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Breakthroughs in neuroscience research are
accelerated by technological innovations.
For example, patch-clamp electrophysiol-
ogy significantly transformed the brain re-
search landscape in the late 20th century.
Neuroscience has now entered into an “age
of light” (Scanziani and Hausser, 2009), in
which innovations in fluorescence imaging
and molecular genetics have provided novel
tools for visualizing and manipulating neu-
ronal activity, thus enabling researchers to
explore previously inconceivable research
questions. These innovations include the
discovery and refinement of optogenetic ac-
tuators, such as channelrhodopsin and ha-
lorhodopsin (Deisseroth, 2015), as well as
the development of novel fluorescent pro-
tein (FP)-based sensors. Although organic
dyes offer sound alternatives to protein-
based sensors for both calcium and voltage
imaging (Homma et al., 2009; Ross et al.,
2015), a major impetus for developing ge-
netically encoded sensors is the advantage of
expressing these tools in a cell-type-specific
manner. Additionally, there is significant in-
terest in developing fluorescent probes with
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red-shifted excitation and emission spectra
to add to existing blue/green probes. Red-
shifted probes not only facilitate imaging
deeper in tissue and reduce the risks of pho-
totoxicity, but they also allow for the use of
two (or possibly more) spectrally distinct
reporters and actuators for all-optical
interrogation of brain function, which is
likely to be less invasive and more specific
than electrophysiological recordings. De-
spite significant progress in the refinement
and spectral expansion of genetically en-
coded calcium indicators (GECIs; Knopfel,
2012), efforts to improve the performance
and utility of genetically encoded voltage-
indicators (GEVIs) have lagged.

In a recent article in The Journal of
Neuroscience, Abdelfattah et al., (2016)
provided an excellent demonstration of
protein engineering to expand the existing
palette of GEVIs. Using rational design
strategies and multiple rounds of directed
evolution, the authors developed a bright
fluorescent GEVI that has a red-shifted
excitation and emission spectrum called
“FlicR1.” The workflow for generating
this new voltage sensor involved the same
fundamental techniques that led to the
development of monomeric red fluores-
cent protein (mRFP) from DsRed (Camp-
bell et al.,, 2002), and the expansion of
mRFP into widely used variants, such as
mCherry (Shaner et al., 2004); tools that
are now virtually ubiquitous and indis-
pensable in laboratories that perform live-
cell fluorescence imaging. In principle, the
process of directed evolution can be gen-

eralized to refine the functional properties
of any protein of interest.

In broad terms, directed evolution in-
volves multiple rounds of random mu-
tagenesis and targeted selection to iteratively
refine desired properties of a given protein.
To start, one must build a library of gene
variants encoding the protein of interest.
Abdelfattah et al., (2016) used a rational de-
sign approach to begin the process of devel-
oping FlicR1 by generating a chimera
between a circularly permuted red-shifted
FP, “cpmApple,” and the voltage-sensitive
domain (VSD) from Ciona intestinalis,
“CiVSD” (Abdelfattah et al., 2016, their Fig.
1 A). This design was chosen because CiVSD
has been shown to be localized to mem-
branes in mammalian cells, and because
conformational changes induced by the
voltage-dependent movement of CiVSD
were predicted to efficiently couple to
changes in the chromophore environ-
ment of circularly permuted FPs, such as
cpmApple.

Directed evolution was then conducted
through multiple cycles of a high-through-
put workflow involving two stages (Abdel-
fattah et al., 2016, their Fig. 1C). In the first
stage of each cycle, a library of variants of the
CiVSD-cpmApple chimera was trans-
formed into Escherichia coli bacterial colo-
nies and screened for brightness on a
custom wide-field imaging apparatus, al-
lowing the brightest variants to be selected
and cultured for further evaluation. In the
second stage, the selected constructs were
transfected into HelLa cells to screen for
proper membrane localization and to assess
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voltage sensitivity via whole-cell electro-
physiology. The variants that exhibited the
best voltage-sensitivity were chosen for the
next cycle of evolution, in which the entire
process was repeated. To quantify improve-
ments in voltage sensitivity through succes-
sive cycles of evolution, FlicR variants were
cotransfected with the green GEVI ArcLight
Q239 to serve as a reference standard. To
begin each successive round of evolution,
new FlicR variants with novel mutations
were generated via error-prone DNA repli-
cation using the variants selected from the
previous round as templates.

When random mutagenesis gives rise to
functional enhancements of a protein, re-
searchers can step in to rationally direct fur-
ther fine-tuning. Abdelfattah et al., (2016)
demonstrated this in the final stages of FlicR
evolution to specifically improve voltage
sensitivity. First, they identified a valine-to-
alanine mutation at position 207 (on the
S3-S4linker to CiVSD) that was responsible
for a marked improvement in FlicR’s volt-
age sensitivity compared to previous ver-
sions. Residue 207 was then mutated to all
20 possible amino acids, which led the au-
thors to zero-in on a valine-to-phenylala-
nine mutation that conferred the greatest
improvement to voltage sensitivity.
Through a total of eight rounds of bacterial
transformations, brightness screenings,
voltage testing and clone selection, Abdel-
fattah et al., (2016) developed the final vari-
ant, FlicR1, which had 12 mutations and
16-fold greater brightness compared to its
first generation, as well as >3-fold larger
voltage-dependent fluorescence changes
and significantly faster on/off kinetics com-
pared with ArcLight Q239.

As noted by Abdelfattah et al., (2016),
the development of GEVIs has trailed be-
hind that of GECIs. Although calcium indi-
cators in general have contributed to
neuroscience discoveries at many levels,
from single synapses and dendrites (Saba-
tini et al., 2002; Lee et al., 2016) to neuronal
population dynamics in vivo (Dombeck et
al., 2007; Tian et al., 2009), researchers stand
to benefit considerably from the refinement
of voltage sensors given the intrinsic limita-
tions of calcium indicators. First, calcium
indicators are generally limited to reporting
suprathreshold spiking activity, and exhibit
relatively slow kinetics that preclude their
ability to report fast spiking or burst dynam-
ics. Also, at the level of the synapse, calcium
signal detection typically requires large
membrane depolarizations or less physio-
logical low-magnesium recording condi-
tions. Finally, calcium is an important
signaling molecule, and although buffer ca-
pacity of a given calcium indicator can be

estimated, it is not clear how the presence of
these mobile calcium-binding molecules al-
ter calcium-dependent processes and ho-
meostasis when expressed in cells for
prolonged periods of time. Voltage sensors,
such as FlicR1 and ASAP1, are thus poised
to overcome some of these major limita-
tions. For instance, the fast kinetics of FlicR1
and ASAP1 enable the resolution of single
action potentials up to 100 Hz (Abdelfattah
etal,, 2016, their Fig. 5F); something that is
currently impossible to accomplish with
calcium indicators. Additionally, voltage
sensors are in principle less likely to disrupt
calcium-dependent physiological processes.
Unfortunately, it remains difficult to dis-
criminate small voltage changes with FlicR1
and other available voltage sensors
(~0.066% AF/F per 1 mV change for
FlicR1), which largely precludes their use for
studying synaptic function and plasticity at
dendritic spines. Nevertheless, the work of
Abdelfattah et al., (2016) leads in a promis-
ing direction, as continued improvements
to fast FP-based voltage sensors, such as
FlicR1 and ASAP1, will likely bring re-
searchers closer to monitoring both sub-
threshold and suprathreshold neuronal
activity with sensitivity and temporal reso-
lution that increasingly approach electro-
physiological standards.

One important limitation of FlicR1 is
that it exhibited significant photobleach-
ing, a disadvantage shared among GEVIs
in general. Photobleaching of FlicR1 was
pronounced using both continuous-wave
(561 nm) and two-photon (1120 nm)
laser excitation, reducing FlicR1 fluores-
cence by more than one-half in <2 min of
imaging (Abdelfattah et al.,, 2016, their
Figs. 31, 4C). Although fluorescence sig-
nals can be corrected for photobleaching
post hoc (as the authors did), and imaging
parameters may be adjusted to partially
mitigate fluorescence loss, it is not clear
whether and how FlicR1 photobleaching
affects the voltage readout accuracy over
time, and whether this might prohibit
long-duration imaging studies lasting tens
of minutes or even hours—time scales
that are particularly interesting for plas-
ticity studies.

Questions of photostability aside, FlicR1
exhibits voltage responses with superior re-
sponse amplitudes and faster kinetics com-
pared to existing red-shifted FP-based
GEVIs (Perronetal., 2009), joining a rapidly
growing palette of red-shifted optogenetic
tools including calcium indicators, such as
R-GECO (Zhao et al., 2011) and R-CaMP
(Akerboom et al., 2013), and channelrho-
dopsin-like actuators, such as ReaChR (Lin
et al., 2013), VChRI (Zhang et al., 2008),
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and ChRimson (Klapoetke et al., 2014). As
noted above, perhaps the most interesting
upside to developing tools with red-shifted
spectra is the potential for using multiple
spectrally separated reporters and actuators
in combination. Abdelfattah et al., (2016)
explored this possibility in “all optical elec-
trophysiology” experiments, pairing FlicR1
with channelrhodopsin variants in both
Hela cells and cultured hippocampal neu-
rons to visualize light-evoked changes in
membrane potential (Abdelfattah et al,,
2016, their Figs. 7, 8). Although these exper-
iments were demonstrated to be feasible, the
FlicR1 chromophore was found to be ex-
cited by the blue light used to activate the
channelrhodopsins in neurons, necessitat-
ing adjustments to the illumination strategy
to minimize this effect. Additionally, it was
found that the 561 nm laser used to excite
FlicR1 could also directly activate channel-
rhodopsin and depolarize neurons by as
much as 14 mV. Therefore, any attempts to
use all-optical strategies for neurophysiol-
ogy using presently available tools will re-
quire careful experimental design
involving thoughtful selection of optical
sensors to mitigate spectral crosstalk
and, undoubtedly, rigorous electro-
physiological validation.

Over the past two decades or so, imag-
ing techniques have taken a prominent
role in modern neuroscience laboratories
around the world, and the continued de-
velopment of optical tools will be integral
for expanding the kinds of questions re-
searchers can explore. The refinement of
genetically encoded proteins through di-
rected evolution and rational protein en-
gineering, as demonstrated Abdelfattah et
al,, (2016) will improve our ability to peer
into and manipulate the functions of
brain circuits to help answer enigmatic
questions of learning and memory, emo-
tions, behavior, and consciousness for de-
cades to come.
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