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Figure S1 | Alignment of amino acid sequences of Acetabularia rhodopsin Il (Ace), Archaerhodopsin (Arch), bacteriorhodopsin (BR) and Gloeobacter rhodopsin (GR). Boxes
indicate residues targeted for site-directed saturation mutagenesis. AAs are color-coded based on side-chain chemistry. Conserved residues are indicated in upper case.
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A Ace N81X mutagenesis in Ace-SY-mNeon

1 2 3 4 5 6 7 8 9 10 1 12

N -3 0 -4 -2 -4 e -4 0 -5 -6 -8
N81H | N81l | N81A | N8IL | N81P | N81P | N8IN | N81P N81I N8IN | N81R | N81S
5| 3 -2 e -8 2 -4 -8 -4 2 12 -10 -3
N81A

5/ 0 -18 0 | < -10 -10 -9 -5 14 0
¢ N81S N81S

-14 2 -16 -8 -8 7 11 -3 -5 =4 -6
| NatE N81S N81S Control

1 2 3 4 5 6 7 8 9 10 1 12
A -25 -16 -13 -14 -15 -18 -17 -18 -20 -25 -17 -16
G229G | G229P | G229E | G229P G229E | G229S G229H | G229K

B -17 -15 -17 -18 -12 -15 -12 -10 -21 -12 -13 -18
G229T G229F

c -14 -13 -10 -24 -10 -15 -11 -5 -18 -14 -16 -8
G229F G229F

D -16 -17 -6 -12 -12 -8 =9 ed -18 -34 -5 -25

G229F | G229Y G229W

C Ace-FP linker mutagenesis in VARNAM A229 A230 (G231X)

1 2 3 4 5 6 7 8 9 10 1 12
17 -26 -14 -22 0 -16 -10 -18 -8 -19 -16 -16

A G231S | G231l | G231D | G231T | G231Q | G231A | G231E | G231M | G231P | G231K | G231A | G231S
-20 -16 -18 -15 -18 -15 -11 -18 -20 -17 -12 -23

8 G231L | G231D | G231M | G231Q | G231C G231T | G231A | G231F | G231L | G231R | G231G | G231T
-16 -21 -8 -12 -15 17 -15 -20 -18 -15 -23 -18

¢ G231S | G231K | G231P | G231D | G231A | G231C | G231F | G231K | G231L | G231E | G231L | G231N
-20 -20 17 -18 17 -16 17 -19 -18 -15 -16

° G231Q | G231K | G231M | G231L | G231S | G231W | G231F | G231F | G231M | G231G | G231E | Control

Figure S2 | High-throughput screening for voltage sensitivity of Ace-mNeon2 and VARNAM.

(A) 48 variants containing saturation mutations at Ace N81 on the backbone of Ace-mNeon were each transfected in
electrically excitable HEK cells (30,37) and screened for voltage sensitivity on the high-throughput platform (78). The maximum
%AF/F obtained for each variant across 4 independent rounds of screening are indicated in each well, together with the
sequence information, where available. Color density corresponds to the size of the signal in the negative direction.

(B) Same as (A) for Ace-FP linker mutagenesis on Ace-mNeon 81S backbone.

(C) Same as (A) for Ace-FP linker mutagenesis on VARNAM backbone.
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Ace opsin
GGAGTGATGATTTCTTGGGT CATCGGCGCAGACATTTTCATGATCGTGTTTGGTATTCTGGGCGCCTTCGAGGAT GAACACAAGTTCAAATGGGTGTACT

G \ M | S w \ ! G A D | F M | Vv F G | L G A F E D E H K F K w \ Y

Ace opsin
TTATCGCTGGATGT GTGATGCAGGCAGT CCTGACATACGGGATGTATAACGCCACTTGGAAAGACGATCT GAAGAAAAGCCCCGAGTACCATAGCTCCTA

F | A G c v M Q A 2 L T Y G M Y N A T w K D D L K K S P E Y H S S Y

Ace opsin
TGTCAGTCTGCTCGTCTTCCTGTCAATCCTCTGGGTGTTTTATCCTGTCGTGTGGGCTTTCGGGT CTGGTAGT GGCGT GCTGTCCGTCGACAATGAGGCC

v S L L \ F L S | L w 2 F Y P v v w A F G S G S G v L S v D N E A

Ace opsin || Linker ]| mNeonGreen

ATTCTCATGGGAATCCTGGATGT GCTCGCTAAGCCACTGTTTGGAATGGGGT GCCTCATTGCCCATGAGACTATCTTCAAGTCCTACCCAGCGACACATG

| L M G | L D \ L A K P L F G M G Cc L | A H E T | F K s Y P A T H

mNeonGreen
AGTTACACATCTTTGGCTCCATCAACGGT GTGGACTTTGACAT GGT GGGT CAGGGCACCGGCAATCCAAATGATGGTTATGAGGAGTTAAACCTGAAGTC

E L H I F G S | N G \% D F D M \% G Q G T G N P N D G Y E E L N L K S
mNeonGreen
CACCAAGGGTGACCTCCAGTTCTCCCCCTGGATTCTGGTCCCTCATATCGGGTATGGCTTCCATCAGTACCTGCCCTACCCTGACGGGATGTCGCCTTTC

T K G D L Q F S P w | L \ P H | G Y G F H Q Y L P Y P D G M S P F
mNeonGreen

CAGGCCGCCAT GGTAGAT GGCT CCGGATACCAAGT CCATCGCACAATGCAGT TTGAAGATGGTGCCTCCCTTACTGTTAACTACCGCTACACCTACGAGG

Q A A M v D G S G Y Q Vv H R T M Q F E D G A S L T \4 N Y R Y T Y E

mNeonGreen
GAAGCCACATCAAAGGAGAGGCCCAGGT GAAGGGGACTGGTTTCCCTGCTGACGGTCCTGTGATGACCAACTCGCTGACCGCTGCGGACTGGTGCAGGTC
G S H | K G E A Q \ K G T G F P A D G P \ M T N S L T A A D w C R S
mNeonGreen

GAAGAAGACTTACCCCAACGACAAAACCATCATCAGTACCTTTAAGT GGAGT TACACCACT GGAAAT GGCAAGCGCTACAGGAGCACT GCGCGGACCACC

K K T Y P N D K T | I S T F K w S Y T T G N G K R Y R S T A R T T
mNeonGreen
TACACCTTTGCCAAGCCAATGGCGGCTAACTATCTGAAGAACCAGCCGATGTACGTGTTCCGTAAGACGGAGCTCAAGCACTCCAAGACCGAGCTCAACT

Y T F A K P M A A N Y L K N Q P M Y v F R K T E L K H S K T E L N

mNeonGreen | Kir2.1 membrane trafficking sequence

TCAAGGAGT GGCAAAAGGCCTTTACCGATGT GATGGGCAT GGACGAGCT GTACAAGAAGAGCAGGATCACCAGCGAGGGCGAGTACATCCCCCTGGACCA

F K E w Q K A F T D v M G M D E L Y K K S R | T S E G E Y | P L D Q
|| Kir2.1 ER export sequence || Kv2.1 proximal restriction sequence

GATCGACATCAACGTGTTCTGCTACGAGAACGAGGT GCAAAGT CAGCCTATCCTGAACACAAAGGAAATGGCTCCACAGTCTAAGCCTCCCGAAGAGCTT

| D I N \ F Cc Y E N E \ Q S Q P | L N T K E M A P Q S K P P E E L

Kv2.1 proximal restriction sequence
GAGATGTCCAGTATGCCAAGTCCCGTGGCT CCCCTCCCTGCCAGGACT GAAGGAGT GATTGACATGAGGAGTATGTCATCTATTGATAGCTTCATCTCTT

E M S S M P s P \ A P L P A R T E G v | D M R s M s S | D S F I s

Kv2.1 proximal restriction sequence | |
GCGCAACAGATTTCCCCGAGGCTACTCGATTCTAA

(¢} A T D F P E A T R F

Figure S3 | DNA and amino acid sequences of Ace-mNeon2 fused to a somatic restriction sequence from Kv2.1.
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Kir2.1 membrane trafficking sequence || Kir2.1 ER export sequence || Kv2.1 proximal restriction sequence

CGAGTACATCCCCCTGGACCAGATCGACATCAACGTGTTCTGCTACGAGAACGAGGT GCAAAGT CAGCCTATCCTGAACACAAAGGAAATGGCTCCACAG

E Y I P L D Q I D | N \ F Cc Y E N E v Q s Q P | L N T K E M A P Q

Kv2.1 proximal restriction sequence
TCTAAGCCTCCCGAAGAGCTTGAGATGTCCAGTATGCCAAGT CCCGTGGCTCCCCTCCCTGCCAGGACT GAAGGAGT GATTGACAT GAGGAGTATGTCAT

S K P P E E L E M s S M P S P \ A P L P A R T E G \ | D M R s M s

Kv2.1 proximal restriction sequence | |
CTATTGATAGCTTCATCTCTTGCGCAACAGATTTCCCCGAGGCTACTCGATTCTAA

S | D S F | S C A T D F P E A T R F

Figure S4 | DNA and amino acid sequences of VARNAM2 fused to a somatic restriction sequence from Kv2.1.
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Figure S5 | Voltage sensitivity and kinetics of the four FRET-opsin indicators in HEK cells. (A) Example fluorescence
responses from a HEK cell expressing Ace-mNeon2, pAce, VARNAM2 or pAceR during whole-cell voltage clamp recordings.
HEK cells were held at -70 mV and responses were recorded to depolarizing and hyperpolarizing voltage steps at 20 mV
increments. (B) Normalized fluorescence responses of HEK cells transfected with Ace-mNeon2 or pAce (left), and VARNAM2
or pAceR (right) during 120 mV depolarization. Dashed grey box represents interval shown below at an expanded time scale.
Imaging conditions: 505 nm LED for Ace-mNeon2 and pAce and 565 nm LED for VARNAMZ2 and pAceR, 25 mW mm at
sample plane; image acquisition: 1 kHz.
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Figure S6 | High-throughput voltage screening of Ace-mNeon2 D92X mutants. 48 variants containing saturation mutations at
Ace D92 were each transfected in electrically excitable HEK cells (30,37) and screened for voltage sensitivity on the high-
throughput platform (78). Shown here are representative fluorescence responses of all cells (grey) from one field-of-view and
one round of screening per variant. The average responses to depolarizing field potentials are indicated in blue for positive-
polarity, green for negative-polarity and black for non-responding variants. Mutational information is indicated on top of each
well for the positive-polarity variants, which were chosen for sequencing post-screening. (n>100 cells/variant).
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Figure S7 | High-throughput screening for kinetics rescue mutations in Ace-mNeon2 D92N. 96 variants containing saturation
mutations at Ace S81 were each transfected in electrically excitable HEK cells (30,37) and screened for voltage sensitivity and
response kinetics on the high-throughput platform (18). Shown here are representative fluorescence responses of all cells (grey)
from one field-of-view and one round of screening per variant. The average responses to depolarizing field potentials are
indicated in blue. Mutational information is indicated on top of each well (n>100 cells/variant except A1 and A12, where n<10
cells/well). Wells shaded in pink exhibited improvements in response kinetics, which is more conspicuous in the maximum
response traces. Images were acquired at 200 Hz for this experiment (see Methods).
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Figure S8 | High-throughput screening for voltage sensitivity of positive-polarity variant Ace-mNeon2 S81D D92N.

(A) 48 variants containing saturation mutations at Ace R78 or W178 on the backbone of Ace-mNeon2 S81D D92N were each
transfected in electrically excitable HEK cells (30,37) and screened for voltage sensitivity on the high-throughput platform (718).
The maximum %AF/F obtained for each variant across 4 independent rounds of screening are indicated in each well together

with the sequence information. Color density corresponds to the size of the signal in the positive direction.
(B) Same as above for Ace W178X mutagenesis on Ace-mNeon2 S81D D92N R78K backbone.
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Figure S9 | DNA and amino acid sequences of PACE fused to a somatic restriction sequence from Kv2.1.
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Figure S10 | DNA and amino acid sequences of PACER fused to a somatic restriction sequence from Kv2.1.
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Figure S$11 | Brightness and photobleaching characteristics of the FRET-opsin indicators.

(A) Left, Resting fluorescence of Ace-mNeon, Ace-mNeon2 and pAce normalized to average resting intensity of Ace-mNeon.
Values represent mean + S.E.M. P values are italicized. Statistical comparisons were made across all conditions. Asterisks
denote significance (Kruskal-Wallis test with Dunn’s multiple comparisons correction). Right, same as above for VARNAM,
VARNAM2 and pAceR (n=7 wells/condition, ~500 cells/well).

(B) Photobleaching profiles of Ace-mNeon, Ace-mNeon2 and pAce (leff) and VARNAM, VARNAM2 and pAceR (right) in HEK
cells under continuous illumination (n=4 wells each, ~100 cells/well) Imaging conditions: 505 nm LED for the green indicators
and 565 nm LED for the red indicators, 25 mW mm2 at sample plane.
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Figure S12 | Benchmarking GEVIs based on their 1 ms impulse responses calculated using reported values of intrinsic

response kinetics (see Methods).

(A) Excursion rate, defined as the effective amplitude of the saturated AF/F, for negative and positive polarity GEVIs.
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GEVIs are ranked in decreasing order of peak saturated AF/F. Sampling rate: 5 kHz.

(B) Effective AF/F for 1x AP. Sampling rate: 5 kHz.

(C) Effective AF/F for 3x AP spike burst, 3 ms refractory period. Sampling rate: 1 kHz.
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Figure S13 | Characterization of the FRET-opsin indicators in PPL1-y2a’1 and PPL1-a’2a2 neurons in Drosophila.

(A-D) Comparisons of (A) spike detection fidelities (B) absolute amplitudes (C) mean spontaneous firing rates, and

(D) odor-evoked firing rate change obtained from recordings in PPL1-y2a’1 expressing each of the four indicators. (n =
10 trials; 2 trials per fly; *P<0.05, **P<0.01, ***PP<0.001, n.s.=not significant, Kruskal-Wallis ANOVA and post-hoc Mann-
Whitney U-tests with Holm-Bonferroni correction).

(E) Representative optical recordings (fop) and raster plots (bottom) of 5-s spontaneous spiking in a PPL1-a’2a2 neuron
expressing pAce, Ace-mNeon2, pAceR or VARNAM2 (n = 8 trials; 2 trials per fly).

(F) Comparisons of detection fidelities (fop), absolute amplitudes (center), and mean spontaneous firing rates (bottom) in
PPL1-a’202 neurons. (n = 8 trials; 2 trials per fly; *P<0.05, **P<0.01, ***P<0.001, Kruskal-Wallis ANOVA and post-hoc
Mann-Whitney U-tests with Holm-Bonferroni correction).



A MBON-y1pedc > pAce 30-min continuous illumination

@no [Cv0]e] @O am @ G G0 OO®® @® o 0 00 @O0 O ® 000 QIGO0 O ®@ OO@ OWMOWOO0 ™D
0-min
® 00 W @0 O 0O ®OOo [ )] 000 ® o 0M®O OwW oo G ® O O W O © @O O
5-min
@® @ o @o ® ® ©0 0WOo® O @ O» © G OO ® oO® O @O O 00000 o®o o
10-min
o 0@ o0 OO0 000 @O0 @mo o 0o®m 0 O® @® 0 00) ao o
15-min
00 000 @ o @ o oo ® 0 o O 000 ® O 0O ®O e 011
20-min
00000 o O 00 ® @ 000 @ 0000 [0}
25-min
o 0 00 o [0)0] o 00 o0 000 o o (g
S
o
29-min 5
N
1s
B - C . C
Firing rate 12, Spike detection fidelity
20
£ > 6
(2]
§10-
Q.
n
0- T T 1 0 T T T 1
0 10 20 30 0 10 20 30
Time (min) Time (min)

Figure S14 | 30-min continuous imaging using pAce in Drosophila.

(A) Example 5 s recordings collected at regular time intervals during 30-min continuous illumination showing spontaneous
spiking in a MBON-y1pedc>a/ neuron expressing pAce.

(B) Time-varying spike rate in the recorded MBON-y1pedc>a/ neuron during the 30-min imaging session.

(C) Spike detection fidelity in the recorded MBON-y1pedc>a/f neuron during the 30-min imaging session.
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Figure S15 | Benchmarking of VolPy and EXTRACT algorithms against ROI-based cell segmentation.
(A): Example time-traces estimated using ROl segmentation (yellow), VolPy (purple), or EXTRACT (red) for NDNF- and VIP-
neurons labelled with Ace-mNeon2 or pAce, respectively (data from Fig. 3C). Note the excess spiking cross-talk on the ROI traces.
(B): Spike timing accuracy between spikes detected on EXTRACT versus VolPy traces. (C-E): Box plots of cross-correlation
coefficients between each pair of extraction methods for (C) raw signals, (D) firing rate signals, and (E) subthreshold signals.

(F-H): Pairwise correlation coefficients within and between NDNF/VIP populations, across all three extraction methods for (F) raw
signals, (G) firing rate signals, and (H) subthreshold signals. Note that all three methods provide identical firing rate correlations
whereas the ROI-method strongly overestimates subthreshold cross-correlation, likely due to excess hemodynamic artifacts. Data
represented as mean = 95% CI. (I-K): Effect of the subthreshold input dynamics on the spiking output dynamics between pairs of
neurons, whose time-traces are estimated using (1) EXTRACT, (J) VolPy, or (K) ROI. Circles represent each pair of neurons.

The dash line is the first bisector. Note that pairs of neurons with shared subthreshold synaptic inputs tend to fire together.

(L-N): (L) EXTRACT, (M) VolPy, or (N) ROI captures the increased spiking likelihood during subthreshold depolarization

(Data: mean + 99% CI). (O): Time-series corresponding to temporal averaging of the processed movie pixels (black) and temporal
averaging of all neurons’ time traces estimated by each extraction method. (P-S): Wavelet spectrograms of every time series in (D),
showing strong spectral content overlap between (P) movie average and (Q) ROI but not with (R) VolPy or (S) EXTRACT.

(T): Power spectrum density of (D), showing that VolPy and EXTRACT, but not ROI-based, are immune to correlated background

fluctuations (*

: heartbeat fundamental frequency at ~6 Hz and its first harmonics ~12 Hz).
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Figure S17 | Minimal cross-contamination of voltage signals from adjacent cells in widefield recordings.

(A) Top, Representative epifluorescence image of a single field-of-view from a VIP-Cre* mouse, expressing Cre-dependent
soma-targeted Ace-mNeon2 in V1. Scale bar: 50 um. Center, mask image showing active ROls. Bottom, AF/F traces showing
spontaneous activity from the ROIs numbered in the mask image.

(B) Auto- and cross-correlograms of top, the firing rates with a sliding window of 20 ms and bottom, the AF/F traces for neuron-
pairs in the field-of-view above.

(C) Same as (A) for recordings from an SST-Cre* mouse.

(D) Same as (B) for the field-of-view in (C).

(E) Same as (A) for recordings from a VIP-FIp* mouse, expressing Flp-dependent soma-targeted pAce in V1.

(F) Same as (B) for the field-of-view in (E).
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Figure S18 | Spike detection fidelity index d’ estimated for the four GEVIs expressed in various hippocampal and cortical cell-types.
(A) Spike detection error rate as a function of d’for the three different imaging frame rates used in this study (see Materials and
methods and Wilt et al., 2013 (38)).

(B) Minimum d’ values required to reach a given spike detection error rate as a function of the imaging frame rate.

(C-D) Box plot of d’values for different datasets acquired in (B) visual cortex and (C) hippocampus. The indicator, cell-type, and
associated main figure panel/s are indicated on the x-axis. For each box plot, the central red line, bottom, and top edges indicate
the median, 25th, and 75th percentile values, respectively. Outliers '+' are values beyond 1.5 times the interquartile range from

the top or bottom edge of the box. The whiskers extend to the data points not considered outliers.
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Figure S19 | Effects of arousal without locomotion on VIP-interneuron firing rates.

14% unchanged
29% suppressed

(i) Example fluorescence-time traces from individual VIP-interneurons. Vertical dashed line indicates air puff onset. Grey
ticks denote identified spikes. (ii) Z-scored firing rate PSTH for all VIP-interneurons (n=98 cells, 8 mice). Cells are arranged

in order of decreasing spike modulation indices (see Methods). (iii)) Mean + S.E.M.

firing rate aligned to air puff onset for

activated (dark blue) and suppressed (cyan) fractions. Pie chart inset indicates % cells with elevated (dark blue), suppressed
(cyan), or unchanged (white) spike rates following air puff. (iv) Mean + S.E.M. change in pupil diameter for all trials.

(v) Mean £ S.E.M. locomotory speed for all trials.
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Figure S20 | Polarity assignment in V1 DUPLEX recordings in awake mice (see also Methods).

(A) Schematic of the automated data analyses pipeline with integrated cell sorting. Briefly, all fluorescent cells are identified
and fed into the spike extraction algorithm, which identifies spikes based on AP waveform characteristics. Trials with no APs
meet the data exclusion criterion and are removed from further analyses. Cell-class identity is established based on whether
the identified spikes are of positive or negative polarity (see B-E). Subthreshold events for data curation are extracted after
cell-class is determined.

(B) Top, representative raw and, bottom, spike-identified AF/F traces from a cell exhibiting negative-polarity spikes at high SNR.
Dashed lines indicate 3x S.D. of baseline in either direction. Transients that surpassed this threshold were identified as spikes
(red circles) and the direction with the most number of spikes determined the spike polarity. Thus, this neuron was assigned a
negative-polarity and the neuron-type was inferred based on Ace-mNeon2 targeting.

(C) Same as (B) for a low SNR trace.

(D) Top, representative raw and, bottom, spike-identified AF/F traces from a cell exhibiting positive-polarity spikes at high SNR.
Dashed lines indicate 3x S.D. of baseline in either direction. Transients that surpassed this threshold were identified as spikes
(red circles) and the direction with the most number of spikes determined the spike polarity. Thus, this neuron was assigned a
positive-polarity and the neuron-type was inferred based on pAce targeting.

(E) Same as (D) for a low SNR trace.
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Figure S21 | Example DUPLEX recordings from PNs and VIP-interneurons.

(A) Raw epifluorescence (top) and activity-mask (bottom) images of a single field-of-view from a a VIP-Fip* mouse
expressing Ace-mNeon2 in PNs (green) and pAce in VIP-interneurons (blue). Active regions-of-interest (ROIs) are
numbered. Scale bar: 50 um.

(B) AF/F traces from the ROIs numbered in (A). Ace-mNeon2 traces are inverted for visualization purposes.

(C) Intra- and inter-population correlation coefficient matrix constructed from pairwise, zero time-lag correlation
coefficients of the AF/F traces in (B).
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Figure S22 | Spiking and subthreshold cross-correlations within and between cell-types in DUPLEX recordings during
spontaneous behavior.

(A) NDNF/VIP DUPLEX recording (from Fig. 3, C-D) (n=13 NDNF neurons, n=15 VIP neurons).

(B) SST/VIP DUPLEX recording (from Fig. 3, E-F) (n=3 SST neurons, n=4 VIP neurons).

(C) Additional field-of-view of SST/VIP DUPLEX recording (n=5 SST neurons, n=5 VIP neurons).

Solid plots represent cross- or auto-correlograms. Dotted plots represent shuffled correlograms, obtained from random circular
permutations of spike trains. The first 2 columns are cross-correlograms of spiking in one with the subthreshold activity in
another class, the central 2 columns are cross-correlograms of spiking with subthreshold within the same class but across distinct
neurons, and the last 2 columns are auto-correlograms for the same neurons. All results are qualitatively identical whether

VolPy or EXTRACT algorithms were used for automatic cell segmentation. The anti-correlation between spiking and subthreshold
dynamics is only observed between SST and VIP. This anticorrelation is likely a bona fide phenomenon, by which the firing
pattern in one cell-type predicts the subthreshold activity in another cell-type. Indeed, a DUPLEX-related artifact should equally
affect all DUPLEX recordings, irrespective of cell-types, which is not the case for NDNF/VIP recordings. Note that the VIP plots
are consistent across (A-C), and that the last two columns are reminiscent of Fig. S15, L-N, showing that spiking occurs

during a depolarized state.



AAV/Retro-CaMKII-VARNAM2 (EC)

T )<>
25% Obj. 5 A
| WD 4 mm o) zZ
| INATTO o >
SST-Cre glue 5
gel
A
C — EC-projecting SST D

2s 500 ms

Figure S23 | Red-DUPLEX reports the simultaneous voltage dynamics from two genetically identified neuron classes
in hippocampus of awake mice.

(A) Schematic of AAV injections and experimental setup for red-DUPLEX using VARNAM2 and pAceR.

(B) Representative raw epifluorescence image and spatial footprints of negative- and positive-polarity signals

(in dark red and pink, respectively) of 6 and 3 identified neurons. Scale bar: 50 pm.

(C) AF/F traces for all neurons in (B), representing CA1 EC-projecting excitatory neurons, and local SST-interneurons
expressing VARNAM2 and pAceR, respectively. VARNAM2 traces are inverted for visualization purposes.

(D) First 1 s of (C), with the location of detected spikes. The scale bars to the right indicate peak-to-peak AF/F(%).



A LFP/Vm Coherence (%) F
O e LFP/SST-INs coherence 0.1 i i i
H* 0] ~———SST-INs shuffle
o 10 8
Z 20 o
— 30 2 0.05¢
@B a0 Q
50 ) N
5 10 15 20 25 30 0 N N N N N
B LFP/Vm Coherence (%) 5 10 15 20 25 30
w« 02 0 LFP/EC-proj. PNs coherence Frequency (Hz)
[2]
Z 20
9'. 40 G 0.1 : : :
© 60 o ——— EC-proj.PNs shuffle
‘.l 80 (8]
1S} c
L 100 o |
5 10 15 20 25 30 g 005
<
C [e) N
S 15 r r O
< ——SST-INs 0 L L L L L
8 10f ~———EC-proj.PNs - 5 10 15 20 25 30
& ——shuffle Frequency (Hz)
g 5
[¢) 2
O O L L L L H
D ~ 5 10 15 20 25 30 0.1
% ) W G V)~ s A" i it § Between pop. shuffle
8 o
>-10F ———88T INs vs. shuffle E 005
E= ) o)
3 ———EC-proj. PNs vs. sh.uffle O
g 20 SST INs vs. EC-proj. PNs |
o \ . . . X 0 ) . . , R
o 5 10 15 20 o5 30 5 10 15 20 25 30
Frequency (Hz) Frequency (Hz)
E 4Hz -9Hz 24 Hz - 27 Hz 1Hz-30Hz

=55)

£
[
0
0
8
o
=

EC-proj. (n

adualayo)

coherence of excitatory/inhibitory neuronal ensembles.
(A-D) Subthreshold analysis of excitatory versus inhibitory contributions to local field potentials.

(A) LFP coherence raster plot for all SST-interneurons (n=55 cells, 6 fields-of-view, 1 mouse), sorted by theta-band coherence

strength.

(B) LFP coherence raster plot for all EC-projecting PNs (n=102 cells, 6 fields-of-view, 1 mouse), sorted by theta-band coherence

strength.

adualayo)

(C) LFP coherence averages across all neurons in (A-B). Shaded area: 95% CI.
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Figure S24 | Subthreshold contributions of excitatory versus inhibitory neuronal populations to the local field potentials and pairwise

9oualayo)

(D) Pairwise probability of data from (C), assessed at each frequency point using Wilcoxon rank sum test. The dashed line
corresponds to Bonferroni-corrected significance threshold (P <0.01).

(E-H) Frequency-averaged coherence between excitatory/inhibitory neuronal ensembles.

(E) Pairwise coherence matrices averaged over narrow band theta (4-9 Hz, left), beta (24-27 Hz, center), or broad band
frequencies (1-30 Hz, right). Note that the off-diagonal hot-spot patches represent neuronal ensembles belonging to the same
fields-of-view.

(F-H) Population-averaged pairwise coherence plots computed for (F) SST-neuronal ensembles, (G) EC-projecting PN ensembles,
and (H) between SST-interneurons and EC-projecting PNs. Note that neuronal ensembles are more strongly correlated in the
theta and beta frequencies, suggesting shared synaptic inputs at those frequencies. Shuffle traces are estimated from neurons
belonging to different fields-of-view. Shaded area: 95% CI.
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Figure S25 | Dual-polarity voltage imaging in flies.

(A) Left, Cartoon and right, epifluorescence image showing expression of Ace-mNeon2 and pAce in two synaptically
connected neuron-types for simultaneous dual-polarity voltage imaging. Dashed boxes indicate regions-of-interest
comprising the axonal region of PPL1-a’2a2 neuron (green, Ace-mNeon2) and the dendritic region of MBON-y1pedc
>a/B neuron (blue, pAce).

(B) Example traces of evoked spiking during a 2 s time-window around odor onset from a 15-s imaging trial. Raster
plots showing responses during 6 trials of exposure to the attractive odorant apple cider vinegar (ACV) and 4 trials of
exposure to the repulsive odorant benzaldehyde (BEN) obtained from PPL1-a’2a2 and MBON-y1pedc>a/f3 neurons.
(C) Mean spike rate change during ACV (top) and BEN (bottom) exposure in in the two neurons. (n = 6 trials for ACV;
n = 4 trials for BEN; 2 trials per fly).
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Figure S26 | Voltage recordings from ACC- and EC-projecting excitatory neurons in dorsal CA1 in an awake behaving mouse during behavioral state transition.
(A) Example AF/F traces from ACC-projecting PNs retrogradely labeled with Ace-mNeon2.

(B) Example AF/F traces from EC-projecting PNs retrogradely labelled with VARNAM?2.

(C) Summary raster plot for all 134 projection neurons (n=5 fields-of-view, 1 mouse). Arrows indicate rest-to-run transition onset.



Ace1? Vnm12 Voltron® Ace2° Vnm2¢ Positron® pAce® pAceR® Archon1? QuasAr6a® QuasAr6b? ASAP2° ASAP3c ASAP4b’ ASAP4ef

Activation Kinetics

Fast component amplitude (%) 60* 60* 61 67 68 85 82 54 93 96 100 77 81 19 14
Fast time constant (ms) 0.81 0.88 0.64 0.77 0.5 0.63 0.51 24 25 2.6 1.8 7 3.7 2.6 3.9
Slow time constant (ms) 4.6 5.2 41 3.1 1.9 19 1.5 54 13 21 0 79 48 21.2 20.6

Deactivation Kinetics

Fast component amplitude (%) 60~ 60* 55 65 72 90 78 58 94 98 96 65 81 8.8 20.6
Fast time constant (ms) 0.77 0.8 0.78 0.81 0.48 0.64 0.61 1.9 2 21 1.7 16.7 16 5.7 8.4
Slow time constant (ms) 52 4.7 3.9 28 3.1 37 3.2 7.2 17 31 22 116 102 245 17.5

Voltage Sensitivity
AF/F per 100-mV step (%) -16  -118 20 261 -19.1 20 305 278 70 73 24 36 -51 180 210

Table S1 | Response kinetics and voltage sensitivities of GEVIs.

All kinetics parameters are from 1-photon measurements at 22°C in spiking HEK cells. Values have been extracted from the following publications: (a) Kannan et al,
Nature Methods, 2018 (718); (b) Abdelfattah et al, Nature Communications, 2020 (74); (c) this study; (d) Tian et al, BioRxiv, 2021 (87); (e) Villette et al, Cell, 2019 (20);
(f) Evans et al, BioRxiv 2021 (88). (*) amplitudes were not estimated in (a) and approximate values were taken from (e).

For indicators reported in this study, responses to depolarizing voltage steps obtained from transfected HEK cells were fitted using a biexponential step function to
determine mean rise and decay kinetics. Imaging conditions: 505 nm LED for Ace-mNeon2 and pAce and 565 nm LED for VARNAM2 and pAceR, 25 mW mm-2 at
sample plane; image acquisition: 5 kHz. n=6 cells for Ace-mNeon2, 7 cells for pAce, 4 cells each for VARNAM2 and pAceR.
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