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MOTIVATION Genetically encoded fluorescent indicators enable the non-invasive optical recording of
cellular activities. Engineering these indicators often requires the simultaneous assessment of multiple
key parameters such as brightness, sensitivity, and response kinetics. Herein, we report the design and im-
plementation of a microscopic imaging-guided cell selection technology that can evaluate multiple param-
eters in a mammalian cell population and screen 104-105 variants at a time.
SUMMARY
Genetically encoded fluorescent indicators are powerful tools for tracking cellular dynamic processes. Engi-
neering these indicators requires balancing screening dimensions with screening throughput. Herein, we
present a functional imaging-guided photoactivatable cell selection platform, Faculae (functional imaging-
activated molecular evolution), for linking microscopic phenotype with the underlying genotype in a pooled
mutant library. Faculae is capable of assessing tens of thousands of variants in mammalian cells simulta-
neously while achieving photoactivation with single-cell resolution in seconds. To demonstrate the feasibility
of this approach, we applied Faculae to perform multidimensional directed evolution for far-red genetically
encoded calcium indicators (FR-GECIs) with improved brightness (Nier1b) and signal-to-baseline ratio
(Nier1s). We anticipate that this image-based pooled screening method will facilitate the development of a
wide variety of biomolecular tools.
INTRODUCTION

Genetically encoded fluorescent indicators are powerful tools for

monitoring the dynamics of cellular physiology. Among these,

fluorescent protein (FP)-based intensiometric biosensors are

particularly significant due to their large dynamic ranges and

good spectra compatibility for multiplexed imaging. Therefore,

they have been widely used in recording neural activities,

including neurotransmitter release,1 calcium ion dynamics,2

and membrane potential fluctuations.3

Assessment of fluorescent indicators typically includes key

parameters such as brightness, signal-to-baseline ratio (DF/

F0), dynamic range (Fmax/Fmin), photostability, protein stability,

etc. Improving indicator performance on these fronts often re-

quires labor-intensive protein engineering and screening efforts.
Cell Re
This is an open access article under the CC BY-N
Notably, there is a general trade-off between screening

throughput and the number of parameters being evaluated in

single-trial measurements. For example, fluorescence-activated

cell sorting (FACS)-based screens can evaluate brightness of FP

libraries larger than 106 in a single run4 but are incapable of

measuring dynamic parameters such as dynamic range of bio-

sensors in individual cells. Array-based screens, such as those

performed in multiwell plates, enable both static and dynamic

signal detection but are usually limited to the screening of thou-

sands of mutants at a time and require laborious procedures to

prepare the library.5–7 Recently, microscope-based pooled

screens have been applied for linking the visually examined

phenotypes to the genotypes of pooled variants,8–13 which are

well suited for high-throughput biosensor screening owing

to their abilities to measure dynamic parameters with high
ports Methods 3, 100544, August 28, 2023 ª 2023 The Authors. 1
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spatiotemporal resolution, while simultaneously acquiring ge-

netic information on promising candidate mutants.

Several microscopy-based pooled screening platforms have

been recently developed to engineer genetically encoded fluores-

cent indicators.14,15 In thesemethods, cultured cells expressing a

library of biosensor mutants are initially evaluated under a fluores-

cence microscope. Thereafter, target cells with desired proper-

ties (e.g., improvedbrightness, SBR, photostability, etc.) are iden-

tified and retrieved for genotyping, either by fluorescent tagging

and subsequent cell sorting or by direct aspiration from the plate.

For example, Photopick utilized patterned illumination to photo-

tag target cells expressing a green-to-red photoconvertible FP,

which were subsequently sorted with flow cytometry. This

method has been successfully employed to screen far-red genet-

ically encoded voltage indicators in engineered HEK 293T cells.14

One limitation of Photopick is its requirement of using a green-to-

red photoconvertible FPmarker, which impedes its application to

GFP- or RFP-based indicators. In another approach, termed

Opto-MASS, genetically encoded neurotransmitter indicators in

mammalian cell libraries are screened in microwell array formats,

with identified high-ranking cells aspirated by micropipettes.15

This aspiration-based retrieval method is time consuming and

low throughput. Therefore, a generalizable and automated micro-

scopy-based cell selection method is still needed.

Far-red genetically encoded calcium indicators (FR-GECIs)

have become promising tools for deep-tissue imaging andmulti-

plexed imaging due to their FR spectral property.16–18 Recently,

a series of intensiometric FR-GECIs (termed near-infrared genet-

ically encoded Ca2+ indicator for optical imaging, abbreviated as

NIR-GECOs) have been developed that consist of a calcium-

binding domain, calmodulin (CaM)-RS20, inserted into a mono-

meric infrared FP (mIFP).17,18 However, NIR-GECOs still suffer

from low molecular brightness and limited fluorescence

response and require further improvement in both dimensions.

Herein, we report a microscopic imaging-guided pooled

screening strategy, termed functional imaging-activatedmolecu-

lar evolution (Faculae), that can, in principle, be used for the evo-

lution of a wide variety of fluorescent indicators. First, we

construct biosensor libraries in mammalian cells efficiently

through recombinase-based locus-specific integration. Then,

we screen the pooled library under the microscope, followed by

photoactivating the target cell population via focused illumination

with single-cell resolution and on a timescale of seconds per cell.

Thereafter, phototagged candidate cells are retrieved by FACS

for further genotyping. To demonstrate its capability, we applied

Faculae to perform multidimensional screening of FR-GECIs and

generated Nier1s and Nier1b with improved performance.

RESULTS

Characterization of imaging-guided cell selection
platform
To enable cell selection under microscope, we achieved fast

and precise optical labeling of target cells by photoactivating

FPs through partially focused laser beam. Phototaggable (pho-

toconvertible, activatable, or switchable) FPs have been applied

as fluorescent markers for visualizable phenotypes in many

studies.19–21 Although the digital micromirror device (DMD) has
2 Cell Reports Methods 3, 100544, August 28, 2023
been widely used for spatially selective activation, it is generally

time consuming to activate cells within each field of view due to

low power density.11 For the optical tagging of hundreds and

thousands of cells, we reasoned that a focal illumination

approach, which could restrict the photoactivating light directly

on one cell, would be more efficient.22 We filled the back aper-

ture of the objective (203, 0.75 NA) with a partially collimated

405 nm laser to generate a disc-like illumination pattern with a

diameter of �15 mm at the focal plane, with an estimated power

density of 80 W/cm2 at its center (Figures 1A, S1A, and S1B). To

test the photoactivation kinetics, we expressed photoactivatable

mCherry23 (PAmCherry) in human embryonic kidney 293T (HEK

293T) cells. Under focal illumination, the fluorescence of

PAmCherry in targeted cells increased by more than 100 times

after 1.5 s activation, while the ratio of fluorescence intensity

of targeted cells to neighboring cells reached a maximum of

50 ± 10 (mean ± SEM) at approximately 2.5 s (Figures 1B and

1C). We repeated the above experiment with PA-GFP,24 whose

intensity increased by 49-fold following 1 s activation with a

focused 405 nm laser (Figure S1C). Taken together, the above

characterization demonstrated the capability of activating either

red or green fluorescence with single-cell spatial resolution and

second-scale temporal resolution. We decided to use 1–1.5 s

photoactivation for subsequent experiments to shorten the acti-

vation time and to reduce the off-target activation background.

We next tested the efficiency and specificity of retrieving pho-

toactivated cells with FACS. We transiently expressed either

GFP-P2A-PAmCherry (GFP+/PAmCherry+) or miRFP680-P2A-

PAmCherry (miRFP680+/PAmCherry+) in two separate pools of

HEK 293T cells. We randomly doped a small portion of GFP+/

PAmCherry+ cells (5%) into miRFP680+/PAmCherry+ cells

(95%) and co-cultured the mixed population in the glass-bottom

dish. Under the microscopy, GFP+ cells were readily distinguish-

able from miRFP680+ ones both by visual examination and by

automated image analysis (Figures 1D and 1E). We photoacti-

vated 50–100 GFP+/PAmCherry+ cells with pulsed 405 nm laser

spot illumination within a total of 4 min. Cells were lifted off the

glass-bottom dish with trypsinization and sorted for mCherry+

cells by flow cytometry. Overall, we recovered 44% ± 8%

(mean ± SD) of photoactivated cells with a precision of

96% ± 6% (defined as the ratio of true positives over the sum

of true positives and false positives) (Figure 1F; Table S1), thus

confirming that we can accurately activate and recover cells

with the desired phenotype.

To achieve imaging-based pooled screening, we next tried

to use a recombinase-based method to generate large-

scale mutant libraries in mammalian cells.25 Recombinase-

based integration ensures the irreversible single-copy insertion

of sequences at a pre-defined ‘‘landing-pad’’ locus within the

mammalian cell genome (Figure 2A). To generate the lentiviral

landing pad (LLP) cell line, we transduced LLP virus encoding

either a CAG-attP or CMV-attP construct into HEK 293T cells

at a low multiplicity of infection (MOI) and screened 16 clones

(10 from the CAG construct and 6 from the CMV construct)

with satisfactory expression level and high integration efficiency.

Each LLP cell line was transfected with a mixture of attB-EGFP

and attB-mCherry plasmids. All of these cell lines did not pro-

duce EGFP+/mCherry+ cells, confirming the single-locus



Figure 1. Faculae enabled precise photoactivation and retrieval of target cells
(A) Optical setup of focal illumination (violet dashed line) and wide-field imaging (black line).

(B) Target HEK 293T cells could be precisely photoactivated in seconds. In snapshots (first line), the red dashed line represents the target cell, and the gray

dashed line represents the neighbor cell. Scale bar: 10 mm. ntarget cell = 15; nneighbor cell = 15. Error bars represent SEM.

(C) Fluorescence ratio (Ftarget/Fneighbor) peaked after around 2.5 s photoactivation. ntarget cell = 15; nneighbor cell = 15. Error bars represent SEM.

(D) HEK 293T cells transfected with GFP-P2A-PAmCherry were mixed with 20-fold more cells transfected with miRFP680-P2A-PAmCherry. GFP+ cells were

selected for photoactivation (PA) followed by FACS analysis.

(E) Tiled images and zoomed-in views of co-cultured cells expressing GFP or miRFP680. Gray arrows represent cells for activation.

(F) Top: 90 GFP+ cells were optically activated while 44 cells were detected in the PAmCherry+ gate during flow cytometry analysis. Bottom: 40 (�91%) were true

positives (GFP+ cells), while 4 were false positives (3 negative cells and 1 miRFP680+ cell).

See also Figure S1 and Table S1.
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integration (Figures S2A and S2B). By comparing the fluores-

cence intensity and the fraction of cells exhibiting single-integra-

tion (i.e., EGFP+/mCherry� and EGFP+/mCherry�) cells, we iden-

tified one of the CAG clones with the highest expression level

and the highest recombination efficiency (Figures S2B and

S2C).We termed this cell line CAG-LLP and used it for construct-

ing mutant libraries.

We evaluated the feasibility and throughput of Faculae

by screening against an FR FP library. miRFP680 is an engi-

neered monomeric FR FP derived from truncation of the Rhodop-

seudomonas palustris bacterial phytochrome photoreceptor

RpBphP2, which consists of a Per-ARNT-Sim (PAS) domain and

a cGMP phosphodiesterase/adenylate cyclase/FhlA (GAF)
domain with a pocket incorporating linear tetrapyrrole biliverdin

IXa (BV) as a chromophore.26 Two mutations, D202T and I203V,

havebeen introduced into theconservedPXSDIPmotif to increase

the fluorescence quantum yield by stabilizing the chromophore.26

We randomly mutated these two key residues and screened the

mutant library for brightness with Faculae. A nuclear-localized

EGFP was co-expressed and served both as a reference for

expression level and a marker for facilitating image segmentation

(Figures 2B and 2C).We screened over 43 104 cells under themi-

croscope and photoactivated 117 cells (0.3%) exhibiting high

brightness (Figures 2D–2F and S2D; Table S2). The screening-

photoactivation process was completed within 1 h. Following

FACS, 48 retrieved single cells were lysed, and 17 of them (35%)
Cell Reports Methods 3, 100544, August 28, 2023 3



Figure 2. Construction and screening of miRFP680 library

(A) Scheme of gene integration in CAG-LLP cell line. ORF, open reading frame.

(B) Construction of miRFP680 library.

(C) Pipeline of screening of fluorescent protein by Faculae.

(D) The stitching image and segmented regions of interest (ROIs) of the cell library expressing miRFP680 mutants. The regions of nuclear localized EGFP in each

cell were clearly identified.

(E) Cells with relatively high miRFP brightness were photoactivated under microscope (red scatters in black gate).

(F) PAmCherry+ cells were recovered by FACS (black gate).

(G) The proportion of sequencing results of retrieved PAmCherry+ cells. The double letters represented residues 202 and 203, e.g., ‘‘TV’’ represents T202, V203.

See also Figure S2 and Table S2.
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were successfully PCR amplified for Sanger sequencing. 12 out of

17 (71%)of the sequencing results converged tomiRFP680 (202T/

203V) (Figure 2G; Table S2). We further confirmed that miRFP680

is the brightest candidate in the recovered mutants (Figure S2E).

Together, the above experiments demonstrated that Faculae

could enrich mutants exhibiting desired phenotypes in the im-

age-based screening from a pooled library.

Multidimensional imaging-guided screening of
improved FR calcium sensor
We next applied Faculae to improve the performance of NIR-

GECO (Figure 3A). First, to evaluate both the baseline brightness
4 Cell Reports Methods 3, 100544, August 28, 2023
(F0) and the SBR (DF/F0) of the mutants within each cell, we

sought to manipulate the intracellular calcium concentration

through drug treatment (Figure 3B). Our initial attempt at using

a combination of ionomycin and CaCl2 in HEK 293T cells failed,

as the calcium concentration oscillates rather than reaching a

steady state (Figure S3A). To inhibit the fluctuations, we added

2-APB to the imaging buffer to block gap junction and store-

operated Ca2+ entry,27,28 which resulted in steady calcium levels

(Figure S3B). We applied this ionomycin/CaCl2/2-APB treatment

protocol to compare the SBR of GCaMP6s with GCaMP5g,

which were readily resolved (Figures S3C–S3E). We then

utilized this strategy to compare the SBRs of NIR-GECO2G



Figure 3. A multiparametric strategy for NIR-GECO evaluation

(A) Schematic representation of NIR-GECO.

(B) Workflow of NIR-GECO screening by Faculae.

(C) Example images of HEK 293T cells expressing the indicated nuclear targeted NIR-GECOs. The fluorescence response in the presence of 2 mM ionomycin and

1 mM CaCl2 is shown.

(D) The response traces of NIR-GECOs in the presence of 2 mM ionomycin and 1 mMCaCl2. Shadow areas represent SEM. ncell = 9 for NIR-GECO2G; ncell = 9 for

NIR-GECO1.

(E) Cellswith relatively high brightness and large SBRwere photoactivated undermicroscope (red scatters in black gate). Red dashed line represents�DF/F0 = 0.28,

the average SBR of NIR-GECO2G.

(F) The proportion of sequencing results of retrieved PAmCherry+ cells. 50 mM 2-APB was present throughout imaging.

See also Figure S3.
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and NIR-GECO1. Time-lapse imaging showed that NIR-

GECO2G had higher SBR (DF/F0 = �28% ± 2%) than NIR-

GECO1 (DF/F0 = �15% ± 1%) (Figures 3C and 3D), which was

consistent with the previous report,17 thus demonstrating the

general applicability of our approach.

Next, we performed amodel screen bymixing cells expressing

either NIR-GECO2G or NIR-GECO1 with a ratio of 1–20. To

improve the precision of measurement and tominimize the effect

of cell movement, we localized NIR-GECOs and superfolder

GFP29 (sfGFP) to the nucleus. The calcium-insensitive sfGFP

could serve as an expression reference and a marker for motion

correction30 (Figure 3B).We reduced cell migration by optimizing

the coating material in the culture dish prior to seeding cells and

starving cells from serum for 16–20 h prior to the measurement

(Figure S3F). We screened over 53 104 cells and photoactivated

85 cells (0.2%) with relatively high brightness and large fluores-

cence change for FACS (Figure 3E; Table S2). Notably, despite

taking up merely 5% in the initial pool, NIR-GECO2G constitutes

93% of sequencing results (Figure 3F), indicating that Faculae

had the potential to enrich high-performance candidates in a

pooled biosensor library.

We created several combinational mutagenesis libraries start-

ing from NIR-GECO2G.17 First, we constructed two libraries tar-

geting themIFP domain and the CaM-RS20 domain, respectively

(Figures 4A and 4B). In each library, 17 sites based on previously
reported mutations in GECIs were targeted for random codon

mutagenesis.30–35 Plasmid libraries with an average of �2 tar-

geted codon mutations per gene were generated by previously

reported methods36 (Figure S4A). To increase the copy number

of high-performance mutants, we enriched cells with high basal

fluorescence by FACS and cultured them until screening

(Figures S4B and S4C). Based on the screening results of these

two libraries, we picked V133 and S466 from the mIFP library

and N302 from the CaM library as high-mutation-rate residues

for further saturated combinational mutagenesis (Figures 4A,

4B, and S4D–S4F). In the previous research, these three sites

were mutated in the evolution for NIR-GECO1.18 We analyzed

�1 3 105 cells carrying �8,000 possible combinations.

Compared with the first two libraries, the combined library had

clearly shifted to higher F0 and DF/F0 (Figures 4C and 4D). Mean-

while, different from previous libraries, the sequencing results

from the combined library revealed completely no template, sug-

gesting that these selected mutants were promising targets with

better performance (Figure 4E). Since no dominant mutants were

observed (Figure 4F), we evaluated all of them bymeasuring their

brightness and response to ionomycin/CaCl2/2-APB treatment in

HEK 293T cells (Figures 4G and S4G). The fold change in basal

brightness of these mutants ranged from 1.3 ± 0.1 (mean ±

SEM, same below; NIR-GECO2G-133S/302T/466M, abbreviated

as STM) to 3.4 ± 0.1 (NIR-GECO2G-133D/302Q/466V,
Cell Reports Methods 3, 100544, August 28, 2023 5



Figure 4. Evolving NIR-GECO2G by Faculae

(A) Predicted structure of NIR-GECO2G (predicted on Uni-Fold37). The chromophore and mutation sites are highlighted.

(B) Design of the mutagenesis sites in indicated libraries.

(C) The screening contour of three libraries. In each library, the contour lines from center to periphery represent relative estimated density from 83% to 17%.

(D) In combined library, cells with relatively high brightness and SBR were photoactivated under microscope (red scatters in black gate).

(E) The proportion of template (NIR-GECO2G) and mutants in sequencing results.

(F) Sequence logo of the screening result in the combined library.

(G) Characterization of SBR and brightness for eachmutant in HEK 293T. For SBR tests, at least eight cells of onemutant were calculated. For brightness tests, at

least three replicates were analyzed by flow cytometry. Error bars represent SEM.

See also Figure S4 and Table S3.
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abbreviated as DQV), and the fold change in SBR ranged from

0.73 ± 0.02 (NIR-GECO2G-133R/302Q/466P, abbreviated as

RQP) to 1.5 ± 0.1 (STM), compared with the template. All of the

mutants showed increased brightness. Among these, five mu-

tants exhibited significantly improved SBR (Table S3). We also

confirmed that the photostability of most variants was not

compromised (Figure S4H; Table S3).

We selected several candidates with improved properties and

evaluated their response to physiological signals in rat cultured

hippocampal neurons (Table S4). We performedwhole-cell patch

clamp and stimulated action potential firing via injecting current

pulses of 300 pA for 10 ms. We measured the fluorescent

response to 1–10 action potentials (50 Hz pulses) and quantified

kinetic parameters including half-rise time and half-decay time.

We identified twoNIR-GECO2Gmutantswith better performance

than the template: 133Q/302K/466M (named Nier1s) and 133E/

302T/466C (namedNier1b). Both Nier1s and Nier1b are uniformly

distributed in the neuronal cytoplasm (Figure 5A). Compared to

the template, Nier1s exhibited similar brightness (1.2- ± 0.2-fold)

and enhanced action potential response (�5.8% ± 0.9% versus

2.9% ± 0.5% for single action potential), while Nier1b showed

improved brightness (1.9- ± 0.2-fold) and similar fluorescence

change (�3% ± 0.6% for single action potential) (Figures 5B–5E,

S5A, and S5B; Table S4). Both indicators showed better signal-
6 Cell Reports Methods 3, 100544, August 28, 2023
to-noise ratio (SNR) than the template with similar response

kinetics (Figures 5F–5H). We next characterized FR-GECIs

in vitro. Nier1s and Nier1b had similar absorption and emission

peaks, pKa values, and Hill coefficients (Figures S5C–S5J;

Table S5). Compared to NIR-GECO2G, Nier1s has similar molec-

ular brightness (defined as the product of extinction coefficient

and quantum yield) and 2-fold higher dynamic range (Fmax/

Fmin = 24 versus 12), while Nier1b has 1.6-fold higher molecular

brightness but lower dynamic range (Fmax/Fmin = 4.5 versus 12).

The Kd values of Nier1s (146 nM) andNier1b (308 nM) are compa-

rable to that of NIR-GECO2G (194 nM).

We performed another round of evolution from Nier1s to

demonstrate the efficiency and convenience of Faculae. We

constructed a randomly mutated library of 14 sites based on

previously reportedmutations in iBB-GECO1, an FR calcium in-

dicator engineered from NIR-GECO2.38 In the first round of

enrichment, we photoselected 1,986 cells within 50 min and

retrieved 800 cells from FACS, which were amplified for the

next round of iterative library construction (Figure 6A). In the

second round of enrichment, we observed a substantial in-

crease in the average brightness (2.1 3 102 versus 4.4 3

102), with few changes in the average fluorescence response

(�26.2% versus �26.0%) of the cell population (Figure 6B).

We sequenced individual cells following the same procedure



Figure 5. Nier performance in cultured neurons

(A) Representative images of Nier1s and Nier1b. Scale bar: 20 mm.

(B) Brightness of Nier1s (64 cells) and Nier1b (79 cells) normalized to NIR-GECO2G (105 cells). Cells were imaged at days in vitro (DIV) 16–18 with no supply of

exogenous BV. ***p < 0.001 (Mann-Whitney test).

(C) Averaged responses to 1 action potential (AP) for NIR-GECO2G, Nier1s and Nier1b. Shaded areas represent SEM.

(D) Averaged responses to 10 APs for NIR-GECO2G, Nier1s, and Nier1b. Shaded areas represent SEM.

(E–H) Measured fluorescence change (E), SNR at 48 Hz imaging rate (F), half-rise time (G), and half-decay time (H) as functions of AP numbers. Error bars

represent SEM.

(C–H) ncell = 10 for NIR-GECO2G; ncell = 10 for Nier1s; ncell = 10 for Nier1b.

See also Figure S5 and Table S4.
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as in the evolution of Nier1s and found that 8 out of 21 clones

were Nier1s, while 7 clones contained 323DGG deletion (Fig-

ure S6). We evaluated Nier1s-323DGG and other mutants in

HEK 293T cells (Figure 6C; Table S6). Nier1s-323DGG has

lower brightness (0.82 ± 0.04) despite its higher SBR (1.06 ±

0.05) compared with Nier1s. Unexpectedly, Nier1s-S373Y

and Nier1s-Y271F/I378C showed increased baseline bright-

ness (1.54 ± 0.07; 1.24 ± 0.09) and DF/F0 (1.15 ± 0.02; 1.10 ±

0.03). These results demonstrate that Faculae is fast and

convenient for iterative evolution.

DISCUSSION

We developed Faculae, a functional imaging-guided cell selec-

tion strategy for engineering genetically encoded fluorescent in-

dicators. We achieved multiparametric screen of 0.4–1 3 105

cells within 1.5 h and photoactivation of �2 3 103 cells within

50 min. Faculae has several advantages. In terms of screening

throughput per round, it is on par with Photopick (0.6–1 3 105)

and outperforms Opto-MASS (0.1–0.2 3 105) by several fold.

Faculae also enables fast photoselection of target cells, with

1–1.5 s spot illumination per cell, which compares favorably

against the aspiration-based approach in Opto-MASS (typically

requiring 1–2 min per cell).
Faculae and Photopick share a conceptually similar phototag-

ging mechanism but differ in one key aspect: while Photopick

uses DMD-based wide-field illumination to photoconvert multi-

ple cells in parallel at a low power density (0.04 W/cm2), Faculae

applies spot illumination to photoconvert individual cells one at a

time with a high power density (80 W/cm2). Faculae is thus more

efficient than Photopick when only a few cells (<23 103) need to

be retrieved. If one expects to collect a large population of cells

from the pool, the Photopick approach would be more suitable.

Faculae has enabled themeasurement of tens of thousands of

mutants, allowing us to rapidly improve the brightness and SBR

of FR-GECIs. We envision that Faculae has extensive applica-

tions for sensor engineering. It is compatible with biosensors of

various spectra, including green, red, FR, and near-infrared,

because both PA-GFP and PAmCherry can provide a high pho-

toactivation contrast ratio for FACS. TheCAG-LLPHEK 293T line

ensures strong expression of target proteins, making Faculae

suitable for unoptimized biosensors with low fluorescent

intensity.

In addition to brightness and SBR, Faculae can in principle be

leveraged to assess many other properties of biosensors. For

example, the photostability of fluorescent indicators can be

tested by photobleaching illumination, while the substrate affinity

can be assayed by dosing treatment, as previously reported.11,39
Cell Reports Methods 3, 100544, August 28, 2023 7



Figure 6. Iterative evolution by Faculae

(A) Pipeline for Faculae-based iterative evolution starting from Nier1s.

(B) The screening contour of the libraries in two rounds. In each library, the contour lines from center to periphery represent relative estimated density from 83% to

17%.

(C) Characterization of the SBR (n R 10 cells per mutant) and brightness (n R 2 replicates) for each mutant in HEK 293T cells. Error bars represent SEM.

See also Figure S6 and Table S6.

Article
ll

OPEN ACCESS
Furthermore, subcellular protein distribution and its dynamic

changes could also be readily monitored due to the high spatio-

temporal resolution of fluorescence imaging.9,13 Since Faculae is

performed in mammalian cells, it would be particularly useful for

the directed evolution of membrane proteins, such as indicators

based on G protein-coupled receptors and rhodopsins,1,3 which

has proven difficult for bacterial screens. Similarly, Faculae

would be valuable for engineering tools that are designed to per-

turb the mammalian systems, such as chemogenetic tools and

optogenetic tools,40,41 or those that rely on complex mammalian

pathways, such as biosensors for kinase activity.42

The FR-GECIs, namely Nier1s and Nier1b, showed improved

SBR and brightness compared to template, emphasizing the

importance of large-scale multiparameter screens inmammalian

cells. During directed evolution for NIR-GECO1, the three key

mutations D133V, I302N, and F466S were introduced to the

sensor scaffold.18 However, our screening experiments identi-

fied better combinations (e.g., NIR-GECO2G-133Q/302K/466M

for Nier1s and NIR-GECO2G-133E/302T/466C for Nier1b) on

these sites, resulting in better FR-GECIs for recording neural ac-

tivity. Although array-based screening of FR-GECI mutants in

bacterial lysate in the original studies achieved multidimensional

characterization, it was still limited by screening throughput and

did not match the intended mammalian environment, which

might lead to suboptimal mutations.43

The gene recovery efficiency of Faculae depends on the FACS

retrieval yield and the success of single-cell PCR, both of which

are imperfect. The average FACS retrieval yield is 44% ± 8%

(mean ± SD, 2 trials), which is close to a previously reported yield

of 54%.11 The PCR recovery rate varies from 24% to 51%. We

speculate that the single copy of the gene in the LLP cell line

causes the low recovery rate, making it difficult to amplify the

mutant gene. We can compensate for the gene information

loss by increasing the redundancy of mutants in the initial cell

library.

As an image-based directed evolution methodology in

mammalian system, Faculae can be further optimized on the

following aspects: library construction and phenotyping.44,45
8 Cell Reports Methods 3, 100544, August 28, 2023
First, the library scale can be increased by incorporating newly

developed recombinase into the LLP technique.46 Second, the

phenotyping throughput can be further improved by applying

large field-of-view setups and advanced cell detection ap-

proaches47,48 so that we can derive complex phenotypic infor-

mation from a greater number of cells. Overall, we anticipate

that Faculae will become a generalizable method for biomole-

cular engineering.

Limitations of the study
Faculae is a pooled screening platform based on imaging. While

it can measure both static and dynamic parameters such as

brightness and SBR across multiple fields of view, it is not suited

for measuring kinetic parameters such as fluorescence response

time constants. Faculae also relies on FACS for sorting tagged

cells, which requires that drug treatment during the imaging ses-

sion should not damage cells.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s medium (DMEM) Gibco C11995500BT

Fetal Bovine Serum (FBS) Gibco 100099044

Trypsin-EDTA (0.25%) Gibco 25200056

NeurobasalTM Medium Gibco 21103049

B-27TM Supplement Gibco 17504044

GlutaMAXTM Supplement Gibco 35050061

Penicillin-streptomycin Beyotime C0222

HBSS Gibco 14025092

Blasticidin Selleck S7419

Matrigel� Matrix Corning 356234

poly-D-lysine Sigma P7280-5X5M

Laminin Mouse Protein Gibco 23017015

Opti-MEM� Medium Gibco 31985062

Ionomycin Cayman 11932

Protease K Thermo EO0491

HEPES Amresco 0511

EGTA Sigma 03777-10G

2-APB Abcam ab120124

Gabazine Abcam ab120042

NBQX Abcam ab120045

D-AP5 (APV) Abcam ab120003

Critical commercial assays

Phanta� Max Super-Fidelity DNA Polymerase Vazyme P505-d2

ClonExpress II One Step Cloning Kit Vazyme C112-02

DNA extraction kit TIANGEN DP118-02

E.Z.N.A.� Gel Extraction kit Omega D2500

Ultra-Competent Cell Preps Kit Sangon B529303-0200

Lipofectamine� 2000 Reagent Gibco 11668019

Lipofectamine� 3000 Reagent Gibco L3000008

Experimental models: Cell lines

HEK 293T ATCC Cat#CRL-3216

Oligonucleotides

Primers for mutation and single cell PCR, see Table S7 This paper N/A

Recombinant DNA

Plasmids for corresponding experiments, see Table S8 This paper N/A

Software and algorithms

FIJI/ImageJ National Institutes of Health Version 1.53t (https://imagej.net/Fiji)

MATLAB The Mathworks, Inc., Natick, MA R2018b (or later)

Micro-Manager Arthur et al.49 2.0.0-gamma1

Custom code This paper See Method S1

LabVIEW National Instruments Corp. Version 2015

e1 Cell Reports Methods 3, 100544, August 28, 2023

https://imagej.net/Fiji


Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Peng

Zou (zoupeng@pku.edu.cn).

Materials availability
Reagents in this study are available by request to lead contact, Dr. Peng Zou (zoupeng@pku.edu.cn).

Data and code availability
d All the data published in this paper will be available from the lead contact upon request.

d The MATLAB code is available as supporting information in this manuscript.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cultured cell models
Human embryonic kidney 293T (HEK 293T) cells were incubated in Dulbecco’s modified eagle medium (DMEM, Gibco) medium with

10% v/v fetal bovine serum (FBS, Gibco) at 37�C with 5% CO2.

All experiments were done in accordance with the Experimental Animal Management Ordinance of Beijing, P. R. China. The pro-

tocol was approved by The Institutional Animal Care and Use Committee in Peking University. We did not select animal sex, and an-

imals were housed in standard conditions. Primary rat hippocampal neurons were cultured as previous described.50 Briefly, glass

coverslips were incubated with 20 mg/mL poly-D-lysine (Sigma) solution and 10 mg/mL Laminin Mouse Protein (Gibco) solution for

24–48 h, respectively. Neurons were isolated from brains of neonatal Sprague-Dawley rat pups (postnatal day 0), and collected

and diluted by neuronal culture medium (Neurobasal medium, B-27 supplement, GlutaMAX supplement and penicillin-streptomycin)

to a final cell density of 63104 cells/mL. 1 mL cell suspension was added to each 24-well containing pre-coated glass coverslip. Half

of the neuron culture medium was replaced with fresh medium once every 4 days.

METHOD DETAILS

Molecular cloning
Plasmids were constructed using seamless cloning technique. The inserts and the vectors were PCR amplified (Vazyme, P505), gel

purified (Omega, D2500) and then mixed with enzymes following manufacturer’s instructions (Vazyme, C112). Successful clones

were verified by Sanger sequencing. Site-directed mutagenesis and linker insertion/deletion were achieved by PCR overlap exten-

sion. The NIR-GECO1 gene and Bxb1 gene were synthesized by company. The descriptions of primers and plasmids used in this

study are in Table S7 and Table S8. The plasmid maps are available from the corresponding authors upon request.

Cell transfection
HEK 293T cells were seeded in a 24-well plate and grown to 90% confluent for transfection. For each well, 500 ng plasmid and 1 mL

Lipofectamine 2000 Reagent were mixed in Opti-MEM Medium and incubated for 5–10 min at room temperature. The mixture was

added to the cell culture medium in the absence of serum for 4–8 h. Thereafter, cells were digested by Trypsin-EDTA (0.25%, Gibco),

reseeded on a sterile 14-mm glass coverslip or a glass dish pre-treated with Matrigel Matrix, and incubated in the complete medium

(DMEM+10%FBS) for 24–48 h before imaging.

Neurons were transfected on DIV7-9 (7–9 days in vitro). For each well, 500 ng plasmid DNAwasmixed with 1.5 mL of Lipofectamine

3000 Reagent in the Neurobasal medium, before incubating with neurons for 45 min. The transfected neurons were imaged on

DIV16-18.

Library construction
The NIR-GECO plasmid libraries (mIFP lib and CaM lib) were constructed via combinatorial codon mutagenesis36 and MEGAWHOP

method.51 Mutations were introduced by designing oligonucleotide contain NNK triplet at the target sites. The upstream and down-

stream of primers contained 16 nucleotides for annealing (full length: 35 bp). The 17 forward-mutagenesis primers were mixed in

equimolar quantities to generate the forward primer pool. The reverse primer pool was created by equally combined reverse com-

plement of each of forward-mutagenesis primers (Table S7). The forward fragment PCR reaction contained 10 ng template, 1 mL for-

ward primer pool (10 mMtotally), 1 mL tail primer (10 mM), 12.5 mL 23PhantaMaxBuffer, 0.5 mL dNTP (10mMeach), 0.5 mLPhantaMax

Super-Fidelity DNA Polymerase and 9 mL ddH2O. The primer pair in reverse fragment PCR reaction was replaced by reverse primer

pool and head primer. The forward and reverse reaction were used as templates for joining PCR without purification (1 mL each). The

PCR program was set as below: 1) 95�C for 3 min; 2) 95�C for 15 s; 3) 50�C for 30 s, cooling to 50 �C at 0.5 �C/s; 4) 72�C for 60 s; 5)
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Repeat steps 2 through 4 for 8 additional cycles if in fragment PCR, or 19 additional cycles if in joining PCR; 6) 72�C for 3 min; 7) Hold

at 4�C. The PCR product was purified by gel extraction and used as the template for a second round of fragment-joining PCR step.

The second-round PCR product was purified for MEGAWHOP. Mutations in combined lib were introduced by overlap extension

PCR. The PCR product was purified for MEGAWHOP.

To create plasmid library from PCR products, 50 ng template attB plasmid (template) and 500–750 ng fragment (megaprimer) were

mixed in 25 mLMEGAWHOPPCR reaction consisting of 12.5 mL 23PhantaMaxBuffer, 0.5 mL dNTP (10mMeach), 0.5 mL PhantaMax

Super-Fidelity DNA Polymerase and ddH2O. The PCR program was set as below: 1) 95�C for 3 min; 2) 95�C for 15 s; 3) 60�C for 15 s;

4) 72�C for 4min; 5) Repeat steps 2 through 4 for 24 additional cycles; 6) 72�C for 3min; 7) Hold at 4�C. The reactionwasmonitored by

agarose gel electrophoresis as previously described.51 The MEGAWHOP product was transferred into ultra-competent DH5a

after DpnI treatment. Each 2 mL product was used to transform 1 tube of competent E. coli cells (100 mL). Transformation produced

�13105 constructs for 25 mL MEGAWHOP reaction. The competent cells were prepared using commercial kit based on rubidium

chloride protocol (Sangon, B529303-0200). Plasmids were extracted from construct mixture (TIANGEN, DP118-02).

For cell library construction, CAG-LLP cells were seeded on a 6-cm dish to reach 90%confluence. Cells were transfected following

Lipofectamine 3000 protocol (5.5 mg DNA, 11 mL P3000, 16 mL Lipofectamine 3000). After 6–8 h, cells were digested by trypsin and

reseeded on a 10-cm dish. After 2 days, GFP+/mIFP+ cells were collected by FACS (�200k) and expanded for at least 4 days. Then

cells with strong GFP/mIFP signals were FACS enriched (�100k) and seeded on a 35-mm glass dish. After 1 day, medium was

changed to Opti-MEM Medium for reduced-serum cell culture, which could reduce cell movement during imaging. Cells were

screened 1 day later. For miRFP680 screening and NIR-GECO screening test, cell libraries were produced and collected as

described above but without expansion and FACS enrichment step.

Stable cell line construction
Lentivirus was produced in HEK293T cells. First, cells were seeded and grow to reach 90% confluence. Next, a DNA mix was pre-

pared by combining expression plasmid, delta8.9 and VSVG at a mass ratio of 1:1:0.7 in Opti-MEM. The DNA was mixed with P3000

and then incubated with Lipofectamine 3000 at a ratio of 1:2:3 (w:v/v). Next, the above mix was added to cells and incubated at 37�C
for 6–8 h. The old medium was aspirated and new complete medium was replenished. Cells were incubated for 40–48 h. The super-

natant was collected and filtered through a 0.45-mm syringe. This lentivirus-contained medium was aliquoted and stored at �80�C.
For LLP cell line construction, HEK293T cells were infectedwith�0.1MOI when cell confluence reached 60%. After 48 h, cells were

collected and sorted. BFP+ single cells were seeded into a 96-well plate. Each well contain one clone in 150 mL complete medium.

Cell clones grew at least 2 weeks before further validation. The desired clone was kept and expanded for following experiments. Cell

culture medium was supplemented with 2.5 mg/mL Blasticidin (Selleck, S7419).

Imaging apparatus and confocal microscopy
All of the fluorescence imaging experiments were conducted on an inverted fluorescence microscope (Nikon-TiE) equipped with a

2030.75 NA dry immersion objective lens (except for calcium imaging in neuron and photobleaching test, in which a 403 NA 1.3 oil

immersion objective lens was used), four laser lines (Coherent OBIS 405 nm, 488 nm, 561 nm, and 637 nm), a spinning disk confocal

unit (YokogawaCSU-X1), and two scientific CMOS cameras (Hamamatsu ORCA-Flash 4.0 v2). Themicroscope, lasers, and cameras

were controlled with either custom-built software written in LabVIEW (National Instruments, 15.0 version) or Micro-Manager 2.0

(MM2.0) and could switch between confocal and wide-field imaging modes. The spectra properties of filters and dichroic mirrors

for various fluorescent indicators used in this study are summarized in Table S9. Image analysis was performed in ImageJ/Fiji (version

1.53t). ImageJ/Fiji and MM2.0 were run within MATLAB.

Time-lapse imaging
For ionomycin/CaCl2/2-APB test, the transfected/recombined HEK293T cells were seeded on a 35-mm glass dish to reach 60–80%

confluence. Cells were maintained in an extracellular (EC) Ca2+-free medium containing 5 mM KCl, 135 mM NaCl, 1 mM MgCl2,

0.4 mM KH2PO4, 10 mM glucose, and 20 mM HEPES (pH 7.4) at room temperature. Cells were incubated in EC with 50 mM

2-APB for at least 10 min before imaging. Time-lapse images were acquired with 20 s interval by LabVIEW. After 10 time points

(�200 s), the medium was replaced with EC containing 50 mM 2-APB, 2 mM Ionomycin and 1 mM CaCl2 by peristaltic pump.

Imaging-based screening
For NIR-GECO screening, cells were incubated in EC with 50 mM 2-APB for at least 10 min before imaging. The first step was to ac-

quire�500 2-channel images (330 mm3 330 mmeach, defined as ‘‘pre-library’’ and ‘‘pre-marker’’) on a glass dish. Second, the buffer

was replacedwith EC containing 50 mM2-APB, 2 mM Ionomycin and 1mMCaCl2. After 12min, the second round of image acquisition

of the same positions was performed (‘‘post-library’’ and ‘‘post-marker’’). All these images were processed through flat-filed correct-

ing, including background subtraction. The post-marker images were segmented by StarDist.52 ROIs were used to calculate nuclear

sizes, intensities and xy coordinates. Brightness was defined as the maximum fluorescence (Fpre-library) of each cell. SBR was calcu-

lated as (Fpost-library/Fpost-marker - Fpre-library/Fpre-marker)/(Fpre-library/Fpre-marker). For each library, 1.0–1.23105 cells were screened in 1 or

2 dishes. Cells with both high brightness and large SBR (greater than the averaged values for the template) were manually gated. The

positions of these cells were retrieved under microscope by moving the stage automatically. Cells were photoactivated one by one
e3 Cell Reports Methods 3, 100544, August 28, 2023
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for 1 s using focal illumination of 405 nm laser with 10% power (Coherent OBIS 405 nm, 50mW). After photoactivation, the cells were

maintained in EC containing 1 mM Ionomycin and 1 mM EGTA for 10 min. This step aimed to reduce intracellular concentration of

calcium ion. Cells were digested, centrifuged and resuspended in PBSwith 2%FBS. The cell suspension was kept on ice until FACS.

For miRFP680 screening, cells were incubated in HBSS for at least 10 min before imaging. the first step was to acquire 500–1000

2-channel images (defined as ‘‘library’’ and ‘‘marker’’) on a glass dish. All these images were processed through flat-filed correcting,

including background subtraction. The marker images were segmented by StarDist. ROIs were used to calculate nuclear sizes, in-

tensities and xy coordinates. Brightness was defined as the fluorescence (Flibrary and Fmarker) of each cell. Cells with high brightness

were gated and photoactivated. After photoactivation, cells were digested, centrifuged and resuspended in HBSSwith 2% FBS. The

cell suspension was kept on ice until FACS.

For single cell nested PCR amplification, 96-well PCR plates were used to receive PAmCherry+ single cells. Each well contained

5 mLPBSwith 125 mg/mLProtease K. The plates were quickly frozen in liquid nitrogen after FACS. The lysates were treated in 56�C for

15 min and 95�C for 5 min. Next, 1 mL forward primer-1 (10 mM), 1 mL reverse primer-1 (10 mM), 12.5 mL 23Phanta Max Buffer, 0.5 mL

dNTP (10 mM each), 0.5 mL Phanta Max Super-Fidelity DNA Polymerase and 4.5 mL ddH2O were added into the lysate in each well.

After the first round of PCR, 3 mL reaction was used as template to perform the second round of PCR, while the primer pair was for-

ward primer-2 and reverse primer-2. The PCR program was set as below: 1) 95�C for 3 min; 2) 95�C for 15 s; 3) 61�C for 15 s; 4) 72�C
for 90 s; 5) Repeat steps 2 through 4 for 24 additional cycles if in first round PCR, or 34 additional cycles if in second round PCR; 6)

72�C for 3 min; 7) Hold 4�C. The PCR products were gel purified and verified by Sanger sequencing.

Flow cytometry
Cells were disassociated by trypsin and centrifuged at 300 g for 3 min. Cells were re-suspended in Hank’s Balanced Salt Solution

(HBSS, Gibco) containing 2% FBS and kept on ice until flow cytometry. Astrios EQ (BeckMan Coulter) was used for FACS sorting.

The sorted cells were either lysed for PCR (see ‘‘Imaging-based screening’’ section) or cultured in DMEMwith 10% FBS (see ‘‘Stable

cell line construction’’ section). LSRFortessa was used for flow cytometry analysis (Becton Dickinson). Optical configuration of

LSRFortessa: BFP (Ex: 405 nm, Em: 450/50), GFP (Ex: 488 nm, Em: 530/30), mCherry (Ex: 561 nm, Em: 610/20), miRFP680/mIFP

(Ex: 640 nm, Em: 730/45).

Electrophysiology
For single-cell electrophysiology recording, cultured neurons were incubated in Tyrode’s buffer containing 20 mM Gabazine, 10 mM

NBQX and 25 mMAPV. The electrophysiology experiments were performed at room temperature. Borosilicate glass electrodes (Sut-

ter) were pulled to a tip resistance of 2.5–5 MU. The glass electrode was filled with internal solution containing 145 mM potassium

gluconate, 5 mM MgCl2, 10 mM HEPES, and 4 mM Na2-ATP (pH 7.2, with KOH). The glass electrode’s position was adjusted by a

Sutter MP285 micro-manipulator. Membrane potentials were recorded under whole-cell current clamp under I = 0 mode (Axopatch

200B, Axon Instruments). Recordedmembrane potential data were filtered with a 5 kHz internal Bessel filter in the amplified and digi-

tized with a National Instruments PCIe-6353 data acquisition 1067 (DAQ) board. The microscope (Nikon Ti-E), the camera (Hama-

matsu ORCA-Flash 4.0 v2) and electrophysiology recording system were controlled with a customized software written in

LabVIEW 2015 (National Instruments), and the data were extracted and analyzed with a home-made script written in MATLAB

R2018b (MathWorks).

Brightness and photobleaching test
HEK293T cells were transfected with pcDNA3.1-NIR-GECO-mut-3NLS-P2A-EGFP-3NLS using Lipofectamine 2000 Reagent as

described in ‘‘Cell Culture and Transfection’’. For brightness test, cells were analyzed using flow cytometry. The brightness of

each mutant was calculated as the median intensity of mIFP+ cells. For photobleaching test, cells were continuously illuminated un-

der microscope with 403 NA 1.3 objective. The power density of 637 nm laser was 9.0 W/cm2.

Protein purification and in vitro characterization
The gene encoding Nier1s, Nier1b and NIR-GECO2G, with a polyhistidine tag on the N-terminus, was expressed from the pJC vector

in E. coli strain BL21 (DE3). The bacteria were lysed with an ultrasonic cell disruptor and then centrifuged at 20000 rpm for 30 min.

Extracted protein was purified by Ni-NTA agarose (QIAGEN). The eluted sample was dialyzed in PBS containing 1mMDTT overnight.

Proteins were further concentrated with an Amicon Ultra-15 Centrifugal Filter Device (Merck). The buffer was exchanged to 10 mM

MOPS, 100 mMKCl (pH 7.2). We prepared a CaEGTA buffer (30 mMMOPS, 100 mMKCl, 10 mM EGTA, 10 mMCaCl2) and an EGTA

buffer (30 mM MOPS, 100 mM KCl, 10 mM EGTA).

Absorbance spectra of FR-GECIs were measured with NanoDrop 2000c (Thermo). Excitation and emission of FR-GECIs were

measured with the Fluorescence Spectrophotometer F-7000 (HITACHI). For determination of the extinction coefficient, a ratio of

maximum absorbance values of Q and Soret bands was calculated, assuming the latter to have the extinction coefficient of

39900 M�1 cm�1. We used integrating sphere (FLS 980) to measure the absolute quantum yields of the FR-GECI solutions.

We performed pH titrations by diluting protein into buffers (pH from 2 to 11) containing 30 mM trisodium citrate, 30 mM sodium

borate, 30 mM MOPS, 100 mM KCl, 10 mM EGTA, and either no CaCl2 or 10 mM CaCl2. Fluorescence intensities as a function of

pH were then fitted by a sigmoidal binding function to determine the apparent pKa. Ca2+ titrations were carried out using Calcium
Cell Reports Methods 3, 100544, August 28, 2023 e4
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calibration buffer (Calcium Calibration Buffer Kit, Biotium, 59100). Fluorescence intensities against Ca2+ concentrations were fitted

by a sigmoidal binding function to determine the Hill coefficient and Kd.

Wide-field calcium imaging in rat hippocampal neuron culture
The pAAV-hSyn-NIR-GECO-mut-IRES-EGFP-3NLS plasmid was transfected into cultured rat hippocampal neurons as described

above. To analyze sensor brightness in neurons, more than 50 cells were snapshotted in mIFP/GFP channel for each mutant.

3–10 cells for each mutant were stimulated to fire 1–10 AP by patch clamp and the calcium ion flux was recorded simultaneously.

To stimulate firing of 1–10 individual action potential (AP), 1–10 300-pA current pulses were injected to cultured neurons for

10 ms duration at a repetition rate of 50 Hz under I-CLAMP NORMAL mode (at 21159.48 Hz). The interval of each step from 1 to

10 AP was around 12 s. Fluorescence images were acquired at 48 Hz camera frame rate with 2-by-2 binning. neurons were illumi-

nated with 637 nm laser at 3.3 W/cm2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Both the electrical data and the fluorescence images were analyzed with home-built scripts written inMATLABR2018b (MathWorks).

MATLAB code is available from Method S2. For neural calcium imaging, fluorescence intensities of cells were extracted from the

mean pixel values of a manually drawn ROI around the soma. Following camera bias subtraction (100 and 400 for 1-by-1 and

2-by-2 binning, respectively), the fluorescence signal was corrected for photobleaching and smoothed by Savitzky-Golay filter. Sta-

tistical analysis was performed with Excel (Microsoft Excel 2019) and Origin (version 2022b).
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