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Abstract

Genetically encoded voltage indicators (GEVIs) allow optical recording of membrane
potential from targeted cells in vivo. However, red GEVIs that are compatible with two-
photon microscopy and that can be multiplexed in vivo with green reporters like GCaMP, are
currently lacking. To address this gap, we explored diverse rhodopsin proteins as GEVIs and
engineered a novel GEVI, 2Photron, based on a rhodopsin from the green algae
Klebsormidium nitens. 2Photron, combined with two photon ultrafast local volume
excitation (ULoVE), enabled multiplexed readout of spiking and subthreshold voltage
simultaneously with GCaMP calcium signals in visual cortical neurons of awake, behaving
mice. These recordings revealed the cell-specific relationship of spiking and subthreshold
voltage dynamics with GCaMP responses, highlighting the challenges of extracting
underlying spike trains from calcium imaging.

Introduction

Changes in membrane potential are the fundamental language of the nervous system.
Although typically monitored with electrodes, less invasive visualization of voltage dynamics
has come of age with genetically encoded fluorescent voltage indicators (GEVIs), allowing
recordings from genetically defined neurons with exquisite spatiotemporal resolution ™.
Rhodopsin protein domains are attractive GEVI scaffolds because of their extremely fast
response times (<1 ms) to membrane potential changes. They have been successfully
combined via Forster resonance energy transfer (FRET) with red-shifted fluorescent proteins
or dyes for one photon (1P) in vivo voltage imaging'¢. Rhodopsin-based GEVIs, however, have
historically not been used with two photon (2P) voltage imaging. Several past reports
describe reduced voltage sensitivity when illuminated with 2P light®>'°, but only very recent
work has started to explore the causes' 2. In contrast, the ASAP family of GEVIs based on
cpGFP and voltage-sensitive domains (VSD), have allowed 2P voltage imaging in vivo, thus
opening access to recording from cells deeper in tissue''. However, analogous GEVIs
based on red-shifted fluorescent proteins have proven much more difficult to optimize™®.

Given their previous use with red-shifted fluorophores, we sought to develop an opsin-based
chemigenetic GEVI that could be multiplexed with existing green fluorescent indicators in
vivo using 2P excitation. Ideally, such a GEVI would take advantage of high-power, low-cost,
fixed-wavelength lasers that output in the range 1030-1080nm, which have recently been
used in fast 2P optical approaches™'”'®, We explored whether rhodopsin GEVIs could be
suitable for this application, given their previous use with red-shifted fluorophores. We first
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tested a diverse set of mostly uncharacterized rhodopsin proteins for their ability to function
asvoltage indicators under 1P and 2P excitation. We identified novel rhodopsin domains that
successfully reported membrane potentialin 1P and 2P imaging. We called our best variant
‘2Photron’ and demonstrate the utility of 2Photron for 2P voltage recordings in mouse cortex
and cerebellum using 1045 nm excitation. Additionally, we demonstrate simultaneous two-
color 2P optical recordings in vivo, combining 2Photron and a red-shifted dye with either the
green VSD-based GEVI JEDI-2P or the green calcium indicator GCaMP. Simultaneous
calcium and voltage recording in the same neurons reveals substantial variability in the
calcium indicator response to underlying action potentials that is correlated but not easily
explained by parameters of the voltage signal. To our knowledge, 2Photron is the first GEVI
to report membrane voltage simultaneously with GCaMP in vivo using 2P optical recordings.

Results

Exploration of diverse microbial rhodopsins as voltage indicators

We explored a diverse set of 31 microbial rhodopsin proteins, chosen to sample multiple
functional rhodopsin classes and to broadly explore sequence space, as voltage indicators
to identify improved GEVIs for 2P imaging (Fig. 1a and Supplementary Table 1,2). These
microbial rhodopsins are cation channels, proton or sodium pumps, or have no
characterized function (Fig. 1b,c). For each opsin sequence, we introduced mutations to
putatively block pump or channel activity of the rhodopsin. For proton pumps, we mutated
the counterion or proton donor residues from negatively charged to neutral®'®?'. These
mutations have been shown previously to block photocurrent and generate either negative-
going or positive-going GEVIs. For sodium pumps, we reasoned similar mutations would
block photocurrents and generate GEVIs. For cation channels, we mutated the analogous
proton donor position to a neutral residue to block channel activity?? and potentially generate
positive-going GEVIs. We then fused each of the modified opsin sequences to HaloTag (HT)
toimage FRET responses of a bound fluorescent dye-HaloTag ligands (HTL)3, expressed them
in primary rat hippocampal neurons in culture from a strong promoter and observed their
expression and membrane trafficking after labeling with JFss-HTL (Supplementary Fig. 1 and
2).

For rhodopsin variants that showed successful expression and membrane trafficking in
neurons, we tested their 1P fluorescence response to membrane voltage changes by
inducing a train of 10 action potentials with a field electrode (Fig. 1d and Supplementary Fig.
3). For proteins that showed strong 1P fluorescence responses to neuron stimulation, we
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measured their response to the same stimulation on a custom high-speed 2P microscope'
(Fig. 1e). We identified two rhodopsin proteins, one from the alga Klebsormidium nitens
(KnR) and another from a fungus, Podospora anserine (PaR), that showed significant 1P
sensitivity and retained their ability to report action potentials with 2P illumination under the
conditions of our screen (Fig. 1f). PaR required grafting 39 residues from the N-terminus of
the Neurospora crassa opsin in place of the first 44 residues, which displayed dramatically
better membrane trafficking (Supplementary Fig. 4). KnR and PaR have <35% sequence
identity when compared to any reported opsin-based voltage sensor (Supplementary Fig. 5).

In vitro characterization of KnR and PaR GEVIis

To characterize the new rhodopsin GEVIs, we adapted a microscope to allow sequential
imaging of the same cell under 1P and 2P illumination with simultaneous patch
electrophysiology to record or stimulate. Unlike conventional 2P point scanning
illumination, we created an enlarged stationary focal spot to cover a significant part of a
neuron cell body. To quantify the voltage sensitivity, cultured rat neurons expressing KnR-
HTss2 or PaR-HTss2 were held at -70 mV and then stepped to different membrane potentials
using a patch electrode under sequential 1P and 2P illumination (Fig. 2a). Both KnR-HTss;
and PaR-HTss; exhibited nearly identical fluorescence changes in response to voltage steps
under 1P and 2P illumination (Fig. 2a,b). KnR-HTss, showed higher voltage sensitivity than
PaR-HTss2, giving a fluorescence change of about -24% AF/Fy(-24 + 2.3 % for 1P, -24.5+ 2.5
% for 2P) for a voltage step from -70 mV to +30 mV. Fluorescence response kinetics were also
similarunder 1P and 2P illumination (Fig. 2c). KnR-HTss, displayed fast voltage response with
sub-millisecond on and off fast time constants (Supplementary Fig. 6). Both KnR-HTss, and
PaR-HTss, faithfully reported action potentials as well as subthreshold voltage signals with
similar fluorescence response under 1P and 2P illumination (Fig. 2d,e).

We further observed that existing rhodopsin-based voltage indicators, including Voltron,
Voltron2, Positron2, and QuasAr2-HT, also exhibited similar voltage sensitivity with 1P and
2P illumination under these conditions (Supplementary Fig. 7). To explore additional 2P
illumination configurations, we performed 1 kHz circular point scanning of neuron cell
bodies expressing KnR-HT or Voltron2. Both KnR-HT and Voltron2 reported sub- and supra-
threshold voltage changes in neurons with circular point scanning 2P excitation, with similar
voltage sensitivity to 1P illumination (Supplementary Fig. 8). Collectively, we conclude that
rhodopsin-based GEVIs are generally compatible with 2P imaging, at least under some
illumination conditions. KnR-HT exhibited the most reliable responses under all tested 2P
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illumination conditions, so we named this protein 2Photron and characterized its
performance further in vivo.

2P voltage recording with 2Photron in awake, behaving mice

To explore whether we could record voltage signals in vivo using 2P excitation, we used
ultrafast local volume excitation (ULoVE) optical recording to record from individual neurons
of head-fixed, awake mice free to move on a circular treadmill (Fig. 3a). We injected adeno-
associated virus (AAVs) to express soma-targeted 2Photron (2Photron-ST) in mouse cortex
or cerebellum. Bright, membrane-localized fluorescence of 2Photron was observed
following intravenous injection of JFss,-HTL (Fig. 3a). Using ULoVE with excitation at 1045 nm
and >3.5 KHz sampling rate we recorded from 25 cells in layer II/Ill of the visual cortex and
19 fast-spiking cerebellar granular layer interneurons (Golgi cells) across 18 mice. We
observed clear subthreshold fluctuations and negative-going spikes in single trial data with
2Photron-STss2, and could routinely record from individual neurons in layer II/1ll of visual
cortex for ten minutes or more in awake mice with a mean AF/F for spikes of 5.72 + 1.39%
(Fig. 3b). In Golgi cells, 2Photron-STss; responded to spikes with a AF/F of 7.88 £ 1.31%
(Supplementary Fig. 9).

Using ULoVE with a dual-excitation path configuration (Supplementary Fig. 10), we could
simultaneously record from 2Photron-STss; and the GFP-based JEDI-2P-Kv' in the same
layer lI/1ll visual cortical neurons following co-expression (Fig. 3a). This allowed for direct
comparison of 2Photron-STss; with a state-of-the-art 2P-compatible GEVIin awake mice (Fig.
3c-f), although co-expression does not allow for ideal expression of either GEVI
(Supplementary Fig. 11). Distinct excitation wavelengths, acousto-optic modulator
shuttering, and fluorescence emission bandpasses provided separation of the two GEVI
signals (Methods and Supplementary Fig. 10). Generally, we observed good correlation
between the fluorescence signals of 2Photron-STss; and JEDI-2P-Kv, both for subthreshold
and spike signals (Fig. 3c). A linear regression of the 2Photron-STss. AF/F versus that of JEDI-
2P-Kv for simultaneous recordings from 13 cells across 4 mice showed that JEDI-2P-Kv was
~3x more sensitive than 2Photron-STss; under these co-expression conditions (Fig. 3d). From
a larger pool of 16 recorded neurons, including GCaMP co-expression, 2Photron-STss;
showed a mean spike amplitude of 5.72 = 1.39 %AF/F, 2x lower than previously reported for
JEDI-2P-Kv (from Liu et al., 2022, n=34, Wilcoxon rank sum test: p = 1.64e-8) (Fig. 3f)."* During
spike depolarization and repolarization, 2Photron-STss; exhibited 2.1x and 3.4x faster
kinetics of fluorescence change than JEDI-2P-Kv (Fig. 3e). Correspondingly, spikes with
2Photron-STss; were significantly narrower (Fig. 3e,f) (2Photron-STss2: FWHM of 1.42 £ 0.13
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ms [1.15-1.70 ms], JEDI-2P: 1.84 £+ 0.46 [1.25-3.55 ms] (Wilcoxon rank sum test: p = 2.91e-
05, n=16 cells, 5 mice). 2Photron-STss, showed brighter fluorescence output (15.5 £ 4.9 MHz
[9.68-24.20 MHZz], with ~4x higher photon flux compared to JEDI-2P-Kv (3.76 £ 1.42 MHz [1.71
- 7.76 MHz], n=34, Wilcoxon rank sum test: p = 1.64e-08, Fig. 3f). Taken all together, the
higher brightness of 2Photron-STss, partially offsets its lower sensitivity such that the signal-
to-noise ratio (SNR) for spikes is within 50% of JEDI-2P and 40% greater than ASAP3 (Fig. 3f),
thus enabling single action potential detection in the red channel with a 2P microscope (Fig.

3g).

Simultaneous GCaMP calcium and 2Photron voltage recordings in vivo

Cell-attached voltage recording together with genetically encoded calcium indicator (GECI)
imaging in anesthetized rodents has shown that a given number of action potentials in a
burst can generate fluorescence transients of highly variable amplitudes?-2¢. This variability
cannot be explained by a unified biophysical model applying to all cells?” and could partly be
due to the perturbation of the recording electrode. Using AAVs, we co-expressed 2Photron-
STss, with GCaMP6/8f (Fig. 4a-e and Supplementary Fig. 11f) to probe with minimal
invasiveness the relationship between neuron electrical activity and cytoplasmic calcium
transients in layer II/1ll of the neocortex of awake mice.

We extracted 1686 bursts of spikes from simultaneous voltage and calcium recordings
obtained from 20 cells in 6 mice. We first verified that sub-threshold depolarizations without
spikes did not evoke detectable GECI (GCaMP8f) fluorescence changes, while amplitude-
matched depolarizations with spikes did (Fig. 4f). We then observed, as previously reported,
a supralinear GCaMP AF/F increase as a function of burst size that was well fitted by a
quadratic function (Fig. 4g and Supplementary Fig. 12a). The range of GCaMP AF/F response
amplitudes, however, displayed large cell-to-cell variability that could be quantified by the
amplitude scaling factor of the quadratic fit of each cell (mean * std: 14.2 + 5.34, range: 6.9-
24.4, n=9 cells). Normalizing GCaMP fluorescence amplitudes by this fitted scaling factor
for each cell nearly abolished the intercellular source of variability; it reduced the average
CV of the population amplitude distribution for a given spike numberfrom 0.41 +0.13t0 0.26
*+ 0.08 (Supplementary Fig. 12b), which is similar to the average CV calculated from each
individual cell (0.21 = 0.06, rank sum test, p=0.11).

The probability distribution of spike burst size for a given GCaMP response amplitude could
then be calculated for the scaled data, yielding a best-case situation to test for burst size
prediction (Fig. 4i). Because of the overlap between these probability distributions,

6


https://doi.org/10.1101/2024.11.15.623698
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623698; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

prediction of spike burst size for a given GCaMP response amplitude has significant
uncertainty. The percentage of GECI transients for which the most likely spike number
matched the GEVI recording was 51.7% from raw data and improved to 60.5% after
normalization (Fig. 4j). To provide a quantitative estimate of the spike assignment error, we
computed the absolute value of the difference between the most likely spike number and
the actual spike number. We found that normalization decreased the error from 0.517 spikes
to 0.415 spikes per event. These results indicate that the best estimation, knowing the true
distribution of GCaMP response amplitudes, would still lead to an approximate
determination of spike number per transient. Using a realistic normalization for GECl-only
recordings (Supplementary Fig. 12c-e), where each cell’s transient amplitude is normalized
by the highest amplitude seen for that cell, we calculated an intermediate true spike number
estimation of 55.1% and 0.591 average spike-number error per event. Replication of this
analysis using a dataset from the literature®, which combined in vivo juxtacellular
electrophysiology and GCaMP8f calcium imaging, yielded similar results (Supplementary
Fig. 12f-h), indicating that GCaMP response variability is not a consequence of voltage
recording conditions.

GCaMP response amplitude variability for a given number of spikes might be explained both
by the biophysics of calcium binding to the GECI?” and by the time and voltage dependence
of the various sources of calcium influx. We examined whether the variability of GCaMP
response around its mean (for the same cell and the same spike burst size) was correlated
to any parameters of the voltage signal during the burst. We found that the 2Photron-STss:
signal preceding the last spike of the burst increased with burst size from 6.61 to 10.62 %
AF/F and then saturated (99th percentile after 5.01 spikes; Supplementary Fig. 12i). We thus
measured 1) the mean 2Photron-STss, signal at spike onset during the burst, 2) the mean
intra-burst frequency, and 3) the mean duration of the depolarization plateau underlying
each burstto see whether they could explain the GCaMP response variability. We found that,
in 7 out of 9 cells, GCaMP response amplitude variation correlated significantly with one of
these three parameters (Pearson coefficient range: -0.434 to 0.54, Figure 4k, l) while none of
the cells displayed significant correlation of the GCaMP response amplitude with the
interval from the preceding burst (Pearson coefficient range: -0.222 to 0.2718,
Supplementary Fig. 12j). As these three parameters were either anti-correlated (10/27 pairs,
Pearson coefficient range: -0.861 to -0.549) or correlated (9/27 pairs, Pearson coefficient
range: 0.311 to 0.465) for the nine neurons recorded, we additionally performed partial
correlation analysis. Notably, in 6/9 cells, GCaMP response amplitudes displayed a
significant partial correlation with either the mean intra-burst frequency (2/6 cells R: -0.239
& 0.3824), the mean GEVI signal at spike onset (5/6 cells, R: -0.35 to 0.737) or the
depolarization plateau underlying each burst (4/6 cells, R: -0.423 to 0.666). These data taken
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together suggest that the relationship between the GCaMP response amplitudes and
electrophysiological parameters of a spike burst is multifactorial and cell-specific, making
precise inference of spikes from the GCaMP AF/F signal difficult.

Discussion

Despite anincreasing number of reports describing application of novel and improved GEVIs
for biology, optically recording voltage remains challenging, largely due to the demands
imposed by rapid acquisition of fast signals like action potentials. Recent high-speed 2P
microscopy approaches have taken advantage of the high power output, good stability, and
low cost of fixed wavelength lasers that output in the range of 1030-1080nm’"'8, These
wavelengths, however, do not efficiently excite GFP-based reporters®*. Here we used a
chemigenetic approach to combine a novel rhodopsin voltage sensor domain with
fluorescence output from bright synthetic dyes, such as JFss,, that can be efficiently excited
beyond 1030nm and have a red-shifted emission that is separable from GFP for multiplexed
recordings.

Although past efforts to image rhodopsin-based GEVIs with 2P largely failed, two successful
efforts in addition to our work here have recently appeared as preprints''2. Cumulatively,
these efforts shed significant light on the problem. A common conclusion is that FRET
rhodopsin GEVIs can indeed be used with 2P illumination, but the details of the illumination
conditions can influence the amplitude and kinetics of fluorescence change. It remains
unclear from which intermediates (or ground state) of the photocycle the voltage sensitivity
of rhodopsin arises. Different illumination schemes (e.g. wavelength, frequency and
intensity etc.) might drive the rhodopsin into different photointermediate population
distributions, potentially affecting its voltage sensitivity. In our hands, parallel, continuous
2P illumination performed well, and circular point scanning also worked for in vitro
applications (Supplementary Table 3). ULoVE excitation from 80 MHz laser pulses allowed
good quality in vivo optical voltage recordings from 2Photron (Supplementary Table 3).

In this work, we engineer a new rhodopsin GEVI, 2Photron, and demonstrate in vivo 2P
voltage recording with single-trial, single-spike resolution over many minutes, compatible
with a variety of behavioral paradigms in mice. Using a red-shifted dye with 2Photron frees
the commonly used green fluorescence channel for simultaneous multiplexed monitoring
of GFP-based indicators, and allowed us to perform simultaneous recordings of voltage and
calcium using 2Photron and GCaMP. Our results highlighted the difficulty of precisely
assigning spike numbers and timing using only calcium imaging, due to cell-to-cell
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variability in the voltage to calcium relationship that could not be accounted for using only
GCaMP data. Voltage imaging will likely play an increasingly important role in reading out
action potentials from circuits in vivo. Multiplexed 2P recordings will enable further
dissection of circuit function through correlation of voltage signals with neurotransmitters,
neuromodulators, or other aspects of cell signaling.

There are several reasons to be optimistic about the future of voltage imaging in vivo. This
and other recent work show that it is possible to use rhodopsin-based GEVIs for 2P
recordings in animals, substantially expanding the sensor options available. Future
refinement of 2P illumination parameters, perhaps resulting from deeper characterization of
photophysical properties, could enable higher SNR imaging with rhodopsin GEVIs.
Additionally, we performed no optimization of the voltage sensitivity of 2Photron beyond
grafting a mutation from the literature to block proton pumping by the Klebsormidium
rhodopsin. Thus, there could be significant headroom for improvement of the sensitivity of
2Photron via mutagenesis. Screening for performance using 2P illumination that mimic in
vivo conditions should generate better rhodopsin GEVI performance.
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Fig. 1| Screening diverse rhodopsin proteins for voltage sensitivity under 2P. a,
Schematic of experimental design. Sequences of diverse opsins are aligned, homologous
amino acid positions are mutated to engineer possible voltage indicator with no native
pump/channel function. Opsins are then fused to HaloTag, expressed in neuron culture and
labelled with JFsxs-HaloTag ligand to check for membrane trafficking, 1P voltage sensitivity
and 2P voltage sensitivity. b, Left: cartoon of Ace2 opsin domain (PDB ID: 3AM6). Right:
zoom in on retinal binding pocket in Ace2 with surrounding amino acids. Residues are
colored based on their chemical properties. ¢, Comparison of key residues in the binding
pocket of Ace2 opsin, different classes of rhodopsins tested for voltage sensitivity,
Klebsormidium nitens rhodopsin (KnR), and Podospora anserine rhodopsin (PaR). Residues
are colored according to their chemical properties as in panel b. d. Fluorescence response
(AF/F,) of different rhodopsin-HaloTag fusions with 1P illumination (514 nm) to elicited
action potentials. Cultured neurons are transfected and labeled with JFs;s-HaloTag ligand
and stimulated using field potentials to elicit a train of 10 action potentials at 66Hz. Top:

L
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Fluorescence response of opsin domains with amino acid mutations to develop a negative
going FRET signal. Middle: Fluorescence response of opsin domains with amino acid
mutations to develop a positive going FRET signal. Bottom, phylogeny tree of the
rhodopsins tested, based on opsin domain sequence alignments. The scale indicates the
number of substitutions per site. e. Fluorescence response (AF/F,) of different rhodopsin-
HaloTag fusions with 2P illumination (1030 nm) to elicited action potentials. Cultured
neurons are transfected and labeled with JFs;s-HaloTag ligand and stimulated using field
potentials to elicit a train of 10 action potentials at 66Hz. (-) and (+) signs indicate negative-
going or positive-going version of the rhodopsin-HaloTag fusion respectively. f. Left:
Fluorescence image of KnR-HT (2Photron) (top) and PaR-HT (bottom) labeled with JFszs
HaloTag ligand in hippocampal neurons in culture. Scale bar: 20 um. Middle and Right:
Fluorescence response in cultured hippocampal neurons to a train of field stimuli eliciting
10 APs at 66Hz with 1P (514nm) or 2P (1030nm) illumination. Field stimulus timing is
shown with black bar.
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Fig. 2 | In vitro characterization of new rhodopsin GEVIs. a, Representative fluorescence
traces of KnR-HTss, (top) in response to a series of 0.5 s voltage steps (bottom: from -145
mV to +55 mV in 25 mV increments) under 1P and 2P excitation. b, Fluorescence changes
as a function of membrane voltage with KnR-HTss; and PaR-HTss2 under 1P and 2P
excitation. Errors bars are S.D., n =12 (KnR-HTss2) and 10 (PaR-HTssy) cells. ¢, Fluorescence
response of KnR-HTss; to a 150 mV voltage step under 1P (orange, thin line) and 2P (purple,
thin line) excitation. Fluorescence traces were averaged from 5 recordings and fit using a
double exponential function (thick lines). d, Single-trial recordings of action potentials and
subthreshold membrane potentials induced by current injections in primary cultured
neurons expressing KnR-HTss2 (top) or PaR-HTss, (bottom) with 1P and 2P imaging at 500 Hz
(colored traces) or electrophysiology (black traces). Inset: fluorescence images of primary
cultured neurons expressing KnR-HTss, or PaR-HTss,. Scale bar: 20 um. e. Comparison of
spike amplitude of KnR-HTss, (top) or PaR-HTss, (bottom) under 1P and 2P imaging at 500
Hz; n =4 cells for KnR-HT552 and n = 3 cells for PaR-HT552; ns indicates not significant (p >
0.05). This measures only the spike amplitude, the underlying subthreshold signal is not
included.
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Fig. 3| 2Photron enables monitoring of sub and suprathreshold voltage in behaving
mice. a, Left, experimental design of dual-excitation path configuration to simultaneously
record 2Photron-STss, and a green emission GEVI or a GECI in behaving mice. Right,
fluorescence images of a cortical neuron co-expressing 2Photron-STss, and JEDI-2P-Kv
Scale bar: 10 um. b, Representative ULoVE 3.75KHz fluorescence trace from a cortical
neuron expressing 2Photron-STss; in an awake, behaving mouse. Below, zoom of the trace
at the beginning (i) and at the end (ii) of the recording showing the acquisition of spikes and
subthreshold potentials. ¢, Representative dual recording of 2Photron-STss; (top) and JEDI-
2P-Kv (bottom). Black traces are low-pass filtered. d, Distribution of the 2Photron-STss;
signal as a function of the JEDI-2P-Kv signal. The data-point density is color-coded, and a
linear regression is shown in red. Slope of the regression is 0.32 = 0.096 (n=13 cells, n=4
mice). e, Normalized average spike waveforms from two cells co-expressing 2Photron-STss;
(red) and JEDI-2P-Kv (green) having an after-depolarization (top) and an after-
hyperpolarization (shaded area, bottom). Quantifications are given as mean = std for the
exponential time constant of the depolarization (middle) and repolarization (right).
Exponential time constant provided as mean *+ std [min-max], for depolarization: 2Photron-
STss2: 0.38 £0.27 ms [ 0.27-0.55 ms], JEDI-2P-Kv: 0.77 + 0.04 [0.71-0.83 ms]. Wilcoxon rank
sum test: p =4.11e-5; for repolarization: 2Photron-STssz: 0.77 £ 0.47 ms [ 0.37-1.86 ms],
JEDI-2P-Kv: 2.60 = 0.39 ms [2.00-3.20 ms]. Wilcoxon rank sum test: p = 1.55e-4. The
2Photron-STss, post-spike repolarization level reaches 19.60 = 4.23 % of the JEDI post-spike
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repolarization level at 7.80 £ 6.92 ms. *** indicates p<0.001, data from n=9 cells, n=4 mice.
f, Comparison of 2Photron-STss, (red) with ASAP3 (grey) and JEDI-2P-Kv (green);
quantifications of spike amplitude, spike FWHM, and photon flux are represented with bars
* std. *** indicates p<0.001. ASAP3 data are from Villette et al., 2019, n=23 cells. JEDI-2P-
Kv data are from Liu et al., 2022, n=34 cells. 2Photron-STss» (n=16 cells from 5 mice. g,
Average single spikes from the 25 2Photron-STss, recorded cells sorted top to bottom as a
function of spike SNR. Example cells from Figs. 3b and c are labeled with arrowheads.
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Fig. 4 | Multiplexed 2Photron-STss; and GCaMP recordings reveal contributions from
spiking and subthreshold voltage dynamics to calcium transient amplitudes. a, Single
2P-image planes showing 2Photron-STss; (top) and GCaMP6f (bottom) expression in mouse
cortex, scale bar 5 um. b, Representative multiplexed 2Photron-STss, (top) and GCaMP6f
(bottom) recording. Right, zoom of recording within the dashed box encompassing a burst.
¢,d, same as (a) and (b) but using GCaMP8f. e, Average bursts where each 2Photron-STss
spike (red trace) is a mean of spikes within the burst. Black trace, drifting average MLspike
baseline spike trigger signal. Green trace, average calcium transient. Filled area is mean
std. f, Top, 2Photron-STss; signal for depolarizations without spikes (blue, n=119),
depolarizations with spikes (black, n=164), and depolarizations with spikes selected to
match subthreshold depolarizations (red n=52). Bottom, corresponding GCaMP8f signals,
without spikes: 0.03 = 0.46 % AF/F, with spikes: 23.2 + 0.18 % AF/F. g, Distributions of
GCaMP fluorescence amplitudes as a function of spike burst size for individual cells, color-
coded by the scaling factor obtained from quadratic fits. h, Cumulative distributions and
sigmoid fit of GCaMP8f calcium transient amplitudes as a function of burst sizes. Left,
before normalization. Right, after normalization. i, Probability distribution of burst
occurrence as a function of the normalized amplitude. j, Cumulative spike distribution as a
function of the normalized amplitude. Black, true positive. Grey: false positive, ranging in
shades of grey from = 1 to 4 erroneous spikes. k, Three example bursts of five spikes from
the same neuron (2Photron-STss2, top), highlighting variation in GCaMP fluorescence
response (bottom). Indicated values for voltage traces are mean intraburst firing frequency,
average 2Photron-STss; signal at burst onset, and burst duration. GCaMP responses sorted
according to peak amplitude, noted as a fraction of the mean response for this cell and
spike burst size. |, Normalized calcium transient peak amplitudes as a function of the three
voltage-dependent metrics measured in (k). Lines represent significant correlations with
the relative amplitude of the GCaMP signal.
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