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Abstract

A longstanding goal in neuroscience has been to develop techniques for imaging the voltage dynamics of genetically
defined subsets of neurons. Optical sensors of transmembrane voltage would enhance studies of neural activity in
contexts ranging from individual neurons cultured in vitro to neuronal populations in awake-behaving animals. Recent
progress has identified Archaerhodopsin (Arch) based sensors as a promising, genetically encoded class of
fluorescent voltage indicators that can report single action potentials. Wild-type Arch exhibits sub-millisecond
fluorescence responses to trans-membrane voltage, but its light-activated proton pump also responds to the imaging
illumination. An Arch mutant (Arch-D95N) exhibits no photocurrent, but has a slower, ~40 ms response to voltage
transients. Here we present Arch-derived voltage sensors with trafficking signals that enhance their localization to the
neural membrane. We also describe Arch mutant sensors (Arch-EEN and -EEQ) that exhibit faster kinetics and
greater fluorescence dynamic range than Arch-D95N, and no photocurrent at the illumination intensities normally
used for imaging. We benchmarked these voltage sensors regarding their spike detection fidelity by using a signal
detection theoretic framework that takes into account the experimentally measured photon shot noise and optical
waveforms for single action potentials. This analysis revealed that by combining the sequence mutations and
enhanced trafficking sequences, the new sensors improved the fidelity of spike detection by nearly three-fold in
comparison to Arch-D95N.
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Introduction

Fluorescent protein indicators of trans-membrane voltage
offer the prospect of directly imaging the voltage dynamics or
spiking activity of genetically defined cell types [1,2]. For
example, optical experiments using such sensors might probe
the biophysical dynamics of individual neurons, or the network
dynamics of neuronal ensembles. Over prior decades, there
have been many optical studies that used voltage-sensitive
dyes to record action potentials or synaptic potentials in
individual neurons or neuronal populations [3-5]. Small
molecule optical voltage sensors can exhibit substantial signals
(AF/F > 10%) and microsecond kinetics, and have thus
revealed neuronal dynamics across a variety of settings [5,6].
Today, there is a rapidly growing set of genetic tools for
dissecting neural circuit function, and a genetically encoded
voltage indicator would be a key addition to this toolkit.
Moreover, continual long-term expression of the sensor protein
would open up the possibility of time-lapse experiments over
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multiple days or weeks. There are hybrid approaches that
combine the expression of a genetically encoded fluorescent
protein with the addition of an exogenous small molecule, but
these require the application of the exogenous agent prior to
each imaging session and have not been used for long-term
imaging [7,8]. Genetically encoded fluorescent indicators of
intracellular [Ca%"] already have a major role in neuroscience
research, but in many neuron types Ca?' imaging poorly
captures spiking dynamics. Moreover, Ca?* imaging generally
does not provide the capability to examine sub-threshold
voltage dynamics or high frequency spiking. Suitable
genetically encoded voltage sensors might help examine such
phenomena, and recent work towards the attainment of such
sensors has evolved on multiple fronts based on fluorescent
proteins and microbial opsins.

An early genetically encoded voltage sensor used the
Shaker K*-channel as the voltage-sensitive domain (VSD), but
subsequent work focused on the Ciona intestinalis VSD (Ci-
VSD) [2,9]. For example, the combination of Ci-VSD and red-
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shifted fluorophores led to FRET voltage sensors (VSFP2.x,
VSFP-mUKG-mKOk, and VSFP-clover-mRuby variants) with
~20-100 ms kinetics and superior sensitivity compared to prior
sensors [10-15]. Other sensors based on pH-sensitive GFP,
circularly permuted GFP, and hybrid Ci-VSD domains yielded
further enhancements in dynamic range and kinetics [16—20].
However, despite the fact that Ci-VSD based sensors have
used bright fluorescent proteins, they have yet to realize the
large dynamic range and fast kinetics of the small molecule
voltage-sensitive dyes (e.g. [3-6]). Ci-VSD based sensors
generally have a modest response (AF/F < 3%) to neural action
potentials.

Another recent class of voltage sensors has employed
rhodopsin family proteins, which contain both a voltage-
sensitive domain and a fluorophore. Work on the
bacteriorhodopsin photocycle has revealed that rhodopsin acts
as a proton pump by absorbing a photon and using the energy
for isomerization of the bound retinal. The subsequent
conformational and electronic rearrangements induce transfer
of a proton from the inside to the outside of the cell [21,22].
Archaerhodopsin-3 (Arch) is structurally homologous to
bacteriorhodopsin and pumps a hyperpolarizing current when
excited optically [23].

The initial state of Arch containing the isomerized retinal and
deprotonated Schiff base is voltage-sensitive, and trans-
membrane  voltage modulates  absorption in  both
proteorhodopsin and Arch [24,25]. This in turn confers a
modulation to Arch’s weak fluorescence. Hence, fluorescence
in wild-type Arch reports membrane voltage dynamics with sub-
millisecond response times. However, the simultaneous
photocurrent generated by the imaging illumination can alter
neuronal function. A mutation of Arch (D95N) eliminated the
photocurrent and demonstrated greater dynamic range (~40%
per 100 mV) but also exhibited slow kinetics with a ~41 ms rise
time at room temperature [25]. These Arch voltage sensors are
also relatively dim, exhibiting two to three orders of magnitude
lower quantum yield than GFP.

Improvements to voltage sensors performance hinge on
increases in brightness as well as AF/F responses to voltage
activity, which both contribute to optical detection capabilities
[26]. The sensors without photocurrent from the Ci-VSD class
and the Arch class all exhibit limited responses to action
potentials (AF/F < 5%), as their slow rise times of tens of
milliseconds prevent the sensors from taking advantage of their
large (steady-state) dynamic range (~40% per 100 mV). Thus,
faster kinetics, leading to increases in AF/F responses to fast
voltage transients, could significantly improve the prospects of
using such genetically encoded voltage sensors for imaging
action potentials.

Here we present new Archaerhodopsin fluorescent voltage
sensors with faster kinetics and larger dynamic range than
Arch-D95N. We also show that improved trafficking signals
improve the membrane localization of Arch sensors, which
promotes superior optical readouts of membrane voltage. We
then describe new mutations of Arch that improve its kinetics
and dynamic range. By using signal detection theory to analyze
our experimental measurements, we show that these
improvements yield a sensor that reports neuron action
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potentials with up to ~3 times the spike detection fidelity of
Arch-D95N — without photocurrent induced by the imaging
illumination.

Results

Enhanced trafficking motifs improved Arch membrane
localization

As a first step in enhancing voltage sensor performance, we
sought to improve the sensor’s targeting to the cell membrane.
In the original study of Arch’s capabilities as a voltage sensor,
computational weighting of image pixels was necessary to
separate useful fluorescence responses to changes in trans-
membrane potential from non-responsive, background
fluorescence [25]. Much of the latter fluorescence likely arose
from mis-targeted Arch molecules. By using a high optical
magnification and then heavily weighting pixels at the cell
membrane, it was possible to largely disregard the maijority,
non-responsive pixels. However, if one wishes to image many
cells over a wide field of view, this strategy of highly magnifying
the image of each neuron is not viable.

To enhance the membrane localization of Arch sensors, we
employed the same trafficking motifs used previously with a
broad class of inhibitory opsins [27,28]. Prior work had shown
that the endoplasmic reticulum (ER) export sequence
(FCYENEV) and the Golgi export trafficking signal (TS)
sequence (KSRITSEGEYIPLDQIDINV), found in membrane
localized Kir2.1 potassium channels [29], improved NpHR
membrane localization when added to the appropriate termini
of the opsin protein. The resulting enhanced opsins had 3-5
times greater photocurrent than counterparts without the
trafficking motifs, with fewer intracellular aggregates [27,28,30].
Although reports that another Kir 2.1 export motif improved the
membrane localization of other voltage sensors such as VSFP-
butterfly [20], this export motif did not notably improve
rhodopsin membrane localization in previous studies [28].

We generated all of the Arch variants discussed in this paper
within a similar construct containing the CaMKlla (Camk2a)
promoter and the woodchuck hepatitis post-transcriptional
regulatory element (WPRE) (Figure 1a). In neurons transfected
with constructs containing the trafficking signals, YFP, and
Arch fluorescence signals were generally membrane-localized,
indicative of minimal intracellular aggregation (Figure 1b).

We applied a voltage step protocol to neurons expressing
Arch variants while we monitored fluorescence emissions
(Methods). To qualitatively assess the degree of membrane
localization, we computed the changes in fluorescence
intensity AF/F across entire images (Figure 1b). The pixels with
the greatest AF/F values were located at the outer edges of the
cell image, but we also observed substantial AF/F values for
pixels within the cell’'s interior. These pixels included
fluorescence signals from parts of the cell membrane that were
outside the focal plane, but from which we nonetheless
captured fluorescence emissions due to the lack of optical
sectioning. As expected, interior pixels exhibited lower
emission intensities but only moderately lower AF/F values
than pixels on cells’ outer edges. These observations suggest
the trafficking signals improved membrane localization and
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Figure 1. Fluorescence spectra and membrane localization of enhanced Arch constructs. (a) We expressed the enhanced
Arch constructs (EEQ and EEN versions) as a fusion with eYFP under the control of the Camk2a promoter and targeted the fusion
protein to the cell membrane using the localization sequences TS and ER. (b) Fluorescence signals from a labeled neuron, as seen
in the YFP (leff) and Arch-EEN (middle) fluorescence channels, along with the normalized spatial map (right) of the fluorescence
response to a voltage step depolarization. Regions in which YFP fluorescence was visible also generally showed responses by Arch
to voltage depolarization, which is indicative of successful membrane targeting. Scale bar is 20 um. (c) Absorption and fluorescence

spectra of Arch-EEN. The spectra of Arch-EEQ are similar.
doi: 10.1371/journal.pone.0066959.g001

reduced voltage-insensitive Arch protein aggregation in the cell
body. Given this improved localization, we binned pixels to
much lower resolution than in previous studies, ranked pixels
based on their signal-to-noise ratio (SNR), and selected a
sufficient number of pixels to cover the cell soma (Methods).
Such coarse-grained analyses are compatible with imaging
studies over a large field-of-view, while preserving the dynamic
range of the experimentally measured AF/F values.

Arch mutants exhibited faster kinetics and larger
dynamic range than Arch-D95N

To enhance Arch’s voltage sensitivity, we drew on the
extensive literature regarding how protein mutations affect the
bacteriorhodopsin photocycle. Using the homology between
bacteriorhodopsin and Arch in their amino acid sequences, we
noted that the proton pumping process translocates a proton
through the D95, D222, E214, and D106 positions of Arch
[31-33]. The deprotonation of the Schiff base and donation of
charge to the D95 position is the first proton translocation step
of the photocycle. Reprotonation of the Schiff base, with charge
donated from the D106 position, is the final step [21,22].
Because these two steps are key to modulating the charge
state of the Schiff base, and thereby the absorption and
fluorescence, we considered mutations at these positions to
enhance Arch’s voltage sensitivity.

Mutating the D95 amino acid to an uncharged amino acid is
a general way to eliminate photocurrent [25,31-33]. Besides
the aforementioned D95N mutation, D95S and D95T mutations
at the homologous position in bacteriorhodopsin led to a CI-
current, which would not benefit voltage imaging [34]. In recent
reports, the mutation in bacteriorhodopsin homologous to
D95Q also eliminated photocurrent [35]. We examined this
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mutation in Arch. When expressed in HEK cells, this mutation
yielded 50% AF/F per 100 mV change in membrane voltage
and no photocurrent, but it also exhibited slow kinetics, with a
~70 ms on-time, much like Arch-D95N.

Mutations to positions homologous to the Arch-D106 in
bacteriorhodospin also modified the photocycle. Because D106
serves as the donor to the Schiff base during the reprotonation
step, changing D106 to an uncharged amino acid slowed the
photocycle and reduced the photocurrent [33]. We initially
employed the mutation D106N in Arch in hopes of reducing
photocurrent, but the mutant demonstrated non-negligible
photocurrent without voltage sensitivity (data not shown). This
observation suggested that D106 is the primary conduit for
electrons to protonate and deprotonate the voltage-sensitive
Schiff base during modulations of membrane voltage. Thus,
mutation of the aspartic acid to the homologous glutamic acid
could shift the relative pK, between the D106 position and the
Schiff base, altering the kinetics of protonation and
deprotonation. This combination of observations on the D95
and D106 positions led us to try the double mutations D95N-
D106E (Arch-EEN) and D95Q-D106E (Arch-EEQ).

Spectrally, the two Arch mutants (which we will term Arch-
EEx, when referring to them both) are similar to Arch-D95N in
both absorption and emission (Figure 1c). Arch-EEx had
greater dynamic range than Arch-D95N in response to various
voltage and current waveforms (Methods). First, we compared
the step response of Arch-D95N, Arch-EEN, and Arch-EEQ in
neurons at low frame rate 440 Hz (Figure 2a). We then
examined the initial rise of each mutant’s optical waveform by
imaging with high frame rate (1000 Hz) the fluorescence
response to a voltage depolarization from — 70 mV to +30 mV
(Figure 2b). The D106E mutation yielded fast kinetics for both
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Figure 2. Enhanced Arch variants respond more quickly and with greater dynamic range to voltage depolarization. (a)
Optical step responses of neurons transfected with Arch-D95N, Arch-EEN, and Arch-EEQ, imaged at 440 Hz. We held neurons at —
70 mV at the start of each trace and stepped to command voltages ranging from — 140 mV to +100 mV. (b) Optical step response of
Arch constructs expressed in neurons when raising the voltage from — 70 mV to +30 mV, normalized to each sensor’'s maximum
step response and displayed over shorter time scales than in (a), imaged at 1000 Hz. (c) Steady state fluorescence response of
Arch constructs as a function of membrane voltage. (d) Arch-WT generated appreciable photocurrent with 633 nm illumination
(magenta bars), whereas Arch-EEQ generated negligible photocurrent. (e) Steady-state photocurrents of various Arch constructs in
response to the same 633 nm illumination. Error bars represent standard error to the mean (s.e.m). Illlumination intensity at the
specimen was 1400 mW/mm? for all panels.

doi: 10.1371/journal.pone.0066959.g002

the D95N and D95Q mutations, resulting in a ~5—-15 ms rise
time to within 1/e of the full response, as compared to ~45 ms
for Arch-D95N (Methods). We also observed a fast component
of the fluorescence rise for both Arch-EEN and Arch-EEQ. This
fast component improved the AF/F in response to action
potentials, as described below. We averaged the steady state
AF/F as a function of the applied voltage (Figure 2c), and
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observed that Arch-EEQ outperformed Arch-D95N, reaching
60% AF/F per 100 mV. Arch-EEN was inferior to Arch-D95N in
this regard, yielding only 20% AF/F per 100 mV voltage step.
Because wild-type Arch generates inhibitory photocurrent
that modifies neuron function, we also checked whether the
new mutants produced any photocurrent. We observed
substantial photocurrent for a neuron transfected with wild-type
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Arch during the application of the excitation laser at the same
illumination intensities (1400 mW/mm?) used during imaging
(Figure 2d). However, under identical optical conditions we
recorded little photocurrent for a neuron transfected with Arch-
EEQ. By averaging the measured photocurrent over many
cells, we observed negligible photocurrent for both Arch-EEN
(-0.1 pA £ 0.1 pA, n =10 cells) and Arch-EEQ (0.2 pA + 0.1 pA,
n =16 cells) (Figure 2e).

The faster kinetics of the Arch-EEx mutants also improved
the fluorescence responses to neuronal action potentials.
Typical optical traces (frame rate 440 Hz) corresponded well to
simultaneously recorded traces of electrical activity, regarding
both spiking and sub-threshold dynamics (Figure 3a). Notably,
the Arch-EEx sensors’ fast and slow response components
served distinct functions. The fast component facilitated spike
detection, whereas the combination of the fast and slow
components relayed the fluctuations in baseline voltage. We
computed the AF/F of individual neurons in response to single
action potentials induced by short current injections (Figure 3b-
c). The electrophysiological recordings for cells expressing
Arch-EEQ, -EEN, and -D95N respectively revealed FWHM
action potential widths of 3.5 + 0.8 ms, 3.4 £ 0.6 ms, and 3.1 £
0.8 ms (mean + standard deviation; n = 7-23 cells) (Figure 3b),
which are typical values for cultured neurons. Due to its faster
kinetics, Arch-EEN exhibited a ~3-fold increase in peak AF/F in
response to neural spikes as compared to Arch-D95N, despite
Arch-EEN’s reduced steady-state dynamic range. Similarly,
Arch-EEQ had a 4-fold increase in peak AF/F response to
spikes versus Arch-D95N, with AF/F values as high as 17% for
single cells. It is likely that improved pixel selection and
background subtraction could yield even higher AF/F values.

Arch mutations improved spike detection fidelity

We characterized the new Arch mutants using various
measures of SNR and spike detection capabilities, and found
that the sensors outperformed Arch-D95N. A simplistic notion
of SNR is the peak response divided by the standard deviation
of the baseline fluorescence in one time bin (Methods). We
compared the shot-noise limited performance of the various
sensors using this metric, all at the same imaging conditions
(440 Hz frame rate; 1400 mW/mm? illumination) (Figure 4a).
Because of the similar brightness of all three mutants under
633 nm excitation, the new Arch mutants had similar increases
in SNR, as predicted from the increases in peak AF/F
responses.

We also used a signal detection theoretic framework to
quantify the fidelity of spike detection [26]. The spike
discriminability described in Ref. 26, denoted here as o,
indexes the receiver-operating characteristic (ROC) curve for
spike detection and quantifies the degree to which spikes can
be correctly identified within fluorescence data attained at the
physical noise limits set by photon shot noise (Methods). This
figure of merit takes into consideration a neuron’s
experimentally determined fluorescence baseline, the peak
AF/F response to a spike, and the temporal duration of the
sensor’'s response to a spike. By aggregating photons over
multiple frames and accounting for sensor kinetics, this
framework provides a far more realistic measure of spike
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Figure 3. Enhanced Arch sensors report single action
potentials with greater peak amplitude than Arch D95N. (a)
Fluorescence traces from a neuron expressing Arch-EEQ (fop)
and a neuron expressing Arch-EEN (botfom) showed sharp
peaks corresponding to action potentials in the simultaneous
electrophysiology measurements. (b) The average optical
waveforms (average of n = 20, 20, and 12 traces for the EEQ,
EEN, and D95N traces, respectively) of the Arch sensors’
response (fop) were similarly shaped to the average electrical
waveform of individual action potentials (bottom, n = 20 traces).
(c) Average peak responses to single action potentials for
Arch-D95N (n = 7 cells), Arch-EEN (n = 20 cells), and Arch-
EEQ (n = 23 cells). Error bars are s.e.m. The fluorescence
imaging rate was 440 Hz, and the illumination intensity was
1400 mW/mm? for all panels.

doi: 10.1371/journal.pone.0066959.g003

D95N EEN EEQ

detection fidelity than more traditional, simplistic measures of
SNR such as that shown in Figure 4a.

To compare spike discriminability, we combined onto one
plot the iso-contours of d’, the sensors’ peak AF/F values, and
the total number of photons aggregated within a fluorescent
transient (Figure 4b). Despite the inferior peak AF/F value of
Arch-D95N, the slow kinetics of Arch-D95N provided partial
compensation when comparing its d’ value to those of Arch-
EEx; Arch-D95N’s slower kinetics yielded longer transients that
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Figure 4. Enhanced Arch sensors outperformed Arch-
D95N in several measures characterizing detection of
neuronal spikes. (a) Peak AF/F values of the optical
responses to action potentials plotted as a function of the
average photon emission rate (F,) during the baseline periods,
as determined from the experimental optical waveforms. The
dashed lines represent iso-contours of SNR at the time of the
emission peak, defined as the ratio of the peak response to the
standard deviations in the baseline shot noise, (AF /F)x/F0/v.
Arch-EEQ outperformed Arch-D95N by a factor of ~4, while
Arch-EEN outperformed Arch-D95N by a factor of ~3. (b) Peak
AF/F values of the optical responses to action potentials plotted
as a function of the estimated total number of photons detected
per spike. Dashed lines represent iso-contours of spike
detection fidelity, d’, as defined in Wilt et al. 2012 and as
determined from the experimentally measured optical
waveforms. Arch-EEQ outperformed Arch-D95N by a factor of
~2.8. (c) The enhanced Arch sensors enabled longer
experimental imaging durations above minimum values of
detection fidelity. For experiments that start with an initial value
of o, the solid lines plot the total imaging time (T7) that the
sensors can provide a spike detection fidelity >d’/e. For initial
value of d’ shown, Arch-EEQ achieved total imaging durations
an order of magnitude longer than those achieved by Arch-
D95N. We obtained all imaging data at a frame rate of v = 440
Hz and an illumination intensity of 1400 mW/mm?2. All data
points represent mean + s.e.m.

doi: 10.1371/journal.pone.0066959.g004
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increased the total photon count associated with action
potentials. However, Arch-EEQ and Arch-EEN still
outperformed Arch-D95N, by factors of 2.8 and 2.0 in d,
respectively.

Another way to assess voltage sensors’ efficacy is to
compare the total durations over which they allow reliable spike
detection before undergoing photobleaching. We determined
this duration, T, for the various Arch sensors by examining the
photobleaching kinetics (Figure 4c) (Methods). Increasing
illumination intensity improves d’ by increasing the photon
emission rate, but it also reduces T by speeding
photobleaching. We characterized this trade-off between d’ and
T across varying illumination intensities by defining a constant
‘photon capacity’ for each sensor as the product of the sensor’s
photobleaching time and initial photon emission rate (Figure
4c). Because d’ is proportional to peak AF/F, any improvement
in the latter can yield corresponding percentage increases in T
if one reduces the illumination intensity to achieve a fixed d’
value. The T value for Arch-EEQ was greater than that of Arch-
D95N by an order of magnitude, at any fixed d’ (Figure 4c).

Arch is compatible with multi-spectral excitation and
imaging

The red-shifted absorption and fluorescence spectrum of
Arch were compatible with simultaneous excitation of other
proteins with cyan or green light. We employed the 2A linker,
which allows the two parts of a bicistronic sequence to be
expressed as separate protein molecules by breaking protein
translation at the 2A linker position [36,37]. This approach
enabled us to express Arch-EEQ along with another protein of
interest in the same set of cells. Polypeptide linkers and IRES
sequences also enable expression of two proteins using only
one construct in either fusion or separated forms. However, the
2A linker permits stoichiometric expression but distinct patterns
of localization for the two protein species, for each protein
retains its own trafficking motifs [36,37]. As illustrations, using
the p2A self-cleaving linker we made constructs that
simultaneously express Arch with ChR2 [38] and GCaMP5
[39]. Prior work has shown that an NpHR-2A-ChR2 construct
yielded both significant excitatory and inhibitory current,
depending on the excitation wavelength, and that multiple
membrane proteins can express in one cell [28].

First, we made an Arch-EEQ-2A-hChR2 construct, to enable
simultaneous optical control and readout of neuronal voltage
(Figure 5a). Under similar illumination as above, we
simultaneously imaged the Arch sensor (633 nm excitation;
1400 mW/mm?) and depolarized the neuron (cyan bars; 488
nm excitation; 4 mW/mm?) (Figure 5b). Electrical recordings
confirmed that action potentials occurred during the cyan
stimulation. Second, we made an Arch-EEQ-2A-GCaMP5
construct, for simultaneous readouts of a neuron’s voltage and
calcium dynamics (Figure 5c¢). Arch was membrane localized,
whereas GCaMP5 expression was cytosolic, as expected with
this construct (Figure 5d). This segregated localization pattern
might facilitate separation of signals from the two fluorescence
channels. We triggered action potentials by injecting brief
current pulses and observed the ensuing voltage and calcium
dynamics concurrently (Figure 5e). Since some of the current
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with either ChR2 or GCaMP5 enabled voltage imaging in
combination with either optogenetic control or calcium
imaging. (@) Schematic of the Arch-2A-hChR2 construct. (b)
The Arch-2A-hChR2 construct enabled all-optical stimulation
and readout of neurons. We imaged neurons transfected with
the Arch-2A-hChR2 construct and simultaneously measured
the transmembrane potential (black trace) and Arch
fluorescence (blue trace). Photoexcitation of ChR2 (horizontal
cyan bars; A = 488 nm, 4 mW/mm?) elicited spikes in both the
optical and electrical measurements. (c) Schematic of the
Arch-2A-GCaMP5 construct. (d) We observed neurons
transfected with the Arch-2A-GCaMP5 construct by
simultaneously imaging GCaMP5 fluorescence (green channel,
cytosol localized) and Arch fluorescence (red channel,
membrane localized). Scale bar is 20 ym. (e) The Arch-2A-
GCaMP5 construct enabled simultaneous measurements of
voltage (blue trace) and intracellular calcium (green trace).
Although action potentials were apparent in both the Arch and
GCaMP5 signals (black triangular markers in the GCaMP5
trace; A = 488 nm excitation, / = 10 mW/mm?), Arch signals
were far superior in reporting brief, sub-threshold
depolarizations (orange circles in the Arch trace). The
fluorescence imaging rate was 440 Hz, and the illumination
intensity for Arch excitation (A = 633 nm excitation) was 1400
mW/mm? for all panels.

doi: 10.1371/journal.pone.0066959.g005
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pulses failed to initiate action potentials, these induced only
sub-threshold voltage depolarizations in the membrane
potential (Methods). The Arch fluorescence trace reported
these sub-threshold events (orange markers), but the GCaMP5
fluorescence trace did not.

Discussion

We have presented an Arch voltage sensor that outperforms
the previously published version by a factor of 2.8 in d’. Direct
comparisons to other classes of genetically encoded voltage
sensors (mostly based on variants of GFP) are difficult, as
each class of sensor has different excitation and emission
wavelengths, and are tested under different excitation power
levels. These three factors contribute to the level of
background fluorescence, optical scattering, and phototoxicity,
which are all important parameters to consider regarding the
utility of voltage sensors in brain slice and live animal
preparations.

Although voltage sensors based on Ci-VSD have exhibited
large steady state AF/F values (40% per 100 mV), slow rise
times have limited optical responses to spikes to ~3%
fluorescence changes. In brain slices and in vivo preparations,
background and autofluorescence emissions are far more
substantial than in cultured neurons, causing further
degradation of usable signals. Excitation powers in the tens of
mW/mm? are needed to detect spikes with d’ >10, forcing
severe tradeoffs between having sufficient signal but avoiding
photobleaching. Since voltage sensors based on Ci-VSD
generally already have fluorophores of high quantum vyield
(>10%) attached to the VSD, it is likely that improvements in
the effective peak AF/F will be needed for this class of sensor
to improve voltage imaging of single spikes in brain slice or in
vivo, either by improving SNR or reducing the requisite
illumination levels.

By comparison, Arch suffers from low quantum yield but has
a substantial peak AF/F response. The excitation power
densities used here with Arch enable single cell studies in
culture, but do not easily permit wide-field fluorescence
imaging in brain slices, for which the high illumination intensity
is likely to yield substantial background auto-fluorescence. In
fact, studies employing in utero electroporation with Arch
constructs have already reported that the fluorescence signals
were negligible in comparison to background auto-fluorescence
[2]. Thus, researchers should improve upon the low quantum
yield of Arch, either by direct mutation to the Arch chromophore
or by indirect approaches such as using FRET excitation.
Regardless of Arch’s emission properties, we have shown that
Arch detects voltage transients with relatively large dynamic
range and fast kinetics compared to existing fluorescent protein
voltage sensors, and thus serves as a viable alternative to Ci-
VSD as a voltage sensitive domain.

Voltage sensors are likely to play different roles than calcium
sensors in neuroscience research. The most recent genetically
encoded calcium sensors are approaching reliable, single spike
sensitivity, although their slow kinetics limits them to detecting
temporally sparse action potentials [39]. Still, this form of spike
detection could be sufficient for studying the sparse spiking
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dynamics of important cell classes, such as neocortical
pyramidal neurons. Genetically encoded voltage sensors may
find niche applications in the study of fast-spiking, sub-
threshold, or population-level dynamics in genetically defined
neuron types, all of which calcium sensors poorly report [40].
Many neuronal networks contain fast-spiking inhibitory neurons
that regulate other cells’ sub-threshold voltages, leading to rich
classes of oscillatory activity. As revealed by our simultaneous
voltage and calcium imaging studies, voltage sensors with
sufficiently fast kinetics (rise time <10 ms) and large AF/F (50%
per 100 mV) can detect sub-threshold activity that is missed by
calcium sensors. Thus, imaging studies of fast spiking and sub-
threshold dynamics using with the new generation of voltage
sensors might contribute to the understanding of networks’
excitatory-inhibitory balance and oscillatory phenomena.

Methods

Ethics Statement

The Stanford University Administrative Panel on Laboratory
Animal Care (APLAC) approved all animal experiments.

Arch constructs

Arch mutants originated from Arch-GFP (Addgene plasmid
22217). We constructed Arch-EEN, Arch-EEQ, and enhanced
Arch-D95N by site-directed mutagenesis in Arch, and
subsequent overlap assembly with eYFP and ftrafficking
signals. We removed the eYFP portion of the Arch-EEQ
construct when making the Arch-2A constructs. The Arch
variants are deposited on Addgene as plasmids 45188 (Arch-
EEQ) and 45189 (Arch-EEN).

Primary cell culture

We dissected rat hippocampal cells from Sprague-Dawley
pups (postnatal day 0, Charles-River Labs) and cultured them
in Neurobasal media (Invitrogen) supplemented with glutamine
and B27 (Invitrogen) [41]. We transfected Arch mutant plasmid
DNA using calcium phosphate 3-5 days after plating and
imaged the neurons 3-5 days after transfection.

Electrophysiology

We simultaneously obtained fluorescence measurements
and voltage or current clamp measurements at 22°C while
holding neurons in a perfusion chamber mounted on the
microscope stage. The extracellular solution contained 150 mM
NaCl, 4 mM KCI, 10 mM glucose, 10 mM HEPES, 2 mM CaCl,,
and 2 mM MgCl,. The intracellular solution contained 129 mM
K-gluconate, 10 mM KCI, 10 mM HEPES, and 4 mM Na ,ATP.
We pulled patch pipettes made of borosilicate glass pulled to
resistances of 3-6 MQ (Sutter Instruments P-97), yielding
access resistances of 5-25 MQ in whole-cell mode.

We patched neurons using an Axopatch 700B amplifier
(Axon Instruments), and used pClamp software (Axon
Instruments) to generate the various control waveforms and to
record voltage and current traces. The voltage control
waveform applied a holding potential of -70 mV at the start of
each cycle and then applied steps lasting 1 s to voltages
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ranging from -140 mV to +100 mV in 20 mV increments. To
generate action potentials in current clamp, we injected current
using both long pulses (10-200 pA; > 0.5s) or short pulses
(300-1000 pA; 2 ms). The short current pulses triggered spikes
with near unity efficiency when tuned above the spiking
threshold, and triggered spikes with ~50% efficiency when near
the spiking threshold. We corrected post hoc the membrane
voltage for the junction potential and access resistance.

Fluorescence imaging

We used an epi-fluorescence microscope (Olympus IX51)
with a 40x 0.8 NA water immersion objective for time-lapse
imaging. We used a 480 nm LED (89 North Heliophore) or a
633 nm HeNe laser; these sources passed through an
excitation filter, either 475/25 nm or 620/40 nm, for GFP/
GCaMP/YFP and Arch excitation, respectively. We imaged all
Arch fluorescence traces using an illumination of 1400
mW/mm? at the specimen plane. Fluorescence emissions
passed through a 495 nm dichroic mirror and a long-pass
emission filter for GFP/GCaMP/YFP imaging, but through a
645 nm dichroic mirror and a 697/75 nm emission filter for
Arch. Dual color experiments used a quad-band
405/488/561/635 nm excitation filter (Semrock) and a DualView
emission splitter (Optical Insights). The latter split the green
emission and arch emission using a 565 nm dichroic mirror; the
two resulting fluorescence channels had 535/50 nm and 697/75
nm emission filters, respectively. An Andor iXon 897 electron-
multiplied charge-coupled device camera cooled to -80°C
recorded the emission at 400—1000Hz, using binned pixels of 3
pm x 3 ym (or larger) in the image plane to achieve the image-
acquisition speed.

Determination of AF/F maps

We computed AF/F maps as the difference between the
mean fluorescence with and without the applied voltage step,
for each pixel. We ranked pixels according to their SNR,
defined here as (AF/F)x+4F, where AF/F is the change in
normalized fluorescence when applying the voltage step, and F
is the mean fluorescence of the pixel for the entire trace. We
then aggregated the fluorescence from the top 20% image
pixels to produce fluorescence time traces for further analysis.
This subset of pixels was sufficient to cover the cell soma.

Absorption and emission spectra

We obtained absorption and emission spectra by transferring
Arch mutants to plasmids with the CMV promoter and
transfecting HEK cells at a total volume of 100 mL for 3 days.
We added all-trans retinal (5 uM) and cultured the cells in the
dark for 3 h. We pelleted the cells, lysed them using a sonicator
in 50 mM Tris with 2 mM MgCl, at pH 7.3, and pelleted again.
Finally, we homogenized the lysate in PBS (pH 7.2)
supplemented with 1.5% dodecyl maltoside and pelleted once
more. We obtained the absorption spectrum using the
supernatant and a spectrophotometer (Tecan Safire 2 UV-Vis).
We obtained the emission spectrum using the same imaging
setup for patch experiments, a spectrometer (Thorlabs
CCS200), and 633 nm excitation.
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Determinations of photobleaching rate and photon
capacity

We re-used the same traces in the patch-clamp experiments
to determine photon counts and bleaching decay times, from
which we computed the total number of photons emitted by a
cell before photobleaching. By performing exponential fits to
resting periods in the fluorescence traces without
electrophysiological manipulations, we determined the
photobleaching time-constant for each trace. We computed the
photon capacity as the product of the initial photon emission
rate and the photobleaching time (9).

Determination of spike detection fidelity

Because we imaged all Arch samples with the same
illumination intensity (/ = 1400 mW/mm?), we were able to
compare directly the photon emission rates of the different
sensors. We first defined SNR for spike detection in a shot-
noise limited optical trace as SNR=(AF/F) x4/F0 /v, where F, is
the photon emission rate for a neuron and v is the data
sampling rate. This SNR is the peak response AF divided by
the standard deviation of the baseline (yF0/v). We also
computed iso-contours of SNR using this relation.

In addition, we used a signal detection framework to
compute the spike discriminability parameter, d (20). This
characterizes a sensor’s spike detection fidelity in a way that
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considers both the duration and the intensity of the
fluorescence signal in response to action potentials. We used
experimental determinations of the mean fluorescence intensity
and the average fluorescence waveform in response to single
action potentials (e.g. Figure 3b) to compute d’. We computed
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d’ from AF/F and the estimated total number of photons within
the transient (20). For experiments with an initial value d’, we
defined the imaging time (T) as total experimental duration that
the sensor provides a spike detection fidelity >d'/e.
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