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Supplementary Figures and Tables
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Table S1. Kinetics of QuasAr3 and paQuasAr3. Measurements were performed in HEK293T cells
expressing the GEVI constructs under the upstream CMV promoter of the FCK plasmid. To measure step
response properties, cells were subjected to a square wave from -60 mV to +40 mV at 5 Hz. Response
transients were fit to a double exponential function. QuasAr3, n = 5 cells, paQuasAr3, n = 9 cells. All
values are mean ± s.e.m.
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Sensitivity at room temp (% ∆F/F
per 100 mV, -75 to +25 mV)
39.0±10.3
54.3±8.3
43.1±5.3
38.7±9.5
52.3±7.3
56.7±6.3

Table S2. Voltage sensitivity of QuasAr2, QuasAr3 and paQuasAr3. To measure voltage sensitivity,
cells were subjected to a triangle wave from -100 to +50 mV at 0.083 Hz. QuasAr2, n = 6 cells, QuasAr3
and paQuasAr3, n = 7 cells. All values are mean ± s.e.m.
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Table S3. AAV vectors used in this study. These constructs were expressed using AAV2/9. Data
obtained with each construct are presented in the indicated figures. All plasmids are available through
Addgene.
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Figure S1. Development of QuasAr3. (a) Screening pipeline. Rationally designed constructs were
cloned in the Optopatch configuration, expressed in primary neurons and tested for spike SNR using
light-induced spikes. Constructs with improved SNR were then expressed in vivo using IUE and tested for
spike SNR in acute slices. The process was repeated iteratively. (b) Examples of SNR measurements in
cultured neurons. Left: wide-field epifluorescence images of GFP fused to CheRiff, an opsin with
excellent membrane trafficking. Middle: Fluorescence of QuasAr mutants. Scale bar 10 µm. Right:
QuasAr fluorescence transients in response to optogenetically induced spikes (10 ms blue light
stimulation at 1 mW/mm2). (c) Hierarchical screen for improved membrane trafficking of QuasAr
variants. Diagram: schematic of the FCK_DuEx1.0 construct and overview of the screening pipeline. E.
coli colonies were transformed with libraries in FCK_DuEx1.0. The colonies with the brightest
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fluorescence were picked for lentivirus production in HEK cells and secondary screening in primary
neuronal culture. Images: example images of the FP channel of QuasAr2-FP fusions: i. mOrange; ii.
mRuby2; iii. mKate2; iv. Citrine. Scale bar: 10 µm. (d) SNR of N-terminal modifications compared with
QuasAr2. All constructs showed reduced SNR (see methods for details). (e) Replacing mOrange2 with
Citrine as a fusion protein improved the trafficking only with two specific linkers. (f) Adding additional
TS sequences at the linker and C terminal improved the spike SNR. (g) The mutation K171R increased the
QuasAr expression level, quantified by normalizing QuasAr fluorescence by the fluorescence of the coexpressed CheRiff-GFP. (c-f) all error bars are mean ± s.e.m., *p<0.05 **p<0.01, 1-tail student t-test. For
SNR measurements, n = 5 – 11 neurons were measured per construct, QuasAr2 reference was from n =
29 neurons. n = 16 – 21 neurons were tested for relative expression. (h) Examples for two constructs
tested for spike SNR in acute slices following IUE. Left: wide-field QuasAr image in acute slice. Middle:
fluorescence trace during 500 ms steps of increasing blue light intensity. Right: confocal images of cells
from the indicated constructs in fixed slices. Scale bar 10 µm.
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Figure S2. Mapping neuronal excitability in Cre-on Optopatch3 transgenic mice (line Ai155). The
Optopatch3 construct comprised QuasAr3-Citrine and CheRiff-HA, co-expressed under the same Credependent locus (Fig. 1e). (a) Confocal images showing Citrine fluorescence from QuasAr3-Citrine, in
offspring of crosses between Optopatch3 mice and different Cre driver mice. Acute brain slices were
prepared from mice ages 14 to 17 days and imaged in the cortex. Scale bar 50 µm. (b) Composite
bright-field image of a coronal brain slice from an Rbp4-Cre+/-;Optopatch3+/- transgenic mouse, with
locations of optical recordings marked with white spots. (c) Spike raster showing 94 cells recorded
sequentially from a single Rbp4-Cre+/-;Optopatch3+/- acute brain slice. (d) Optogenetic stimulus
intensity-dependent firing rates in acute slices with different Cre drivers. Left: slices homozygous for
Optopatch3. Right: slices heterozygous for Optopatch3. Data from 128 cells from 5 slices and 2 mice for
SST-Cre+/-; Optopatch3+/+; 25 cells from 1 slice and 1 mouse for CamKII-Cre+/-; Optopatch3+/+; 152 cells
from 6 slices and 4 mice for Rbp4-Cre+/-; Optopatch3+/-; 89 cells from 2 slices and 2 mice for CamKII-Cre+/; Optopatch3+/-. (e) Mean firing rate, during a 500 ms stimulus as a function of stimulus intensity, I,
calculated from the data in (d). Errorbars show mean ± s.e.m. In the mice with Optopatch3 expression
driven by CamKII-Cre, the F vs I curve for the Optopatch3+/+ mice is compressed along the x-axis relative
to the Optopatch3+/- mice, indicating a stronger optogenetic drive for a given optical stimulation
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strength in the mice homozygous for CheRiff. The decrease in firing rate at strong stimulus in these
mice is a signature of depolarization block.

Figure S3. Response properties of photoactivated QuasAr3 (paQuasAr3). (a) Average fluorescence
responses in HEK cells expressing either QuasAr3 (gray, n = 10 cells) or paQuasAr3 (red, n = 10 cells).
Cells were exposed to continuous red illumination (10 W/mm2) and to steps of blue light of increasing
intensity. paQuasAr3 showed enhanced fluorescence under blue illumination, while QuasAr3 did not. In
the presence of blue illumination only, both proteins showed a small amount of direct blue-excited
fluorescence (purple) which was subtracted from the traces. To compare absolute brightness between
the proteins, QuasAr fluorescence in each cell was divided by the fluorescence of the Citrine fusion
protein. (b) Response of paQuasAr3 and QuasAr3 to steps of blue illumination, normalized by Citrine
fluorescence. Blue light activated paQuasAr3 was ~2-fold brighter than QuasAr3. (c) Voltage-dependent
fluorescence in QuasAr3 and paQuasAr3. In these plots, fluorescence was normalized to its value F0
measured at -75 mV. While blue illumination (150 mW/mm2) enhanced the absolute fluorescence and
the absolute voltage sensitivity (Fig.2b), the fractional voltage sensitivity (∆F/F0) was the same between
QuasAr3 and paQuasAr3 and was not affected by blue illumination (p=0.91, one way ANOVA).
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Figure S4. Spectral properties of paQuasAr3. (a) Action spectrum for photosensitization, measured in
E. coli expressing paQuasAr3. Fluorescence was excited at λexc = 640 nm and emission was collected
from λem = 660 nm – 740 nm. The activation wavelength was scanned from λact = 450 – 650 nm. Peak
activation was at λact = 470 nm. (b) Fluorescence excitation spectra. Blue illumination (40 mW/mm2)
had little effect on the fluorescence excitation spectrum of QuasAr3. Blue illumination sensitized the
fluorescence of paQuasAr3. The sensitized state of paQuasAr3 had a fluorescence excitation spectrum
similar to QuasAr3.
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Figure S5. Simultaneous optical recording from 7 spiking cells in the PCL of an anesthetized mouse.
The mouse was expressing paQuasAr3-s. (a) Left: wide-field epifluorescence image of Citrine
fluorescence. Middle: same field of view with patterned blue illumination. Right: same field of view
with patterned red illumination. (b) Simultaneous fluorescence recordings from 7 cells. Close-ups show
synchronized complex spikes and action potential riding atop a sub-threshold oscillations.
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Figure S6. Photostability of paQuasAr3-s in vivo. 5-minute recording of fluorescence in mouse
hippocampus. The cells were illuminated with red light at 12 W/mm2 and with blue light at 90
mW/mm2. The trace shows the fluorescence from a user-defined ROI after subtraction of the
background from a cell-free region. The baseline signal photobleached in both cells by ~50% during this
interval. Top: total acquisition. Dashed lines denote separate movies. Bottom: Close-up views of the
indicated regions from the top graph.
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Figure S7. Chronic recordings of Oriens neurons in hippocampus. (a) Top left: wide-field
epifluorescence and two-photon (2P) images showing two Oriens interneurons. Scale bar 50 µm.
Middle: Fluorescence recordings from the two cells during three consecutive repeats of a 65 s protocol.
The protocol comprised of 10 s of rest, followed by 15 s epochs of walking at speeds of 5, 7.5, and
10 cm/s, successively, followed by 10 s of rest. Inset shows the optical traces with clearly resolved
spikes and sub-threshold events. Bottom: average spike rate across three trials x two cells. (b) Same
two neurons and same protocol as in (a), recorded 7 days later using the same protocol, except for trial
1, which was only spontaneous activity without activating the treadmill. Traces in (b) are the same
traces as in Fig. S6.
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Figure S8. Examples of brain state-dependent intercellular correlations and spike triggered averages.
(a-c) Left: Magnified sections of recordings from a trio of cells in (a,b) the PCL and (c) Oriens. Top:
recordings during quiet. Bottom: recordings from the same cells during walking. Right: auto- and crosscorrelations of the fluorescence traces, calculated from the complete 9 s recording in each brain region
and behavioral state. The auto- and cross-correlations clearly show enhanced θ-rhythm in both brain
regions during walking and differing cross-correlations between simultaneously recorded pairs of cells.
(d) Three examples for single pair spike-triggered average fluorescence during quiet (left) and walking
(right) in the PCL (top) and Oriens (bottom).
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Figure S9. Analysis of Optopatch experiments with paQuasAr3-s. (a) Raw single-cell fluorescence,
including optical crosstalk due to photoactivation of paQuasAr3-s by the blue light used for optogenetic
stimulation. (b) An estimate of the blue light-induced crosstalk was obtained by averaging the traces of
all cells together. (c) This mean trace was then scaled and subtracted from each individual trace to yield
crosstalk-free recordings. (d) Each cell was also recorded during quiet and walking periods without
optogenetic stimulation.
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