogenetic activation, we avoided closely spaced
cell pairs (< 40 um). Because both the intrinsic firing pattern and the maximal firing rate

of NDNF* cells, as well as the expression level of somCheRiff could be variable from one
cell to another, we typically adjusted the strength of optogenetic stimulation to achieve a
maximal spiking rate in the “presynaptic” cell of up to 50 Hz at the maximum of the ramp
stimulation. The strength of optogenetic stimulation for the “postsynaptic” cell was set to be
approximately half of its maximal spike rate.

Data analysis

Statistics

Data were analyzed and plotted with homemade code written in MATLAB. The detailed
methods are described in the Supplementary Information, which includes the following
sections: 1. Extracting the voltage-sensitive fluorescence from in vifro and ex vivo imaging;
2. Extracting the voltage-sensitive fluorescence from in vivo imaging; 3. Spike detection and
trace normalization; 4. Calculation of spike SNRs and waveforms; 5. Estimation of spike
rate with Bayesian Adaptive Kernel Smoother; 5. Test for bias for or against reciprocal
connections among NDNF cells; 6. Estimate of optical crosstalk between PV pairs; 7.
Quantifying the gap junction-induced spikelet among PV cells.

Statistical tests were performed in MATLAB (MathWorks). For two-sample comparisons
of a single variable, a two-tailed Student’s t-test was used when the sample size was > 50
(high-throughput Optopatch in cultured neurons). For datasets where the sample size was
small (n < 40) or showed non-Gaussian distribution, Two-sided Wilcoxon rank-sum test was
used. When calculating the in vivo GEVI metrics (Fig. 4, Extended Data Fig. 8), outliers
(value that is more than three scaled median absolute deviations) were excluded. For the
hippocampal PV recordings, the SNR were calculated separately for cells imaged with the
25x or the 10x objectives, while for the optical spike widths, the two sets of data were
pooled together. The n vivo experiments were not randomized, and the investigators were
not blinded to the experimental conditions. Sample size was as large as practical. Recordings
of non-spiking neurons were excluded from analysis.
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Extended Data
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Extended Data Fig. 1. Calibration of Photopick, an imaging-based method for isolating
mammalian cells from pooled culture (Related to Fig. 1).

a. Procedure for registering the DMD and camera pixels. An 11 x 11 grid of spots was
projected onto a homogeneous exposure target. The observed locations in the camera were
used to develop a piecewise-linear transformation to map DMD pixels onto camera pixels.
In this example, the registration reduced the average projection error from 11.6 pixels

to 0.22 pixels. b. Fluorescence excitation and emission spectra of three phototaggable
FPs, PA-GFP, PA-mCherry, and mEos4a. For mEos4a, the spectra are given in the pre-
activation state (green) and post-activation state (red). For the other FPs, the activated
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spectra are shown. ¢. Phototransformation efficiency vs. optical dose of 405-nm LED light.
The decreased signal under prolonged illumination is due to photobleaching. d. Selective
phototagging of mEos4a™ cells embedded in PA-mCherry ™" cells (mEos4a*:PA-mCherry" =
1:20; n=1 trial). Based on the green channel image (i), a mEOS4a mask was created for
targeted photoconversion of mEos4a with violet (ii). The red channel image shows that the
phototagging was highly specific (iii). The monolayer of cells was then broadly illuminated
with violet light (iv) to drive the photoactivation of PA-mCherry" cells (v). Targeted violet
illumination of the mEos4™ cells resulted in selective phototagging of mEos4a™ cells but not
surrounding PA-mCherry™ cells.
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Extended Data Fig. 2. Video-based pooled screen for mutations that enhance the performance of
Arch-derived GEVIs (Related to Fig. 2).

a. Current clamp measurement of membrane potential in spiking HEK cells reveals “all-or-
none” spiking in response to increasing optogenetic stimulation (2= 2 trials; exc. 488 nm).
Left: membrane potential in response to optical stimuli of increasing strength (0 - 22 mW/
mm?). Right: enlarged view showing the threshold transition. b. Fluorescence image (exc.
635 nm) of spiking HEK cell monolayer stained with BeRST1 (left) or expressing Archonl-
Citrine (right). In the Archonl-Citrine image, the presence of the spacer cells (spiking
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HEK cells that did not express Archonl-Citrine) enabled individual cells to be resolved. c.
Distribution of membrane potential changes in a spiking HEK cell monolayer, reported via
imaging of a voltage-sensitive dye BeRST1, plotted for each pixel. Left: heatmap of AF

vs. Fy for all pixels in a 2.3x2.3 mm FOV (500x500 pixels). Right: histogram of AF Fy,.

The distribution had a fractional width (S.D./mean) of 8% (mean 0.25, S.D. 0.02; 99t
percentile: 0.29). d. Distribution of Archonl baseline brightness (F) and voltage sensitivity
(AF Fy) in a monoclonal Archonl-expressing spiking HEK cell monolayer, plotted for each
cell (n= 20900 cells). Left: heatmap of AF'vs. Fy for all cells in a 2.3 x 2.3 mm FOV
(500x500-pixels). Right: histogram of AF/ Fy. The distribution had a fractional width (S.D./
mean) of 43% (mean 0.23, S.D. 0.10; 99t percentile: 0.54), substantially broader than the
distribution for BeRST1. e. Work-flow for the generation of the library cells. f. Optical
system for video-based pooled screening. g. Image analysis for a representative FOV (the
same as shown in Fig. 2e¢,f). The example was, from left to right: 1) ROIs generated by
“Watershed” image segmentation in the mEos4a channel (exc: 490 nm; EGFP emission
filter). 2) Baseline fluorescence () image in the Arch channel (exc: 635 nm; Arch emission
filter). 3) Heatmap of AF/+/F, for individual ROIs. Here AF/+/F, is used as a proxy for shot
noise-limited for SNR. 4) Overlay of the patterned violet light (pseudo-color red; exc. 405
nm; CFP emission filter) and mEos4a image (exc: 490 nm; EGFP emission filter).
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Extended Data Fig. 3. Engineering QuasAré6a and QuasAr6b (Related to Fig. 2).
a. Pipeline for engineering improved GEVIs. b. Comparison of the previously reported

mutations (orange),203* and newly identified mutations in this study (lime-green, pale cyan
and blue assigned in accordance with Fig. 3a). ¢. Violin plot for the per-molecule brightness
(Fareh/Feitrine) of single mutants expressed in HEK cells. The per-molecule brightness was
normalized by the average per-molecule brightness of Archonl1-Citrine in HEK cells. The
residues selected for engineering QuasAr6a/b are shown in bold. d. Violin plot for the
expression level (Fciine) Of single mutants expressed in in HEK cells. The values were
normalized to the average expression level of Archonl-Citrine in HEK cells.
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Extended Data Fig. 4. Characterization of QuasAr6a-Citrine and QuasAré6b-Citrine in
HEK293T cells (Related to Fig. 3).

a. Arch-channel (exc: 635 nm, em: 670 — 746 nm) fluorescence images of QuasAr6a-Citrine
and QuasAr6b-Citrine expressed in HEK cells (72> 20 cells for each construct). b. Relative
brightness per molecule of Archonl-Citrine (2= 10 cells), QuasAr6a-Citrine (1= 7 cells),
and QuasAr6b-Citrine (7= 10 cells) measured as a ratio of whole-cell Fach t0 FCitrine-

n.s. not significant, p > 0.05; ***p : 0.0001~ 0.001 (two-sided Wilcoxon rank-sum test).
The brightness per molecule was calculated as the ratio of Arch-channel fluorescence

(exc. 635 nm; 420 W/cm?) to Citrine-channel fluorescence (exc. 488 nm; 0.1 W/cm?).

c. Voltage sensitivity measured by concurrent voltage clamp and fluorescence in HEK

cells. Left: Fractional fluorescence change vs. membrane voltage; shading: S.D.. Right:
Voltage sensitivity (AF/F per 100 mV: Archonl-Citrine, n= 4 cells; QuasAr6a-Citrine, n
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= 5 cells; QuasAr6b-Citrine, n= 6 cells). n.s. not significant, p > 0.05; **p: 0.01 ~ 0.05
(two-sided Wilcoxon rank-sum test). Error bars mean + S.D.. d. Voltage step-response
kinetics measured by recording the average fluorescence change during a 100-ms voltage
step from =70 mV to +30 mV (Archonl-Citrine, n= 6 cells; QuasAr6a-Citrine, n= 7 cells;
QuasAr6b-Citrine, n= 7 cells); shading: SEM. Measurements were performed at 30 °C and
a frame rate of 2,443 Hz. e. Summary of the step-response kinetic data at 30 °C, fitted with a
biexponential model. Compared with Archonl, QuasAr6b showed significant improvement
in both activation and deactivation kinetics. **p: 0.01 ~ 0.05 (two-sided Wilcoxon rank-sum
test). f. Photobleaching by 635 nm laser (420 W/cm?) over 10 min (2= 2 cells for each
construct). All constructs showed < 40% photobleaching over 10 min. S.D. g. Voltage
clamp measurement of HEK cells expressing QuasAr6a or QuasAr6b showed negligible
photocurrents under either 488 nm, 635 nm or combined illumination at either =70 mV or 0
mV holding potentials (488 nm: 124 W/cm?; 635 nm: 1500 W/cm?). All photocurrents were
less than the variability in baseline holding current and were < 10 pA (in most cases <2
pA). The onsets of red or blue illumination are indicated with dashed lines and numbered
sequentially. h. Summary of the photocurrent measurement in g. All values are mean + S.D..
Transient changes in the holding current were calculated as the differences of the mean
holding currents during the 20-ms epochs before and after the light was turned on. Red-on:
average of 1” and 3’; Blue-on: average of 4’ and 6’; Red after blue: 5°; Blue after red: 2°.
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Extended Data Fig. 5. Metrics of GEVI performance in high-throughput Optopatch assay in
cultured neurons (Related to Fig. 3).

a. SNR: spike height divided by the root mean square (RMS) baseline noise. b. Optical
spike width: full width measured at 80% below the action potential peak. Note offset vertical
axis. €. AFarcn/F, Arch: voltage sensitivity as a ratio of the increase in fluorescence during

a spike to the baseline fluorescence. d. Fjrcp/Foxags: per-molecule brightness as a ratio of
baseline fluorescence in the Arch channel to the baseline fluorescence in the Citrine channel.
The data for Archon1-EGFP were omitted because EGFP and Citrine fluorescence are not
directly comparable. e. Fy_ arch: baseline fluorescence in the Arch channel (exc: 635 nm).

f. Fix4gg: baseline fluorescence in the Citrine channel (exc: 488 nm). In all measurements,
the relative titers (from low to high) were: 1.19, 1.78, 2.67, 4, 6, 9. Each data point
represents the average from 4 wells. The intensive properties (b, ¢, d) are largely insensitive
to virus titer while the extensive properties (a, e, f) scale with virus titer. Error bars: SEM.
g-j. Distribution of spike widths for neurons with low (0-33 percentile), medium (33-67
percentile) and high (67-100 percentile) expression level (F.x4g8)- The distributions were
similar across expression levels, for all GEVIs. k. Cell counts in high-throughput Optopatch
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assay. The total and well-average (mean = S.D.) number of optically detected spiking cells,
for each combination of GEVI construct and virus titer. At the higher titers, the well-to-well
variations in detected cells within a given condition were ~10%, much smaller than the 200 -
300% differences between GEVI variants.

a QuasAréa TS| EGFP K,2.1 [ER2 P2A [CheRiff |HA K,2.1

anti-HA

Extended Data Fig. 6. Expression of somQuasAr6a- and somQuasAré6b-based Optopatch in
mouse brain (Related to Fig. 3).

a,b. Confocal images showing bicistronic expression of soma-targeted QuasAr6a-
EGFP (somQuasAr6a) in L5 somatosensory cortex or soma-targeted QuasAr6b-EGFP
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(somQuasAr6b) with somCheRiff-HA in L5 cingulate cortex. The expression of GEVIs
was visualized in the EGFP channel and the expression of CheRiff in the CyS5 channel (anti-

HA immunostaining). ¢. Confocal images showing bicistronic expression of soma-targeted
QuasAr6b-EGFP (somQuasAr6b) with somCheRiff-HA in hippocampal PV cells in a PV-

Cret mouse.
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Extended Data Fig. 7. Effect of GEVI expression on membrane electrical properties and

excitabilities (Related to Fig. 3).

Mouse L2/3 cortical neurons expressing Arch-based GEVIs were measured by patch clamp

in acute slices (somQuasAr6a, n= 2 animals, 12 cells; somQuasAr6b, n= 2 animals, 12

cells). Non-expressing cells from the same slices were used as the control (2= 4 animals, 15

cells). Box plots: central mark indicates median, bottom edge 25™ percentile, top edge 75t

percentile, whiskers most extreme data points excluding outliers, ‘“+* symbol outliers. n.s.,

not significant, two-sided Wilcoxon rank-sum test. Error bars in g: SEM.
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Extended Data Fig. 8. Optopatch in hippocampal PV cells (Related to Fig. 4).
a,b. Two ways of patterning 635-nm light to the cell with a spatial light modulator (SLM).

Left: soma-targeted. Right: membrane-focal. The cell shown here was a hippocampal PV
neuron (imaged with 25x, NA = 1.05 objective). Compared to whole-soma illumination,
membrane-focal illumination provides improved shot-noise-limited SNR but greater
sensitivity to motion artifacts. ¢, d. Representative Optopatch traces of somQuasAr6b+ PV
cells, recorded at 2 kHz (1973 Hz) and 4 kHz (3947 Hz) with a 10x objective (NA 0.6).
Magnified views of the boxed regions are shown on the right. For the 2 kHz-imaging
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experiment, soma-targeted illumination was used. For the 4 kHz-imaging experiment,
membrane-focal illumination was used. Due to this difference in the optical configuration,
the SNRs from these two datasets were not compared in the analysis. e. Comparison of the
1n vivo SNR of QuasAr6b (n= 20 cells, 3 animals) and Archonl in PV cells (n= 24 cells,

2 animals), two-sided Wilcoxon rank-sum test. f. Comparison of optical spike full-width

at half-maximum (FWHM) of optogenetically triggered spikes in PV cells, imaged with
somQuasAr6b and somArchonl at a 2 kHz frame rate, two-sided Wilcoxon rank-sum test. g.
Comparison of optical spike FWHM of optogenetically triggered spikes in PV cells, imaged
with somQuasAr6b a 2 kHz (n= 20 cells, 3 animals) and 4 kHz (n= 13 cells, 2 animals)
frame rate, two-sided Wilcoxon rank-sum test. h. Spike-triggered average fluorescence
waveform of optogenetically trigged spikes recorded with somQuasAr6b a 2 kHz (n= 20
cells, 3 animals) and 4 kHz (= 13 cells, 2 animals) frame rate.
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Extended Data Fig. 9. Photostability of QuasAr6a and QuasAré6b in vivo (Related to Fig. 4).
a. Raw Arch-channel fluorescence trace without baseline or photobleaching correction of

a Layer 1 NDNF cell (visual cortex) expressing QuasAr6a-based Optopatch, imaged for
200 seconds at 1 kHz (1= 2 cells). The 635-nm power delivered to the cell was 4 mW.
b. Raw Arch-channel fluorescence trace of a hippocampal PV cell expressing QuasAr6b-

based Optopatch, imaged for 200 seconds at 2 kHz (n= 2 cells). The 635-nm power

delivered to the cell was 8 mW. The measurement was done in anesthetized animals. The

fluorescence traces were the raw traces directly extracted from cell mask and not corrected
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for background. The SNR and FWHM was calculated for the all the optogenetically evoked
spikes in the magnified region.
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Extended Data Fig. 10. Additional examples of electrical coupling between hippocampal PV cells
(Related to Fig. 6).

a. An example where gap junction-induced spikelets were detected between PV pairs in both
directions. The inter-soma distances were 90 pm. b. An example where no gap junction-
induced spikelet was detected between the PV pair (inter-soma distance = 298 um).
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Figure 1. Photopick enables video-based pooled screening in mammalian cells.
a. Photopick comprises a video-based pooled screening pipeline for enrichment of sensor

LV [ 10° 10 10t
green channel

variants with improved performance. b. Spectra of photo-taggable fluorescent proteins,

mEos4a and PA-mCherry, used to validate the optical targeting system. Spectra from

FPbase ¢!. ¢. Selective phototagging of mEos4a™ cells in a hybrid monolayer of mEos4a™,
PAmCherry" and non-fluorescent HEK cells. d. FACS analyses on the efficiency and fidelity
of photoselection (Green channel: exc. 488 nm; Red channel: exc. 561 nm; n = 2 trials).
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Figure 2. Directed evolution of an archaerhodopsin-derived genetically encoded voltage

indicator.

a. Genetic composition of the library cells. Spiking HEK cells containing a candidate
GEVI mutant, channelrhodopsin actuator, mEos4a phototag, and Nay1.5 and K;2.1 to
imbue electrical excitability. Here TS is the Trafficking Sequence from K;,2.192, ER2 is

the endoplasmic reticulum export motif from K;2.0 63- 64

peptide. B. Optogenetically triggered spike of the spiking HEK cell, recorded via whole-

, and P2A is a self-cleaving

cell patch clamp (exc. At 488 nm, 4.4 mW/mm?, see also Extended Data Fig. 2a).

c. Threshold response of spiking HEK cells to 10-ms increasing optogenetic stimulus
strengths, visualized with the voltage-sensitive dye BeRST1 (exc. 635 nm). D. Sample
preparation for pooled screening. Library cells were mixed with electrically excitable but

-3.5 -3.
log, (starting frequency)

non-fluorescent and optically inert spacer cells in approximately a 1:10 ratio. E. Examples

of fluorescence traces extracted from individual sources in a pooled library screen (Arch

fluorescence channel). Precisely timed spikes were evoked by blue light stimulation (blue

ticks, exc. 490 nm, 10 ms). AFp, is calculated as the average baseline-to-peak difference

in Arch-channel fluorescence and F, arch is the average baseline fluorescence. For the

details of image segmentation, see Extended Data Fig. 3c. f. Scatter plot of AF,.,/\/Fo sren VS.

F9, Arch for all the automatically segmented ROIs in a 2.3-mm x 2.3-mm FOV. The quantity
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was used as a measure of shot-noise-limited SNR. Selection threshold: 50t percentile
for Fy, arcr 75™ percentile for AF,,,/\/Fy va- g Representative FACS data showing three
distinct populations: photoconverted library cells; unselected library cells; spacer cells
(Green channel: exc. 488 nm; Red channel: exc. 561 nm). h. Three rounds of iterative
enrichment shifted the population phenotype. i. Manhattan plot showing the mutation
frequency at each nucleotide in starting and post-screening libraries. j. Logarithmic plot
of the starting mutation frequency vs. the fold of change. In this library, there were 970
missense mutations and 405 silent mutations.
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Figure 3. Characterization of QuasAr6a and QuasAr6b in neurons in culture and slice.
a. Homology model of QuasAr6a and QuasAr6b on the Archaerhodopsin 3 crystal

structure (PDB: 6GUY), with the retinal chromophore (pink) and mutated residues for
creating QuasAr6a and QuasAr6 from Archonl highlighted (/ime-green: mutations shared
by QuasAro6a and 6b; blue: A238S for QuasAr6a; pale cyan: R2371 for QuasAr6b). b.
Confocal image of Citrine fluorescence (z-projection) from QuasAr6a-Citrine (=5 cells)
and QuasAr6b-Citrine (2= 5 cells) expressed in cultured rat hippocampal neurons. c.
Fluorescence vs. voltage curves for QuasAr6a (1= 3 cells) and QuasAro6b (1= 4 cells)
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measured under voltage clamp in cultured neurons. Fluorescence is measured relative to £
at the holding potential =70 mV. Error bars: S.D. d. Example traces from high-throughput
Optopatch measurements using QuasAr6a or QuasArob combined with CheRiff-CFP in
cultured rat hippocampal neurons. In the magnified views below, the circles indicate the
automatically detected spike peaks. e. Spike raster of the Optopatch measurements for

five Archaerhodopsin-derived GEVIs at the highest titers tested. The GEVIs carried either
TS-EGFP-ER2 or TS-Citrine-TSx3-ER2 tags. f. Average number of neurons with SNR >

3 per FOV with different GEVIs, as a function of virus titer. g. Cumulative probability
distribution of SNR for different GEVIs at the highest virus titer. The fraction of cells

with borderline SNR (between 3 and 4) was: 6% QuasAr6a-Citrine, 3% QuasAr6b-Citrine,
21% Archonl-EGFP, and 13% Archonl-Citrine. h-j. Comparison of optical spike widths
(full width measured at 80% below the action potential peak), voltage sensitivity, and
per-molecule brightness at the highest lentivirus titer (n= 405, 583, 843, 596 cells for
Archon1-EGFP, Archonl-Citrine, QuasAr6a-Citrine, QuasAr6b-Citrine. Error bars: S.E.M.).
*p: 0.01 - 0.05; **p: 0.001 - 0.01; ****p < 0.0001 (two-sided student’s t-test without
correction for multiple comparisons). k. Concurrent fluorescence (frame rate = 1 kHz) and
current-clamp recordings (acquisition rate = 100 kHz) in acute brain slice of mouse Layer2/3
cortical neurons expressing somQuasAr6a-EGFP. The spikes were evoked via steady current
injection. The 100 kHz-electrical trace was downsampled to reveal the low-pass filtering
effect of the 1-kHz acquisition rate. 1. Overlay of spike-triggered average waveform for the
optical and electrical traces. m. Raw fluorescence vs. the subthreshold voltage. n-p. Similar
to k-m, but for somQuasAr6b-EGFP.

Nat Methods. Author manuscript; available in PMC 2024 January 01.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuelp Joyiny

Tian et al.

mouse cortex layer 1 (NDNF neurons)

somQuasAréa Optopatch T Y.

LA o .MMM T W‘l l MW.

=

UJI '.,.fm el }L, “\Jv‘“‘ LJ'M;‘;JW—JI.&LL}JM?‘
™ WNans

b somQquasareb Optopatch

I A ».,M - WNWWW
° o
EI \NM,\_\% mew \.

H
« ]
| s, *,,M’M\h ,,,m-‘
c p=40x10" d n.s.
n.s.
p=36x107 ¥ 4 o4
25 — 5 : =
20 .? g w .?.‘ : - :
« iy + 5€ T3 P, iear h g w
15 = . - LA I o . H
ﬁ .:Bg, ..... e g;z dmEe L ot
& -, :‘- < =il - .

Page 41

200 ms
I NJW'JA\L’\NW l»'-w-,w-.-\..-‘

1A :,.I,LI.'\u.,L'.k'.'-AL.i,-'-'-".-L.l.i'}:-.

IR LLLL STIRD o

200 ms
I |,,.w~r‘nrv/\r" U—-" w\f“"‘v‘ AT
| LA

I oo A‘i‘.'.-'l\\"' W"\-' " ,.,a‘w'rJfL.J.L-M

e — somQuasAréa
— somQuasArEb
—— somArchoni

LAl

som- som- som- som- som- som-
QuasAr6a QuasAr6b Archoni

mouse hippocampus CA1 (PV neurons)

f

somQuasAréb Optopatch

g h p=3.8x10°
15 1.4} 5
- -
‘g = 1.2+ o i
« 10 ok WL .
7] =10 F .1 .,
eL T S
aiF A ®akn
5 i ] 0.8| . o i
o. - . -_;_o p
0.6
som- som- som- som-
QuasAréb Archoni QuasAr6b Archon1

QuasAr6a QuasAr6b  Archoni

D

25ms

I wJ,.««'- L lf|x_la|yl_«_|{“l
| Jv' \.,fl\mw»»ﬁl.-LJ"W' /‘a/ |=.f |".

bislandbisad LLLE

—— somQuasAréb
somArchoni

AN

Figure 4. Characterization of somQuasAré6a- and somQuasAr6b-based Optopatch in vivo.
Recordings were performed with a 25x objective (NA = 1.05). a, b. Simultaneous

optogenetic stimulation and voltage imaging (996 Hz) in L1 NDNF cells (visual
cortex) expressing somQuasAr6a- or somQuasAr6b-based Optopatch in anesthetized mice.

Magnified view of the boxed regions is shown on the right. ¢. Comparison of i vivo
SNR of somQuasAr6a (n= 32 cells, 2 animals), somQuasAr6b (n= 29 cells, 2 animals),
and somArchonl (n= 23 cells, 2 animals) in NDNF cells. n.s. not significant, two-sided
Wilcoxon rank-sum test. d. Comparison of optical spike full-width at half-maximum
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(FWHM) of optogenetically triggered spikes in NDNF cells, imaged with somQuasAr6a
(n= 32 cells, 2 animals), somQuasAr6b (n= 29 cells, 2 animals), and somArchonl (n= 23
cells, 2 animals) at a 1 kHz frame rate. n.s., not significant, two-sided Wilcoxon rank-sum
test. e. Spike-triggered average fluorescence waveforms of the optogenetically triggered
spikes in NDNF cells measured by somQuasAr6a, somQuasAr6b, and somArchonl. f.
Double-ramp Optopatch measurements in hippocampal PV cells (voltage imaging at 1973
Hz) in anesthetized mice. Magnified view of the boxed regions is shown on the right. g.
Comparison of the in vivo SNR of QuasAr6b (n= 24 cells, 3 animals) and Archonl in PV
cells (n=25 cells, 2 animals), two-sided Wilcoxon rank-sum test. h. Comparison of optical
spike full-width at half-maximum (FWHM) of optogenetically triggered spikes in PV cells,
imaged with somQuasAr6b and somArchonl at a 2 kHz frame rate, two-sided Wilcoxon
rank-sum test. i. Spike-triggered average fluorescence waveforms of the optogenetically
triggered spikes in PV cells measured by somQuasAr6b, and somArchonl. Box plots:
central mark indicates median, bottom edge 25™ percentile, top edge 75 percentile,
whiskers most extreme data points excluding outliers, ‘+’ symbol outliers.
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Figure 5. Optical dissection of inhibitory connections between NDNF interneurons in visual
cortex.

a. Scheme of two-cell Optopatch in NDNF interneurons. b. Optogenetic stimulation
waveform for probing inhibitory connections in a pair of optically targeted NDNF cells. The
presynaptic cell was activated by ramp stimulation. The postsynaptic cell was depolarized
with a constant step stimulation to increase the driving force for inhibitory currents. c.
Optopatch revealed strong mutual inhibition between a pair of NDNF neurons (inter-soma
distance r= 69 pm). Top to bottom: representative traces, raster plots for 5 consecutive
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trials; spike rate estimated by Bayesian Adaptive Kernel Smoother. d. For the cell pair in

¢, change of spike rate after the onset of the first presynaptic spike (dashed line) or at the
corresponding time in the control epoch. e, f. Similar to ¢,d, for a pair of NDNF cells

with weaker inhibitory connections (inter-soma distance r= 111 um). g. Average of all the
postsynaptic cells (7= 51 cells). Shading in ¢ - g: SEM. h. The strong inhibitory connections
and the weak inhibitory connections had similar presynaptic spike rates. The postsynaptic
inhibition strength was quantified by the relative post-stimulation rate in the postsynaptic
cell, defined as the ratio of the minimal spike rate in the postsynaptic cell within the window
0 to 100 ms after the first presynaptic spike, to the average spike rate during the window
—100 ms to —10 ms before the first presynaptic spike. A cutoff of 0.6 was chosen to separate
strong (1= 32) and weak (1= 19) inhibitory connections. Presynaptic spike rate was defined
as the average spike rate within the 0-100 ms window after the first presynaptic spike. n.s.,
not significant, two-sided Wilcoxon rank-sum test. i. Two-way Inhibition strength for 22
pairs of cells. The inhibition strength was quantified by the relative post-stimulation rate.
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Figure 6. Detection of electric coupling between hippocampal PV cells.
a. Simultaneous recording of spontaneous dynamics in two PV neurons in a lightly

anesthetized mouse. To accommodate two PV neurons in the 2-kHz recording zone of

the SCMOS camera, the recording was performed with a 10x objective (NA = 0.6; n= 31

pairs from 2 animals). b. Fluorescence traces were extracted from cell masks and from an

intervening mask to characterize optical crosstalk. ¢. Self- and cross spike-triggered voltage

waveform for events where the spike maxima in each cell were separated by > 10 ms

(n=31

pairs from 2 animals). d. Double Optopatch experiment to probe gap junction connections
between PV cells. e. Example fluorescence traces of the double Optopatch experiment. f. In

a pair of PV cells 44 um apart, a gap-junction-mediated spikelet was observed in the

Cross-

STVW in one cell but not the other. See Methods for definition of p-value. g. Cross-STVW
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fluorescence at #= 0 (normalized to the post-synaptic spike height) vs. inter-soma distance
(=19 pairs from 5 animals). The color coding indicates the p-value.

Nat Methods. Author manuscript; available in PMC 2024 January 01.



	Abstract
	Introduction
	Results
	Video-based screen and photoselection in mammalian cells
	Directed evolution of Arch-derived GEVIs
	Engineering of QuasAr6a and QuasAr6b
	Characterization of QuasAr6a and QuasAr6b in HEK293T cells
	Characterization of QuasAr6a and QuasAr6b in neurons
	Validation of QuasAr6a and QuasAr6b in vivo
	Mapping functional connections between NDNF cells
	Mapping gap junction-mediated spikelets in PV cells

	Discussion
	METHODS
	DNA constructs
	Virus packaging
	Engineering monoclonal spiking HEKs
	Photopick screening of Arch-based GEVIs
	Characterization of single mutants in HEK293T cells
	Concurrent imaging and electrophysiology of HEK293T cells
	High-throughput imaging of hippocampal neurons
	Characterization of QuasAr6a and QuasAr6b in brain slice
	Immunostaining of the slice and confocal imaging
	In vivo voltage imaging
	Optogenetic stimulation with patterned blue light
	Double Optopatch in NDNF+ cells
	Data analysis
	Statistics

	Extended Data
	Extended Data Fig. 1.
	Extended Data Fig. 2.
	Extended Data Fig. 3.
	Extended Data Fig. 4.
	Extended Data Fig. 5.
	Extended Data Fig. 6.
	Extended Data Fig. 7.
	Extended Data Fig. 8.
	Extended Data Fig. 9.
	Extended Data Fig. 10.
	References
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

