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ABSTRACT Genetically encoded voltage indicators (GEVIs) continue to evolve, resulting in many different probes with varying
strengths and weaknesses. Developers of new GEVIs tend to highlight their positive features. A recent article from an indepen-
dent laboratory has compared the signal/noise ratios of a number of GEVIs. Such a comparison can be helpful to investigators
eager to try to image the voltage of excitable cells. In this perspective, we will present examples of how the biophysical features
of GEVIs affect the imaging of excitable cells in an effort to assist researchers when considering probes for their specific needs.
SIGNIFICANCE In this perspective, we explore the biophysical characteristics of genetically encoded voltage indicators
and their consequences on voltage imaging.
Challenges for imaging voltage

The optical voltage signal is limited to the plasma mem-
brane, which constrains the amount of probe responding
to membrane potential transients (1). Erroneous membrane
trafficking contributes a nonresponsive background fluores-
cence, further reducing the signal/noise ratio (SNR) (2).
Other challenges come from the changes in membrane po-
tentials associated with suprathreshold and subthreshold
neuronal activities (3). A genetically encoded voltage indi-
cator (GEVI) must sufficiently alter its fluorescence in 0.5–
2 ms to resolve action potentials. For synaptic potentials, the
probe needs to be able to respond to small changes in mem-
brane potential (under 10 mV). Given these challenges, it is
imperative that investigators appreciate the optical charac-
teristics of a GEVI when determining which probe to use.
Optical properties of GEVIs

Fluorescence

Every functional characteristic of a GEVI is dependent upon
its brightness. The fluorescence intensity of a GEVI is a
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product of how well it absorbs photons (the extinction coef-
ficient) and what fraction of the absorbed light is emitted
(the quantum yield). These two parameters determine the
brightness, often referred to as resting fluorescence (F0).
Given that most of the parameters reported for GEVIs are
a percentage of F0, this value is extremely important for
comparing different GEVIs.

Dynamic fluorescence change

The dynamic fluorescence change is the alteration of the
fluorescence output of the GEVI in response to changes in
membrane potential. A commonly reported parameter is
DF/F0/100 mV (100 mV is roughly equivalent to the size
of an action potential in mammalian neurons). Without
knowing F0, this value is meaningless. Because the frac-
tional change is a function of F0, one can be fooled into
thinking that a probe with a 60% DF/F0/100 mV signal is
better than a probe with a 30% signal. However, if the
30% signal comes from a probe that is 10-fold brighter,
then a much larger change in the number of photons will
be detected. The number of photons is important because
shot noise is defined as N/

ffiffiffiffi

N
p

, where N is the number of
photons. Increasing N therefore improves the SNR.
Compare, for example, the GEVIs Ilmol (4) and FlicR1
(5), which are both red-shifted GEVIs. Ilmol yields only a
4% DF/F0/100 mV change when expressed in HEK cells,
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whereas FlicR1 has a larger fluorescence fractional change
of 10% DF/F0/100 mV (4,5). However, Ilmol is more than
10-fold brighter than FlicR1, resulting in a threefold
improvement in the SNR (Fig. 1). The improved SNR for Il-
mol does not necessarily mean that it is always a better
probe than FlicR1. Ilmol gets dimmer when the plasma
membrane is depolarized, whereas FlicR1 gets brighter. In
some circumstances, an increase in the fluorescence output
may offset the reduced SNR (see Optical Considerations
below).
Kinetics

The time constant, t, is the response time required for the
GEVI to reach 63% of the maximal fluorescence change.
ton refers to the time constant at the onset of the voltage
step, and toff represents the time constant during the recov-
ery. A GEVI with a ton of 2 ms and a dynamic change of
10% for a 100-mV step will exhibit a fluorescence change
of �6% at 2 ms (roughly the time span for an action poten-
tial). A probe with a ton of 10 ms and a 40% dynamic change
would yield an �7% fluorescence change for an action po-
tential (see table in Yi et al. (4)). Faster does not necessarily
FIGURE 1 Comparison of the GEVIs Ilmol and FlicR1. (A) Shown is the fluor

change for Ilmol and FlicR1 for a 100 mV depolarization step of the plasma mem

for a 100 mV depolarization step is shown. (D) A signal-to-noise comparison of

(black) and FlicR1 (red) are shown (modified from Yi et al. (4)). To see this fig
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mean better. A slower probe with a larger DF may be better
at reporting action potentials because of the larger differ-
ence in photons emitted, which improves the SNR.

Two GEVIs have greatly influenced the current state of
the field. ArcLight resulted from a spontaneous mutation
to the fluorescent protein, Super Ecliptic pHluorin, which
yielded a 40% DF/F0/100 mV in HEK cells (6–8). The
other is Arch, a GEVI that utilizes bacterial rhodopsin to
optically report membrane potential in mammalian cells
(9). Arch exhibited sub-millisecond time constants, and
the onset of ArcLight’s optical signal had a fast component
of 10 ms (the optical trace was best fit by a double exponen-
tial decay). Arch also exhibited a DF/F0/100 mV that
was greater than 60% but was >100 times dimmer than
ArcLight. Despite these differences, both ArcLight and
Arch could optically resolve action potentials. The brighter
fluorescence of ArcLight has enabled its use in many in vivo
models (10–13). Brighter versions of Arch have also been
used in vivo, but they still require strong illumination inten-
sities because they are at least one order of magnitude dim-
mer than ArcLight (14–17).

The likelihood of a second voltage event occurring
before the fluorescence returns to baseline is increased for
escence of HEK 293 cells expressing Ilmol or FlicR1. (B) The fluorescence

brane is shown. (C) The fractional fluorescence change for Ilmol and FlicR1

Ilmol to FlicR1 is shown. (E) Representative fluorescence traces for Ilmol

ure in color, go online.
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slower-responding probes, resulting in a temporal binning of
the fluorescence change. Two examples are shown in Fig. 2.
The first example is the GEVI ASAP1 (18). ASAP1 consists
of a circularly permuted FP fused in the loop between the
transmembrane segments 3 and 4 in the voltage-sensing
domain of the voltage-sensing phosphatase from chicken.
In Fig. 2 A, HEK cells expressing ASAP1 were voltage
clamped and subjected to simulated action potentials with
increasing frequencies. As the frequency of the action po-
tentials increased, the fluorescence did not return to base-
line, thereby diminishing the net fluorescence change for
each spike. Despite the decrease in fluorescence change,
ASAP1 could still optically report voltage events at
100 Hz (Fig. 2 A). The second example comes from
ArcLight, which is slower (6). When exposed to higher fre-
quencies, the optical response fuses (Fig. 2 A). However,
ArcLight is still capable of resolving action potentials firing
around 30 Hz from different regions of a neuron (Fig. 2 B;
(19)). It should also be noted that slower probes will tempo-
rally distort the waveform of the action potentials. The width
at the half-peak maximum will increase depending on the
speed of the sensor.

Voltage range

The voltage range is an often overlooked characteristic of a
GEVI (3). The V1/2 of a GEVI is the voltage at which the
probe reaches 50% of the total fluorescence change. A
GEVI with a V1/2 near �50 mV will have a larger fractional
change in fluorescence during synaptic subthreshold activity
than a GEVI with a V1/2 near 0 mV (Fig. 3 A). In contrast,
distinguishing action potentials from synaptic activity may
be more difficult for the GEVI with the V1/2 at �50 mV
FIGURE 2 High-frequency spiking results in a reduction of the voltage-depe

experiencing simulated action potentials at 10, 30, 100, and 200 Hz via whole-cel

expressed in a hippocampal neuron responding to action potentials from differe
because nearly half of the fluorescence response has already
occurred during the subthreshold voltage change.

The V1/2 is only part of the story. The total range of the
voltage response is also dependent upon the slope of the fluo-
rescence change as a function of voltage. The rhodopsin-
based GEVIs exhibit a near-linear voltage response
(9,15,20–22). Other GEVIs exhibit a sigmoidal fluorescence
change as a function of voltage (4,6,23–26). A linear slope
will spread the dynamic fluorescence change over a broad
voltage range. A sigmoidal response has the potential
to focus the optical response to a narrow voltage range
(Fig. 3 A). If the goal is to detect all types of activity, then
a linear slope or a shallow sigmoidal response might be
desired. If the goal is to detect specific types of activity, espe-
cially in vivo, then a sigmoidal response with a steep slope
might be better (Fig. 3 B).

To further illustrate the effect of fluorescence intensity,
Fig. 3 C also includes a probe that is fivefold dimmer.
One can see that the relative fluorescence change for such
a probe would be much less. The dimmer fluorescence in-
tensity can be overcome by increasing the illumination po-
wer during the optical recording. For instance, imaging of
mouse nodose ganglia using QuasAr2 used 300W/cm2 exci-
tation intensity (15) compared with 500 mW/cm2 for the
GEVI Ilmol when imaging hippocampal brain slices (4).
However, care must be taken when using high-intensity illu-
mination (see Drawbacks below).
Optical considerations

The experimenter must also take into account the prepara-
tion that is being imaged. Voltage imaging is much different
ndent optical signal. (A) ASAP1 and ArcLight expressed in HEK 293 cells

l voltage clamp are shown (modified from St-Pierre et al. (18)). (B) ArcLight

nt regions of the cell are shown (modified from Kang et al. (19)).
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FIGURE 3 Theoretical voltage ranges. (A) Two GEVIs differing in V1/2 are shown. Probe A has a V1/2 of �50 mV. Probe B has a V1/2 of 0 mV. Color-

coding refers to IPSPs (blue), EPSPs (yellow), and action potential ranges (red). Probe A could respond to IPSP, EPSPs, and action potentials, whereas probe

B would only be able to respond to action potentials. (B) Two GEVIs having an identical V1/2 (�50 mV) but with differing slopes are shown. (C) A com-

parison of probes A, B, and C with probe D, which is roughly fivefold dimmer, is shown.
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than calcium imaging. Voltage transients occur at the
plasma membrane, whereas calcium transients are intracel-
lular. Targeting the probe to the plasma membrane rather
than the cytoplasm can alter the fluorescent architecture of
a sample (Fig. 4; (27)). For the calcium probe, the fluores-
cence is primarily in the soma, with some fluorescence de-
tected in the processes. In this example, the voltage probe is
a near-negative image from that seen for calcium probes.
The processes are well labeled, whereas the soma is rela-
tively faint.

Polarity of the optical signal

Many GEVIs get fainter when the plasma membrane is depo-
larized. Typical expression patterns like those shown in Fig. 4
generate a high fluorescent background from which individ-
ual cell activities can be difficult to resolve. For this reason,
engineering a GEVI that starts dim and gets brighter, such
as FlicR1 or Marina, could improve the contrast for popula-
tion recordings in slice or in vivo (5,28). However, although it
would be easier to detect depolarization events with such a
probe, identifying inhibitory responses would become more
difficult because a dim probe would get dimmer upon hyper-
polarization of the plasma membrane.
4 Biophysical Journal 119, 1–8, July 7, 2020
Sparse labeling and subcellular expression restrictions

A few strategies have been employed to reduce the fluores-
cent background for population imaging in slice and
in vivo. The first is sparse labeling by titrating the expres-
sion of the GEVI via injection of two viral constructs. One
viral construct is a floxed version of the gene of interest,
whereas the second virus contains the CRE recombinase
gene (29). Another approach is to limit expression of the
GEVI to the soma using a targeting motif from the
voltage-gated potassium channel, Kv2.1 (30,31). Yet
another strategy is to only illuminate the soma, which re-
quires advanced optical tools but limits the number of cells
that can be imaged simultaneously (17). Although these
methods will reduce the background fluorescence, they
also sacrifice information because the entire neuron is no
longer fluorescent or only a small subset of neurons are
fluorescent.
Two-photon imaging

Two-photon imaging enables access to deeper areas and op-
tical sectioning of the tissue. The sampling rate for two-
photon microscopy can now be in the millisecond time



FIGURE 4 GEVI expression compared with

GECI expression. (A) An AAV for the GEVI Arc-

Light or the GECI GCaMP6f is injected into the

CA1 region of the mouse hippocampus. (B) Fluores-

cence of ArcLight is primarily in the oriens and ra-

diatum layers because the surface area of the plasma

membrane is far greater in the processes than the

soma (pyramidal layer). Conversely, the calcium in-

dicator GCaMP6f is primarily in the soma because

the sensor resides in the cytoplasm. This figure

was modified from Nakajima and Baker (27). To

see this figure in color, go online.
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frame (32). Unfortunately, no effort has been made to spe-
cifically engineer a two-photon GEVI. Every GEVI reported
to date has been the product of a one-photon screen. The re-
sults for two-photon imaging of GEVIs have therefore been
somewhat variable. Whereas the ArcLight and ASAP fam-
ilies of GEVIs yield good two-photon signals, rhodopsin-
based GEVIs give little to no voltage-dependent optical sig-
nals upon two-photon illumination (Fig. 5; (32)).
FIGURE 5 Comparison of two-photon recordings of various GEVIs in Droso

from medulla region of L2 neuron terminals expressing ASAP1, ASAP2, ArcL

exposed to 300 ms of dark (black bar) followed by 300 ms of light flashes (w

this figure in color, go online.
Spike detection fidelity, d0, versus SNR

With so many parameters contributing to the voltage-depen-
dent optical signal, it is difficult to determine which GEVI
to use. The spike detection fidelity, d0 (33), attempts to
compare GEVIs based on ‘‘a neuron’s experimentally deter-
mined fluorescence baseline, the peak DF/F response to a
spike, and the temporal duration of the sensor’s response
phila. (A) A schematic of the experimental setup is shown. (B) Recordings

ight, MacQ-mCitrine, Ace2N-2AA-mNeon, or GCaMP6f. The flies were

hite bar). This figure was modified from Chamberland et al. (32). To see
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to a spike’’ (20). Gong et al. suggest that d0 is a more realistic
measure of spike detection fidelity than SNR measurements.
However, there are issues with using d0 to compare GEVIs.
For one, there is more to voltage imaging than measuring
spikes. The most severe issue is that d0 has been a poor pre-
dictor of success. A recent independent comparison of the
GEVIs ArcLight (6), ASAP1 (18), ASAP2s (32), and
Ace2N (21) expressed in the mouse visual cortex showed
that only ArcLight could consistently report neuronal re-
sponses for one-photon wide-field imaging in vivo despite
Ace2N having a 10-fold-better d0 value than ArcLight
(Fig. 6; (34)). ArcLight was also better at two-photon in vivo
imaging, which is not surprising because opsin-based
probes yield poor two-photon signals (Figs. 5 and 6).

Drawbacks

Every GEVI has some unwanted characteristic. ArcLight-
derived probes are pH sensitive (6,35). The pH response
has a minimal effect on the voltage imaging (19) but may
complicate slow, subthreshold events in population record-
FIGURE 6 Comparison of different GEVI responses in the mouse visual corte

as labeled are shown. Scale bars, 1 mm. (B) Two-photon images of the areas show

single trials with the black line representing the presentation of the visual stimu

colored line is the mean. The shaded area is the standard error of the mean. Thi

online.
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ings. It is advisable to implement a pH-sensitive FP-only
control to validate that the optical response is due to voltage.
Opsin-based GEVIs can have light-induced currents (16,20)
and chromogenic behavior (illumination with other wave-
lengths disturbs the fluorescence output of the GEVI)
(15,16). Some opsin-based probes also require intense
illumination. The recently described paQuasAr3 exploits
its chromogenic nature by coexcitation with 488 nm
(100 mW/mm2) and 640 nm (10 W/mm2) wavelengths.
That much light will heat the sample, which has been shown
to have variable physiological effects depending on the cell
type being illuminated (36). For a list of the illuminations
used for different GEVIs, see the excellent review by Bando
et al. (37).

Phototoxicity and photobleaching

In an excited state, a fluorophore can degrade via an interac-
tion with oxygen, resulting in photobleaching. This process
also produces reactive oxygen species, such as superoxide
radicals, that can damage cells, resulting in phototoxicity.
x. (A) Images of the primary visual cortex expressing the fluorescent protein

n in the yellow box in (A) are shown. Scale bars, 100 mm. (C) Representative

lus for 10 ms. (D) The averages of 10 trials from (C) are shown. The dark

s figure was modified from Bando et al. (34). To see this figure in color, go



Biophysical Perspective
Though related, photobleaching and phototoxicity are not
necessarily linked. One can occur without the other. For
instance, cells possess antioxidants that can prevent photo-
toxicity but may not prevent the degradation of the fluoro-
phore. See the fine review by Icha et al. (38). One should
also be aware that the exogenous fluorophore (GEVI) is
not the only contributor to phototoxicity. Endogenous mol-
ecules such as flavins can also generate free oxygen radicals,
so any illumination regardless of the GEVI being used can
potentially result in photoxicity, which is another reason
to limit the intensity/time of illumination.

The trend is toward brighter

As discussed above, the brightness of the GEVI is critical.
Recent advancements in the opsin-based GEVIs have all
involved making the probe brighter (16,17,21,39,40). A
new GEVI, Voltron, combines the speed of the opsin re-
porters with the ability to bind a synthetic fluorescent dye,
which vastly improves the brightness of the probe (40). It
is too early to tell whether the need to add a second compo-
nent will complicate the use of Voltron, but more photons
improves the potential to increase the SNR. FRET-based
probes may also make a comeback because ratiometric mea-
surements would reduce motion artifacts such as respiration
during in vivo recordings (25,41).

Internal membranes

In addition to elucidating the functions of neural networks,
GEVIs may also help resolve the internal workings of a cell.
The ability to fluorescently tag internal cellular structures
has demonstrated interplay between organelles that appears
to have physiological consequences. We recently reported a
voltage transient in the endoplasmic reticulum (42). The role
of that internal voltage transient remains uncertain, but it is
clear that internal membranes can experience changes in
membrane potential. Efforts are underway to develop GEVIs
that specifically label distinct organelles, i.e., mitochondria,
and image the response during environmental stress.
CONCLUSION

There is no perfect GEVI. Although many have been shown
to yield signals in vivo, the investigator needs to consider the
type of signal desired (population versus single-cell record-
ings), the voltage range to be investigated (e.g., synaptic in-
puts from dendrites or action potentials along the axon), the
light source required for imaging, and the speed of the
detection device being used. Although these signals can
be informative, the brightness and signal size of these sen-
sors need to improve to provide the spatial and temporal res-
olution of voltage changes in neural networks. Until then, it
is our hope that the examples provided here give researchers
better insights into which GEVIs, if any, are appropriate for
their experimental needs.
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