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Abstract

My work has focused on the development and application of fluorescent

voltage-sensitive proteins based on microbial rhodopsins. These probes led to

the discovery of electrical activity in the bacterium Escherichia coli, the first robust

optical recordings of action potentials (APs) inmammalian neurons using a genet-

ically encoded voltage reporter, and the development of a genetically targetable

all-optical electrophysiology system.

I first introduce an engineered fluorescent voltage sensor based on green-

absorbing proteorhodopsin. Expression of the proteorhodopsin optical proton

sensor (PROPS) in E. coli revealed electrical spiking at up to  hertz. Spiking was

sensitive to chemical and physical perturbations and coincided with rapid efflux

of a small-molecule fluorophore, suggesting that bacterial efflux machinery may

be electrically regulated.

I then present another microbial rhodopsin, Archaerhodopsin  (Arch), whose

endogenous fluorescence exhibited a twofold increase in brightness between

− mV and + mV and a sub-millisecond response time. In rat hippocampal

neurons, Arch detected single electrically triggered APs with an optical signal-to-

noise ratio > . A mutant, Arch(DN), lacked endogenous proton pumping and

had  greater sensitivity than the wild type but had a slower response ( ms).

Nonetheless, Arch(DN) also resolved individual APs.

Finally, I introduce evolved archaerhodopsin-based voltage indicators and a

spectrally orthogonal channelrhodopsin actuator, which together enabled all-

optical electrophysiology. A directed evolution screen yielded two mutants,
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QuasAr and QuasAr, that showed improved brightness and voltage sensitivity

relative to previous archaerhodopsin-based sensors, and microsecond response

times. An engineered channelrhodopsin actuator, CheRiff, showed high light

sensitivity and rapid kinetics. A coexpression vector, Optopatch, enabled cross-

talk–free genetically targeted all-optical electrophysiology. In cultured neurons,

the Optopatch system probed membrane voltage across temporal and spatial

scales, from the sub-cellular and sub-millisecond dynamics of AP propagation, to

the simultaneous measurement of firing patterns of many neurons in a circuit.

In brain slices, Optopatch induced and reported APs and subthreshold events

with high signal-to-noise ratios. In human stem cell-derived neurons, Optopatch

measurements revealed homeostatic tuning of intrinsic excitability, a subtle form

of plasticity that had yet to be observed in human neurons.

The suite of tools and techniques presented here enable high-throughput, ge-

netically targeted, and spatially resolved electrophysiologywithout the use of con-

ventional electrodes.
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1
Introduction

Neuronal function and communication rely on a dynamic transmembrane

potential. Traditionally, neuroscientists have studied these electrical sig-

nals using patch-clamp electrophysiology []. While these techniques are un-

paralleled in sensitivity and temporal resolution, they do have inherent limita-

tions. First, electrode-based techniques are typically confined to recording mem-

brane voltage from the neuronal cell body. However, neurons have complex struc-

tures and are elaboratedwith axons, dendrites, and synapses. A neuron’s electrical

activity at the cell body is the integrated result of signal processing occurring in

many subcellular compartments throughout the cell [, ], most of which are

inaccessible to electrodes [, ]¹.

Second, intracellular electrode measurements do not readily scale to the non-

invasive recording ofmanyneurons in parallel. Ref. [] is an example of a partic-

ularly heroic experiment, where four neurons are recorded from simultaneously.

¹Hard-to-access structures extend beyond subcellular compartments of neurons. Other noncon-
ventional electrophysiological systems include cellular organelles such as mitochondria [, ]
and the endoplasmic reticulum [], microorganisms such as bacteria [] and yeast [], and
motile cells such as sperm [] and immune cells [].





Extracellular microelectrode arrays can measure the activity of larger ensembles

of cells [], however they blindly record extracellular neuronal signals, which can

be difficult or impossible tomap back to the original single cell locations andmem-

brane voltage waveforms.

Ideally, to study the interactions underlying neuronal activity in a circuit, one

would like to record from many genetically-defined neurons in parallel, with sub-

cellular resolution. Optical techniques are a promising route towards this ambi-

tious goal []. In principle, they allow direct measurement of activity over mul-

tiple length scales, from subcellular dynamics of individual dendritic spines [,

], to simultaneous measurements of many neurons in a circuit [].

. A brief history of optical recordings of neuronal mem-
brane potential

Early attempts to optically record electrical signals in neurons employed intrinsic

contrast mechanisms. In , Hill and Keynes found that repeated stimulation

of a bundle of nerve fibers (from the walking leg of the crab Carcinus maenas) was

correlated with increased light scattering by the nerve bundle []. The minutes-

long time course of their optical signal far exceeded the duration of the stimu-

lus, suggesting that it was not a direct readout of membrane potential. Almost

 years later, Cohen, Hille, and Keynes reported optical birefringence measure-

ments that closely followed the underlying action potential waveform in a squid

axon []. However, the signals were so small that they required the averaging of

thousands of stimuli to produce an optical trace. Although intrinsic contrast tech-

niques have found uses in wide-field brain imaging [], they are confounded by

their sensitivity to other dynamic processes (such as haemodynamic responses),

and they do not offer sufficient signal-to-noise for single cell measurements.

Small-molecule voltage sensitive dyes (VSDs) were first used to record neuronal

activity in the late s []. Early studies demonstrated single-trial record-

ings of action potentials with single cell resolution in an invertebrate leech prepa-

ration [], and these results were extended to the simultaneous recording of

multiple cells [, ]. Fluorescent VSDs had sub-millisecond response times,

and improved in voltage-sensitivity to the point that synaptic potentials (averaged

over several trials) could be observed in individual neuronal processes []. While





many important subcellular [], and population-level in vivomeasurements [,

] have been performed usingVSDs (for an excellent review, see ref. []), a num-

ber of factors prevent their widespread use. First, VSDs stain every membrane

they come into contactwith. This simple fact restricts their use to population-level

measurements of mammalian brain activity when introduced extracellularly (due

to the dense packing of neurons and glial cells), or to single cell studies when in-

troduced via a patch-pipette. In single cell measurements, the experimenter must

typically wait for >  hours for the VSD to diffuse from the pipette tip into neu-

ronal processes [], and in most cases the dye does not fill distal dendrites and

axons. VSDs indiscriminately label the internalmembranes of the cell, resulting in

backgroundfluorescence insensitive to plasmamembrane voltage fluctuations, re-

ducing the signal-to-noise of themeasurement. Finally, VSDs suffer from issues of

phototoxicity which restricts the number of trials and time course of experiments.

Genetically encoded voltage indicators (GEVIs) promise to alleviate many of

the limitations of VSDs. Genetic targeting is essential for parsing neural circuitry

in intact tissue, where closely spaced cells often perform distinct functions. Ge-

netic targeting in vitro is important for characterizing heterogeneous cultures that

arise during stem cell differentiation to neurons [] or while studying neurons

cultured with other cell types. The first GEVI (‘FlaSh’) was reported in  by

Siegel and Isacoff []. Like many subsequent sensors, FlaSh coupled a voltage-

dependent conformational change of a transmembrane protein to a change in flu-

orescence of a green fluorescent protein (GFP) []. This was achieved by fus-

ing the GFP to the C-terminal of a voltage-gated K+ Shaker channel. The detailed

mechanism of the voltage-dependent fluorescence remains unclear for this and

many similar probes; presumably, the conformational rearrangement induces a

change in the local chromophore environment, perturbing thefluorescence. While

GEVIs show promise, they have been undermined by a combination of limited

voltage sensitivity, slow kinetics, and poor membrane targeting [, ]. In the

following chapters I will describe a new approach to fluorescent genetically en-

coded voltage sensing which employs microbial rhodopsins as the GEVI scaffold

and offers substantial improvements on voltage sensitivity and speed.





. Genetically encoded calcium-dependent fluorophores as
indicators of neuronal activity

Neurons have many voltage- and ligand-dependent calcium conductances. Ac-

tion potential generation triggers an increase in intracellular calcium concentra-

tion. Genetically encoded calcium indicators (GECIs) have matured rapidly over

the past ~ years. Themost developed andwidely usedGECIs are the ‘GCaMP’ sen-

sors (GCaMP [] is the current iteration) which consist of a circularly permuted

GFP fused to the calcium-binding protein calmodulin (CaM) and CaM-interacting

M peptide. GCaMP sensors can now measure circuit level neuronal activity in

vivo with single cell resolution [, ]. While calcium transients are coincident

with super-threshold electrical activity (and NMDA-mediated synaptic events),

their kinetics are much slower than the underlying electrical waveforms (hun-

dreds of milliseconds compared to ~ millisecond), which cannot be accurately

recovered solely using GECIs as a readout. Furthermore, most AMPA-mediated

sub-threshold depolarizations, and inhibitory hyperpolarizing events cannot be

detected using a calcium-sensitive readout. GECI fluorescence is a sufficient proxy

for neuronal activity in the context of many important neurobiological questions,

however, a direct and robust optical reporter of membrane potential remains elu-

sive.

. Repurposingmicrobial rhodopsins as fluorescentvoltage
indicators

Microbial rhodopsins are light-sensitive proteins with seven transmembrane

alpha helices that serve a wide variety of functions for their host microorgan-

isms []. All microbial rhodopsins contain a retinal chromophore covalently

bound via a Schiff base to the protein core, and they all undergo light-induced

transformations. My initial work focused on the light-gated proton pump green-

absorbing proteorhodopsin (GPR). Upon absorption of a photon, GPR undergoes

a number of conformational changes as a proton is pumped across themembrane.

These intermediate states of the photocyle change the color of the protein. In

particular, deprotonation of the Schiff base results in a dramatic change in peak

light absorption [, ]. We hypothesized that we could run GPR in reverse:





Instead of using light to pump a proton across the membrane, we could apply a

transmembrane voltage to modulate the protonation of the Schiff base, and in

doing so change the color of the protein. Thismechanism of voltage-induced color

shift had been previously reported in dried films of another light-gated proton

pump, bacteriorhodopsin [].

Changes in optical absorption would be challenging to detect in a single cell ex-

pressing GPR due to the small quantity of protein in the membrane. Fortunately,

GPR was fluorescent in the near-infrared when excited with red light, and to our

surprise, E. coli expressing our GPR-based indicator showed periodic flashes of flu-

orescence. We found that the GPR fluorescence was indeed voltage sensitive, and

these blinks of fluorescence intensity revealed previously unknown electrical spik-

ing in E. coli. This work is described in Chapter .

I next sought to apply our newfluorescent voltage indicator inmammalian cells.

Unfortunately all efforts to express GPR in mammalian cells failed. After an ex-

tensive search of homologous proteins, we found that archaerhodopsin  (Arch),

a proton pump from the microbe Halorubrum sodomense, expressed well in mam-

malian cells and produced fluorescence that responded with exquisite sensitivity

and speed to changes in membrane voltage. We expressed Arch in rat hippocam-

pal neurons, and made the first robust optical recordings of action potentials in

mammalian neurons using a genetically encoded reporter. This work is described

in Chapter .

However, the Arch voltage sensor had some worts. While Arch was extremely

photostable, its fluorescencewas dim, and the light used to excite this fluorescence

generated a steady-state photocurrent, both undesirable attributes for a fluores-

cent voltage sensor. We addressed these problems by designing and implement-

ing a directed evolution screen of Arch indicators. We evolved a pair of mutated

Arch proteins with improved brightness and sensitivity. The molecules preserved

the fast temporal response and photostability of wild-type Arch fluorescence, and

lacked the undesirable photocurrents.

The red excitation of these engineered Arch sensors allowed for incorporation

of spectrally orthogonal light-gated ion channels (channelrhodopsins, ChRs) [],

enabling simultaneous optical excitation and optical readout of electrical activity

in neurons. Existing ChRs lacked the sensitivity to achieve robust all-optical elec-

trophysiology, so we engineered a novel ChR (CheRiff) with high blue light sensi-





tivity and photocurrent. We named our genetically targetable all-optical electro-

physiology system ‘Optopatch’.

Using Optopatch, we demonstrated simultaneous excitation and single-trial

imaging of electrical activity in intact brain slices. We interrogated networks of

cultured neurons expressing Optopatch by activating single neurons and moni-

toring the synaptic responses in neighboring cells. We probed the membrane po-

tential of single cells subjected to sub-cellular excitation, andmapped the ensuing

action potential propagation within the neuron with high spatial and temporal

resolution. Finally, we expressed Optopatch in human induced pluripotent stem

cell (hiPSC) derived neurons, which show promise as a platform for drug discov-

ery and neuronal diseasemodeling. The extent to which human iPSC-derived neu-

rons recapitulate the full range of physiology in the brain remains an open ques-

tion. We used Optopatch to provide the first evidence for homeostatic plasticity

of intrinsic excitability, an important aspect of in vivo neuronal physiology, in hu-

man iPSC-derived neurons. This proof-of-concept experiment demonstrated that

high-throughput Optopatch measurements can be a powerful tool for functional

characterization of neuronal populations in hiPSC-based diseasemodeling efforts.

This work is described in Chapter .





2
Electrical spiking in Escherichia coli probed

with a fluorescent voltage-indicating protein

. Introduction

Bacterial membrane potential provides a major component of the driving

force for oxidative phosphorylation, membrane transport, and flagellar mo-

tion. Yet this voltage is inaccessible to techniques of conventional electrophysi-

ology, owing to the small size of bacteria and the presence of a cell wall. Little is

known about the electrophysiology of bacteria at the level of single cells [].

We developed a genetically encoded optical indicator of membrane potential,

Vm, in bacteria. The starting protein was green-absorbing proteorhodopsin (GPR),

a light-driven proton pump found in bacteria in the ocean [, , ]. In the

wild, light-driven transport of a proton through GPR changes the color of the

protein. We sought to run GPR backward: to use Vm to reposition a proton, and

thereby to induce a color shift [].





. Results

.. PROPS: A GPR-based fluorescent voltage sensor

Thedominant color-determiningmoiety in GPR is the Schiff base (SB), which links

the retinal to the protein core. When the SB was protonated, the protein was pink

and weakly fluorescent in the near infrared; when the SB was deprotonated, the

protein was yellow and nonfluorescent (Supplementary Fig. .).We hypothe-

sized that a change in Vm could alter the local electrochemical potential of pro-

tons on the SB, and thereby tip the acid-base equilibrium between the fluorescent

and nonfluorescent states (Supplementary Fig. ., Supplementary Text .).

However, the pKa (acid dissociation constant) of the SB was >, indicating that

protons were bound too tightly to be removed by physiological Vm. The mutant

GPR DN had a SB pKa of ., showed pH-dependent fluorescence (Fig. .A),

and also lacked light-induced proton pumping [], making it a promising candi-

date voltage sensor. We call GPR DN a proteorhodopsin optical proton sensor

(PROPS).

Induced transmembrane voltage (ITV) [] was used to calibrate fluorescence

versus Vm in intact Escherichia coli expressing PROPS (Methods Section .).

Voltage pulses were applied to field-stimulation electrodes spanning a plate of

cells. During the voltage pulse, the depolarized end of each cell became tran-

siently bright, and the hyperpolarized end became transiently dark (Fig. .B),

indicating a cytoplasm-exposed SB (Supplementary Text .). The fluorescence

of PROPS was five times as bright at an induced Vm of + mV than at − mV

(Fig. .C).The response to a voltage step occurred with a time constant of .ms

(Fig. .D).

.. PROPS fluorescence reveals transient electrical depolariza-

tions in E. coli

E. coli expressing PROPS were imaged at the interface of a coverslip and an

agarose pad containing minimal medium. Unexpectedly, many cells exhibited

quasi-periodic cell-wide blinks in fluorescence (Fig. . and Supplementary

Movies .. and ..). The blinks occurred simultaneously over an entire
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Figure 2.1: PROPS is a fluorescent indicator of bacterial membrane potential.
(A) Fluorescence spectra of purified PROPS as a function of pH, indicating titration
of the Schiff base, with a pKa of 9.6 (versus >12 in wild-type GPR). Peak emission
at λ = 710 nm, quantum yield 1.0 × 103. PROPS yielded 9.1 times as many pho-
tons per molecule before photobleaching as did the GFP (green fluorescent protein)
homolog Venus (Methods Section 2.4). (Inset) Image of E. coli visualized via flu-
orescence of PROPS (scale bar, 5 µm). Cells were only fluorescent in the presence
of retinal (Supplementary Fig. 2.24). Expression at ~28,000 copies per cell had
a minor effect on growth rate in rich medium (Methods Section 2.4). Membrane
fractionation yielded protein associated only with the inner membrane (Methods
Section 2.4). (B) Spatially resolved change in fluorescence in a single cell subject
to ITV. Scale bar, 2 µm. Electrodes not shown to scale; actual spacing, 1.6 mm.
(C) Comparison of pH- and voltage- dependent fluorescence of PROPS. A change in
membrane potential of 102 mV was equivalent to a change in pH of 1 unit in its ef-
fect on fluorescence. The sensitivity was ΔF/F = 150% per 100 mV (Methods Sec-
tion 2.4). Error bars represent s.e.m. (D) Time course of the fluorescence response
to positive and negative steps in membrane potential. Data in (B) to (D) represent
the average of 20 voltage pulses.





cell, to within the -ms time resolution of our imaging system. Blinks were

uncorrelated between neighboring cells.

We observed a variety of blinking behaviors within a nominally homogeneous

population of cells (Fig. .A). Some cells were dark for many minutes, blinked

once, and then returned to darkness; others had periods of quiescence punctuated

by bursts of blinking. Blinks had durations from  to  s with rapid rise times fol-

lowed by slower decays. The intensity of blinks varied within and between cells,

but occasionally we observed periodic bursts of blinking to the same brightness.

Some cells remained bright for many minutes, and some remained dark. Many

individual cells exhibited different motifs at different times. Blinking cells con-

tinued to grow and divide when incubated in the dark at °C (Supplementary

Fig. .).

To determine whether blinks arose from fluctuations in internal pH ( pHi),

we co-expressed the cytoplasmic pH indicator super-ecliptic pHluorin [] and

PROPS, and simultaneously observed the fluorescence of both (Fig. .B). The

pHluorin indicated intracellular pH at the single-cell level with a response time

of <  s and a precision of better than . pH units (Methods Section .). Dur-

ing a blink, pHi remained constant to within measurement precision (Fig. .B

and Supplementary Fig. .). Thus, blinks did not arise from fluctuations in

pHi.

To determine whether the blinks arose from electrical fluctuations, we used the

torque of the flagellarmotor as an indicator of the protonmotive force (PMF) [].

Cells of strain JY were adhered to a coverslip by a single flagellum, and wemon-

itored the blinking of PROPS and the rate of rotation of the cell body simulta-

neously (Methods Section .). During a blink, the rotation slowed or stopped,

indicating that blinks coincided with a loss of PMF (Fig. .C, Supplementary

Fig. ., and Supplementary Movie ..). The loss of PMF, but stable pHi,

during a blink implied that blinks arose from electrical depolarization.

Lipophilic voltage-sensitive dyes (VSDs) did not label blinking cells (Methods

Section .) and thus were unable to provide independent confirmation that

blinks were electrical. Within a field of view containing blinking and nonblinking

cells, the VSDs only labeled nonblinking cells (Supplementary Fig. .). The
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Figure 2.2: E. coli expressing PROPS show transient flashes of fluores-
cence. (A) Dynamics of fluorescence intensity (I = 4 W/cm2) of five single cells
in a freshly grown sample under an agarose pad containing minimal medium at pH
7.0. (B) Top: Simultaneous recording of PROPS and pHluorin fluorescence in E. coli
treated with CCCP (50 µg/ml) during steps in pHo. Bottom: Intensities of PROPS
and pHluorin in a single cell during a blink, in the absence of CCCP. (C) Simul-
taneous measurement of fluorescence (top) and rotation (bottom) of a cell (strain
JY29 ΔcheY ) tethered by its flagellum to a coverslip. Construction of the rotary ky-
mograph is described in Methods Section 2.4.





reason for this heterogeneous labeling is unclear. Previous efforts to use VSDs in

E. coli were unsuccessful [].

.. Perturbations of E. coli membrane potential

We examined the effect of metabolic state on blinking and pHi in cells coexpress-

ing PROPS and super-ecliptic pHluorin. Interruption of aerobic respiration caused

blinking to cease and all cells to become bright in the PROPS channel. This behav-

ior was seen for inhibition of the electron-transport chain by exposure to intense

violet light (Fig. .A) [] or by removal of oxygen (Fig. .B). Inhibition of the

F1–adenosine triphosphatase (ATPase) by sodium azide ( mM, Fig. .C) []

and dissipation of the PMF by carbonyl cyanide m-chlorophenyl hydrazone

(CCCP;  µg/ml, Fig. .D) [] induced similar responses (Supplementary

Movies .. to ..). None of these treatments affected the fluorescence of

purified PROPS.Thus, E. coli needed to be alive and undergoing aerobic respiration

to blink.

When the experiments above were performed at pHi ≈ pHo (external pH; cor-

responding to pHo = ., Supplementary Fig. .), the perturbations induced

minimal change in pHi (Fig. .). At other values of pHo, the perturbations

caused gradual equilibration of pHi with pHo, indicating a failure of pH home-

ostasis (Supplementary Fig. .).

The intensity of the red laser used to image PROPS affected the shape and

frequency of the blinks. At higher illumination intensity the blinks were briefer

and more intense, and came in more regular and higher-frequency pulse trains

(Fig. .E and .F). The mechanism by which illumination enhanced blinking is

not known; but we note that E. coli contain endogenous chromophores in their

electron transport chain with absorption throughout the visible spectrum [].

Heating by the imaging laser is expected to be negligible (Supplementary

Text .).

.. Transient depolarizations are correlated with efflux

The enhancement of blinking by increased laser power suggested that blinking

might form part of the stress response mechanism in E. coli. We thus tested
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Figure 2.3: Single-cell responses to metabolic perturbations. Fluorescence of
pHluorin and PROPS were recorded simultaneously to indicate responses of pHi and
Vm, respectively. (A) Violet light (100 W/cm2). Leakage of the violet light into the
pHluorin and PROPS channels prevented acquisition of data during the perturba-
tion. (B) Removal of oxygen. (C) Sodium azide (10 mM). (D) CCCP (50 µg/ml).
Scale bars in (A) apply to data in (A) to (D). Colored bars indicate duration of the
perturbation. (E) Blinking of E. coli expressing PROPS as a function of illumination
intensity. (F) Blinks became more prevalent (blue) and shorter (red) at higher illumi-
nation intensity. Error bars represent s.e.m. Between 114 and 211 cells were analyzed
at each intensity.





whether blinking was associated with cationic efflux, another important mecha-

nism of stress response.

We observed surprising dynamics of a cationic membrane-permeable dye,

tetramethyl rhodamine methyl-ester (TMRM), in blinking E. coli. As expected

for this Nernstian voltage indicator [], TMRM gradually accumulated in the

cytoplasm over ~ min. However, blinks in PROPS fluorescence coincided with

precipitous stepwise drops in TMRM fluorescence that showed little or no recov-

ery after the blink (Fig. .A). The duration of the step in TMRM fluorescence

coincided with the duration of the blink: At moderate intensities of red illumina-

tion (I =  W/cm2) steps lasted less than  ms, whereas under little or no red

illumination steps typically lasted several seconds (Supplementary Fig. .).

Stepwise disappearance of TMRM was also observed in cells without the

PROPS plasmid, when only dim green illumination was used to image the TMRM

( mW/cm2; Fig. .B and Supplementary Fig. .). The duration of these

steps was comparable to that of steps in cells with PROPS under dim red illumi-

nation ( W/cm2). The rapid disappearance of TMRM during a blink suggested

an active-transport mechanism. Dissipation of Vm lowers the thermodynamic

barrier to cationic efflux (Fig. .C,Methods Section .). A concurrent dissipa-

tion of Vm and increase in membrane permeability would be sufficient to induce

cationic efflux. PMF-dependent efflux of other cationic dyes has been observed

in E. coli [] in population-level assays that are insensitive to the dynamics of

individual cells.

. Discussion

Bacterial electrophysiology is likely to differ in several key regards from its eu-

karyotic version due to the comparatively small surface area, yet high surface-to-

volume ratio found in bacteria. With a typical membrane capacitance between

14 and 13 F, a single ion channel with a conductivity of  pS can alter the

membrane potential with a time constant of 3 to 4 s. In contrast, neurons

only fire through the concerted action of a large number of ion channels. Thus,

bacterial electrophysiology is likely to be dominated by stochastic opening of in-

dividual ion channels and pores. Additionally, the ionic composition of bacteria is
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Figure 2.4: Blinks are accompanied by efflux of a cationic dye. (A) Simultane-
ous measurement of fluorescence from PROPS and TMRM. Blinks in PROPS (red)
coincided with sudden drops in concentration of TMRM (green). (B) Cells not ex-
pressing PROPS showed stepwise efflux of TMRM, suggesting that electrical spiking
occurred in the absence of PROPS. (C) Model for voltage-regulated cationic efflux.
The resting potential of −80 to −120 mV is necessary for metabolism, but opposes
cationic efflux. Transient depolarization lowers the barrier to efflux.





less robust than that of eukaryotes. A bacterium with a volume of  fl and a cy-

toplasmic Na+ concentration of  mM contains only ~7 ions of Na+. A single

ion channel passing a current of  pA can deplete this store in less than  s. These

simple estimates show that some of the tenets of neuronal electrophysiology may

need rethinking in the context of bacteria.

. Methods

.. Construction of PROPS and pHluorin

Green absorbing proteorhodopsin strain EBACA [] (GenBank AF)

was used in a pBADTOPOplasmid for arabinose induction or in a pACYC plas-

mid for IPTG induction. The DNmutant was made using the QuikChange II kit

(Stratagene) with the primers ’-CGT CCC CCG GTA CAT CAA CTG GAT TCT CAC

AAC-’ and the reverse complement ’-GTT GTG AGA ATC CAG TTG ATG TAC

CGG GGG ACG-’ (Integrated DNA Technologies). Mutants were checked by se-

quencing (Genewiz).

A plasmid containing super-ecliptic pHluorin [] (GenBank AY) was

a kind gift of Gero Meissenbock. The gene was cloned into a pCDF-Duet vector

(Novagen) using forward BamH and reverse NotI restriction sites. Proper inser-

tion of the gene was checked by sequencing. For dual expression of PROPS and

pHluorin, the pACYC plasmid with GPR DN and the pCDF-Duet plasmid

were serially transduced into E. coli strain BL.

A fusion of PROPS and the fluorescent GFP homolog Venus [] was created

by PCR sewing the fluorescent protein into the pBAD vector. The proper insertion

of Venus was checked by sequencing. The fusion construct was transfected into

strain BW.

.. E. coli growth

PROPS was expressed in five strains of E. coli (Supplementary Table .). Cells

were grown to early-log phase (OD = . – .) in  mL of LB medium in

a shaking incubator at  ° C. Inducer was added along with all-trans retinal (

µM from a  mM stock in ethanol) and further growth was conducted in the





dark. Cells were harvested after . hours and washed with  mL of minimal

medium (x M salts, . glucose, pH ). Cells were resuspended in  mL min-

imal medium and used immediately or stored at  ° C for up to two weeks. All

experiments were performed at room temperature, except for monitoring growth

on an agarose pad which was performed at  ° C.

.. Protein purification

PROPS was expressed in E. coli and purified, following Ref. []. Briefly, cells

(strain UT, pBAD TOPO plasmid) were grown in  L of LB with  µg/mL

ampicillin, to an OD of . at  ° C. All-trans retinal ( µM) and inducer (ara-

binose .) were added and cells were grown for a further  hours. Cells were

harvested by centrifugation and resuspended in  mM Tris,  mM MgCl2 at pH

 and lysed with a tip sonicator for  minutes. The lysate was centrifuged and

the pellet was resuspended in PBS supplemented with . octyl glucoside (OG).

The mixture was homogenized with a glass/teflon Potter Elvehjem homogenizer

and centrifuged again. The sample was passed through a Ni-agarose column (Qia-

gen) for purification, and bound protein was eluted with  mM imidazole. The

imidazole was removed by dialysis against a solution of  OG in PBS.

Super-ecliptic pHluorin was expressed with a HIS tag and purified following

standard procedures.

.. Purification of inner membrane

Inner membranes were purified following a modification of the protocol of

Ref. []. E. coli strain BW was grown as in Supplementary Table ..

 mL of cultured cells were harvested by centrifugation and resuspended in a

chilled solution of  (weight:weight) sucrose in buffer of  mM potassium

phosphate,  mM magnesium sulfate, and  mM phenylmethylsulfonyl fluo-

ride (PMSF), pH .. The suspension was passed through a French press at

 psi. The resulting solution was centrifuged for  min. at  g. Cell

membranes remained in the supernatant and were collected. Next,  sucrose

in buffer described above (without PMSF), was added to bring the solution to 

mL. A polyallomer centrifuge tube (Beckman Coulter) was filled sequentially with

mL  (w:w) sucrose in buffer,  mL  (w:w) sucrose in buffer, and the mL





of  sucrose solution with cell membranes. Tubes were spun in an ultracen-

trifuge with a SW rotor at , RPM for  hours at  ° C. Inner membranes

segregated to the interface between the  and  sucrose solutions, while

the outer membrane collected between the  and  sucrose solutions. We

observed that the inner membranes remained pink while the outer membranes

did not, implying that PROPS localized to the inner membrane.

.. Spectroscopic measurements

Absorption spectra of purified GPR WT and PROPS were recorded on a QE

spectrometer (Ocean Optics) equipped with a white-light LED illuminator. Flu-

orescence excitation and emission spectra were recorded on a Cary Eclipse fluo-

rimeter (Varian) on purified PROPS solubilized in  octyl glucoside.

The quantum yield (QY) was calculated by comparison of the absorption and

emission spectra of PROPS to corresponding spectra of Alexa  ( pM in PBS,

Molecular Probes). The QY of PROPS was calculated by

QYPROPS =
emprops

emAF647

absAF647
absPROPS

QYAF647

where abs is the absorbance of the sample at  nm and em is the integrated

fluorescence emission over the range  nm–nm for both species. The quan-

tum yield of Alexa  is .. The quantum yield obtained by this procedure was

. × −3.

To determine pH-dependent fluorescence, the pH of the PROPS solution was

changed with NaOH and measured using a microtip pH meter.

.. Fluorescence imaging

Cells were imaged in a home-built inverted fluorescencemicroscope equippedwith

a dual-view emission pathway. Illumination was provided either in trans or epi.

The light sources used in the experiments are given in Supplementary Table ..

Themicroscope was equipped with a high numerical aperture (N.A. .)  x oil-

immersion objective (Olympus), enabling through-the-objective total internal re-

flection fluorescence (TIRF) imaging. The cameras were frame-transfer EMCCDs

(Andor iXon+) with either  x  pixels (for imaging a large field of view) or





 x  pixels (for high-speed imaging).

For imaging of PROPS fluorescence alone, the  nm HeNe was used for exci-

tation, and a Cy filter set (λexc =  nm, λem = - nm) was used to sepa-

rate emission from excitation. Blinking was typically observed with an electron-

multiplying gain of  and an exposure of  ms.

For simultaneous imaging of a fluorophore and PROPS, light from either the

 nm laser, the  nm laser, or the supercontinuum source was combined with

the  nm excitation using a  DCXR dichroic mirror (Chroma). A multi-band

dichroic (Semrock Di- R///) was used in the microscope to sep-

arate emission from excitation. Alternatively, in some cases the combined laser

beams were brought in the trans configuration, in which case no dichroic mirror

was used.

A two-color imaging system was constructed to image two fluorophores simul-

taneously on one camera. A variable slit (ThorLabs) was placed in the image plane

to select a rectangular region of the image with an aspect ratio of approximately

:. A dichroic mirror ( DCXR Chroma) separated the fluorescence into a

long-wavelength path and a short-wavelength path. A / emission filter

(Chroma) selected the emission from PROPS in the long-wavelength path, and a

/ filter selected the emission from pHluorin or TMRM in the short wave-

length path. The beams were recombined on a second  DCXR dichroic mirror

and imaged onto the EMCCD camera. For single color imaging, the variable slit

was removed and one emission path blocked.

Through-the-objective TIRF imaging was used to observe TMRM because out

of focus dye would otherwise overwhelm the signal from dye taken up by the E.

coli.

.. Photobleaching of PROPS and Venus

To compare the photostability of PROPS and Venus, we recorded photobleaching

traces of both, in a PROPS-Venus fusion. By measuring photobleaching on the

fusion protein, and for both fluorochromes in the same sample, we ensured that

an equal number ofmolecules of PROPS and Venus contributed to their respective

signals. This : stoichiometry facilitated calculation of the relative number of

photons emitted prior to photobleaching.





E. coli expressing the PROPS-Venus fusion were treated with CCCP to set Vm = 

and pHi = pHo. Cells were adhered to a glass coverslip pre-treated with poly-L-

lysine and imaged in minimal medium at pH ..

Photobleaching of PROPS and Venus were measured sequentially on the same

sample under wide-field laser illumination. PROPS was excited at λexc =  nm,

with emission collected through a / nm bandpass filter. Venus was excited

at λexc =  nm, with emission collected through a / nm bandpass filter.

The laser powers were adjusted so that the initial fluorescence intensities were ap-

proximately equal for PROPS and Venus. For both fluorochromes, a background

signal from a cell-free region of the sample was subtracted from the raw intensity.

Intensities were then corrected for the wavelength-dependent quantum yield of

the EMCCD and the overlap between the emission spectrum of the fluorochrome

and the transmission spectrum of the corresponding band pass filter. The photo-

bleaching decays were fit to a single exponential, and the relative areas under the

fits for the two fluorochromes determined the relative number of total photons

prior to photobleaching.

.. Estimate of the number of molecules of PROPS per cell

We determined the average number of molecules of PROPS per cell by measuring

the amount of retinal required to saturate the binding. Free and bound retinal

were spectroscopically distinguishable by their visible absorption maxima, at 

and  nm, respectively. At low retinal concentrations, most added retinal was

taken up by PROPS. Once the PROPS was saturated, additional retinal remained

free. Addition of retinal drove the reaction:

Ret+ Ops ⇌ PROPS

with equilibrium constant Keq. In this scheme Ops is the microbial opsin without

retinal, and PROPS is the assembled complex. The spectroscopically measureable

concentrations were [Ret] and [PROPS]. The amount of retinal added was [R(0)] =

[Ret] + [PROPS]. Our goal was to determine [P(0)] = [Ops] + [PROPS].

 mL culture of E. coli strain BW was grown to OD . and induced

with . arabinose, following the usual procedure for preparing cells for

imaging. After . hours the cells were split into  aliquots of  mL, and to each





was added a known quantity of retinal. The retinal concentrations varied from

zero to  µM.The cells were incubated with retinal overnight at ° C.

Visible absorption measurements were taken on whole cells using a QE

spectrometer (Ocean optics). Cells expressing protein but without retinal were

used as a reference to correct for scattering. A white LED (LuxeonV) provided

illumination. Analysis was performed in Matlab.

Absorption spectra had twopeaks, corresponding to free retinal (λmax =nm)

and retinal bound to PROPS (λmax =  nm). Singular Value Decomposi-

tion (SVD) [] was applied to identify the spectral components that co-varied

with retinal concentration. The two principal spectra returned by SVD appeared

to be linear combinations of the spectra of free and bound retinal, so we generated

two new basis functions by taking linear combinations that matched spectra of

free and bound retinal. A projection of the measured spectrum onto these refer-

ence spectra was then performed at each retinal concentration to determine the

concentrations of the free and bound retinal.

The concentrations of the measureable species are given by:

[PROPS] =
1+ Keq([P(0)] + [R(0)])−

√
−4[P(0)][R(0)]K2

eq + (1+ Keq([P(0)] + [R(0)]))2

2Keq

and

[Ret] =
−1+ Keq([R(0)]− [P(0)]) +

√
−4[P(0)][R(0)]K2

eq + (1+ Keq([P(0)] + [R(0)]))2

2Keq

Theratio [Ret]/[PROPS]wasfit as a functionof [R(0)] yielding valuesKeq =. µM−1

and [P(0)] = . µM (Methods Fig. .). A cell count on a hemocytometer yielded

a density of . × 11 cells/mL, whereupon we calculated , molecules of

PROPS per cell.

.. Effect of PROPS expression on cell growth

E. coli strain BW was grown in a  mL culture in a shaker at ° C to

OD of . ( hrs.). The cells were then divided into four  mL samples which

were exposed to different inducer concentrations and  µM retinal. The cells





Figure 2.5: Titration of the quantity of PROPS in an E. coli by its ability to
bind retinal.





were incubated with agitation in the dark for a further five hours. An inducer

concentration of . arabinose had minimal effect on the growth (Methods

Fig. .), so this concentration was chosen for further experiments with strain

BW. Other strains and plasmids required separate determinations of the

maximum inducer concentration at which the cells remained healthy.

Figure 2.6: Growth of E. coli strain BW25113 as a function of inducer con-
centration.

.. Attempts to calibrate voltage response of PROPS

) Eukaryotic expression. A large number of attempts were made to express

PROPS in the plasma membrane of eukaryotic cells, following the protocols of

Gradinaru and coworkers [], as well as other strategies. Efforts included hu-

man codon optimization, addition of signaling sequences, golgi and endoplasmic

reticulum export sequences, domain swaps with other microbial rhodopsins hav-

ing good membrane targeting, variation of protein expression temperature and

time, and transfection of multiple cell lines (Supplementary Tables . and .).





All attempts resulted in protein expression localized to the internal membranes of

the endoplasmic reticulum (ER), the golgi, or vesicles. No protein was detected in

the plasma membrane.

) Droplet hydrogel bilayers. We attempted to incorporate PROPS into ar-

tificial lipid bilayers for the purpose of imaging voltage-dependent fluorescence.

Droplet hydrogel bilayers (DHBs) were formed at the interface of a thin agarose

pad and a millimeter-scale aqueous droplet immersed in a lipid/oil emulsion. We

constructed a custom-machined acrylic sample chamber for theDHBexperiments,

following Ref. []. We formed stable DHBs from ,-diphytanoyl-sn-glycero--

phosphocholine (DPhPC), but addition of vesicles comprised of PROPS/DPhPC

did not result in PROPS incorporation into the DHB. Addition of small amounts

of dodecylmaltoside (.-.) to facilitate protein insertion [] resulted in

unstable bilayers.

)Xenopusoocytes. GPRhaspreviously been expressed in xenopus oocytes [],

a model system for electrophysiological studies on membrane proteins. We found

that oocytes had intense autofluorescence when illuminated at  nm, so we did

not attempt protein expression.

) Patch clampmeasurements on E. coli spheroplasts Delcour and coworkers

reported patch clamp studies of E. coli spheroplast membranes []. We formed

spheroplasts following literature protocols [], but found that the patch clamp

protocol was incompatible with fluorescence imaging because the membranes

were largely sucked into the pipette as soon as suction was applied.

.. Induced Transmembrane Voltage (ITV)

Cells were immobilized on a poly-L-lysine-coated glass coverslip and washed with

copious deionized water. The coverslip was mounted in an inverted fluorescence

microscope. Two steel electrodes ( mm long, . mm diameter, separated by

.mm)weremounted on amicromanipulator andpositioned onopposite sides of

the field of view (Methods Fig. .). Voltage pulses from a high voltage amplifier

(Trek ) were applied to the cells, following thewaveform shown below. Pulses

alternated polarity to minimize formation of electrochemical byproducts and po-

larization of the solution. A typical waveformhad  pulse/s, each pulse lasting 

ms, and pulse amplitudes ranging from  V to  V. At the maximum voltage





of  V, the current was approximately  mA. Cells were washed with DI water

after every experiment to prevent buildup of electrochemical biproducts.
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Figure 2.7: Induced transmembrane voltages applied to E. coli. (a) Exper-
imental setup (not to scale). (b) Time-course of voltage pulses. This waveform
probed both the fluorescence as a function of voltage, and the dynamic step-response.

In each experiment, a cell whose long axis was parallel to the electric field was

selected for analysis. The magnitude of the ITV was proportional to the length of

the cell, so usually an elongated cell was selected. Tomaximize frame rate, we used

an Andor iXon+ DU- camera with a small region of interest (ROI).The camera

was externally clocked to synchronize image acquisition with the voltage pulses.

Typical exposure times were . ms. Methods Fig. . shows the average changes

in fluorescence of a single cell as a function of the ITV.

Figure 2.8: Average deviations in fluorescence as a function of induced mem-
brane voltage in a single E. coli. Each image is an average over 10 voltage pulses.
λexc = 633 nm.

We modeled the cell as a conducting prolate spheroid covered with a thin, per-

fectly insulating membrane. The Schwan equation gives the membrane potential

for a spherical cell, and Kotnik andMiklavcic generalized the treatment to include





spheroidal cells []. They showed that the ITV is given by:

V(ϕ) = E
(R21 − R22)

R1 − R2
2√

R2
1−R2

2
ln
(

R1+
√

R2
1−R2

2
R2

) × R2 cosϕ√
R21 sinϕ2 + R22 cosϕ2

where E is the electric field strength and the geometrical parameters are defined

inMethods Fig. ..

Figure 2.9: Model of an E. coli with its long axis parallel to an electric field.

For a spherical particle (R2 = R1) the ITV at each pole is Vsphere = 3
2ER . In

the limit as the cell becomes long and thin (R2/R1 → 0), the ITV at each pole

approaches Vline = ER1. We usually picked cells with R1 > 5R2, in which case the

long and thin approximation is adequate.

Calibration of the ITV signal. Direct application of themodified Schwan equa-

tion neglects possible voltage drops across the cell wall or outer membrane. To

calibrate the ITV procedure we sought a different fluorescent indicator that func-

tioned in E. coli and that had a known voltage response. We recently identified a

mutant of Archaerhodopsin  (Arch) with voltage-indicating properties similar to

those of PROPS, but with good membrane targeting in eukaryotic cells []. We

calibrated the Arch-based sensor by direct patch clampmeasurements in HEK

cells. Upon expression in E. coli, this protein also showed blinking behavior. ITV-

induced changes in fluorescence of the Arch-based indicator formed the basis of

the calibration.

These measurements indicated that the modified Schwan equation overesti-

mated the voltage drop across the inner membrane by a factor of ., so calcu-





lated values were adjusted accordingly. The calibration indicated that under ITV

conditions the E. coli had a resting membrane potential of V0 ~ - mV. The volt-

age applied in ITV only induced changes inmembrane potential, so the calibration

of V0 was used to position the voltage axis in Fig. .C. The discrepancy between

our measured V0 and the literature value of - to -mV is likely due to the fact

that ITV experiments were performed on cells that had been sitting for several

minutes in deionized water. All other experiments were performed in minimal

medium. Percentage change in fluorescence values (ΔF/F) were calculated as de-

scribed below inMethods Section ...

Control experiments in which we imaged fluorescence of Venus in the PROPS-

Venus fusion confirmed that the changes in PROPS fluorescence were not due

to voltage-induced motion of the entire cell. The Venus fluorescence showed a

small ITV signal of opposite sign to the PROPS signal, but at present it is unclear

whether this transient was due to changes in local proton activity (Venus shows

pH-sensitive fluorescence) or due to changes in nonradiative energy transfer be-

tween Venus and the retinal in PROPS.

.. Calibration of super-ecliptic pHluorin in E. coli

Fluorescence excitation spectra were acquired on a bulk solution of pHluorin as a

function of pH.Methods Fig. . shows the bulk fluorescence under excitation

at  nm and emission at  nm. This excitation wavelength was chosen to

match the wavelength used later in microscopic imaging experiments.

PROPS and pHluorin were then co-expressed in E. coli strain BW. The

cells were adhered to a coverslip with poly-L-lysine, and washed with CCCP to

equalize pHi and pHo. The average fluorescence in the PROPS and pHluorin chan-

nels (with simultaneous excitation at  and  nm) was recorded as a func-

tion of pH. The pKa of pHluorin reported in vivo was . while in bulk it was ..

The similarity of the titrations in vivo and in bulk confirmed that CCCP set pHi

= pHo. We ascribe the slight difference in pKa values to imperfect control of the

pH in the small sample volumes used in the microscope. This pH error sets the

accuracy of single-cell measurements of pHi to . pH units. The pH-dependent

fluorescence of PROPS showed a broad response, possibly indicative of multiple





Figure 2.10: Fluorescence of PROPS and super-ecliptic pHluorin in E. coli.
Cells were made permeable to protons by treatment with CCCP.

titratable groups that influenced the fluorescence of the protein.

The precision of single-cell measurements of pHi was determined by comparing

the noise in the pHluorin intensity under nominally constant pH, to the change

in pHluorin intensity due to a step from pH  to . This procedure yielded a shot-

noise limited precision of . pH units/(Hz)1/2.

The response speed of pHluorin to pH steps was determined by rapidly ex-

changing the buffer around CCCP-treated cells. Fig. .B in the main text shows

that this response occurred in <  s (limited by the speed of buffer exchange).

This result implies that pHluorin responds to changes in local pH faster than  s,

and that pH changes propagate through the cytoplasm of E. coli faster than  s.

Thus, if blinks in PROPS were accompanied by changes in pHi of greater than

. pH units, the pHluorin would have indicated these changes.

.. Flagellar rotation assay

A sample of E. coli strain JY ΔcheY was transformed with PROPS and grown

as described in Supplementary Table .. To shorten the flagella, the cells were

sheared approximately  times by passage through a  gauge needle. Sheared





cells were allowed to settle on a clean glass coverslip for several minutes. Some

cells attached by a single flagellum and rotated in a circle. Fluorescence movies

were acquired which showed simultaneously the rotation and blinking.

Figure 2.11: Procedure for constructing a rotary kymogram. (a) For each
frame of the movie, the image of the cell (red) is overlapped with a rotating mask
(green). The intensity underneath the mask at each rotation angle indicates the an-
gular intensity distribution. (b) Successive intensity distributions are stacked adjacent
to each other to create a kymograph which shows intensity of PROPS fluorescence by
its brightness, and the angular velocity of the cell by its slope.

Movies were analyzed by constructing “rotary kymographs”. For each cell, the

center of rotation was identified by examination of an image of time-averaged flu-

orescence: rotating cells appeared as disks. For each frame, k, we then calculated

the angular dependence I(θ) of the fluorescence brightness within one cell-length

of the center of rotation (see Methods Fig. .). Stacking all of these plots ad-

jacent to each other led to the rotary kymograph, I(θ,k). Diagonal lines represent

rotation at constant angular velocity, with higher slope corresponding to higher

angular velocity. The brightness of the diagonal lines indicates the brightness of

the cell. In this way it is simple to observe whether blinks coincide with pauses.





.. Voltage-sensitive dyes

We tested two classes of voltage-sensitive dyes: membrane-localized dyes whose

brightness was directly modulated by membrane potential, and Nernstian dyes

that accumulated in the cell in a potential-dependent manner. Supplementary

Table . lists the dyes that we tested. For Di--ANEPPS and Di--ANEPPS, cells

were pre-incubated with the dye at a concentration between . and  µM inmin-

imal medium, pH .. Cells were then allowed to settle on a coverslip coated with

poly-L-lysine, or were immobilized at the interface of an agarose pad and a cov-

erslip. Simultaneous two-color movies of blinking and dye fluorescence were ac-

quired.

The outer membrane of E. coli presents a barrier to entry of many small

molecules, creating a challenge for loading fluorescent indicators. To increase the

permeability of the membrane, we treated the cells with the chelator ethylenedi-

aminetetraacetic acid (EDTA), following the procedure of Lo and coworkers [].

Neither pre-treatment with EDTA, nor flowing dye solution over the cells during

imaging, led to an increase in the fraction of cells that took up Di--ANEPPS or

Di--ANEPPS.

To load cells with TMRM, the cells were incubated in  mM EDTA at ° C for

 min. The cells were then washed and immobilized on an agarose pad and sealed

in place with a coverslip.  µL of a solution of TMRM ( µM) was added to a

hole in the glass slide on top of the agarose pad. After several seconds the cells

became fluorescent under excitation at  or  nm. Efflux of TMRM during

blinks precluded using this dye as an indicator of membrane potential.

.. Sample chambers and chemical perturbations

E. coli cells were immobilized and imaged using one of three techniques: () poly-

L-lysine (PLL) coated coverslips, () agarose pads, or () sticky flagella immobi-

lization.

) Immobilization onPLL.Awell of approximately  x mmarea and .mm

depth was formed on a coverslip by using piece of polydimethyl siloxane (PDMS)

sheet. Approximately  µL of a solution of . PLL (Sigma P) in water

was loaded into the well and allowed to evaporate to dryness. Cells suspended in





minimal medium were added to the well and allowed to incubate for  min. The

well was thenwashed with copiousminimalmedium to remove non-adhered cells.

A glass slide containing holes for fluid inlet and outlet was reversibly sealed to the

top of the PDMS sheet to create an enclosed flow cell (Methods Fig. .).

) Immobilization on an agarose pad. A mold was constructed by affixing

a PDMS sheet of thickness . mm to a glass slide. The PDMS had a cutout of

 x  mm, which was filled with a molten solution of . agarose in minimal

medium. A second microscope slide was placed on top of the mold to form a flat

top surface of the agarose. After the agarose gelled, one slide was removed and .

µL of a suspension of E. coliwas placed on the pad. As soon as the excess liquid had

been absorbed by the agarose, a coverslip was placed on the pad to seal the cells at

the agarose-coverslip interface. The remainingmicroscope slide was replaced with

a slide with a small hole in the center, to allow addition of TMRM and diffusion of

oxygen to the cells.

PLL	  Flow	  Cell	  

a)	  

Agarose	  Pad	  

b)	  

Figure 2.12: Sample chambers used for imaging. (a) The PLL flow cell allowed
rapid exchange of buffer, but some cells retained residual freedom of movement. (b)
Immobilization under an agarose pad avoided possible spurious effects from the PLL,
but only allowed a single addition of a test chemical through the hole in the top slide.

) Immobilization via adhesion of flagella. A suspension of sheared E. coli

strain JY expressing PROPSwere was placed in a PDMSwell on a clean coverslip

and allowed to settle for  minutes. The well was then sealed with a glass slide

containing inlet and outlet ports. The cells were bathed in a gentle flow ofminimal

medium, but the flow was stopped during data collection to avoid perturbations

to the rotation.





Chemical perturbations were applied by using a syringe pump to change the

buffer above the E. coli. Flow rates were typically  µL/min. We estimate the

time for buffer exchange was ~ s. Unless indicated all buffers were adjusted to

maintain constant pH during a perturbation. Oxygen removal was accomplished

with Oxyrase (Oxyrase, Inc.) following manufacturer instructions. Oxygen was

reintroduced by flowing freshly aerated buffer.

.. Image Processing

All data were analyzed in Matlab (R, Mathworks) using custom image pro-

cessing scripts.

We used covariance-based techniques to automatically identify blinking cells.

A simple approach to finding blinkers is to calculate the variance in the fluores-

cence at each pixel: more variable pixels correspond to blinkers. However, this

approach is contaminated by the Poisson- distributed shot noise from bright but

non-blinking pixels, which contributes a variance proportional to the intensity.

We instead calculated the covariance of the intensity in each pixel with the inten-

sity of its neighboring pixels in space ( pixel over), and time ( frame later). The

shot noise is uncorrelated between frames and pixels, so this approach is immune

to constant background fluorescence. Methods Fig. . shows the result of such

a calculation, in which the covariance-based measure of blinkiness is displayed in

green, and the average brightness is displayed in red. Cells whose covariance in-

tensity exceeded a threshold were deemed to have blinked.

Cells were identified by an automated segmentation algorithm, supplemented

by manual scission of closely spaced cells that were marked as one, and manual

removal of debris misidentified as a cell. The algorithm could be run either on the

covariance image which showed only blinking cells, or on all cells.

Intensity traces were extracted for each cell, with all pixels inside the cell

weighted equally. A background intensity trace was calculated from an annulus

of pixels surrounding each cell. In cases where cells were immediately adjacent,

a partial annulus that did not overlap the adjacent cell was used to calculate

background. Fractional changers in fluorescence, ΔF/F, were calculated on the

background-subtracted intensity traces, with F taken to represent the baseline





Figure 2.13: Covariance-based identification of blinking cells. The time-
average fluorescence is in red, and the pixel-wise nearest-neighbor covariance is in
green. Green cells blinked.





(dark state) fluorescence.

Single-cell intensity traces were analyzed for blink amplitude, duration, and

inter-blink interval. This parsing was somewhat subjective because of the wide

variety of blink dynamics. The duration of a blink was defined as the full width at

half-maximum intensity. Rise times were defined as the time for the intensity to

go from  to  of the maximum for that blink.

To analyze two-color data, images from the twohalves of the EMCCDwere over-

laid. One image was subjected to translation, rotation, and a small change inmag-

nification to maximize its overlap with the other image. Drift during long movies

was removed by registering images to the first frame of the movie. In all cases,

transformed images were generated by bicubic interpolation from the original.

Images were also corrected for nonuniformities in the illumination spot. Refer-

ence images of the illumination spot were acquired for each color, and images were

divided by this reference.

.. Quantifying blinking as a function of laser power

We assayed blinkiness by counting the fraction of cells that blinked at least once

during a  s observation. The timescale of blinking was determined by fitting

the autocorrelation of the fluorescence intensity to a single exponential decay.





. Supplementary Text

.. Design principles underlying PROPS

Here we present a simple model of the voltage sensitivity in PROPS. This model

guided our design of PROPS, but it likely neglects many important features of the

real protein.

The key idea is that protonation of a titratable group depends on both bulk pH

and local electrostatic potential. The local electrostatic potential is partially deter-

mined by the membrane potential.

Supplementary Fig. . illustrates the physical picture. We assume that the

titratable group is primarily coupled to the cytoplasm (based on data described be-

low). The cytoplasm acts as a reservoir of protons at constant chemical potential,

given by pHi. The local electrochemical potential at the titratable group is

µH+ = Vloc + 59mV× pHi

where Vloc is the local electrostatic potential, measured relative to the cytoplasm,

and pHi is the internal (cytoplasmic) pH. An increase inVloc of mV is equivalent

to an increase in pH of  unit at room temperature. The titratable group reaches

thermal equilibrium by exchanging a proton with the cytoplasm. Thus the pKa

of the titratable group is pKa = pK(0)
a - Vloc/ mV , where pK(0)

a is the pKa in the

absence of a membrane potential.

Most of the voltage drop between the periplasmand the cytoplasmoccurs in the

double layers on either side of the membrane. These have a thickness given by the

Debye length, approximately . nm. As shown in Supplementary Fig. .(B)

and (C), Vloc is generally smaller in magnitude than Vm, though the constant of

proportionality is unknown a priori (one can think of the protein as a voltage di-

vider with the SB at an intermediate point). Thus one expects a change in mem-

brane potential greater than  mV to be equivalent to a change in bulk pH of 

unit. We measured a correspondence of  mV in Vm to  pH unit, consistent

with the above model (Fig. .C).

Alternatively, deviations from our simple model may contribute to deviations

from ideal Nernstian behavior. Membrane potential is likely to affect protona-

tion of many functional groups, some of which will be electrostatically coupled





to the SB. These indirect coupling mechanisms could alter the voltage response

of PROPS. Additionally, the membrane potential may induce conformational

changes in the protein, which could alter the accessibility of the SB, and its lo-

cal electrostatic potential. If the SB is coupled to both the cytoplasm and the

periplasm, then a nonequilibrium Goldman-type treatment is needed to predict

the protonation of the SB. Finally, functional groups other than the SB may play

a role in determining fluorescence. Membrane potential is likely to regulate the

charge state and position of these functional groups as well.

It is important to note that voltage-induced changes in protonation of the SB

do not require proton transport across the membrane nor are they accompanied

by detectable changes in cytoplasmic pH.

.. Cytoplasmic accessibility of the SB in PROPS

Our observation that the fluorescence-determining group in PROPS is exposed to

the cytoplasm is contrary to the conventional view that the SB in the ground state

ofmicrobial rhodopsins is exposed to the extracellularmedium []. Our evidence

for the cytoplasm-exposed fluorescence-determining group is:

) In freshly grown E. coli, variation in pHo causes almost no change in pHi

(reported via pHluorin fluorescence), nor in PROPS fluorescence. After treatment

with CCCP, pHluorin fluorescence reports that pHo = pHi, and PROPS fluorescence

becomes sensitive to pH. Thus PROPS fluorescence appears sensitive only to pHi.

) ITV experiments andmetabolic perturbations both indicate that PROPS flu-

orescence is bright when the membrane is electrically depolarized, while PROPS

is dark in the electrically polarized membrane. This sign of response is consistent

with a cytoplasm-exposed titrable group.

There are several possible explanations for this discrepancy between our obser-

vations and published structural models.

)The exposure of the SB in PROPS may be different from in the WT protein.

Precedent for this hypothesis comes from molecular dynamics simulations of the

bacteriorhodopsin mutant DN—homologous to DN in GPR—which found

that the mutations switched the accessibility of the SB from the extracellular to

the cytoplasmic side []. Also, experiments on the DN mutant of sensory

rhodopsin II—homologous to DN in GPR—also showed a transient inward-





directed photocurrent, consistent with a cytoplasm-exposed SB (Fig.  in Ref.

[]).

)Themembrane potential may induce a conformational switch which favors a

cytoplasm-exposed SB. Most spectroscopic experiments on microbial rhodopsins

are performedwithout control of themembrane potential, so the conformation in

an energized cell may differ from the conformation in a film or in a de-energized

vesicle.

) The voltage sensitivity of PROPS may be determined by a group or groups

other than the SB; or by voltage-induced conformational changes in the protein

that do not involve shifts in the acid-base equilibrium of the SB.

) The voltage-sensitive fluorescence of PROPS may be produced from an ex-

cited intermediate state in the GPR photocycle where GPR is in a conformation

that exposes the SB to the cytoplasm.

Additional spectroscopic and computational work is needed to determine the

ground-state conformation of GPR DN (PROPS), and howmembrane potential

affects this conformation.

.. Limits on laser heating of E. coli

To determine whether heating contributed to the illumination-dependent blink-

ing of E. coli we estimate themaximum temperature rise expected under our imag-

ing conditions. The highest intensity used in our experiments was I = W/cm2.

We approximate a bacterium as a sphere  µm in diameter. If we assume that the

cell absorbed all of the laser light incident on it, then the power delivered to the cell

was P =  µW.The temperature rise ΔT of a sphere in a homogeneous continuum

is given by

ΔT =
P

4πσr

where r is the radius of the sphere and σ is the thermal conductivity of the

medium. For our model bacterium in water (σ = .W/mK), this estimate yields

ΔT = .° C.





. Supplementary Figures





Figure 2.14: Photophysics of PROPS. (A) Titration of the Schiff Base (SB) in
wild-type GPR and PROPS, as measured by visible absorption. We applied Singular
Value Decomposition to a series of absorption spectra acquired at different pH val-
ues to determine the titration of the SB. In wild-type GPR, deprotonation of the SB
occurred with a pKa > 12, consistent with earlier reports [71], while in PROPS the
pKa was 9.6. (B) The pH-induced color change in E. coli expressing PROPS was visi-
ble by eye. (C) pH-dependent absorption and (D) and fluorescence excitation spectra
of PROPS. Both quantities showed a pKa of 9.6, corresponding to protonation of
the SB. The apparent shift in the excitation peak between pH 8.41 and 9.01 was an
inner filter artifact: to acquire an excitation spectrum in reasonable time, the solu-
tion had to be so concentrated that it absorbed a significant portion of the incident
light. Test measurements on more dilute solutions showed no shift in excitation spec-
trum between pH 8 and 9. The data in (C) and (D) imply that protonation of the
SB modulated fluorescence by modulating the extinction coefficient at the excitation
wavelength.
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Figure 2.15: Model of voltage sensitivity PROPS. (A) Cartoon of PROPS in a
lipid bilayer membrane. The structure shown is bacteriorhodopsin; the structures of
GPR or PROPS are not known. (B) Potential profile when Vm < 0. The potential
minimum inside the protein represents the Schiff base (SB). Protons move from the
SB to the cytoplasm, causing the protein to become non-fluorescent. (C) Potential
profile when Vm > 0. Protons move from the cytoplasm onto the SB, causing the
protein to become fluorescent. The equilibrium ratio of protonated to deprotonated
SB depends on the voltage drop, Vloc, between the SB and the cytoplasmic reservoir
of protons. The total membrane potential, Vm, is in general greater in magnitude
than Vloc.





Figure 2.16: Blinking cells continue to grow and divide. A sample of E. coli
expressing PROPS was incubated between a glass coverslip and an agarose pad made
with minimal medium, pH 7.5. At t = 0 a fluorescence movie was acquired (1 min,
60 W/cm2), showing blinking cells. The imaging laser was turned off, and the cells
were incubated in the dark at 35° C. Cells that had initially blinked continued to grow
and divide, establishing that blinking cells were alive. (A) Intensity trace showing a
single blink from the red-highlighted cell. (B) White-light images showing subsequent
growth and division.





Figure 2.17: pHi is constant during spikes in Vm. Fluorescence of PROPS and
pHluorin in single E. coli, as a function of pHo, before and after treatment with
CCCP. (A) and (B) show data from two representative cells and have the same
scale and legend. In freshly grown cells, the fluorescence of pHluorin and PROPS
were both only weakly sensitive to pHo, consistent with homeostasis of pHi and a
fluorescence-determining group in PROPS not exposed to the extracellular medium.
At pHo = 7, we occasionally observed slow changes in pHluorin fluorescence accom-
panying large blinks in the PROPS channel (indicated by the arrow in panel B). The
timecourse of the changes in pHluorin fluorescence was slower than the changes in
PROPS fluorescence and slower than the intrinsic response speed of pHluorin, indicat-
ing that variation in pHi and variation in Vm are distinct processes. At pHo between
7.5 and 9 we never observed changes in pHluorin fluorescence during a blink.
After treatment with CCCP, pHluorin and PROPS showed pH-dependent fluores-
cence, confirming a cytoplasm-exposed fluorescence-determining group in PROPS.





Figure 2.18: Rotary kymograph at pHo 7. We only observed a robust correspon-
dence between blinking and loss of flagellar torque at pHo 8.5. At pH 7, the rotation
slowed only slightly during blinks (red arrows). We attribute this pH-dependence to
the varying contributions of Vm and ΔpH to the PMF, depending on pHo. At low pHo,
the PMF was dominated by ΔpH. Only when pHo was raised so that pHo ~ pHi was
the PMF determined predominantly by Vm. This condition occurred at pHo ~ 8.5.

Figure 2.19: Voltage-sensitive dyes only labeled non-blinking cells. Red chan-
nel: PROPS fluorescence; Green channel: Di-4-ANEPPS fluorescence. Cells express-
ing PROPS and containing dye appear yellow. Red traces indicate PROPS dynamics.
All scale bars are 100% ΔF/F vertical and 5 s horizontal. In every field of view we ob-
served two populations: cells that blinked but that did not take up detectable levels
of dye, and cells that took up detectable levels of dye but that did not blink. Wash-
ing the cells in situ with fresh dye solution did not lead to labeling of blinking cells.
Pre-treatment with EDTA also did not lead to labeling of blinking cells. This puz-
zling observation may be due to blinking-associated efflux, or may be because blinking
requires an intact outer membrane, which is also impermeable to dye. Alternatively,
VSDs might inhibit blinking in cells that take up the dye.
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Figure 2.20: Determination of the value of pHo at which pHi = pHo. Cells co-
expressing PROPS and pHluorin were equilibrated in buffers with pHo values between
8 and 8.5. PROPS (red) and pHluorin (blue) fluorescence were monitored during ad-
dition of CCCP (50 µg/mL) at constant pHo. Blue bar indicates addition of CCCP.
The scale bars are the same for both panels. Addition of CCCP caused pHi to be-
come equal to pHo, with a corresponding change in pHluorin fluorescence. The case
of pHi = pHo occurred at pH 8.3, and is shown in Fig. 2.3D in the main text. At all
values of pHo, addition of CCCP caused PROPS to become sharply brighter, indicat-
ing electrical depolarization.
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Figure 2.21: Metabolic perturbations interrupt pH homeostasis. PROPS and
pHluorin fluorescence during (A) removal and reintroduction of oxygen and (B) addi-
tion and removal of sodium azide (10 mM). Data taken with λexc = 633, 10 W/cm2

in minimal medium pH 7.5. (B) Removal of oxygen or addition of sodium azide at
pHo 7.5 caused pHi to gradually equilibrate to pHo. Reintroduction of regular minimal
medium led to restoration of the initial pHi and resumption of blinking.
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Figure 2.22: Efflux of TMRM during blinks under dim red illumination. 2
W/cm2 at λexc = 633 nm, 0.23 W/cm2 at λexc = 532 nm), pH 8. We observed efflux
of TMRM coincident with blinks of PROPS at the lowest red illumination intensity at
which PROPS was observable. In blinking cells containing enough TMRM to record
a fluorescent signal, there were noticeable drops in TMRM intensity during a blink,
though the TMRM fluorescence often recovered after the blink.
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Figure 2.23: Efflux of TMRM in the absence of red illumination. Fluorescence
of a single cell containing PROPS (red) and TMRM (green). The green laser was
on for the whole experiment. The red laser was turned on at 20 s at I = 10 W/cm2.
Similar efflux events occurred before and after the red laser was turned on; when the
red laser was on, efflux was accompanied by a blink in the PROPS channel. These
results establish that blinking-associated efflux occurred in the absence of red illumi-
nation. Events like that shown here were rare.

Figure 2.24: Retinal is necessary for PROPS fluorescence. (A) Left: trans-
mitted light image of a field of cells expressing PROPS but without retinal. Right:
fluorescence image of the same field of view. (B) Fluorescence of a single E. coli ex-
pressing PROPS after 20 µM retinal was added at 0 min.





. Supplementary Tables

Table 2.1: Genetic backgrounds of the E. coli strains used.

BL21 (DE3) 
fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS 
λ DE3 = λ sBamHIo ∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) i21 
∆nin5 

BW25113 (Coli Genome Stock 
Center) 

∆(araD-araB)567, ∆lacZ4787(::rrnB-3), lambda-, rph-1, ∆(rhaD-
rhaB)568, hsdR514 

UT5600 F- ara-14 leuB6 secA6 lacY1 proC14 tsx-67 Δ(ompT-fepC)266 
entA403 trpE38 rfbD1 rpsL109 xyl-5 mtl-1 thi-1 

JY29 (Gift from Howard Berg) 

Thr-1 araC14 leuB6(Am)  fhuA31 lacY1 tsx-78 λ- eda-50 hisG4(Oc) 
rfbC1 rpsL136 xylA5 mtl-1 metF159 thi-1 ∆fliC, sticky fliC allele 
was cloned into pACYC184 (CmR) under the native promoter of 
fliC 

Tuner™ (Novagen) fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS λ DE3 = λ sBamHIo 
∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 ∆lacZY 

Table 2.2: Growth and induction conditions.

Strain Temperature Growth Medium Inducer Antibiotic 
resistance 

BL21 33 ºC LB IPTG 0.5 mM Amp, Strep (for 
pHluorin) 

BW25113 33 ºC LB Ara 0.0005% Amp 

UT5600 33 ºC LB Ara 0.02%, Amp, Strep 

JY29 30 ºC Tryptone broth IPTG 0.2 mM Amp, Cm 

Tuner™ 33 ºC LB IPTG 0.5 mM Amp 





Table 2.3: Light sources used in the experiments. Multiple wavelengths were
combined with appropriate dichroic mirrors.

Wavelength Power Type Manufacturer 

633 nm 17 mW HeNe SpectraPhysics 

532 nm 50 mW Solid-state Coherent 215-M 

488 nm 60 mW Solid-state Omicron PhoxX 

407 nm 80 mW Solid-state Blue-ray DVD 
player 

White light, 
wavelength 

selectable via 
AOTF 

6 W Supercontinuum Fianium 
SC-450-6-AOTF 

460 – 490 nm 3 W Luxeon III Philips 





Table 2.4: Gene constructs tested in attempt at eukaryotic expression of
PROPS. GPR – bacterial codon GPR, hGPR – human codon GPR, ss(A) – en-
dogenous GPR signal sequence, ss(B) - B2 nicotinic acetylcholine receptor signal se-
quence, ss(C) – bovine pre-prolactin signal sequence, ER export – Kir2.1 ER export
motif; FCYENEV, TS – Kir2.1 trafficking sequence, G export – Kir golgi export mo-
tif, XC(BR) – extracellular domain from bacteriorhodopsin, XC(HR) – extracellular
domain from halorhodopsin.

Plasmid Gene 
Targeting to 

eukaryotic plasma 
membrane 

pADD161 ss(A) – GPR No 
pADD173 ss(A) – hGPR No 
pADD191 ss(A) – hGPR – Venus No 
pADD192 ss(B) – hGPR – Venus No 
pADD193 ss(B) – hGPR – Venus – ER export No 
pADD194 ss(C) – hGPR – Venus No 
pADD195 ss(C) – hGPR – Venus – ER export No 
pADD206 ss(A) – hGPR – TS – Venus – ER export No 
pADD210 ss(B) – hGPR – TS – Venus – ER export No 
pADD211 ss(C) – hGPR – TS – Venus – ER export No 
pADD221 ss(A) – hGPR – TS – ER export No 
pADD223 ss(A) – hGPR – TS – G export – ER export No 
pADD224 ss(A) – hGPR – TS – Venus – G export – ER export No 
pADD226 XC(HR) – hGPR – TS – Venus – ER export No 
pADD227 XC(BR) – hGPR – TS – Venus – ER export No 
pADD222 SS(C) – Venus – hGPR – TS – ER export No 
pADD228 SS(C) – Venus – hGPR – TS – G Export – ER export No 





Table 2.5: Cell lines tested for eukaryotic expression.

Cell Line Plasmid  Temperature 

Targeting to 
eukaryotic 

plasma 
membrane 

HEK 293 All plasmids 30 and 37 °C No 

3T3 pADD223, 
pADD227 30 and 37 °C No 

HeLa pADD223, 
pADD227 30 and 37 °C No 

COS7 pADD223, 
pADD227 30 and 37 °C No 

Table 2.6: Voltage sensitive dyes attempted in E. coli.

Voltage Sensitive Dye Excitation wavelength (nm) Labeled blinking cells 

Di – 4 – ANEPPS 488 No 

Di – 8 – ANEPPS 488 No 

TMRM 532 Yes, but effluxed during 
blinks 
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.. Supplementary Movie
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E. coli strain BW expressing PROPS imaged under high red light inten-

sity (λ =  nm, I =  W/cm2). Cells were in minimal medium (pH ) at room

temperature. Movie is sped up by x.

.. Supplementary Movie

http://www.sciencemag.org/content/suppl/2011/07/13/333.6040.345.
DC1/1204763s2.avi

E. coli strain BW expressing PROPS imaged under low red light intensity

(λ =  nm, I = W/cm2). Cells were in minimal medium (pH ) at room temper-

ature. Movie is sped up by x.

.. Supplementary Movie

http://www.sciencemag.org/content/suppl/2011/07/13/333.6040.345.
DC1/1204763s3.avi

E. coli strain JY expressing PROPS adhered to a coverslip by a sticky flagellum.

Cells were in minimal medium (pH .). Movie is slowed down by x.

.. Supplementary Movie

http://www.sciencemag.org/content/suppl/2011/07/13/333.6040.345.
DC1/1204763s4.avi

E. coli strain BW expressing PROPS exposed to violet light (λ =  nm,

I =  W/cm2) while imaging PROPS (λ =  nm, I =  W/cm2). Cells were in

minimal medium (pH ) at room temperature. Movie is sped up by x.

.. Supplementary Movie

http://www.sciencemag.org/content/suppl/2011/07/13/333.6040.345.
DC1/1204763s5.avi

E. coli strain BW expressing PROPS during oxygen removal with the

chemical system Oxyrase. Oxyrase was dissolved in minimal medium (pH )

according to the manufacturer’s directions. Imaging at λ =  nm, I = W/cm2.

Movie is sped up by x.
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.. Supplementary Movie

http://www.sciencemag.org/content/suppl/2011/07/13/333.6040.345.
DC1/1204763s6.avi

E. coli strain BW expressing PROPS during azide addition (mM). Imag-

ing at λ =  nm, I =  W/cm2. Movie is sped up by x.

.. Supplementary Movie

http://www.sciencemag.org/content/suppl/2011/07/13/333.6040.345.
DC1/1204763s7.avi

E. coli strain BW expressing PROPS during CCCP addition ( µg/mL).

Imaging at λ =  nm, I =  W/cm2. Movie is sped up by x.
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3
Optical recording of action potentials in

mammalian neurons using a microbial

rhodopsin

. Introduction

To study the dynamics of a complex neural circuit, one would like to record

action potentials from many neurons simultaneously. Optical imaging

promises to realize this goal [, , , , ], and voltage indicators have

been developed based on smallmolecules [, ], fluorescent proteins [, ],

and hybrid protein-dye systems [, ]. Single action potentials with high

signal-to-noise ratio (SNR) have been recorded recently in individual spines of

mammalian neurons in slices using an organic voltage-indicating dye, but this

approach required intracellular injection of dye and cumulative illumination of

less than  s to avoid phototoxicity []. Electrical activity in mammalian neu-

rons has been recorded in vivo using a genetically encoded voltage indicator, but





this required averaging over multiple trials []. Signals suggestive of single spikes

have been reported when the optical signal was aligned with an electrophysiology

trace, but the SNR was inadequate for all-optical spike identification. Calcium

imaging is widely used as an indirect readout of electrical activity but is only use-

ful when slower readouts (hundreds ofmilliseconds) are acceptable []. Despite

this progress, direct and sensitive optical measurement of membrane potential

remains elusive. All approaches have one or more serious limitations, including

slow response, lack of sensitivity, difficulty in targeting or phototoxicity. No

genetically encoded voltage indicator has had adequate sensitivity and speed

to reliably identify action potentials from mammalian neurons on a single-trial

basis.

We recently developed a fast and sensitive voltage indicator based on green-

absorbing proteorhodopsin []. This proteorhodopsin optical proton sensor

(PROPS) revealed electrical spiking in Escherichia coli, but efforts to use PROPS

in eukaryotic cells failed because the protein did not localize to the plasma mem-

brane. Addition of targeting and localization sequences to PROPS did not help.

Thus we decided to test other microbial rhodopsins as putative voltage sensors,

focusing on proteins known to localize to the eukaryotic plasma membrane. Ar-

chaerhodopsin  (Arch) from Halorubrum sodomense is a light-driven outward

proton pump that captures solar energy for its host []. Recently Arch has been

expressed in mammalian neurons, where it enabled optical silencing of neural

activity and was minimally perturbative to endogenous function in the dark [].

We hypothesized that Arch could be ‘run’ in reverse: that a membrane potential

could alter the optical properties of the protein and thereby provide a voltage

sensor that functioned through a mechanism similar to that of PROPS.

We found that Arch resolved individual action potentials in mammalian neu-

rons in vitro, with high SNR and low phototoxicity. Arch enabled mapping of neu-

ronal action potentials with sub-millisecond temporal resolution and subcellular

spatial resolution. However, the wild-type form of Arch generated a hyperpolariz-

ing photocurrent upon exposure to the imaging laser. Themutation DN in Arch

eliminated this photocurrent but also slowed the response to  ms.





. Results

.. Photophysics of Arch

At neutral pH, bacterially expressed Arch was pink, but at high pH the protein

turned yellow (Fig. .a), with a pKa for the transition of .. Based onhomology

to other microbial rhodopsins [], we attributed the pH-induced color change to

deprotonation of the Schiff base, which links the retinal chromophore to the pro-

tein core. We reasoned that a change in membrane potential might change the lo-

cal electrochemical potential of the proton at the Schiff base, tipping the acid-base

equilibrium and inducing a similar color shift. Thismechanism of voltage-induced

color shift has been reported previously in dried films of bacteriorhodopsin []

and formed the hypothesized basis of voltage-sensitivity in PROPS [].

Changes in optical absorption would be challenging to detect in a single cell,

owing to the small quantity of protein in the membrane. However, most micro-

bial rhodopsins are weakly fluorescent [], so we characterized Arch as a prospec-

tive fluorescent indicator (Table .). At neutral pH, Arch emitted far-red fluores-

cence (emission wavelength, λem, was  nm), whereas at high pH Arch was not

fluorescent (Fig. .b and Supplementary Fig. .). The fluorescence quantum

yield of Arch was low ( × 4) but the photostability was comparable to that of

members of the GFP family []. We found that laser illumination and electron-

multiplying charge-coupled device (EMCCD) detection were necessary for observ-

ing Arch fluorescence. A comparison of photobleaching rates of Arch (excited at

 nm) with those of enhanced (e)GFP (excited at  nm), in a : Arch-eGFP

fusion, showed that the mean numbers of photons emitted per molecule before

photobleaching were ~:. (Arch:eGFP). The broad absorption peak enabled ex-

citation of Arch at λ =  nm, a wavelength where few other cellular components

absorb, and the far red emission occurred in a spectral region of little background

autofluorescence.





  
λmax absorbance 

(nm)	

λmax emissiona 

(nm)	


ε633 
(M-1 cm-1)b	


 
QY c Photostability 

relative to eGFPd 
pKa of Schiff 

base e τresponse
 f (ms)	  

Noise in VFL 
(µV Hz-1/2) g Photo-current 

Wild-type Arch 558 687 6,300 9 × 10-4 0.25 10.1 < 0.5 625 yes 

Arch(D95N) 585 687 37,500 4 × 10-4 0.1 8.9 41 260 no 

Table 3.1: Optical and electrical response of Arch and Arch(D95N).
aExcitation at λ = 532 nm. bAbsorption spectra calibrated assuming the same
peak extinction coefficient as bacteriorhodopsin, 63,000 M−1 cm−1 (ref. [133] and
Methods Section 3.4). cQuantum yield (QY) determined via comparison to Alexa
Fluor 647 with excitation at λ = 633 nm. dMeasured in a 1:1 fusion with eGFP.
eDetermined via singular value decomposition on absorption spectra. fDetermined
from step response. Arch(D95N) has a minor component of its response (20%) that
is fast (<500 µs). gV̂FL is the membrane potential estimated from fluorescence. Noise
determined at frequencies f ≥ 0.1 Hz in HEK293 cells.

We imaged fluorescence of Arch in HEK cells supplemented with  µM

all-trans retinal in an inverted fluorescence microscope with red illumination

(λ =  nm,  mW, intensity (I) =  W/cm2), a high-numerical-aperture

objective, a Cy filter set and an EMCCD camera (Methods Section . and Sup-

plementary Fig. .). The cells exhibited fluorescence predominantly localized

to the plasma membrane. Cells not expressing Arch were not fluorescent. Cells

showed  photobleaching over a continuous -min exposure and retained

normal morphology during this interval.

The fluorescence of HEK cells expressing Arch was highly sensitive to mem-

brane potential, as determined via whole-cell voltage clamp (Supplementary

Movie ..). Fluorescence of Arch in the plasmamembrane increased by a factor

of two between − mV and + mV, with a nearly linear response throughout

this range (Fig. .c). The response of fluorescence to a step in membrane poten-

tial occurred within the  µs time resolution of our imaging system on both the

rising and falling edge (Fig. .d)¹. Application of a sinusoidally varying mem-

¹Accurate application of fast steps in voltage is difficult due to potential electrical artifacts in-
troduced by the compensation circuitry of the patch-clamp amplifier. Ref. [] repeats the fluo-
rescence step-response measurement we report here without compensation. Instead, they model
the response of membrane voltage to a step in voltage from the amplifier and use it to extract the
response speed of Arch fluorescence (using a PMT).They report τup of ~. ms and τdown of ~. ms,
similar to our result here.
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Figure 3.1: Arch is a fluorescent voltage indicator. (a) Model of Arch as a volt-
age sensor, in which pH and membrane potential can both alter the protonation of
the Schiff base. The cuvettes contain intact E. coli expressing Arch. (b) Absorption
and fluorescence emission spectra of Arch at neutral and high pH. (c) Fluorescence
of Arch (divided by the value at −150 mV) as a function of membrane potential
(recorded over six consecutive sweeps). (d) Dynamic response of Arch to steps in
membrane potential between −70 mV and +30 mV. The overshoots on the rising and
falling edges were an artifact of electronic compensation circuitry. The smaller ampli-
tude compared to c is because background subtraction was not performed in d. Data
were averaged over 20 cycles. Inset, step response occurred in less than the 500 µs
resolution of the imaging system. (e) Fluorescence micrograph of an HEK293 cell
expressing Arch (top) and pixel-weight matrix showing regions of voltage-dependent
fluorescence (bottom). a.u., arbitrary units. Scale bar, 10 µm.





brane potential led to sinusoidally varying fluorescence; at a frequency (f) of 

kHz, the fluorescence oscillations retained  of their low-frequency amplitude

(Supplementary Fig. .). Arch retained its endogenous proton-pumping capa-

bility, and illumination with the imaging laser generated outward photocurrents

of – pA.

Fluorescent voltage indicators are often characterized by the fractional change

influorescence, ΔF/F, per mVofmembrane potential. Thismetric suffers from

subjectivity in the choice of which pixels are chosen to represent ‘signal’ andwhich

are chosen for ‘background’.The quantity ΔF/F also does not indicate temporal sta-

bility of the signal, nor information about the SNR (except in the rarely achieved

case of shot noise–limited detection). Thus we sought an objective measure of the

precision with which small changes in membrane voltage (Vm) could be detected.

We developed a linear regression algorithm to identify pixels whose intensity

varied togetherwith an external ‘training’ stimulus (Methods Section .). When

trained on the unweighted whole-field fluorescence, this algorithm identified pix-

els associatedwith the cellmembrane (Fig. .e) and rejected pixels corresponding

to bright but voltage-insensitive intracellular aggregates. Application of the pixel

weight matrix to the raw fluorescence data led to estimates of voltage-induced

changes in fluorescence with improved SNR relative to unweighted whole-field

fluorescence. This use of the pixel-weighting algorithm made no use of electro-

physiology data.

Fluorescence data alone were insufficient to determine true membrane poten-

tial because variation in the cell morphology, expression, extent of membrane lo-

calization and illumination conditions led to an a priori unknown offset and scale

factor between fluorescence and voltage. When trained on the electrophysiology

data, the algorithm returned pixel-weight coefficients that could be used to con-

vert fluorescence images into a maximum likelihood estimate of the membrane

potential, V̂FL (Methods Section .).

After training the algorithm on voltage sweep data from − mV to + mV,

the fluorescence-based V̂FL matched the electrically recorded Vm with an accuracy

of  µV/Hz1/2 (Supplementary Fig. .). Over timescales longer than ~ s,

laser power fluctuations and cell motion degraded the sub-millivolt precision of

the voltage determination but had little effect on the ability to detect fast tran-





sients in Vm. Our simple algorithm does not accommodate cell motion, multiple

cells undergoing different voltage dynamics or substantial lags in voltage propa-

gation from one region to another. Other algorithms [] exist to handle such

scenarios, however.

.. Arch fluorescence identified action potentials in vitro

We tested Arch as a voltage indicator in cultured rat hippocampal neurons, using

viral delivery. Neurons expressing Arch showed membrane-localized fluorescence

(Fig. .a). Under whole-cell current clamp, cells exhibited spiking upon injec-

tion of current pulses of  pA. Individual spikes were accompanied by clearly

identifiable increases of whole-field fluorescence (Fig. .b and Supplementary

Movie ..). After scaling of the fluorescence trace to overlay on the voltage, the

root-mean-square (r.m.s.) deviation between the two was σV̂ = . mV. Train-

ing the pixel-weighting algorithm on the whole-field fluorescence led to a 

improve- ment in SNR, with an r.m.s. deviation between the predicted and mea-

sured voltage (after scaling and offset adjustment) of σV̂ = .mV (Fig. .c). This

training procedure made no use of the electrical recording. Training the pixel-

weighting algorithm on the electrical recording led to an additional  increase

in SNR, to σV̂ = . mV, and did not require adjustment of scaling and offset

(Fig. .d).

We imaged the dynamics of action potentials with subcellular resolution

(Supplementary Fig. .). To improve the SNRwe averagedmultiple temporally

registered movies of single spikes (Fig. .e and Supplementary Movie ..).

Action potentials appeared to occur nearly simultaneously throughout most re-

gions of the cell, as expected given the field of view ( µm) and exposure time

( ms). However, in localized regions the action potential lagged by – ms.

The pixel-weighting algorithm did not detect the cellular regions with delayed

action potentials, but the lag was readily seen in Supplementary Movie ...

These results suggest that Arch may be used to map intracellular dynamics of

action potentials in genetically specified neurons, in a manner similar to a recent

demonstration with voltage-sensitive dyes [].

We created single-trial optical and electrical recordings (Fig. .f). At a -





Figure 3.2 (following page): Optical recording of action potentials with Arch.
(a) luorescence micrograph of a cultured rat hippocampal neuron expressing Arch
(composite of two fields of view). (b) Low-magnification image of the neuron in a
(left). Whole-field fluorescence (red) during a single-trial recording at 500 frames/s
(right). The fluorescence was scaled to overlay the electrical recording (blue). (c)
Pixel-by-pixel map of cross-correlation between whole-field and single-pixel intensi-
ties (red) overlaid on the average fluorescence (gray) (left). Note that the process
extending to the top left of the cell body does not appear in the red channel; it is
electrically decoupled from the cell. Pixel-weighted fluorescence (red) and electrical
recording (blue) (right). (d) Pixel-by-pixel map of cross-correlation between electrical
recording and single-pixel intensities (red) overlaid on the average fluorescence (gray)
(left). Pixel-weighted fluorescence (red) and electrical recording (blue) (right). (e)
Subcellular localization of an action potential in regions indicated by colored polygons
(left) and time course of an action potential averaged over 98 events (right) in the
regions indicated with the corresponding colors. The top black trace is the electrical
recording. Optical recordings appear broadened owing to the finite (2 ms) exposure
time of the camera. The white arrow indicates a small protrusion that has a substan-
tially delayed action potential relative to the rest of the cell. Vertical scale on fluo-
rescence traces is arbitrary. (f) Single-trial recordings of action potentials recorded at
a frame rate of 2 kHz. The pixel weight matrix was determined from the accompa-
nying electrophysiology recording. Averaged spike response for 269 events in a single
cell is shown on top right. (g) Application of a voltage to a single neuron caused an
increase in fluorescence that distinguished a neuron from its neighbors (top). Time-
average Arch fluorescence of multiple transfected neurons (left). Same field of view
after membrane potential was modulated by whole-cell voltage clamp (right). Re-
sponsive pixels were identified via cross-correlation of pixel intensity and applied volt-
age (V, red). Scale bars, 10 µm (a,e,g) and 50 µm (b–d).





Figure 3.2: (continued)
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kHz frame rate, the SNR in the fluorescence (spike amplitude:baseline noise) was

.. A spike-finding algorithm correctly identified . of the spikes (based

on comparison to simultaneously recorded membrane potential), with a false

positive rate of . (n =  spikes; Methods Section .). The average action

potential waveform determined by fluorescence coincided with the waveform

recorded electrically. We observed single cells for up to  min of cumulative

exposure, with no detectable change in resting potential or spike frequency.

We developed a procedure to electrically tag a single cell in an otherwise over-

grown field of neurons, similar to that in reference []. The average fluorescence

of the population of cells, all expressing Arch, did not show clearly resolved cel-

lular structures (Fig. .g). We formed a whole-cell patch on one cell, which we

then subjected to a voltage clamp triangle wave of amplitude mV, under video

observation. The weight matrix, indicating which pixels contained information

about the applied voltage, yielded a clear image of the target cell and its processes.

Electrical tagging provides a complement to genetic [] and chemical []meth-

ods that are currently used to label single neurons.

In the absence of added retinal, neurons expressing Arch showed clearly iden-

tifiable fluorescence flashes accompanying individual spikes (Supplementary

Fig. .a), indicating that neurons contained sufficient endogenous retinal to

populate some of the protein. Addition of supplemental retinal led to a –

increase in fluorescence over  min (Supplementary Fig. .b). Experiments

with Arch and other microbial rhodopsins in vivo have shown that endogenous

retinal is sufficient for optogenetic control of neural activity []. Thus, Arch may

function as a voltage indicator in vivo without exogenous retinal.

.. Arch(DN) is a nonpumping voltage indicator

Illumination at  nm was far from the peak of the Arch absorption spectrum

(λ =  nm), but the imaging laser nonetheless induced photocurrents of –

 pA in HEK cells expressing Arch (Fig. .a). We sought to develop a mu-

tant which did not perturb themembrane potential, yet whichmaintained voltage

sensitivity. The mutation DN in bacteriorhodopsin eliminated proton pump-

ing [], so we introduced the homologous mutation, DN, into Arch. This





mutation eliminated the photocurrent (Fig. .a) and shifted several other pho-

tophysical properties of importance to voltage sensing (Table ., Fig. . and

Supplementary Fig. .). Arch(DN) was more sensitive to voltage than Arch

and displayed a threefold increase in fluorescence between −mV and +mV,

with nearly linear sensitivity from − to + mV, but had a slower response

(Fig. .b–d and SupplementaryMovies .. and ..). After calibration with

a voltage ramp, Arch(DN) resolved voltage steps of  mV, with a noise in the

voltage estimated from fluorescence of  µV/Hz1/2 over timescales <  s.

Under illumination conditions typically used for imaging neural activity

(I = , W/cm2 and λ =  nm), the light-induced outward photocurrent

was typically  pA² in neurons expressing Arch. Under current-clamp conditions

this photocurrent shifted the resting potential of the neurons by up to − mV.

For neurons near their activation threshold, this photocurrent could suppress

firing (Fig. .a), so we explored the nonpumping Arch(DN) variant as a volt-

age indicator in neurons. Illumination of Arch(DN) did not perturb membrane

potential in neurons (Fig. .b).

Arch(DN) reportedneuronal actionpotentials on a single-trial basis (Fig. .c).

The response to a depolarizing current pulse was dominated by the slow compo-

nent of the step response, yet the fast component of the response was sufficient

to indicate action potentials. Efforts are underway to identify a nonpumping

mutant with speed comparable to that of Arch.

. Discussion

We compared Arch and Arch(DN) to other fluorescent voltage indicators, plot-

ted according to sensitivity and response speed (Fig. .; data and references are

in Supplementary Table .). Data for existing indicators are approximate, and

we obtained them from literature. The most sensitive fluorescent proteins, the

VSFP .x family, have changes in fluorescence of  per mV of voltage, with

a response time of approximately  ms. The sodium channel protein–based ac-

²I went on to characterize Arch WT outward photocurrents in detail in [] and found that they
exceeded  pA. The discrepancy may be explained due to variation in expression levels. Regard-
less, the photocurrents are sufficient to perturb neural activity.
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Figure 3.3: Arch(D95N) shows voltage-dependent fluorescence but no pho-
tocurrent. (a) Photocurrents in Arch and Arch(D95N), expressed in HEK293 cells
clamped at V = 0 mV. Cells were illuminated with pulses of light (λ = 640 nm;
I = 1,800 W/cm2). (b) Fluorescence of Arch(D95N) as a function of membrane po-
tential. Inset, map of voltage sensitivity. Scale bar, 5 µm. (c) Dynamic response of
Arch(D95N) to steps in membrane potential between −70 mV and +30 mV. Data
were averaged over 20 cycles. Inset, step response comprised a component faster than
500 µs (20% of the response) and a component with a time constant of 41 ms. (d)
Response of Arch(D95N) to 10-mV steps in membrane potential.
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Figure 3.4: Optical recording of action potentials with Arch(D95N). (a,
b) Electrically recorded membrane potential of a neuron expressing Arch (a) or
Arch(D95N) (b), subjected to pulses of current injection and laser (red bars) illu-
mination. (c) Fluorescence micrograph of a neuron expressing Arch(D95N), showing
Arch(D95N) fluorescence (gray) and regions of voltage-dependent fluorescence (red).
Scale bar, 10 µm. (d) Single-trial recording of whole-cell membrane potential (blue)
and weighted Arch(D95N) fluorescence (red) during a train of action potentials.





tivity reporting construct (SPARC) family of voltage sensors has a  ms response

time and shows a fluorescence change of < per  mV. Microbial rhodopsin–

based indicators are notably more sensitive than other probes. The most sensi-

tive microbial rhodopsin–based indicator is PROPS, but PROPS only functions in

prokaryotes []. Fluorescent voltage-sensitive dyes have enabled optical record-

ing of action potentials in brain slices with SNR exceeding that of Arch [, ],

though phototoxicity and challenges with delivery prevent widespread use.
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Figure 3.5: Optical indicators of membrane potential classified by speed and
sensitivity. Green marks represent indicators based on fusions of GFP homologs to
membrane proteins. Pink marks represent indicators based on microbial rhodopsins.
Blue diamonds represent organic dyes and hybrid dye-protein indicators. Extended
bars denote indicators where two time constants have been reported. PROPS is ho-
mologous to Arch(D95N) but only functions in bacteria. The speeds of most organic
dyes are not known precisely; but they respond in less than 500 µs.

Arch is one of , known microbial rhodopsins []. We suggest that this

family of proteins should be explored for its ability to label biological membranes

with a color-tunable, photostable and environmentally-sensitive chromophore,

with no homology to GFP. The fluorescence and voltage-sensing properties of mi-

crobial rhodopsins are orthogonal to their native biological function, suggesting

that these properties can be improved through minor changes to the protein se-

quence. Screens of wild-type and mutated microbial rhodopsins will be essen-

tial for identifying variants that are fast, like Arch, but that lack pumping, like





Arch(DN). Efforts to increase the brightness or to find other nonfluorescent

imaging modalities are also of paramount importance. Initial efforts to observe

two-photon fluorescence fromArchwere not successful; but the excitation of Arch

is red-shifted relative tomost two-photon fluorophores, so additional studieswith

spectrally tuned two-photon excitation are warranted. Simultaneous imaging of

fluorescence from Arch and eGFP in a fusion protein may enable ratiometric volt-

age measurements, with improved robustness to variations in expression or to

movement, relative to single-band measurements. Care will be needed to avoid

artifacts from environmental and statistical noise in the reference channel as well

as from differential photobleaching. Fusions with other fluorescent indicator pro-

teins may enable simultaneous measurements of voltage and pH or Ca2+ concen-

tration. We expect the combination of optogenetic voltage measurement with

the recently established techniques of optogenetic voltage control [] to enable

progress toward all-optical electrophysiology.





. Methods

.. Protein constructs and membrane fractionation

All experiments were performed with an Arch-eGFP fusion. A lentiviral back-

bone plasmid encoding Arch-eGFP (FCK-Arch-EGFP; BAA; Addgene plasmid

) was used to clone the Arch gene into the petb vector using the restric-

tion sites EcoRI and NcoI.The sequence encoding the DNmutation was created

separately in the petb and FCK backbones, using theQuikChangeII kit (Agilent)

and the same DNA primers for both backbones (Supplementary Table .).

Arch and itsDNmutantwere expressed inE. coli, as previously described [].

Briefly, E. coli (strainBL, petb plasmid)was grown in L of LBwith  µgml1

kanamycin, to an optical density at  nmof . at ° C. All-trans retinal ( µM)

and inducer (isopropyl β-D--thiogalactopyranoside (IPTG), .mM)were added,

and cells were grown for an additional . h in the dark. Cells were collected by

centrifugation and resuspended in  mM Tris with  mM MgCl2 at pH . and

lysed with a tip sonicator for  min. The lysate was centrifuged and the pellet was

resuspended in PBS (pH .) supplemented with . dodecyl maltoside. The

mixture was homogenized with a glass and teflon Potter Elvehjem homogenizer

and centrifuged again. The solubilized protein in the supernatant was used for

experiments.

.. Spectroscopic characterization of Arch and Arch(DN)

The absorption spectra of fractionated E. coli membranes containing Arch and

Arch(DN) were determined using an Ocean Optics USB spectrometer

with a DT-MINI--GS light source (Supplementary Fig. .). The peak ex-

tinction coefficients of microbial rhodopsins vary across rhodopsin types from

, M−1 cm−1 to , M−1 cm−1 (refs. [, , , ]). Owing

to the high homology between Arch and bacteriorhodopsin, we used the bacte-

riorhodopsin extinction coefficient, , M−1 cm−1, for Arch. The differing

wavelengths ofmaximumabsorption of Arch ( nm) and Arch(DN) ( nm)

led to different extinction coefficients at  nm (Table .). For Arch,  nm

was in the tail of the absorption, whereas for Arch(DN)  nm lay half way

down the shoulder. The relative extinction coefficients of Arch and Arch(DN) at





 nm are independent of our choice to use bacteriorhodopsin as the reference

for the peak extinction coefficient. Absorption spectra for Arch and Arch(DN)

were measured as a function of pH between pH  and .

The fluorescence emission spectra of Arch and Arch(DN) were determined in

bulk samples using illumination with a  mW,  nm laser (Dragon Lasers,

GLM) or a  mW,  nmHeNe laser (Spectra-Physics) (Supplementary

Fig. .). Scattered laser light was blocked with a  nm Raman notch filter

(Omega Optical, XR) or a / emission filter (Chroma), and fluorescence

was collected perpendicular to the illumination with a , µm fiber, connected

to an Ocean Optics QE spectrometer. Spectra were integrated for  s. Arch

and Arch(DN) both had emission maxima at  nm. We do not know why the

two proteins have such different peak absorption wavelengths but the same peak

emission wavelength.

The fluorescence quantum yields of Arch and Arch(DN) were determined

by comparing the integrated emission intensity to emission of a sample of the

dye Alexa Fluor  (Invitrogen). Briefly, the concentrations of micromolar so-

lutions of dye and protein were determined using a visible absorption spectrum.

We used the extinction coefficients of , M−1 cm−1 for Alexa Fluor 

and , M−1 cm−1 for Arch and Arch(DN), assuming that these microbial

rhodopsins have the same peak extinction coefficient as bacteriorhodopsin. The

dye solution was then diluted :, to yield a solution with comparable fluo-

rescence emission to that of Arch. The fluorescence emission spectra of dye and

protein samples were measured with -nm excitation. The quantum yield (QY)

was then determined by the formula

QYArch =
FlArch
FlAlexa

× ϵAlexa
ϵArch

× cAlexa
cArch

× QYAlexa

where Fl is the integrated fluorescence from  nm to  nm, ϵ is the extinction

coefficient at  nm, c is the concentration, and Alexa stands for Alexa Fluor .

.. Relative photostability of Arch and eGFP

To directly compare photostability of Arch and eGFP, we studied the photobleach-

ing of the Arch-eGFP fusion. This strategy guaranteed a : stoichiometry of the





two fluorophores, simplifying the analysis. The experiments were performed on

permeabilized cells, in the microscope, with video recording as the cells photo-

bleached. We first recorded a movie of photobleaching of Arch under -nm il-

lumination; then on the same field of view we recorded photobleaching of eGFP

under -nm illumination, with illumination intensity adjusted to yield approx-

imately the same initial count rate as for Arch. Fluorescence background levels

were obtained fromnearby protein-free regions of eachmovie andwere subtracted

from the intensity of the protein-containing regions. The area under each photo-

bleaching time trace was calculated, yielding an estimate of the total number of

detected photons from each fluorophore. The eGFP emission (λmax =  nm)

and the Arch emission (λmax =  nm) were collected through different emission

filters, so the raw counts were corrected for the transmission spectra of the fil-

ters and the wavelength-dependent quantum yield of the EMCCD camera. The

result was that the relative number of photons emitted before photobleaching for

eGFP:Arch was .:, and for eGFP:Arch(DN) this ratio was :.

.. HEK cell culture

HEK (HEK) cells were grown at ° C,  CO, in Dulbecco’s modified Eagle

medium (DMEM) supplemented with  FBS and penicillin-streptomycin. Plas-

mids were transfected using Lipofectamine and PLUS reagent (Invitrogen) follow-

ing the manufacturer’s instructions, and assayed – hrs later. The day before

recording, cells were replated onto glass-bottom dishes (MatTek) at a density of

~, cells/cm2.

The concentration of endogenous retinal in theHEK cells was not known, so the

cells were supplemented with retinal by diluting stock retinal solutions ( mM,

DMSO) in growth medium to a final concentration of  µM and then placing the

cells back in the incubator for – hrs. All imaging and electrophysiologywere per-

formed in Tyrode’s buffer (containing mMNaCl, mMKCl, mMCaCl2, mM

MgCl2, mM HEPES,mM glucose (pH .) and adjusted to – mOsm

with sucrose). Only HEK cells having reversal potentials between − mV and

− mV were included in the analysis.





.. Microscopy

Simultaneous fluorescence and whole-cell patch-clamp recordings were acquired

on a home-built, inverted epifluorescence microscope, operated at room tempera-

ture (° C).Herewe summarize the design considerations; a detailed specification

is given in Supplementary Fig. .. A key challenge was to collect fluorescence

with high efficiency while also achieving a large enough field of view to image an

entire neuron and its processes. Typically, microscope objectives offer a trade-off

between magnification and light-gathering capacity (numerical aperture), which

we sought to avoid. Additionally, we wanted the ability to change magnification

while maintaining a patch on a single cell. The vibrations associated with switch-

ing objectives, particularly water- or oil-immersion objectives, are incompatible

with simultaneous patch clamp. Finally, we wanted the capability to split the field

of view into two wavelength bands and to changemagnification without changing

the registration of the two halves of the image.

To achieve these goals simultaneously, we designed our microscope around a

× numerical aperture (NA) . oil-immersion objective (Olympus -UB),

with variable zoom camera lenses to change illumination area and magnification.

Themagnificationwas continuously variable between× and×, without touch-

ing the objective. Themicroscope readily converted between single-band and dual-

band imaging, with only minor realignment.

On anupright electrophysiology setup retrofittedwith a laser andEMCCDcam-

era, a dipping objective (Olympus LUMPlanFl ×W/IR; NA .) collected enough

light to record voltage-dependent fluorescence of HEK cells. However, record-

ing of action potentials with high SNR required a high-NA objective (for example,

Olympus -UB × water, NA . or -UB × oil, NA .).

.. Electrophysiology

Filamented glass micropipettes (WPI) were pulled to a tip resistance of – MΩ,

fire-polished and filled with internal solution (containing mM potassium glu-

conate,  mM NaCl, . mMMgCl2, . mM CaCl2,  mM EGTA,  mM HEPES,

 mM Mg-ATP, . mM Na-GTP (pH .); adjusted to  mOsm with sucrose).

The micropipettes were positioned with a Burleigh PCS  micromanipulator.

Whole-cell, voltage-clamp recordings were acquired using an AxoPatch B am-





plifier (Molecular Devices), filtered at  kHz with the internal Bessel filter and dig-

itized with a National Instruments PCIE- acquisition board at  kHz. Ambi-

ent Hz noise was removed using a HumBugNoise Eliminator (AutoMate Scien-

tific). For experiments requiring rapid modulation of transmembrane potential,

series resistance andwhole-cell capacitancewere predicted toand corrected to

. Electrical stimuli were generated using the PCIE- acquisition board and

sent to the AxoPatch, which then applied these signals in either constant-current

or constant-voltage mode.

Measurements of photocurrents were performed on HEK cells held in voltage

clamp at  mV while being exposed to brief ( ms) pulses of illumination at

 nm at an intensity of , W/cm2.

All experiments were performed at ° C.

.. Ramp and step response of Arch and Arch(DN)

To measure fluorescence as a function of membrane potential, a triangle wave

was applied, with amplitude from − mV to + mV and period  s, with

video recording at  ms per frame. A pixel weight matrix was calculated accord-

ing to Equation . (see below) and applied to the movie images to generate a

fluorescence number for each frame. These fluorescence values were divided by

their minimum value (at V = − mV). The result is plotted as a function of V in

Figs. . and ..

The step response was measured in a similar manner, except that test wave-

forms consisted of a series of voltage pulses, from − mV to + mV with dura-

tion ms and period  s. Cells were subjected to  repetitions of thewaveform,

and the fluorescence response was averaged over all iterations. No background

subtraction was applied.

.. Frequency-dependentresponsefunctionsofArchandArch(DN)

Test waveforms consisted of a concatenated series of sine waves, each of duration

 s, amplitude  mV, zero mean and frequencies uniformly spaced on a loga-

rithmic scale between  Hz and  kHz ( frequencies total). The waveforms were

discretized at  kHz and applied to the cell, while fluorescence movies were ac-

quired at a frame rate of  kHz.





The model parameters for extracting V̂FL(t) were calculated from the fluores-

cence response to low frequency voltages. These parameters were then used to

calculate an estimated voltage at all frequencies.

The applied voltage was downsampled to  kHz to mimic the response of a

voltage indicator with instantaneous response. For each applied frequency, the

Fourier transformof V̂FL(t)was calculated and divided by the Fourier transformof

the downsampledV(t). The amplitude of this ratio determined the response sensi-

tivity. It was crucial to properly compensate pipette resistance and cell membrane

capacitance to obtain accurate response spectra. Control experiments on cells ex-

pressing membrane-bound eGFP showed no voltage-dependent fluorescence.

The power spectrum of V̂FL(t) under constant V =  mV was also measured to

enable calculations of SNR for any applied V(t).

.. Estimates of membrane potentials from fluorescence images

A common practice in characterizing fluorescent voltage indicators is to report a

value of ΔF/F per mVofmembrane potential. We feel that this parameter is of

limited use, for several reasons. First, the value of ΔF/F is highly sensitive to the

method of background subtraction, particularly for indicators in which the value

of F approaches zero at somevoltage. Second, ΔF/F contains no information about

SNR, which depends on absolute fluorescence levels, background, and membrane

targeting of the indicator. Third, the ratio ΔF/F contains no information about

the temporal stability of the fluorescence. Fluctuations may arise owing to intra-

cellular transport, photobleaching or other photophysics. Fourth, definitions of

absolute fluorescence are often subjective, depending on a user-defined region of

interest that might or might not include pieces of internal membranes or other

cells.

We therefore sought a measure of the performance of a voltage indicator that

reported the information content of the fluorescence signal. We sought an algo-

rithm to infer membrane potential from fluorescence images. We used the accu-

racy with which the estimated membrane potential matched the true membrane

potential (as reported by patch clamp recording) as a measure of indicator perfor-

mance. The algorithm described below is implemented in our analysis.

The estimated membrane potential, V̂FL(t), was determined from the fluores-





cence in two steps. First we trained a model relating membrane potential to fluo-

rescence at each pixel. We used the highly simplified model that the fluorescence

signal, Si(t), at pixel i and time t, is given by:

Si(t) = ai + biV(t) + ϵi(t) (.)

where ai and bi are position-dependent but time-independent constants, the

membrane potentialV(t) is time-dependent but position independent, and ϵi(t) is

spatially and temporally uncorrelated Gaussian white noise with pixel-dependent

variance:

⟨ϵi(t1)ϵj(t2)⟩ = σ2
i δi,jδ(t1 − t2)

where ⟨⟩ indicates an average over time.

This model neglects nonlinearity in the fluorescence response to voltage, finite

response time of the protein to a change in voltage, photobleaching, cell-motion

or stage drift and the fact that if ϵi(t) is dominated by shot-noise then its vari-

ance should be proportional to Si(t), and its distribution should be Poisson, not

Gaussian. Despite these simplifications, themodel of Equation . provided good

estimates of membrane potential when calibrated from the same dataset to which

it was applied.

The pixel-specific parameters inEquation . are determined by a least-squares

procedure, as follows. We define the deviations from the mean fluorescence and

mean voltage by

δSi(t) = Si(t)− ⟨Si(t)⟩

δV(t) = V(t)− ⟨V(t)⟩

Then the estimate for the slope b̂i is:

b̂i =
⟨δSiδV⟩
δV2

and the offset is:

âi = ⟨Si⟩ − b̂i⟨V⟩





A pixel-by-pixel estimate of the voltage is formed from

V̂i(t) =
Si(t)

b̂i
− âi

b̂i

The accuracy of this estimate is measured by

ζ2i = ⟨(V̂i(t)− V(t))2⟩

A maximum likelihood weight matrix is defined by:

wi =
1/ζ2i∑
i
1/ζ2i

(.)

This weight matrix favors pixels whose fluorescence is an accurate estimator of

voltage in the training set. To estimate themembrane potential, the pixel-by-pixel

estimates are combined according to:

V̂FL(t) =
∑
i

wiV̂i(t) (.)

Within the approximations underlying Equation ., Equation . is the max-

imum likelihood estimate of V(t).

In cases where the membrane potential is not known, one can replace V(t) by

the total intensity of the entire image I(t), provided that there is only a single cell

with varying membrane potential in the image. In this case, the algorithm prefer-

entially weights pixels whose intensity varies with themean intensity. Such pixels

are associated with the membrane. This modified procedure yields an estimate of

the underlying intensity variations in the membrane. The output resembles the

true membrane potential, apart from an unknown offset and scale factor. A key

feature of this modified procedure is that it enables spike identification without a

patch pipette.

On a video record of , frames taken (for example,  s of data at ,

frames s1), the training phase of the algorithm took approximately  min to run

on a desktop PC. Application of the weighting coefficients to incoming video data

could be performed in close to real time. Small shifts in the field of view owing to

stage drift or bumps of the apparatus are compensated by using image registration





techniques to translate the pixel weightmap. Large changes in focus ormovement

to a new field of view required retraining of the algorithm.

.. Molecular biology and virus production

Plasmids encoding Arch-eGFP (FCK-Arch-eGFP) were either used directly for ex-

periments inHEK cells or first used to produce VSVg-pseudotyped virus according

to publishedmethods []. For pseudotyping, HEK cellswere transfected together

with pDelta ., VSVg and either of the Arch backbone plasmids using Lipofec-

tamine and PLUS reagent. Viral supernatants were collected  h later and filtered

using a .-µmmembrane. The virusmediumwas used to infect neuronswithout

additional concentration.

.. Neuronal cell culture

Embryonic day  (E) rat hippocampi (BrainBits) weremechanically dissociated

in the presence of  mg/ml papain (Worthington) before plating at ,–,

cells per dish on poly(l-lysine) andMatrigel-coated (BD Biosciences) glass-bottom

dishes. At this density synaptic inputs did not generate spontaneous firing. Cells

were incubated inN+medium (mlNeurobasalmedium, ml B supplement,

. mM glutamine,  µM glutamate and penicillin-streptomycin) for  hrs. An

additional  µl virus medium was added to the cells and incubated overnight,

then brought to a final volume of  ml N+ medium. After  d, cells were fed with

. ml N+ medium. Cells were fed with  ml N+ medium without glutamate at

 days in vitro (DIV), and fed  ml every – d after. Cells were allowed to grow

until – DIV. Cells were supplemented with retinal by diluting stock retinal

solutions ( mM, DMSO) in growth medium to a final concentration of  µM,

and then placing the cells back in the incubator for – h, after which they were

used for experiments.

Whole-cell current clamp recordings were obtained from neurons under the

same conditions used for HEK cells recordings. Series resistance and pipette ca-

pacitance were corrected. Only neurons with resting potentials between − mV

and − mV were used in the analysis.





.. Spike sorting

We used a simple spike identification algorithm that could be applied either to

electrically recorded V(t) or to optically determined V̂FL(t). The input trace was

convolvedwith a reference spike. Sections of the convolvedwaveform that crossed

a user-defined threshold were identified as putative spikes. Multiple spikes that

fell within  ms (a consequence of noise-induced glitches near threshold) were

clustered and identified as one.
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Figure 3.6: pH-dependent spectra of Arch and Arch(D95N). (a) Arch(D95N)
absorption at neutral (blue) and high (green) pH. At neutral pH, Arch(D95N) ab-
sorbed maximally at 585 nm. Fluorescence emission (red dashed line) was recorded
on 2 µM protein solubilized in 1% DM, with λexc = 532 nm. (b) Absorption spectra
were recorded on solubilized protein between pH 6 – 11. Singular Value Decomposi-
tion of absorption spectra between 400 – 750 nm was used to calculate the fraction
of the SB in the protonated state as a function of pH. The result was fit to a Hill
function to determine the pKa of the SB.





Figure 3.7 (following page): Diagram of fluorescence microscope. Il-
lumination sources: S1 – 488 nm, 60 mW (Omicron PhoxX). S2 – 640 nm,
100 mW (CrystaLaser, DL638-100-O, ultra-stable option). Dichroic mirrors: D1 -
405/488/561/635 quad pass (Semrock). D2, D3 - 662 long pass, imaging flatness
(Semrock). D4 - 503 long pass (Semrock). Broadband mirrors: M1, M2 and M3
are Θ2” broadband dielectic mirrors. All other mirrors shown are Θ1”. Fixed lenses
(all achromatic doublets): L1 - Θ1” f = 25 mm, L2 - Θ1” f = 60 mm, L3 - Θ2”
f = 150 mm, L4, L6, L7, L8, L9 - Θ2” f = 100 mm, L5 - Θ1” f = 100 mm. Filters:
F1 - 700/75 bandpass (Chroma). F2 - 580/60 bandpass (Chroma). Zoom lenses:
Z1 - 18-200 mm f/3.5-6.3 (Sigma). Z2 - 18-200mm f/3.6-5.6 (Nikon). Objective:
Olympus 1-U2B616 60X oil NA 1.45.
Wide-field illumination was provided by diode lasers S1 and S2. A variable zoom cam-
era lens, Z1, set the beam diameter entering the microscope, and thereby the diame-
ter and intensity of the illumination spot (50 - 500 µm; 40 – 4000 W/cm2). A quad-
band dichroic mirror, D1, enabled simultaneous illumination at 640 nm and 488 nm,
with collection at other wavelengths. To minimize background from out-of-focus de-
bris, illumination was often performed in through-the-objective total internal reflection
fluorescence (TIRF) mode, although in the absence of debris conventional epifluores-
cence illumination provided similar signal-to-noise ratio. A mirror, M1, placed 1f away
from the wide-field lens, L4, enabled switching between TIRF and epifluorescence
modes.
Fluorescence emission was collected through the same objective, passed through the
dichroic mirror, and re-imaged through a second variable zoom camera lens, Z2, onto
an adjustable slit. The image was split by a dichroic mirror, D2, passed through emis-
sion filters (F1 for Arch fluorescence and F2 for eGFP fluorescence), recombined on
a second dichroic mirror, D3, and imaged onto an EMCCD camera. For fast imaging
of dynamic fluorescence responses and APs, images were acquired on an Andor iXon+
860 EMCCD operating at up to 2,000 frames/s (using a small region of interest and
pixel binning). Slower images with higher spatial resolution were acquired on an An-
dor iXon+ 897 EMCCD. Custom software written in LabView (National Instruments)
was used to synchronize illumination, collection of images, recording of membrane
potential and cell current, and application of electrical stimuli to the cell.





Figure 3.7: (continued)
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Figure 3.8: Frequency response of Arch. A chirped sine wave with amplitude
50 mV and frequency from 1 Hz – 1 kHz was applied to the cell. Membrane potential
V̂FL was determined from fluorescence and the Fourier transform of V̂FL was calcu-
lated. The uptick at 1 kHz is an artifact of electronic compensation circuitry. Inset:
power spectrum of noise in V̂FL, under voltage clamp at constant V = 0 mV shows
a shot-noise limited noise floor of 470 µV/(Hz)1/2 at frequencies above 10 Hz. The
noise figures reported here are specific to our imaging system and serve primarily as
an indicator of the possible sensitivity of Arch.





0	   5	   10	  

0	  

20	  

40	  

60	  

Time	  (s)	  

Vo
lta

ge
	  (m

V)
	   V 

Figure 3.9: Sensitivity of Arch to voltage steps of 10 mV. Whole-cell mem-
brane potential determined via direct voltage recording, V, (blue) and weighted Arch
fluorescence, V̂FL, (red).

100 ms 

Figure 3.10: Sub-cellular localization of action potentials on a single-trial ba-
sis. The vertical scale on the fluorescence traces is arbitrary. The lower regions of
the cell, shown in Fig. 2e, did not have adequate SNR to indicate APs on a single-
trial basis.
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Figure 3.11: Arch reports action potentials without exogenous retinal. A)
Single-trial recording of APs from a 14 DIV neuron expressing Arch, without exoge-
nous retinal, showing electrical (blue) and fluorescence (red) traces. APs are clearly
resolved. B) Fluorescence of a single neuron as a function of time after addition of
10 µM retinal. To avoid conflation of voltage dynamics with the effects of retinal
incorporation, the neuron was depolarized by treatment with CCCP prior to the ex-
periment.
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Figure 3.12: Frequency response of Arch(D95N). measured in the same manner
as for Arch (Supplementary Fig. 3.8).





. Supplementary Tables

Table 3.2: Approximate characteristics of fluorescent voltage indicating pro-
teins. Characteristics were compiled from Refs. [4, 7, 20, 41, 42, 49, 52, 83, 87,
101, 113, 126, 147, 148]. In some cases numbers were estimated from published
plots. The table contains representative members of all families of fluorescent indi-
cators but omits many.

Molecule Approx ΔF/F 
per 100 mV 

Approx 
response time Comments 

VSFP 2.3 9.50% 78 ms Ratiometric 
(ΔR/R) 

VSFP 2.4  8.90% 72 ms Ratiometric 
(ΔR/R) 

VSFP 3.1  3% 1-20 ms Protein 

Mermaid  9.20% 76 Ratiometric 
(ΔR/R) 

SPARC  0.50% 0.8 ms Protein 
FlaSh  5.10% 2.8 – 85 ms Protein 

Flare  0.50% 10 – 100 ms Protein 

PROPS  150% 5 ms Protein 

di-4-ANEPPS  8% < 1 ms Dye 

di-8-ANEPPS  10% < 1 ms Dye 

RH237  11%  < 1 ms Dye 
RH421  21% < 1 ms Dye 

ANNINE-6plus  30% < 1 ms Dye 

hVOS  34% < 1 ms hybrid 
DiO/DPA  56% < 1 ms hybrid 





Table 3.3: Primers used for mutagenesis, cloning, and sequencing.

Arch D95N forward primer TTATGCCAGGTACGCCAACTGGC
TGTTTACCAC 

Arch D95N reverse primer GTGGTAAACAGCCAGTTGGCGTA
CCTGGCATAA 

Arch to pet28 forward primer GATTAGCCATGGACCCCATCGCTC
TG 

Arch to pet28 reverse primer CATATCGAATTCGCCTTGTACAGC
TC 

pet28 sequence primer TAA TAC GAC TCA CTA TAG GG 

FCK sequence primer GCTCGTCAATCAAGCTGGTTC 

. Supplementary Movies

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S2.
avi

Fluorescence from an HEK cell expressing Arch. The cell was subjected to steps

in voltage from −mV to mV at Hz. The apparent voltage-sensitive pixels

inside the cell are due to out-of-focus fluorescence from the upper and lower sur-

faces of the plasma membrane. Images are unmodified raw data. Movie is shown

in real time.

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S3.
avi

Fluorescence from a rat hippocampal neuron expressing Arch, showing single-

trial detection of action potentials. The field on the left shows the time-averaged

fluorescence; the field on the right shows deviations from the time average. Movie

has been slowed -fold.
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.. Supplementary Movie

http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S4.
avi

Fluorescence from a rat hippocampal neuron expressing Arch, averaged over n

=  action potentials. Note the delayed rise and fall of the action potential in

the small protrusion coming from the process at  o’clock relative to the cell body.

The time-averaged fluorescence from the cell has been subtracted to highlight the

change in fluorescence during an action potential. The background, in gray, shows

the time-averaged image.

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S5.
avi

Fluorescence from aHEK cell expressing Arch(DN) subjected to steps in volt-

age from −mV to mV at Hz. The apparent voltage-sensitive pixels inside

the cell are due to out-of-focus fluorescence from the upper and lower surfaces of

the plasma membrane. Images are unmodified raw data. Movie is shown in real

time.

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S6.
avi

Fluorescence from a HEK cell expressing Arch(DN) subjected to a voltage-

clamp triangle wave from −mV to mV.The apparent voltage-sensitive pix-

els inside the cell are due to out-of-focus fluorescence from the upper and lower

surfaces of the plasma membrane. The movie is sped up threefold. Images are

unmodified raw data.



http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S4.avi
http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S4.avi
http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S5.avi
http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S5.avi
http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S6.avi
http://www.nature.com/nmeth/journal/v9/n1/extref/nmeth.1782-S6.avi


. Manuscript Information

.. Previously Published As

A version of this chapter appeared in []:

J. M. Kralj*, A. D. Douglass*, D. R. Hochbaum*, D. Maclaurin, and A. E. Cohen.

Optical recording of action potentials in mammalian neurons using a microbial

rhodopsin. Nature Methods, ():–, .

.. Acknowledgements

We thank F. Engert (Harvard University) for generously providing support to

A.D.D., providing laboratory space during the early stages of this work, and for

facilitating this collaboration, E. Boyden (Massachusetts Institute of Technol-

ogy), K. Rothschild (Boston University) and A. Ting (Massachusetts Institute of

Technology) for discussions and contributions of equipment and reagents, and

G. Lau, B. Lilley and H. Inada for technical assistance. This work was supported

by the Harvard Center for Brain Science, US National Institutes of Health grants

-R-EB- and New Innovator grant -DP-OD, the Harvard–

Massachusetts Institute of Technology Joint Research Grants Program in Basic

Neuroscience, an Intelligence Community postdoctoral fellowship (J.M.K.), a

National Science Foundation Graduate Fellowship (D.R.H.), a Helen HayWhitney

Postdoctoral Fellowship (A.D.D.) and Charles A. King Trust Postdoctoral Fellow-

ship (A.D.D.).

.. The Author’s Contribution

Daniel R Hochbaum, Joel M Kralj, and Adam D Douglass contributed equally to

this work. Adam E Cohen conceived the project. Daniel R Hochbaum, Joel M

Kralj, AdamDDouglass carried out experiments. Dougal Maclaurin designed and

built the imaging system used in Figure .. All authors designed experiments,

analyzed data and wrote the paper.





4
All-optical electrophysiology in mammalian

neurons using engineered microbial

rhodopsins

. Introduction

To disentangle the complex interactions underlying neural dynamics,

one would like to visualize membrane voltage across spatial scales, from

single dendritic spines to large numbers of interacting neurons, while delivering

spatially and temporally precise stimuli [, ]. Optical methods for simulta-

neous perturbation and measurement of membrane potential could achieve this

goal [].

One would further like to target the stimulation and recording to genetically

specified cells. Genetic targeting is particularly important in intact tissue where

closely spaced cells often perform distinct functions. Genetic targeting is also

valuable in vitro, for characterizing heterogeneous cultures that arise during stem





cell differentiation to neurons [], or while studying neurons co-cultured with

other cell types.

Optical stimulation has been demonstratedwith glutamate uncaging [], pho-

toactivated ion channel agonists [], andmicrobial rhodopsin actuators []. Ge-

netically encoded functional readouts include reporters of intracellular Ca+ and

membrane voltage []. Voltage-sensitive dyes offer good speed, sensitivity, and

spectral tuning [, ], but cannot be delivered to a genetically specified subset

of cells and often suffer from phototoxicity.

Optical stimulation has been paired with voltage imaging [, , , ].

However, robust and cross-talk-free genetically targeted all-optical electrophysi-

ology has not been achieved due to limitations on the speed and sensitivity of ge-

netically encoded voltage indicators (GEVIs), and spectral overlap between exist-

ing GEVIs and optogenetic actuators. GFP-based GEVIs experience severe optical

crosstalk with even the most red-shifted channelrhodopsins, which retain ~

activation with blue light excitation []. There remains a need for sensitive, fast,

and spectrally orthogonal tools for genetically targeted simultaneous optical per-

turbation and measurement of membrane voltage.

Here we introduce variants of a near-infrared archaerhodopsin-based voltage

indicator and a blue light gated channelrhodopsin actuator which individually

show greatly improved performance relative to published optogenetic tools and

which together constitute a tool for all-optical electrophysiology. First, we charac-

terize the optical and electrophysiological properties of the indicator, the actuator,

and the co-expressed pair (Optopatch) and compare against published tools. Sec-

ond, we use Optopatch to probe neuronal excitation across spatial and temporal

scales: from single dendritic spines to fields containing dozens of neurons mea-

sured in parallel, and from microsecond delays associated with action potential

propagation to days-long changes in excitability. Third, we apply Optopatch to

study excitability in human induced pluripotent stem cell (hiPSC)-derived neu-

rons. These measurements revealed the first evidence for homeostatic plasticity

of intrinsic excitability in hiPSC-derived neurons. Fourth, we apply Optopatch

in tissue. In organotypic brain slice, Optopatch initiates and reports action po-

tentials and subthreshold dynamics with higher signal-to-noise ratios, better

photostability, and better time resolution than ArcLight, a recently introduced

GFP-based GEVI [].





. Results

.. Directed evolution of an Arch-based voltage indicator

We previously showed that Archaerhodopsin  (Arch) functions as a fast and

sensitive voltage indicator []. Arch has the furthest red-shifted spectrum of

any GEVI, giving it the unique property of little spectral overlap with channel-

rhodopsin actuators andGFP-based reporters. Thus it is natural to pair Arch-based

indicators with optogenetic actuators for crosstalk-free all-optical electrophysiol-

ogy.

However, wild-type Arch had some undesirable attributes for a reporter: it

was very dim, and the brightness was a nonlinear function of illumination inten-

sity []. Illumination for imaging generated a hyperpolarizing photocurrent,

which partially suppressed neural firing. The mutant Arch(DN) did not pump,

but its step response was dominated by a ms time constant, too slow to resolve

action potential (AP) waveforms. Other non-pumping mutants improved speed

relative to Arch(DN) but did not reach the speed of wild-type Arch and did not

address the low brightness [].

We sought to repair these defects in engineeredmutants of Arch. To accommo-

date the multiple selection criteria, we adopted a hierarchical screen (Fig. .a).

Five rounds of brightness screening in E. coli and random mutagenesis on a li-

brary of > 4 Arch mutants resulted in a brighter Arch variant, containing 

point-mutations (Methods Section .). Further site-directed mutagenesis at

known key residues improved voltage sensitivity and speed (Supplementary

Fig. .), while addition of an endoplasmic reticulum export motif and a traf-

ficking sequence improved trafficking (Methods Section .). The two most

promising mutants were named QuasArs (Quality superior to Arch). QuasAr

comprised mutations PS, TS, DH, DH, FV and QuasAr com-

prised QuasAr(HQ). Both proteins had fluorescence excitation maxima at

 nm and emission maxima at  nm (Supplementary Fig. .). The fluo-

rescence quantum yields of solubilized QuasAr and  were - and -fold en-

hanced, respectively, relative to the non-pumping voltage indicator Arch(D95N)

(Supplementary Table .). All fluorescence microscopy of QuasArs used 

nm excitation.





We compared the fluorescence, voltage sensitivity, and speed of the QuasArs

to wild-type Arch in HEK cells, using epifluorescence microscopy and whole-cell

patch clamp electrophysiology. Under low intensity illumination ( mW/cm2),

QuasAr was -fold brighter than wild-type Arch, and QuasAr was .-fold

brighter (Fig. .b; Methods Section .). Neither mutant showed the optical

nonlinearity seen in the wild-type protein, implying that fluorescence was a -

photon process with the voltage-sensitive transition occurring from the ground

state. At high intensity (>  W/cm2) QuasAr was .-fold brighter than

wild-type Arch, while the brightness of QuasAr and of wild-type Arch were

comparable.

Fluorescence of Arch, QuasAr, and QuasAr increased nearly linearly with

membrane voltage between - mV and + mV (Fig. .c, Methods Sec-

tion .). Sensitivities were ( ΔF/F per mV):  ±  for QuasAr (n =  cells;

all statistics are mean ± s.e.m. unless specified) and  ±  for QuasAr (n = 

cells). The sensitivity of QuasAr is a substantial improvement over both Arch

( per  mV) and Arch(DN) ( per  mV).

Steps in membrane voltage (- mV to + mV) induced rapid fluorescence

responses in both mutants, which we quantified on a fast photomultiplier

(Fig. .d). At room temperature (23 °C) QuasAr had a step response time

constant of . ± . ms (n =  cells), close to the . ms time resolution of

the electronics and substantially faster than the .ms step response of wild-type

Arch []. QuasAr had a bi-exponential step response with time constants of

. ± . ms () and . ± . ms () (n =  cells). At 34 °C, the apparent

speed of QuasAr remained at the . ms resolution of the electronics, and the

time constants of QuasAr decreased to . ± . ms () and . ± . ms

() (n =  cells). Both mutants had similar response times on rising and falling

edges (Supplementary Table .). Neither QuasAr nor QuasAr generated de-

tectable steady-state photocurrent under red light (tested up to  W/cm2) or

blue light (Supplementary Fig. .).

We expressed QuasArs in cultured rat hippocampal neurons, evoked APs and

recorded the fluorescence responses from the soma and proximal dendrites ( kHz

frame rate, Fig. .e-h, Supplementary Fig. .). Single APs produced fluores-

cence transients with amplitude ΔF/F =  ±  for QuasAr (n =  cells) and
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Figure 4.1: Non-pumping Arch-derived voltage indicators with improved
speed, sensitivity, and brightness. (a) Hierarchical screen to select improved Arch
mutants. Five rounds of random mutagenesis and screening for brightness were per-
formed in E. coli. The brightest mutants were subjected to targeted mutagenesis and
screening for speed and voltage sensitivity in HeLa cells via induced transient voltage
(Supplementary Fig. 4.6). (b) Fluorescence of Arch mutants fused to eGFP and
expressed in HEK cells, as a function of illumination intensity. The plot shows Arch
fluorescence normalized by 640 nm illumination intensity and by eGFP fluorescence
(488 nm exc., 525 – 575 nm em.) to control for cell-to-cell variations in expression.
A linear fluorophore (i.e. brightness proportional to illumination intensity) would ap-
pear as a horizontal line. Error bars represent s.e.m. (n = 7 cells for each mutant).
(b) Fluorescence vs. membrane voltage for Arch, QuasAr1, and QuasAr2 expressed
in HEK cells. (d) Fluorescence responses to a step in membrane voltage from -70 to
+30 mV. (e) Simultaneous optical and electrical recording of APs in a rat hippocam-
pal neuron expressing QuasAr1. Frame rate 1 kHz. (f) Overlay of mean optically and
electrically recorded AP waveforms. Frame rate 2 kHz. (g, h), Same as e, f in neu-
rons expressing QuasAr2. Data in b – h acquired on a 128 x 128 pixel EMCCD cam-
era (Methods Section 4.4).





ΔF/F =  ±  for QuasAr (n =  cells). Signal-to-noise ratios (SNRs) for single

APs increased with illumination intensity. For QuasAr, SNR values were  ± 

( W/cm2, n =  cells) and  ±  ( W/cm2, n =  cells). For QuasAr, SNR

values were  ±  (W/cm2, n =  cells) and  ±  (W/cm2, n =  cells).

These SNRs correspond to equivalent electrical noise levels of . to . mV (

to  W/cm2) for QuasAr, or . to . mV ( to  W/cm2) for QuasAr

(Methods Section .).

QuasAr did not introduce detectable broadening in the optically recorded

AP waveform, acquired at a  kHz frame rate (Fig. .f). At room temperature,

QuasAr broadened the optically recorded AP by  ±  µs relative to the

simultaneously recorded electrical waveform at  maximum depolarization (n

=  cells; mean ± s.d.) (Fig. .h). At  °C, QuasAr broadened the optically

recorded AP by  ±  µs (n =  cells; mean ± s.d). Both probes reported AP

peak times with <  µs jitter relative to simultaneously acquired patch clamp

recordings (Methods Section .).

Photostability is a concern with any voltage indicator, so we quantified the sta-

bility of QuasArs under continuous illumination at standard imaging intensity

( W/cm2). Photobleaching time constants were  s for QuasAr and  s

for QuasAr. We further tested for red light-induced phototoxicity usingQuasAr

as the readout. Under continuous illumination at  W/cm2, QuasAr reported

APs with  fidelity for the  min duration of the experiment, with no de-

tectable change in AP width or waveform (Supplementary Fig. .).

We compared the QuasArs to ArcLight A []. Photophysical compar-

isons were performed in HEK cells (Supplementary Table .), and action po-

tential comparisons were performed in matched neuronal cultures (Methods

Section .). ArcLight can be imaged with ~-fold lower illumination intensity

than is required for the QuasArs, facilitating measurements on readily available

microscope systems. However, the QuasArs reported action potentials with 

to -fold larger fractional fluorescence changes,  to -fold higher SNR,  to

-fold higher temporal resolution, and  to -fold greater photostability

(Supplementary Fig. .).

TheQuasArs represent, to our knowledge, the fastest andmost sensitive GEVIs

reported to-date. The  µs response time of QuasAr is more than -fold faster





than the fastest previously reported GEVIs [, ] and is comparable to fast

voltage-sensitive dyes. QuasAr opens the possibility of accurate mapping of AP

waveforms for even the fastest-spiking neurons []. The QuasArs report volt-

age with greatly improved sensitivity and time resolution compared to the first

generation of Arch-based GEVIs, despite requiring ~-fold lower illumination in-

tensity []. From a signal-to-noise perspective, QuasAr is superior to QuasAr:

the greater voltage sensitivity of QuasAr outweighs the greater brightness of

QuasAr. From a temporal resolution perspective, QuasAr is superior. We rec-

ommend QuasAr for spike counting and measurement of sub-threshold events,

and QuasAr for measurement of microsecond-precision AP waveforms and tim-

ing. Furthermore, the far red excitation of the QuasArs allows, in principle, com-

bination with channelrhodopsin actuators or other GFP-based reporters.

.. CheRiff, a sensitive blue-shifted optogenetic actuator

We next sought to combine the QuasAr reporters with a blue light-activated

channelrhodopsin. To achieve spatially precise optical excitation, the channel-

rhodopsin should trigger APs when only a subsection of a cell is excited. Existing

optogenetic actuators have had only marginal success in achieving this goal [].

To avoid optical cross-talk, the blue light intended for the channelrhodopsin

should not perturb the GEVI fluorescence. Existing optogenetic actuators re-

quire blue light intensities that perturb QuasAr fluorescence (Supplementary

Fig. .). We thus sought a more sensitive channelrhodopsin that could reli-

ably trigger APs with sub-cellular illumination and at lower light intensity, while

maintaining fast opening and closing kinetics.

During a screen of plant genomes [] we identified a novel optogenetic actua-

tor, Scherffelia dubia ChR (sdChR) [], derived from a fresh-water green alga first

isolated from a small pond in Essex, England (Supplementary Fig. .) [].

SdChR had promising sensitivity and a blue action spectrum (Imax =  nm). Ad-

dition of a trafficking sequence improved membrane targeting (Supplementary

Fig. .). Introduction of the mutation EA sped the kinetics and shifted the

peak of the action spectrum to Imax =nm (Fig. .a), which decreased spurious

channelrhodopsin activation by red light (Supplementary Fig. ., Supplemen-

tary Table .). We dubbed the final construct CheRiff in reference to Scherffelia,





its genus of origin. CheRiff showed good expression and membrane trafficking in

cultured rat hippocampal neurons (Fig. .b).

Under typical neural culture conditions, rapid and robust AP initiation re-

quires currents of approximately  nA (ref. []). In a paired comparison,

CheRiff passed a photocurrent of  nA at a whole-cell illumination intensity of

 ± mW/cm2 (n =  neurons), -fold lower than was required for ChRHR

( ±  mW/cm2, n =  neurons) (Fig. .c). For stimulation localized to the

soma, CheRiff passed a photocurrent of  nA under illumination at  mW/cm2,

while ChR HR did not achieve this photocurrent under any illumination

intensity. Upon pulsed whole-cell illumination, CheRiff induced high-frequency

and high-reliability spike trains (Fig. .d) at five to ten-fold lower illumination

intensities than have been reported for ChR HR, ChIEF, or ChETA []

using the same protocol.

We measured the photophysical properties of CheRiff, ChR HR and

ChIEF [] in matched neuronal cultures (Supplementary Fig. ., Supple-

mentary Table .). CheRiff showed -fold larger maximal photocurrents than

ChRHR or ChIEF. CheRiff had an opening rate -fold faster than ChRHR

and -fold faster than ChIEF. CheRiff had a similar closing rate to ChIEF, and was

.-fold faster than ChR HR.

Finally, we tested for optical cross-talk between QuasArs and CheRiff in cul-

tured neurons (Supplementary Table .). Illumination sufficient to induce

high-frequency trains of APs ( nm,  mW/cm2) perturbed fluorescence of

QuasArs by <  (Supplementary Fig. .). Illumination with high intensity

red light ( nm,  W/cm2) induced an inward photocurrent through CheR-

iff of . ± . pA, which depolarized neurons by . ± . mV (n =  cells)

(Supplementary Fig. .). For most applications this level of optical crosstalk

is acceptable.

Of the many attributes that determine channelrhodopsin function, the most

important in CheRiff are its greatly increased sensitivity at low illumination in-

tensity and its fast opening kinetics. These properties allow sub-cellular and low-

intensity triggering of precisely timed APs.
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Figure 4.2: CheRiff is a fast and sensitive blue-shifted channelrhodopsin. (a)
Action spectrum acquired in HEK293T cells (n = 6 cells). CheRiff had a blue-shifted
action spectrum with a peak at Imax ~ 460 nm. (b) Cultured rat hippocampal neuron
expressing CheRiff-eGFP, imaged via eGFP fluorescence. Scale bar 25 µm. Image
acquired on an sCMOS detector. (c) Comparison of photocurrents as a function of
illumination intensity in matched neuronal cultures expressing CheRiff (n = 5 cells) or
ChR2 H134R (n = 5 cells). Illumination was either over the whole cell or confined to
the soma. (d) Spiking fidelity as a function of stimulation frequency and illumination
intensity in neurons expressing CheRiff (n = 5 cells). Cells were stimulated with trains
of 40 pulses (2 ms pulse width, 10 to 80 Hz) at three different blue light intensities.
Error bars in (c) and (d) represent s.e.m.





.. Optopatch constructs

Optopatch and Optopatch consisted of bicistronic vectors for co-expression of

CheRiff-eGFPandQuasAr- orQuasAr-mOrange, respectively (Supplementary

Fig. .). We also made Optopatch variants which contained non-fluorescent

eGFP andmOrangemutants, freeing the spectrum for other uses (Methods Sec-

tion .). The QuasAr and CheRiff constructs could also be delivered separately,

but the bicistronic vector maintained amore uniform ratio of actuator to reporter

expression levels.

We characterized Optopatch in detail. When expressed under a CaMKIIα pro-

moter in cultured rat hippocampal neurons (Methods Section .), Optopatch

showed high expression and good membrane trafficking of both CheRiff and

QuasAr (Fig. .a). Patch clampmeasurements found no statistically significant

effect of expression onmembrane resistance (P = ., two-tailed student’s t-test),

membrane capacitance (P = .), resting potential (P = .), threshold current

(P = .), or threshold potential (P = .), when compared to paired cultures

transfected with cytoplasmic GFP driven by a CaMKIIα promoter (n =  cells for

Optopatch, n =  cells for GFP) (Supplementary Fig. .).

A neuron expressing Optopatch was exposed to whole-field illumination with

pulses of blue light ( ms,  mW/cm2) to stimulate CheRiff, and simultane-

ous constant illumination with red light ( W/cm2) to excite fluorescence of

QuasAr. We imaged fluorescence of QuasAr at a  kHz frame rate and calcu-

lated fluorescence from whole-cell average intensity (Supplementary Fig. .),

while simultaneously recording membrane voltage via a patch pipette. The optical

and electrical traces corresponded closely (Fig. .b).

Raw movies acquired at  kHz clearly showed fluorescence changes due to

optically triggered APs (Supplementary Movie ..). Averaging temporally

registered AP movies over multiple trials improved the SNR for sub-cellular

AP mapping (Supplementary Movie ..). Under focused red illumination

( W/cm2), back-propagating APs were detected in single dendritic spines on

a single-trial basis, with an SNR of . (Fig. .c).





.. Probing synaptic transmission

With Optopatch, one can stimulate and record from independently selected and

rapidly reconfigured regions of a neural circuit. We implemented this capability

in culture using a digital micromirror device (DMD) to pattern the blue CheRiff

excitation [], and wide-field red illumination to monitor voltage throughout

the field of view (Methods Section .).

We probed synaptic transmission by optically stimulating the soma of single

cells, and optically monitoring electrical responses in neighboring cells. Optically

induced single APs in the presynaptic cell led to fluorescence transients indicative

of excitatory post-synaptic potentials (EPSPs), as well as occasional failures of

synaptic transmission, in the postsynaptic cell (Fig. .d). The mean interval

between the peak of the AP in the upstream cell and the onset of the optically

detected EPSP in the downstream cell was <  ms, indicating a monosynaptic

connection []. Addition of synaptic blockers ( µM NBQX,  µM Gabazine,

 µM AP-V) quieted the fluorescence response in the postsynaptic cell, with-

out perturbing presynaptic activity. Validation measurements with patch clamp

recordings showed millivolt-level correspondence of optically and electrically

recorded postsynaptic potentials, as well as inhibition of these signal by synaptic

blockers (Supplementary Fig. .).

.. Probing AP propagation

We next sought to apply the extremely fast response of Optopatch (containing

QuasAr) to probe themicrosecond-timescale dynamics of AP initiation and prop-

agation within a single cell. We used the DMD to target optical stimulation to ei-

ther a dendrite or the soma and recorded the fluorescence dynamics at a  kHz

frame rate. To improve the SNR we averaged  to  temporally registered

optically induced APs. These mean-AP movies showed spread of the subthreshold

voltage outward from the stimulated region, followed by a sudden spike in cell-

wide fluorescence that peaked within two frames (Supplementary Movie ..).

Thus the native  kHz frame rate was insufficient to resolve the details of AP prop-





Figure 4.3 (following page): Optopatch enables high fidelity optical stimula-
tion and recording in cultured neurons. (a) Trafficking of Optopatch components
in cultured rat hippocampal neurons. Left: CheRiff-eGFP, measured via eGFP fluores-
cence. Right: QuasAr2, measured via retinal fluorescence. Scale bars: top 20 µm,
bottom 5 µm. (b) Temporally precise optical initiation and monitoring of single
APs. Blue: CheRiff excitation (488 nm, 25 mW/cm2, 10 ms pulses, repeated at 5
Hz). Red: whole-cell single-trial unfiltered fluorescence. Black: patch clamp record-
ing. (c) Optical mapping of an AP induced via stimulation of the soma (488 nm,
95 mW/cm2, 10 ms pulses, repeated at 5 Hz). Top: Filmstrip showing average of
n = 20 temporally registered APs. Fluorescence is normalized to mean fluorescence
of the dendrite. Images are composite of mean fluorescence (gray) and changes in
fluorescence (heat map). Arrow indicates dendritic spine. Scale bar 5 µm. Bottom:
Single-trial detection of back-propagating APs in a single dendritic spine. Scale bar
1 µm. Top traces: ten single-trial recordings from the spine (red) and their aver-
age (blue). Bottom traces: ten single-trial recordings from the parent dendrite. (d)
Synaptic transmission. Optical stimulation of one soma (highlighted in blue; 488 nm,
140 mW/cm2, 10 ms pulses, repeated every 15 s) induced single APs in the stimu-
lated cell (i) and EPSPs in the neighboring cell (ii). Synaptic blockers suppressed the
response in the postsynaptic cell but not in the presynaptic cell. (e) Sub-frame in-
terpolation of AP propagation in a neuron expressing Optopatch1 (Supplementary
Movie 4.7.4). Excitation targeted to dendrites (488 nm, 100 mW/cm2, 50 ms
pulses, repeated at 5 Hz). Movie constructed from an average of 203 temporally
registered APs. Scale bar 50 µm. Bottom right: Immunostaining of the same cell
with anti-eGFP and anti-AnkyrinG. Scale bar 25 µm. Magenta arrows: site of action
potential initiation, distal end of the AIS. (f) Parallel optical recording under increas-
ingly strong 0.5 s optical step-stimuli (488 nm, 0 to 10 mW/cm2, 500 ms pulses, re-
peated at 6 s intervals). Asterisk indicates a cell that showed periodic bursts of 3-4
APs under weak stimulation. Synaptic blockers were added to suppress network activ-
ity. Scale bar 500 µm. Image is of eGFP fluorescence. Data in (a, c, f) acquired on
an sCMOS detector; data in (b, d, e) acquired on an EMCCD.





Figure 4.3: (continued)
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agation.

To probe microsecond-level dynamics, we adapted the sub-frame interpolation

approach of Foust [] and Popovic [] (Supplementary Fig. ., Methods

Section .). By interpolating a smoothly varying spline to the fluorescence in-

tensity time-trace at each pixel, we inferred the timing with which the fluores-

cence crossed a user-selected threshold (e.g. maximum deviation) with a pre-

cision better than the exposure time of the camera. Mean deviation between op-

tically inferred and electrically recorded AP timing at the soma was  –  µs

(Supplementary Fig. .). We then constructed a higher time-resolution movie

highlighting each pixel at the sub-frame time of its wavefront crossing. This inter-

polation technique does not rely on an assumed AP waveform, nor does it assume

wavelike propagation; it is compatible with APs that change shape within or be-

tween cells.

The visually striking propagation movies clearly showed AP initiation  –

 µm from the soma in a single thin neurite, presumed to be the axon, in

n =  of measured cells (Fig. .e, SupplementaryMovies ..- ..), regard-

less of stimulus location. The AP then propagated down the putative axon and

back into the soma and dendrites. Latencies between AP initiation and arrival in

the soma were  ±  µs (n =  cells, mean ± s.d).

After acquiring Optopatch data, we fixed the cells and stained for ankyrin-G, a

marker of the axon initial segment (AIS, Fig. .e). The optically detected zones

of AP initiation coincided with the distal end of the AIS, consistent with previous

experiments using voltage-sensitive dyes []. Thus Optopatch can resolve func-

tionally significant sub-cellular andmicrosecond timescale details of AP dynamics.

.. Parallel measurements in neuronal cultures

To achieve high-throughput functional characterization in neurons, one would

like to apply the technique to many cells in parallel. We constructed a low-

magnification, high-speed microscope (Supplementary Fig. ., Methods

Section .) which robustly reported APs and subthreshold dynamics in up

to ~ cells simultaneously (Supplementary Movie ..). We used a DMD to

pattern the blue illumination for targeted CheRiff excitation in user-selected





regions. Optical stimulation of a segment of a synaptically connected culture in-

duced network activity which manifested as action potentials and sub-threshold

dynamics in the cells not directly stimulated (Supplementary Fig. .).

We developed an all-optical protocol to measure neuronal excitability. Synaptic

blockers were added to suppress network activity. Cells were stimulated with

pulses of blue light ( ms at  s intervals) of increasing intensity ( to 

mW/cm2), while firing patterns were recorded under continuous red illumina-

tion ( W/cm2). In wide-field measurements on n =  neurons expressing

Optopatch, we observed several distinct firing patterns, including fast-adapting

and slow-adapting spike trains (Fig. .f and Supplementary Movie ..).

Two neurons showed intermittent bursting (one of these is indicated by a star

in Fig. .f). The comparatively high throughput of Optopatch measurements

enables detection of rare electrophysiological phenotypes that might be missed in

a manual patch clamp measurement on a smaller number of cells.

To testwhether high-throughputOptopatch could quantify subtle electrophysi-

ological shifts, we applied the all-optical excitability protocol to amodel of homeo-

static plasticity of intrinsic excitability (HPIE) [], in which neurons adapt their

excitability to maintain an approximately constant level of activity. Observation

of HPIE in culture [, ] and in vivo [] has traditionally required laborious

patch clamp measurements on many cells.

Neurons expressing Optopatch were incubated in tetrodotoxin (TTX,  µM)

for  h and thenmeasured in TTX-freemedium in the presence of synaptic block-

ers []. Paired control cultures were incubated without TTX. Cells that had been

treated with TTX (n = ) subsequently showed significantly lower illumination

threshold for spiking (P = ×−6), shorter interval betweenfirst and second spike

(P < .), and more total spikes (P < .) than control cells (n = ), but only

a small change in time from light onset to first spike (Supplementary Fig. .),

consistent with previous reports []. Total data acquisition time was less than 

h, a fraction of the time that would be required for manual measurements.

Although the HPIE measurements showed population-level changes in ex-

citability, a unique promise of Optopatch is the ability to measure the same cell

over several days. In  of  trials, neurons measured with a  min Optopatch

protocol were identified and re-recorded  hrs later (Supplementary Fig. .).

This capability could be important in studying neuronal maturation or long-term





effects of pharmacological, genetic, or environmental perturbations.

.. Probing excitability in hiPSC-derived neurons

Human-derived neurons show promise as a platform for studying human neuro-

physiology in health and disease []. However, variability arises at multiple

levels in this approach []. Each patient’s genetic background modifies neuronal

function, even for nominally monogenic diseases. Additional variability arises be-

tween iPSC clones from a single patient, between differentiations, and between

cells cultured within a single well. Differing degrees of maturation are a particu-

larly large source of cell-to-cell variability within a dish []. Furthermore, for

disease-modeling efforts, one may wish to test many differentiation protocols or

pharmacological perturbations. Together, these factors motivate a need for accu-

rate functional characterization with robust statistics. The low throughput and

selection bias of manual electrophysiology present a serious bottleneck.

We first assessed whether Optopatch expression perturbed electrophysiology

in hiPSC-derived neurons. Cells were transfected with Optopatch and cultured

on a rat glial monolayer. The CamKIIα promoter genetically targeted the mea-

surement to mature neurons within this highly heterogeneous culture REF. Patch

clamp measurements on cells transfected with Optopatch (n = ) or with GFP

(n = ) showed no significant difference in membrane resistance (P = .,

two-tailed student’s t-test), membrane capacitance (P = .), resting potential

(P = .), or action potential activation threshold (P = .) (Supplementary

Fig. .). Optically evoked and optically monitored trains of APs showed the

expected changes upon addition of ion-channel blockers lidocaine and tetraethy-

lamine (Supplementary Fig. .).

We then applied Optopatch to test for HPIE in hiPSC-derived neurons. This

subtle electrophysiological effect is one of several forms of neural plasticity which

have not previously been reported in human-derived neurons. HiPSC-derived

neurons were incubated in  µMTTX for  h. Upon return to TTX-free medium,

treated cells showed a substantial increase in subsequent optically measured

excitability (n =  cells) relative to controls (n =  cells) (Fig. .a-e), demon-

strating positive HPIE.

We next tested for negative HPIE: conditions that depolarize cells (e.g. high
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Figure 4.4: Homeostatic plasticity of intrinsic excitability in human iPSC-
derived neurons probed via Optopatch2. (a-e) Positive HPIE. Data from n = 32
control cells and n = 31 TTX-treated cells. (a) Representative optical recordings
from single neurons after incubation in TTX and matched control cells. (b) Threshold
stimulation intensity (488 nm) to induce at least one spike in 500 ms. TTX treated
cells had a significantly lower threshold than controls (P = 0.004). (c) Time from on-
set of illumination to first spike. (d) Spike frequency at onset (inverse time between
first and second spike). (e) Total spikes per 500 ms stimulus. Measures in (d) and
(e) showed significantly increased excitability in TTX-treated cells relative to control
cells (P < 0.05 for each stimulation intensity � 1.7 mW/cm2). (f-j) Negative HPIE.
Data from n = 25 control cells and n = 28 KCl-treated cells. Panels are the same as
(a-e). KCl treated cells had a significantly higher stimulation intensity threshold than
controls (P = 7×10−6). Measures in (h-j) showed significantly decreased excitability
in KCl-treated cells relative to control cells ((h): P < 0.01 for all stimulus intensities;
(i): P < 0.05 for stimulus intensities � 1.7 mW/cm2; j: P < 0.05 for stimulus inten-
sities � 11.2 mW/cm2). For all experiments fluorescence was excited at 300 W/cm2,
and collected at a 1 kHz frame rate on an EMCCD. All error bars represent s.e.m.
Statistical significance determined by two-tailed student’s t-test or Mann–Whitney U
test. ** P < 0.01; *** P < 0.001.





KCl) induce a gradual decrease in intrinsic excitability []. HiPSC-derived neu-

rons were incubated in  mMKCl for  hrs. Upon return to baseline conditions

(. mM KCl), treated cells showed a substantial decrease in subsequent optically

measured excitability (n =  cells) relative to controls (n =  cells) (Fig. .f-j).

Post-measurement immunostaining with anti-human nuclear antigen  and

anti-GFP antibodies confirmed that all neurons tested were of human ori-

gin (Supplementary Fig. .). Validation measurements with manual patch

clamp confirmed that the HPIE protocols did not change CheRiff photocur-

rents (Supplementary Fig. .).

These experiments demonstrate that human iPSC-derived neurons undergo

bidirectional HPIE, and that Optopatch measurements can non-perturbatively

report subtle differences in electrophysiology in these cells. High-throughput

Optopatch measurements promise to be a powerful tool for functional character-

ization of neuronal populations in hiPSC-based disease modeling efforts.

.. Imaging in organotypic slice culture

Voltage imaging with GEVIs in intact tissue would enable functional mapping of

sub-cellular and circuit-level signal processing. Application of GEVIs to recording

of APs in mammalian brain tissue has been limited by the low voltage sensitivity

and slow response of existing indicators [, ]. NoGEVIhas been shown to report

single-trial APs in tissue with high fidelity.

We expressed Optopatch in organotypic brain slice using biolistic gene de-

livery. Neurons that had taken up the gene were clearly visible via fluorescence

of eGFP (indicating CheRiff) and QuasAr under wide-field epifluorescence imag-

ing (× N.A. . water immersion objective) (Fig. .a). Upon illumination with

pulses of blue light (ms, repeated at Hz, .mW/cm2), the fluorescence under

red excitation (, W/cm2 nominal incident intensity, not corrected for light

scatter) showed clearly resolved single-trial APs in the soma (Fig. .b) and in

dendrites (Supplementary Fig. .). These traces represent raw fluorescence,

without background subtraction or correction for photobleaching.

We performed Optopatch measurements on n =  separately prepared organ-

otypic brain slices (Supplementary Fig. .). AP amplitudes ranged from

ΔF/F = . to . (mean ., n =  cells), calculated without subtraction
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Figure 4.5: Optopatch2 in organotypic brain slice. (a) Left and middle: eGFP
fluorescence, indicating CheRiff distribution. Right: QuasAr2 fluorescence. Scale
bars from left to right: 50 µm, 20 µm, 20 µm. (b) Single-trial optical recordings
of APs initiated by pulses of blue illumination (10 ms, 7.5 mW/cm2). Signal rep-
resents whole-soma fluorescence without photobleaching correction or background
subtraction. (c) Bursts of APs triggered by steps of blue illumination (500 ms, 1-
10 mW/cm2). Inhibitory potentials (arrows) were sometimes observed during the
stimulation intervals, but not during rest intervals, suggesting inhibitory feedback
arising from optically induced network activity. For (b) and (c), red illumination was
1,200 W/cm2 nominal incident intensity, not corrected for light scatter. Fluorescence
collected at a frame rate of 1 kHz on an EMCCD camera.





of background autofluorescence. Whole cell-body fluorescence reported APs with

SNRs ranging from . to . (mean .) in a  kHz bandwidth. At lower red

excitation intensity ( W/cm2 nominal incident intensity, not corrected for

light scatter), whole cell-body fluorescence reported APs with SNRs ranging from

. to . (mean .) in a  kHz bandwidth.

We further tested the response of neurons in tissue to extended pulses of

blue illumination (. s,  to  mW/cm2). This stimulus elicited a variety of

firing patterns, including single spikes, bursts (Fig. .c) and sustained acti-

vation (Supplementary Fig. .). Optically induced spike trains were often

interrupted by hyperpolarizing fluorescence transients, which we provisionally

ascribe to inhibitory feedback in the local micro-circuit. We did not observe these

inhibitory potentials in the absence of optical stimulation. These results demon-

strate the feasibility of optically measuring single-cell, single-trial AP waveforms,

excitability, and subthreshold dynamics in tissue with high SNR.

Finally, we comparedOptopatch toArcLight in organotypic slice (Supplementary

Fig. ., Methods Section .). Under manual patch clamp stimulation, Ar-

cLight fluorescence resolved single action potentials with amean value of ΔF/F = -

. ± . and an SNR of . ± . (n =  cells) (excitation at  nm, W/cm2).

The ArcLight fluorescence transients had a mean width (at  maximum devi-

ation) of . ± . ms. Thus QuasAr reports action potentials in tissue with

greater sensitivity, higher SNR, and better temporal resolution than ArcLight.

. Discussion

The combination of improved reporter and improved actuator in the Optopatch

constructs facilitates rapid, non-invasive characterization of genetically defined

cells across spatial scales from microns to millimeters, and temporal scales from

microseconds to days. Optopatch has not yet been implemented with real-time

feedback on the illumination, so it is not suited for voltage-clamp experiments.

Nonetheless, with the assistance of computational modeling, open-loop voltage

measurements can probe ionic conductances and membrane electrical proper-

ties [, ]. Absolute voltage measurements with GEVIs are challenging due

to variations in expression level and membrane trafficking. A recent report





demonstrated measurements of absolute voltage through its effect on photocycle

dynamics in an Archaerhodopsin mutant []. A similar strategy may apply to

the QuasArs.

Our discovery of homeostatic plasticity in intrinsic excitability of hiPSC-

derived neurons serves as a paradigm for other Optopatch assays of neuronal

excitability. Such assays may probe cell-autonomous functional phenotypes in

hiPSC-based models of diseases such as ALS [], epilepsy [], and Parkin-

son’s disease []. Other neurodevelopmental and neuropsychiatric diseases arise

primarily through synaptic dysfunction. These include Rett syndrome [],

Fragile X [], and Phelan-McDermid syndrome []. Development of robust as-

says of synaptic function will likely benefit from incorporation of cell patterning

techniques to control the type and location of synaptic connections. A merit of

optical electrophysiology for disease modeling and drug screening is that it does

not require mechanical access; thus it is compatible with microfluidic compound

delivery and high throughput experimental formats. Optopatch measurements

preserve the sterility of the sample and the integrity of the cell membrane, and

thus are compatible with studies of long-term responses to chronic pharmacolog-

ical perturbations.

We demonstrated that Optopatch functions in intact mammalian tissue. With

extension to multiple genetically specified cells, Optopatch measurements in tis-

suemay provide a useful tool for functional circuitmapping []. With improved

optical sectioning capability, sub-cellular Optopatch measurements could enable

inference of electrophysiological parameters inmulti-compartment neuralmodels

of single-cell information processing.

For applications in vivo, the new QuasAr reporters are likely to be appropri-

ate for measurements on a few cells or small networks. The required laser power

scales with the field of view, so tissue heating may be a concern for fields of view

> ~ µm on a side. Applications to larger circuits will likely benefit from further

improvements to the indicator, primarily increased brightness, and exploration

of two-photon excitability or other contrast modalities. Small transparent organ-

isms, e.g. zebrafish and C. elegans, are likely early targets as most illumination

passes through the body without depositing heat.





. Methods

.. Engineering of Arch

We adopted a hierarchical approach to screening that prioritized brightness over

multiple secondary selection criteria. The brightness screen was conducted by

examining the fluorescence of large libraries of variants expressed in bacterial

colonies. Subsequent screens for trafficking, speed, and voltage sensitivity were

performed in HeLa cells subjected to field stimulation and induced transmem-

brane voltages, and then in HEK cells with patch clamp.

Molecular biology procedure. Synthetic DNA oligonucleotides used for

cloning and library construction were purchased from Integrated DNA Tech-

nologies. Pfu polymerase (Fermentas) or AccuPrime Pfx SuperMix (Invitrogen)

were used for high fidelity non-mutagenic PCR amplifications in the buffer sup-

plied by the respective manufacturer. Taq polymerase (New England Biolabs) in

the presence of MnCl2 (. mM) was used for error-prone PCR. PCR products and

products of restriction digests were routinely purified using preparative agarose

gel electrophoresis followed by DNA isolation using the GeneJET gel extraction

kit (Fermentas). Restriction endonucleases were purchased from Fermentas and

used according to the manufacturer’s recommended protocol. Ligations were per-

formed using T ligase (Invitrogen) or Gibson Assembly (New England Biolabs).

Small-scale isolation of plasmid DNA was performed by GeneJET miniprep kit

(Fermentas). The cDNA sequences for all Arch variants and fusion constructs

were confirmed by dye terminator cycle sequencing using the BigDye Termina-

tor Cycle Sequencing kit (Applied Biosystems). Site-directed mutagenesis and

randomization of targeted codons was performed with either the QuikChange

Lightning Single or Multi kit (Agilent Technologies).

Construction of Arch mutant libraries. A library of > 4 mutants was gen-

erated by error-prone PCR of the gene encoding Arch DN. These variants were

then joined with the gene encoding mOrange by a two-part overlap extension

PCR. The ’ piece used in the overlap extension was prepared by error-prone PCR

of Arch DN as template with a mixture of the forward and reverse primer. The

’ piece for use in the overlap extension was prepared by high fidelity PCR amplifi-

cation of mOrange. The full-length Arch-mOrange gene library was assembled





by overlap extension PCR using an equimolar mixture of primers together with a

mixture of the ’ and ’ PCR fragments described above ( ng each) as the tem-

plate. In later rounds of directed evolution, error-prone PCR and StEP PCR DNA

shuffling [] were both used for construction of Arch-mOrange gene libraries.

The full-length PCR product (approximately , b.p.) was purified by agarose

gel electrophoresis, doubly digested, and ligated between the XbaI and HindIII

sites of a modified pBAD vector which was generated by deleting the ETorA tag

between the NcoI and XbaI sites of the pTorPE vector [] using Quikchange

Lightning kit.

Following ligation, electrocompetent E. coli strain DHB was transformed

with the library of gene variants and cultured overnight at  °C on -cm Petri

dishes of LB-agar supplemented with  µL of  mM retinal (Sigma),  µg/mL

ampicillin (Sigma), and up to . (wt/vol) L-arabinose (Alfa Aesar). The

retinal solution was added on the surface of LB-agar plates evenly and air-dried

prior to plating the cell suspension. At concentrations of L-arabinose higher

than . (wt/vol) we observed abnormal colony morphologies and reduced

fluorescent brightness, presumably due to cytotoxicity caused by overexpression.

Screening of Arch mutants in E. coli. The imaging system used for library

screening has previously been described in detail []. We screened ,–

, colonies (– plates of bacterial colonies) per round of random mu-

tagenesis. For libraries generated by randomization of one or more codons, we

screened approximately -fold more colonies than the expected library diversity

(e.g. , colonies for a ,-member library).

We acquired two images of colonies using filter sets for mOrange (exc.  -

 nm, em.  -  nm) and Arch (exc. - nm and em.  -  nm).

An image of the ratio of Arch: mOrange fluorescence was calculated, and the

colonies with the top . to . highest ratios were manually picked. Picked

clones were individually cultured in  mL liquid LB medium ( µg/mL ampi-

cillin) shaken ( rpm) overnight at  °C.

Protein expressionwas induced by adding mL of liquid LBmedium containing

 µM retinal,  µg/mL ampicillin and . L-arabinose to the overnight cul-

ture, followed by incubation at  °C for  hours. The cell pellets were collected by

centrifugation, washed and resuspended in buffered M salt solution containing

 g/L Na2HPO4,  g/L KH2PO4, . g/L NaCl and  g/L NH4Cl. The suspension





was then diluted -fold prior to acquisition of its fluorescence spectrum in a Safire

 fluorescence microplate reader (Tecan).

The emission profiles of each variant under excitation at  nm and  nm

were acquired and normalized by the absorbance at  nm. The cell pellets of

the three variants with the highest ratios of Arch to mOrange and the two vari-

ants with the brightest absolute Arch fluorescence were treated for plasmid DNA

extraction, and the pooled genes were used as templates for construction of gene

libraries in the next round of directed evolution. After five iterations we arrived

at a non-pumping variant of Arch with five mutations relative to wild-type (PS,

TS, DN, DY, and FV) and substantially improved brightness under

excitation with low illumination intensity. This variant, designated Arch ., was

used as the template for subsequent efforts to address the secondary selection

criteria.

Random mutagenesis at positions Asp and Asp. We next focused on

tuning other properties of Arch including voltage sensitivity, response kinetics,

membrane trafficking and the undesirable dependence of brightness on illumi-

nation intensity. Positions Asp and Asp of Arch are structurally aligned

with positions Asp and Asp of bacteriorhodopsin, and have been reported to

play key roles in proton translocation during the photocycle [, ]. The voltage

sensing mechanism of Arch is likely due to electric-field-dependent protonation

of the retinal Schiff base [, ], so we reasoned that perturbations of the proton

translocation network around the Schiff base could potentially affect the voltage

sensitivity, response kinetics, or complex photophysics [].

We constructed libraries inwhich Asp andAspwere randomized to a sub-

set of all possible amino acid substitutions. First, we randomizedpositionusing

codon HVS (where H = A, C or T; V= A, C, or G; S = C or G), which encodes for all

amino acids except Ala, Gly, Asp, Glu and Val. This library was screened by fluo-

rescence imaging of E. coli colonies. Variants that retained a high ratio of Arch to

mOrange fluorescence were picked and expressed in HeLa cells for screening via

induced transmembrane voltage (see below).

The mutation NH emerged as the best from the first round of screening in

HeLa cells. We then constructed a second library by randomizing position  to

a subset of amino acids with polar or charged side chains (codon NRC, where N

= A, C, G, or T; R = A or G), and screened these in HeLa cells. The variant with





histidine at position  proved most promising and was designated QuasAr.

Solubilization and spectroscopic characterization ofQuasAr andQuasAr.

E. coli expressing QuasAr and QuasAr were grown in  mL liquid LB medium

with  µg/ml ampicillin overnight. The next day,  mL of liquid LB medium

containing  µM retinal,  µg/ml ampicillin and . arabinose was added

into the overnight culture, followed by additional incubation at  °C for  hours.

The cell pellets were collected by centrifugation and lysed by suspension in B-PER

solution (Pierce). The cytoplasmic fraction was discarded after centrifugation and

the colored insoluble fraction was resuspended in phosphate buffered saline (PBS)

containing . n-dodecyl-β-D-maltopyranoside (Affymetrix, Inc.). The suspen-

sion was homogenized by an ultrasonic homogenizer and centrifuged (, g

for  mins,  °C). The solubilized protein in the supernatant was used for in vitro

spectroscopic characterization.

Absorption spectra were recorded on a DU- UV-visible spectrophotome-

ter (Beckman) and fluorescence spectra were recorded on a Safire plate reader

(Tecan). Cy carboxylic acid (Cyandye)was used as the reference for quantumyield

measurement. Quantum yield measurements were performed on a series of dilu-

tions of each protein solution and standard, with absorbance values ranging from

. to . at  nm. The fluorescence emission spectra of each dilution were

recorded with excitation at  nm and the total fluorescence intensities obtained

by integration. Integrated fluorescence intensity vs. absorbance was plotted for

each protein and each standard. Quantum yields, Φ, were determined from the

slopes (S) of each line using the equation: Φprotein = Φstandard(Sprotein/Sstandard).

Expression vectors for HeLa cells. To express Arch-mOrange variants in

HeLa cells, the gene in the pBAD vector was first amplified by PCR using primers

that introduced cut sites BamHI and XbaI before and after Arch-mOrange vari-

ants. The reverse primer encoded the endoplasmic reticulum (ER) export sequence

from the inward-rectifier potassium channel Kir. (FCYENE) [], which has

been reported to be effective for improving the membrane trafficking of Arch in

mammalian cells [].

The purified DNA was digested with BamHI and XbaI restriction enzymes and

ligated into a purified pcDNA. plasmid that had been digested with the same

two enzymes. The ligation reaction was used for transformation of electrocompe-

tent E. coli strain DHB cells. Cells were plated on LB/agar supplemented with





ampicillin and individual colonies were picked into  mL of LB/ampicillin follow-

ing overnight incubation at  °C. Liquid cultures were shaken at  rpm and 

°C for - h and then a small scale isolation of plasmid DNA was performed.

Each gene in pcDNA. was fully sequenced. Plasmids were then used for cell

transfection as described below.

Induced transmembrane voltage (ITV) in HeLa cells. We co-expressed

prospective Arch variants in HeLa cells with the inward rectifier potassium chan-

nel, Kir.. Expression of Kir. lowered the resting potential to approximately

- mV, close to the resting potential of neurons [, ]. We reasoned that this

effect would center the ITV close to the physiologically relevant range.

HeLa cells were grown to - confluence on home-made  mm glass bot-

tom dishes or -well glass bottom plates. Cells were transfected with  µg of

plasmid DNA comprising a : mixture of Arch variant and Kir., using either

 µL Turbofect (Thermo Scientific) or  µL Lipofectamine  (Invitrogen) ac-

cording to themanufacturer’s instructions. After  h incubation, themediumwas

exchanged to DMEM with  fetal bovine serum. Cells were incubated for an

additional  h at  °C in a CO incubator. Immediately prior to imaging, cells

were washed twice with Hanks balanced salt solution (HBSS) and then mL of 

mMHEPES buffered HBSS was added.

Cell imaging was performed with an inverted Eclipse Ti-E (Nikon) equipped

with a Photometrics QuantEM SC camera, a  W mercury-xenon lamp

(Hamamatsu), and a  mW  nm semiconductor diode laser (ICS/S,

Melles Griot CleanBeam) aligned just above the angle for total internal reflection.

The filters were: - nm (excitation), - nm (emission), and  nm

(dichroic). Movies were acquired at  ms/frame. The NIS-Elements Advanced

Research software (Nikon) was used for microscope and camera control and data

acquisition. A schematic of the setup is shown in Supplementary Fig. ..

To probe the response kinetics and voltage sensitivity, we used a pair of paral-

lel platinum electrodes to apply a reproducible electric field across the cell culture

and induce transient asymmetries in the membrane voltage []. Platinum elec-

trodes with a gap of . cm were mounted in a custom plastic support. The elec-

trode pair was placed in the imaging dish or well, and voltage pulses from a A

V/A DC Power Supply (HP / Agilent) were applied using waveforms gener-

ated by a pulse generator PG A (Gould Advance Ltd). The typical waveform had





square-wave pulses lasting  ms, and pulse amplitudes from  –  V. Fluo-

rescence was imaged at  Hz frame rate in × binning mode for  seconds.

During each voltage pulse, opposite sides of the cell showed opposite fluorescence

transients. Typical fluorescence traces are shown in Supplementary Fig. ..

Raw fluorescence traces were corrected for background autofluorescence and

photobleaching. The average voltage sensitivity (ΔF/Fmin) and signal-to-noise ra-

tio of each Arch variant were compared to the best variant of the previous gener-

ation, and only the variants with equal or improved performance were chosen as

templates for the next round of screening.

Expression vectors for HEK cells and neurons. To enable more accurate elec-

trophysiological characterization via patch clamp in HEK cells and primary neu-

ron cultures, we cloned QuasAr into the BamHI/EcoRI sites of lentivirus vector

FCK-Arch-GFP (Addgene: ). This vector contains a CaMKIIα promoter and

aWoodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) af-

ter the ’ end of the open reading frame. The primers used introduced a trafficking

signal (TS) motif and ER export signal peptide sequence at the C-terminus of the

protein.

Simultaneous electrophysiology and fluorescence in HEK cells. HEKT

cells (ATCC CRL-) were cultured and transfected following standard pro-

tocols []. Cells tested negative for mycoplasma. Briefly, HEK- cells were

grown at  °C,  CO, in DMEM supplemented with  FBS and penicillin-

streptomycin.  ng of plasmidDNAwas transfected using Transit T (Mirus)

following themanufacturer’s instructions, and assayed  hours later. The day be-

fore recording, cells were re-plated onto glass-bottom dishes (In Vitro Scientific)

at a density of , cells/cm2.

Cells were supplemented with retinal by diluting stock retinal solutions (

mM, DMSO) in growth medium to a final concentration of  µM, and then re-

turning the cells to the incubator for . -  hr. All imaging and electrophysiology

were performed in Tyrode buffer (containing, in mM:  NaCl, . KCl,  CaCl2,

 MgCl2,  HEPES,  glucose pH ., and adjusted to - mOsm with su-

crose). A gap junction blocker, -aminoethoxydiphenyl borate ( µM, Sigma),

was added to eliminate electrical coupling between cells.

Filamented glass micropipettes (WPI) were pulled to a tip resistance of –

MΩ, and filled with internal solution containing  mM potassium gluconate,





 mM NaCl, . mM MgCl2, . mM CaCl2,  mM EGTA,  mM HEPES,  mM

Mg-ATP, . mMNa-GTP (pH .); adjusted to  mOsm with sucrose. Pipettes

were positioned with a Sutter MP manipulator. Whole-cell, voltage and cur-

rent clamp recordings were acquired using an Axopatch B amplifier (Molecular

Devices), filtered at  kHz with the internal Bessel filter and digitized with a Na-

tional Instruments PCIE- acquisition board at - kHz. Data was only ac-

quired from HEK cells having reversal potentials between - and - mV, access

resistance <  MΩ and membrane resistance > . GΩ.

Simultaneous whole-cell patch clamp recordings and fluorescence recordings

were acquired on a home-built, inverted epifluorescence microscope, described

previously [] and described below in “Optopatch Apparatus”. For step response

measurements, voltage clamp electronics were compensated -. We exam-

ined variants of QuasAr with mutations at position  (Asn, Cys, Gln, His and

Tyr) and position  (Arg, Asp, Asn, Cys, Glu, His, Lys and Tyr). These experi-

ments confirmed that histidine at position  provided the best combination of

improved voltage sensitivity, and fast kinetics. Mutants with Gln, Cys, or Asn at

position  exhibited better voltage sensitivity compared to QuasAr, while re-

taining fast kinetics. We designated the HQ mutant QuasAr.

Analysis of mutations in QuasAr and QuasAr. We developed a structural

model of Quasar (Supplementary Fig. .) based on homologous protein Arch-

 (PDB: EI, ref. []). Mutations TS and FV are located in the periphery

of the protein, while PS is close to the Schiff base of the retinal chromophore.

Given their location, we suspect that the TS and FV substitutions are un-

likely to have a direct impact on the photophysical properties of the protein, and

are more likely to have a role in improving the folding efficiency. In contrast, the

close proximity of the PS substitution to the Schiff base suggests that this mu-

tation has a more direct influence on the photophysical properties.

We compared the Arch double mutants Arch(DH, DH) (termed “HH”)

and Arch(DQ, DH) (termed “QH”) to the corresponding QuasAr and

QuasAr mutants do determine whether the mutations in the proton-transport

chain were sufficient to induce the improved sensor performance. QuasAr and

QuasArwere both substantially brighter than the corresponding doublemutants

(Supplementary Fig .). Furthermore, the voltage sensitivity of the HH, QH,

QuasAr and wild-type protein were comparable, and three-fold less than the





sensitivity of QuasAr. The QuasArs were faster than their corresponding double

mutants. Thus one or more of the three mutations outside the proton transport

chain (PS, TS, FV) plays an important role in the brightness, sensitivity,

and speed of the QuasAr mutants.

The constructs described in this chapter are available on Addgene.

.. Engineering of CheRiff

The gene for Scherffelia dubia Channelrhodopsin (sdChR) was synthesized with

mouse codon optimization. This gene was selected from a screen of channel-

rhodopsins for its blue excitation peak ( nm) and its large photocurrent

relative to ChR. However, the trafficking in neurons was poor (Supplementary

Fig. .). Addition of a trafficking sequence from Kir. improved trafficking

greatly []. Addition of the ER export motif did not appear to further improve

trafficking, so this motif was not included in the final construct.

The improved membrane trafficking led to large photocurrents in neurons un-

der blue excitation (±pApeak, nm, mW/cm2, n = cells) but also

led to unacceptably large photocurrents from the red laser used to illuminate the

QuasArs ( ±  pA, steady state,  nm, W/cm2). Furthermore the off-time

was undesirably slow (τoff = . ± . ms). Based on experience with mutations

in other rhodopsins, we introduced the mutation EA, which only slightly de-

creased the peak photocurrent under blue illumination (to  ±  pA, n = ),

but decreased the crosstalk from red illumination (to . ± . pA) and shortened

τoff to . ± . ms. This variant, termed CheRiff, showed excellent trafficking

and neural activation at low illumination intensities.

The action spectrum of CheRiff was measured in HEK (n =  cells) with a

monochromator (Till-Photonics Polychrome IV). mspulses of nearly equal pho-

ton fluxes (~ . × 21 photons/s/m2) were used across wavelengths. Small devia-

tions in photon flux between wavelengths were corrected by dividing the recorded

opsin response by the measured photon dose. For each cell, wavelengths were

swept from blue-to-red and red-to-blue, and the responses were averaged.





.. Design of Optopatch

We used A peptide ribosomal skip sequences as a means to achieve approxi-

mately stoichiometric co-expression. The porcine teschovirus- (PA) sequence

performed better than theThosea asigna virus (TA) sequence. Due to the greater

need for high expression of the voltage indicator than the actuator, we placed the

QuasAr gene before the PA sequence and the CheRiff gene after (Supplementary

Fig. .).

In some applications onemight wish to use the visible spectrum for other imag-

ing modalities, e.g. for a reporter of Ca2+ or a GFP expression marker. In such

cases, it is inconvenient to haveGFP andmOrange fused to CheRiff andQuasArs,

respectively. Removal of the eGFP tag from QuasArs resulted in poor membrane

localization in neurons. To maintain the beneficial trafficking properties of the

eGFP tag while eliminating the eGFP fluorescence, we mutated the eGFP chro-

mophore from TYG to GGG using site-directed mutagenesis (Agilent). This muta-

tion has been reported to preserve folding of eGFP []. We also made versions of

Optopatch in which the mOrange was mutated to a non-fluorescent form by the

mutation TYG to TAG.

Optopatch constructs were incorporated into lentiviral vectors under the

CaMKIIα promoter, adapted from Addgene plasmid .

.. Neuronal culture and gene delivery

All procedures involving animals were in accordance with the National Institutes

of Health Guide for the care and use of laboratory animals and were approved by

the Institutional Animal Care and Use Committee at the institution at which they

were carried out.

Primary neurons. Rat glial monolayers were prepared similarly to ref. [].

Briefly, 6 dissociated hippocampal cells from P rat pups (Sprague Dawley,

Tocris) [] were plated on a  cm culture dish in glial medium GM, com-

prised of  FBS (Life), . (w/v) D-glucose,  glutamax (Life),  peni-

cillin/streptomycin (Life) in MEM (Life). When the dish reached confluence (-

weeks), cells were split using trypsin onto glass-bottomed dishes (In Vitro Sci-

entific, D--.-N) coated with poly-D-lysine and matrigel (BD biosciences)

at a density of ( cells/cm2). After - days, glial monolayers were at or





near confluence and the medium was replaced by GM with  µM cytarabine

(cytosine-β-arabinofuranoside, Sigma). Dishes were maintained in GM with 

µM cytarabine until use. Dishes were discarded if microglia or neurons were

identified on the monolayers.

Hippocampal neurons from postnatal day zero rat pups were dissected and

cultured in neurobasal-based medium (NBActiv, Brainbits llc.) at a density of

,-, cm−2 on the pre-established glial monolayers []. At one day

in vitro (DIV), cytarabine was added to the neuronal culture medium at a final

concentration of  µM to inhibit further glial growth [].

Neuronswere transfected onDIVwith theQuasArs orOptopatch plasmids via

the calcium phosphate transfectionmethod. Procedures closely followed ref. [].

Measurements on neurons were taken between DIV -.

For comparisons between CheRiff, ChR HR and ChIEF, neurons were

plated on glass-bottom dishes coated with poly-d-lysine (Sigma P) and

matrigel (BD biosciences ) without pre-established glial monolayers.

On DIV  cytarabine ( µM) was added. Cells were transfected on DIV  with

channelrhodopsin-eGFP fusions, in identical lentiviral plasmids with a CaMKIIα

promoter. All comparison measurements were taken between DIV- at room

temperature ( °C).

For TTX-induced homeostatic plasticity, primary neurons were transfected via

the calcium phosphate method on DIV. TTX ( µM) was added on DIV . Ex-

citability was measured on DIV  in Tyrodes medium with synaptic blockers (

µM NBQX,  µM AP-V,  µM Gabazine).

hiPSC-derived neurons. Human iPSC-derived iCell neurons were purchased

from Cellular Dynamics Inc. Neurons were tested negative for mycoplasma by the

manufacturer. Neurons were thawed and resuspended in complete iCell Neuron

Maintenance Medium (CM) following manufacturer protocols. Cells were then

plated at a density ,/cm2 on pre-established rat glial monolayers grown on

glass-bottomed dishes. Medium was replaced  hours post plating with CM sup-

plemented with  ng/mL BDNF (Peprotech). Thereafter,  media exchanges

with CM were done every  days.

For TTX-induced homeostatic plasticity, hiPSC-derived neurons were trans-

fected via the calcium phosphate method on DIV. TTX ( µM) was added on

DIV . Excitability was measured on DIV  in Tyrodes medium with synaptic





blockers ( µM NBQX,  µM AP-V,  µM Gabazine).

For KCl-induced homeostatic plasticity, hiPSC-derived neurons were trans-

fected on DIV . KCl ( mM) was added from DIV  to DIV  ( h).

Excitability was measured on DIV  in Tyrodes medium with synaptic blockers

( µM NBQX,  µM AP-V,  µM Gabazine).

Organotypic brain slice culture. Organotypic hippocampal slices cultures

were prepared from postnatal day - Sprague-Dawley rats as described previ-

ously []. The brain was taken out and immediately placed in chilled dissection

media. Transverse hippocampal slices were cut with  µm thickness and  to

 slices were placed in a sterile culture plate insert (Millicell-CM, Millipore) in

-well plates containing prewarmed media. Slices were biolistically transfected

with a Helios Gene Gun (BioRad) at  days in vitro (DIV ). Bullets were prepared

using . µg of . µm gold particles and  −  µg of plasmid DNA. Slices

were maintained until imaging at DIV -.

Immediately prior to inverted imaging, slices were affixed to a nylon mesh

weight and mounted upside down in a delta T brainslice adapter for inverted mi-

croscope imaging (Bioptechs). Artificial cerebrospinal fluid (ACSF) was bubbled

with carbogen ( O,  CO) and flowed over the slice at  mL/min at  °C.

.. Electrophysiology in neurons

Measurements were performed on primary cultures at  -  DIV. Experiments

were conducted in Tyrode’s solution containing mMNaCl, .mMKCl, mM

CaCl2, mMMgCl2, mMHEPES, mMglucose (pH .) and adjusted to –

 mOsm with sucrose. Prior to imaging, neurons were incubated with  µM

all-trans retinal for  minutes and then washed with Tyrode’s solution.

Synaptic blockers were added to the imaging medium for measurements of

single-cell electrophysiology. The blockers comprised NBQX ( µM, Tocris),

D(−)--amino--phosphonovaleric acid (AP;  µM, Tocris), and gabazine (SR-

,  µM, Tocris). For measurements of channelrhodopsin photocurrents

in neurons, TTX ( µM, Tocris) was included along with the synaptic blockers to

prevent recruitment of voltage gated sodium channels. Patch clamp data was used

if and only if access resistance was < MΩ, and did not vary over the experiment.

Recordings were terminated if membrane resistance changed by > . Exper-





iments were performed at  ° C under ambient atmosphere unless otherwise

noted.

Comparison of QuasArs to ArcLight A. ArcLight A was prepared in

an identical lentiviral plasmid driven by a CaMKIIα promoter and was transfected

(DIV) in parallelwith theQuasAr plasmids in paired cultures. Weused a standard

ArcLight imaging intensity of  W/cm2 at  nm. QuasAr expressing neurons

were imaged at two intensities ( and  W/cm2). All recordings were made

on the setup described below (“Optopatch apparatus”) at a  kHz frame rate and

xmagnification. Due to its slow kinetics at room temperature (Supplementary

Fig. .), ArcLight recordings were made at  °C to enhance SNR and to match

previously published conditions []. For comparisons in organotypic brain slice,

ArcLight was imaged at  W/cm2 on an upright microscope to enable simulta-

neous patch clamp stimulation and recordings. Recordings were made at a  kHz

frame rate as described below (Section ..) and were acquired at  °C.

.. Immunostaining

Cultures were fixed immediately following data acquisition in a solution of 

paraformaldehyde and  sucrose (w/v) in PBS, pH . at room temperature for

 minutes. Fixed cultures were then washed three times in Dulbecco’s PBS sup-

plemented with Ca2+ and Mg2+ (DPBS), pH ., prior to permeabilization and

blocking in a solution of . (w/v) gelatin and . Triton-X- (v/v) in PBS,

pH . (GTB) for - hours at  ° C.

For experiments using the sub-frame interpolation algorithm, primary cul-

tures were fixed and stained using primary mouse monoclonal anti-ankyrin G

(NeuroMab clone N/; :), primary rabbit monoclonal anti-GFP (Abcam

ab, lot YKCS, :), secondary goat anti-rabbit AlexaFluor 

conjugated (Abcam ab, :), and secondary goat anti-mouse AlexaFluor

 conjugated (Abcam ab, :) antibodies.

For experiments on human iPSC derived neurons, cultures were incubated with

primary mouse anti-human nuclear antigen antibody (Millipore MAB clone

-,:) in GTB overnight at  °C, then washed three times in DPBS, and in-

cubatedwith rabbit anti-GFPAlexaFluor  conjugated (polyclonal, Life A,

:) and secondary antibody donkey anti-mouse AlexaFluor  (Life A,





:) in GTB overnight at  ° C. Cultures were washed three times in DPBS prior

to mounting in DAPI Fluoromount-G (Southern Biotech).

.. Optopatch measurements

Experiments were conducted on a home-built inverted fluorescence microscope,

similar to the one described in the Supplementary Material to ref. []. Briefly,

illumination from a red laser  nm,  mW (Coherent Obis - LX), was

expanded and focused onto the back-focal plane of a × oil immersion objective,

numerical aperture . (Olympus -UB). Imaging of brain slices was per-

formed with a × water-immersion objective, numerical aperture . (Zeiss W

Plan-Apo).

Illumination from a blue laser  nm  mW (Omicron PhoxX) was sent

through an acousto-optic modulator (AOM; Gooch and Housego -.-.-

W) for rapid control over the blue intensity. The beam was then expanded and

modulated by a digital micromirror device (DMD) with × pixels (Texas In-

struments LightCrafter). The DMD was controlled via custom software (Matlab)

through a TCP/IP protocol. The DMD chip was re-imaged through the objective

onto the sample, with the blue and red beams merging via a dichroic mirror. Each

pixel of the DMD corresponded to . µm in the sample plane. A  nm laser

was combined with the red and blue beams for imaging of mOrange. We wrote

software tomap DMD coordinates to camera coordinates, enabling precise optical

targeting of any point in the sample.

To achieve precise optical stimulation of user-defined regions of a neuron, it

was necessary to determine the mapping from pixels on the DMD to pixels on the

camera. A uniform fluorescent film (exc.  nm, em.  nm) was loaded into

the microscope. The DMD projected an array of dots of known dimensions onto

the sample. The camera acquired an image of the fluorescence. Custom software

located the centers of the dots in the image, and created an affine transformation

to map DMD coordinates onto camera pixel coordinates.

A dual-band dichroic (Chroma zt/rpc) separated fluorescence of mOr-

ange and Arch from excitation light. A / nm bandpass filter (Semrock

FF-/-) and  nm longpass dichroic (Semrock FF-Di) was

used for eGFP imaging, a / nm bandpass filter (Chroma, HHQ/)





was used for Arch imaging, and a quad-band emission filter (Chroma ZET

/// nm) was used for mOrange imaging and pre-measurement

calibrations. A variable-zoom camera lens (Sigma -mm f/.-. II DC) was

used to image the sample onto an EMCCD camera (Andor iXon+ DU-), with

 ×  pixels. The variable zoom enabled imaging at a range of magnifications

whilemaintaining the high light collection efficiency of the oil or water immersion

objectives.

In a typical experimental run, images of mOrange and QuasAr fluorescence

were first acquired at full resolution ( ×  pixels). Data was then acquired

with  ×  pixel binning to achieve a frame rate of , frames/s. For experi-

ments with infrequent stimulation (once every  s), the red illumination was only

on from  s before stimulation to  ms after stimulation to minimize photo-

bleaching. Cumulative red light exposure was typically limited to <  min. per

neuron, although continuous red light exposure for minutes was well tolerated

(Supplementary Fig. .). Full resolution eGFP images were taken after func-

tional recordings to prevent CheRiff excitation prior to the experiment.

Lowmagnificationwide-field imagingwas performedwith a custommicroscope

system based around a ×, NA . objective (Olympus MVX-). Illumination was

provided by six lasers  nm,  mW (Dragon Lasers M), combined

in three groups of two. Illumination was coupled into the sample using a cus-

tom fused silica prism, without passing through the objective. Fluorescence was

collected by the objective, passed through an emission filter, and imaged onto a

scientific CMOS camera (Hamamatsu Orca Flash .). This microscope imaged

a . × . mm field of view with . µm spatial resolution and  ms temporal

resolution, or a  ×  mm field of view with  ms temporal resolution. Blue illu-

mination for channelrhodopsin stimulation was provided by a  nm,  W laser

(Dragon Lasers), modulated in intensity by an AOM and spatially by a DMD (Digi-

tal Light Innovations DLi – ALP HS).The DMDwas re-imaged onto the sam-

ple via the × objective. The DMD provided targeted stimulation with excitation

with . µm spatial resolution and . ms temporal resolution.

During an experimental run, we first acquired an image of a neuron using wide-

field illumination at  nm to probe Arch fluorescence, and/or  nm to probe

mOrange fluorescence. A user then selected one or more regions of interest on

the image of the neuron, and specified a timecourse for the illumination in each





region. The software mapped the user-selected pixels onto DMD coordinates and

delivered the illumination instructions to the DMD.

.. Data analysis

Statistics. All error ranges represent standard error of themean, unless otherwise

specified. For two-sample comparisons of a single variable, data was tested for

normality using the Shapiro-Wilks test. If the data was detectably non-Gaussian,

we performed a nonparametric Mann-Whitney U test. Otherwise we performed a

two-tailed student’s t-test. Channelrhodopsin multi-way comparisons of a single

variable were made using a one-way ANOVA with Dunnett’s post-hoc test, using

CheRiff as a reference. No channelrhodopsin datasetwas detectably non-Gaussian

(Shapiro-Wilks). Probabilities of the null hypothesis P < . were judged to be

statistically significant.

Extracting fluorescence from movies. Fluorescence values were extracted

from raw movies in one of two ways. One approach used the maximum likeli-

hood pixel weighting algorithm described in ref. []. Briefly, the fluorescence

at each pixel was correlated with the whole-field average fluorescence. Pixels

that showed stronger correlation to the mean were preferentially weighted. This

algorithm automatically found the pixels carrying the most information, and

de-emphasized background pixels. This approach was used for all experiments

in cultured neurons. In images containing multiple neurons, the segmentation

was performed semi-automatically using the independent components-based

approach of ref. [].

Alternatively, a user defined a region comprising the cell body and adjacent

processes, and calculated fluorescence from the unweighted mean of pixel val-

ues within this region. With the improved trafficking of the QuasAr mutants

compared to Arch, the maximum likelihood pixel-weighting algorithm was only

marginally superior to manual definition of an ROI (Supplementary Fig. .).

For calculations of ΔF/F in culture, background fluorescence from a cell-free re-

gion was subtracted from the baseline fluorescence of the cell. In measurements

in brain slice, fluorescence was calculated from manually defined ROIs with equal

pixel weighting and no background subtraction or correction for photobleaching.

Precision of optically recorded AP timing. To determine the temporal preci-





sion of the QuasAr indicators, we used the sub-frame interpolation algorithm of

refs. [, ] to infer the timingwithwhich the fluorescence reached ofmax-

imum at each AP, and compared to simultaneously acquired high time-resolution

patch clamp recordings. Root-mean-square (r.m.s.) temporal jitter was  µs for

QuasAr (n =  APs) and  µs for QuasAr (n =  APs). This jitter reflects the

combined errors in timing intrinsic to the optical measurement (shot-noise and

distortion of the waveform by the reporter) and errors introduced by temporal

discretization of the camera frames and the sub-frame interpolation. Thus optical

recordings with QuasArs can determine spike timing with precision much greater

than the camera exposure time.

Fitting channelrhodopsin photocurrents. Photocurrents of the channel-

rhodopsins were characterized following the protocols in ref. []. Briefly, peak

photocurrents in response to a light pulse ( nm, .W/cm2,  s duration) were

identified by first smoothing the traces using robust Loess method with a filter

width of ms, and then finding the extremumof the filtered trace after laser onset

and subtracting the baseline current. Time to peak (ton) was defined as the time

between light onset and peak photocurrent of the filtered trace. The steady-state

photocurrent was found by fitting a monoexponential curve to the filtered trace

from  ms after the peak until laser offset. The offset of this fit was defined as

the steady-state photocurrent. The time constant of this fit was defined as the de-

sensitization rate (τdes).The channel closure rate (τoff) in response to a light pulse

( nm, .W/cm2,  ms duration) was measured by fitting a monoexponential

to the decay of the photocurrent after light offset.

Illumination intensities for  effective light power density [] (EPD,

Supplementary Table .) values were determined from measurements of peak

photocurrents versus a series of whole field illumination intensities. For each cell,

peak photocurrents at each intensity were first normalized by the maximum peak

photocurrent. The resulting curves were then fit with a simple binding model

(Y = Bmax × X /(EPD + X). The reported EPDs are the average of the fit pa-

rameters from n =  cells.





.. Sub-frame interpolation of AP timing

The sub-frame interpolation algorithm consists of a series of computational

image-processing steps (Supplementary Fig. .). Each step may be modified

to account for experiment-specific attributes of the data.

A neuron was induced to fire through repeated optical stimulation of a user-

selected subcellular compartment (typically soma or dendrite). We typically

observed  photobleaching over a  s acquisition. Photobleaching was typi-

cally dominated by non-specific background fluorescence, rather than by photo-

bleaching of QuasAr, and often photobleaching did not follow a simple single-

exponential decay. The photobleaching baseline was constructed from the whole-

field intensity by a sliding minimum filter, followed by a sliding mean filter. Each

frame of the movie was then corrected by dividing by this baseline.

QuasAr fluorescence intensity F(t) was determined either by the regression al-

gorithm described before [] or by whole-field average intensity. Both proce-

dures gave similar results, with slightly better signal-to-noise ratio returned by

the regression algorithm (Supplementary Fig. .).

Determination of spike times was performed iteratively. A simple threshold-

and-maximum procedure was applied to F(t) to determine approximate spike

times, {T0}. Waveforms in a brief window bracketing each spike were averaged

together to produce a preliminary spike kernel K0(t). We then calculated the

cross-correlation of K0(t) with the original intensity trace F(t). Whereas the

timing of maxima in F(t) was subject to errors from single-frame noise, the peaks

in the cross-correlation, located at times {T}, were a robust measure of spike

timing. A movie showing the mean AP propagation was constructed by averaging

movies in brief windows bracketing spike times {T}. Typically  –  APs

were included in this average. The AP movie had high signal-to-noise ratio, but

did not clearly show signal propagation.

We applied spatial and temporal linear filters to further decrease the noise in AP

movie. The spatial filter consisted of convolution with a Gaussian kernel, typically

with a standard deviation of  pixel. The temporal filter was based upon Principal

Components Analysis (PCA) of the set of single-pixel time traces. The time trace

at each pixel was expressed in the basis of PCA eigenvectors. Typically the first 

eigenvectors were sufficient to account for > of the pixel-to-pixel variability in





APwaveforms, and thus the PCAeigendecompositionwas truncated after  terms.

The remaining eigenvectors represented uncorrelated shot noise (Supplementary

Fig. .b). Projections of themovie onto the PCA eigenvectors only showed spa-

tial features above noise for the first  eigenvectors (Supplementary Fig. .c

inset). To verify that the spatial and PCA filtering did not distort the underlying

AP waveforms, we compared mean AP waveforms in subcellular compartments

before and after the smoothing steps (Supplementary Fig. .d). We observed

no systematic deviations in the AP waveforms in the axon, soma, or dendrites.

The user then set a threshold depolarization to track (represented as a frac-

tion of the maximum fluorescence transient), and a sign for dV/dt (indicating

rising or falling edge). We chose  maximal depolarization on the rising edge.

The filtered data was fit with a quadratic spline interpolation and the time of

threshold crossing was calculated for each pixel to create a map of the AP delay

(Supplementary Fig. .e).

The sub-frame timing precision of the algorithm was calibrated by patch clamp

measurements. Optically induced APs were recorded simultaneously via QuasAr

fluorescence in the soma and by conventional patch clamp, also in the soma

(Supplementary Fig. .f). The r.m.s. error in timing was  µs in this instance,

and did not show systematic bias at the frame boundaries.

The fits were converted into movies showing AP propagation as follows. Each

pixel was kept dark except for a brief flash timed to coincide with the timing of the

user-selected AP feature at that pixel. The flash followed a Gaussian timecourse,

with amplitude equal to the local AP amplitude, and duration equal to the cell-

average time resolution, σ. Frame times in the sub-frame interpolation movies

were selected to be -fold shorter than σ.

Occasionally it was possible to enhance the spatial resolution of the high tem-

poral resolution movies by mapping the timing data onto a higher spatial reso-

lution static image of fluorescence of eGFP (from the CheRiff-eGFP fusion, Sup-

plementary Fig. .g) or of QuasAr. The pixel matrix of the sub-frame inter-

polated movie was expanded to match the dimensions of the high resolution im-

age and the amplitude at each pixel was then set equal to the mean brightness at

that pixel. Selected frames from the resulting movie showed AP initiation at the

axon initial segment in the first two frames (Supplementary Fig. .h, Supple-

mentary Movie ..). To assemble the color movies (Fig. .e, Supplementary





Fig. ., Supplementary Movies ..- ..), the timing signal was assigned

to a colormap which was overlayed on a gray-scale image of mean QuasAr fluores-

cence. Optionally, the optically stimulated region of the cell was highlighted in

blue.
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Figure 4.6: Induced transmembrane voltage (ITV) in Arch-expressing HeLa
cells. A) Experimental setup, showing two platinum electrodes placed on either side
of a transfected cell. V(t) represents the pulse generator and high-voltage amplifier.
B) Frames from a movie of a HeLa cell expressing QuasAr1. The cell was stimulated
with an electrical pulse (20 ms, 50 V/cm). The images show the fluorescence re-
sponse (ΔF/F). The arrow labeled ‘E’ indicates the direction of the electric field. C)
Fluorescence of the cell poles during the ITV experiment shown in (B). Gray marks
above the fluorescence traces indicate timing and duration of the ITV pulses. D) Ex-
panded view of one fluorescence intensity peak from (C).
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Figure 4.7: Structural and spectroscopic properties of QuasArs. A) Locations of
mutations in QuasAr1, modeled on the crystal structure of Arch-2 (PDB: 2EI4) [36].
Arch-2 has 90% amino acid identity with Arch-3. The retinal chromophore is colored
blue and mutations are colored green. B) Top: Images of E. coli pellets expressing
Arch, QuasAr1, and QuasAr2. Bottom: Images of solubilized protein. C) Absorption
spectra of Arch, QuasAr1 and QuasAr2, measured on solubilized protein. D) Exci-
tation and emission spectra measured on QuasAr1 and QuasAr2. Arch was too dim
to measure in the fluorimeter. Emission spectra were recorded with λexc = 600 nm.
Excitation spectra were measured with λem = 750 nm.
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Figure 4.8: Photophysics of QuasArs in mammalian cells. A) In cultured rat
hippocampal neurons, wild-type Arch generated photocurrents of 220 ± 30 pA
(n = 6 cells) under red illumination (1 s, 640 nm, 300 W/cm2) and 140 ± 25 pA
under blue light (1 s, 488 nm, 500 mW/cm2). Steady-state photocurrents were cal-
culated by averaging the current over the last 0.25 seconds of light exposure and sub-
tracting the holding current (cells held at -65 mV) in the dark. These photocurrents
hyperpolarized cells by 25 ± 4 mV and 19 ± 3 mV, respectively. Neither QuasAr1 (n
= 9 cells) nor QuasAr2 (n = 7 cells) generated detectable steady-state photocurrents
under either illumination condition, nor under red illumination at up to 900 W/cm2.
B) Comparison of fluorescence between QuasAr mutants and Arch double mutants,
expressed as eGFP fusions in HEK cells. The double mutants had mutations at the
locations of the proton acceptor (Asp95) and proton donor (Asp106) to the Schiff
base. QuasAr1 includes mutations D95H, D106H, and QuasAr2 includes mutations
D95Q, D106H. The three additional backbone mutations in the QuasArs (P60S,
T80S, F161V) increased brightness relative to the double mutants. Fluorescence of
each Arch mutant was measured with excitation at 640 nm and emission from 660 –
760 nm. To control for variation in expression level, fluorescence was normalized by
eGFP fluorescence (λexc = 488 nm, λem = 510 – 550 nm). Error bars represent s.e.m.
for measurements on n = 5 - 10 cells.
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Figure 4.9: Extraction of fluorescence traces from QuasAr movies. Fluores-
cence can either be calculated by manually defining a region of interest (ROI; top
row), or by preferentially weighting the pixels whose intensity co-varies with the
whole-field average (bottom row) [88]. The noise in the fluorescence trace when
scaled to match the electrical recording is denoted σv. With the improved trafficking
of the QuasAr mutants compared to Arch, the automated technique gave only slightly
higher SNR than manual definition of the ROI. The technique makes no use of the
electrode readout. Cell shown is the source of the data in Fig. 4.1g. All comparisons
of SNR in culture were made on measurements taken with the same 60x objective,
collected on the same EMCCD (Methods Section 4.4), and extracted using this
automated technique. For recordings on cultured neurons, values of ΔF/F were calcu-
lated after subtracting background autofluorescence from a cell-free region of the field
of view. This background subtraction was not performed on recordings in tissue.
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Figure 4.10: Photobleaching of QuasAr2 and test for red light induced pho-
totoxicity. A) Fluorescence traces from a neuron expressing QuasAr2 and CheR-
iff (Optopatch2, described below), with APs induced via blue light activation of the
CheRiff. Optogenetic stimulation was preferable to manual patch clamp due to the
poor stability of patch connections over long-term measurements. The cell was illumi-
nated for 30 minutes continuously at 640 nm, 300 W/cm2 and probed at 60 s inter-
vals with blue light to induce a burst of APs (5 pulses of 10 ms, 5 Hz, 20 mW/cm2).
The cell fired APs with 100% fidelity over the recording period, though the signal-to-
noise ratio decreased as the QuasAr2 fluorescence dropped. B) Fluorescence traces
of APs at the beginning, middle, and end of the recording in (A). Each trace in (B)
is an average of the 5 APs elicited during that time point. C) AP widths measured
at 30% and 50% recovery from peak fluorescence deviation. APs did not show a de-
tectable change in width over the 30-minute recording.





Figure 4.11 (following page): Comparison of voltage-indicating proper-
ties of QuasArs and ArcLight A242 in culture. A) Fluorescence as a function
of membrane voltage in HEK293T cells. ArcLight showed voltage sensitivity of -
32 ± 3% ΔF/F per 100 mV (n = 7 cells), comparable in magnitude to QuasAr1
and 2.8-fold smaller than QuasAr2. B) Response of ArcLight to steps in mem-
brane voltage. ArcLight showed bi-exponential kinetics in response to rising or
falling voltage steps (Supplementary Table 4.2). Mean half-response times were
42 ± 8 ms and 76 ± 5 ms on rising and falling edges at 23 °C (n = 6 cells) and
11 ± 1 and 17 ± 2 ms on rising and falling edges at 34 °C (n = 7 cells). C) Step
responses of ArcLight and QuasArs overlaid on the same time axis at 23 °C (top)
and 34 °C (bottom). D) Continuous illumination of a neuron expressing ArcLight
(488 nm, 10 W/cm2) led to photobleaching with a time constant of 70 s. Inset: Low-
magnification image of the neuron. Scale bar 20 µm. Cyan box shows field of view
used for high-speed (1 kHz frame rate) movies of fluorescence dynamics. Fluores-
cence was calculated using the same pixel weighting algorithm used for QuasAr data
(Supplementary Fig. 4.9).
E) Single-trial fluorescence response of ArcLight (blue) and QuasAr2 (red) to a sin-
gle AP (black), recorded at 34 °C and a 1 kHz frame rate. ArcLight reported action
potentials with an amplitude of ΔF/F = -2.7 ± 0.5% (n = 5 cells) and a single-trial
signal-to-noise ratio (SNR) of 8.8 ± 1.6 (488 nm, 10 W/cm2). ArcLight distorted the
AP waveforms to have a width of 14.5 ± 3.0 ms at 70% maximal fluorescence de-
viation, compared to the true width of 1.3 ± 0.1 ms simultaneously recorded with a
patch pipette. QuasAr2 reported APs at 34 °C and 23 °C with comparable single-trial
SNR (SNR at 34 °C: 41 ± 3, 300 W/cm2, n = 8 cells).





Figure 4.11: (continued)
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Figure 4.12: Quantification of optical crosstalk of blue illumination into
QuasAr fluorescence. A) Effect of blue illumination on QuasAr fluorescence.
HEK293T cells expressing QuasAr1 or QuasAr2 (with dark mOrange2, see Meth-
ods Section 4.4) were exposed to continuous excitation at 640 nm (300 W/cm2)
and pulses of illumination at 488 nm (50 ms, 5 Hz). The intensity of the blue pulses
increased from 0.06 to 1.8 W/cm2. B) Quantification of crosstalk. Illumination
with blue light at maximum intensity used to excite CheRiff (0.2 W/cm2) increased
QuasAr1 fluorescence by 1.1% and QuasAr2 fluorescence by 0.6%. Initiation of pre-
cisely timed APs with existing channelrhodopsins required whole-cell illumination at
0.5 to 2 W/cm2 (ref. [108]). Blue illumination at 1 W/cm2 increased QuasAr1 flu-
orescence by 3.4% and QuasAr2 fluorescence by 2.4%, unacceptably high levels of
optical crosstalk. Error bars represent s.e.m. for n = 5 cells for each QuasAr. Quan-
tification is given in Supplementary Table 4.5.
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Figure 4.13: Improvements in trafficking leading to CheRiff. A) Light micro-
graphs (DIC) of Scherffelia dubia (strain CCAC 0053) in side view (top) and face
view (bottom). Arrows mark eyespots (red). Scale bar 10 µm. Strain and micro-
graphs courtesy of CCAC [http://www.ccac.uni-koeln.de/] and Sebastian Hess
(Cologne Biocenter), respectively. B) Image of a cultured neuron expressing wild-
type Scherffelia dubia Channelrhodopsin (sdChR). SdChR typically aggregated and
formed puncta in the soma. Scale bar 25 µm. C) Image of a neuron expressing sdChR
with an additional trafficking sequence from Kir2.1 between the C-terminus of sdChR
and the N-terminus of eGFP (Methods Section 4.4). This trafficking sequence sub-
stantially reduced intracellular puncta. Scale bar 25 µm. D) Two neurons expressing
CheRiff. Inclusion of the E154A mutation reduced red light sensitivity and reduced
τoff while maintaining excellent membrane trafficking and blue light sensitivity. Scale
bar 25 µm.
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Figure 4.14 (following page): Spectroscopic and kinetic properties of CheR-
iff. A) Photocurrents measured in response to a 1 second 488 nm light pulse
with intensity 500 mW/cm2, sufficient to open all the channels. Comparisons were
made on matched rat hippocampal cultures, DIV 14-15. Expression was driven by
a CaMKIIα promoter in identical plasmid backbones. See Methods Section 4.4
for details on cell culture. B) Components of channelrhodopsin current elicited by
a step in blue light. Ipk is the difference between baseline current and peak cur-
rent. ton is the time between light onset and peak current. τdes is the desensitiza-
tion time constant determined by a single-exponential fit to the current decay af-
ter the peak. Iss is steady-state photocurrent. τoff is the channel closing time con-
stant determined by a single-exponential fit to the current decay after the illumina-
tion ceases. C) Peak (Ipk) and steady-state (Iss) photocurrents in neurons expressing
CheRiff (n = 10 cells), ChR2 H134R (n = 8 cells), and ChIEF (n = 6 cells). CheR-
iff generated peak photocurrent of 2.0 ± 0.1 nA, approximately 2-fold larger than
the peak photocurrents of ChR2 H134R (1.1 ± 0.1 nA, P < 0.001) or ChIEF [95]
(0.9 ± 0.1 nA, P < 0.001). CheRiff also generated significantly larger steady-state
photocurrents (1.3 ± 0.08 nA) than ChR2 H134R (0.68 ± 0.07 nA, P < 0.001) or
ChIEF (0.81 ± 0.10 nA, P < 0.001).
We further compared the kinetics of CheRiff to ChR2 H134R and to ChIEF un-
der standard channelrhodopsin illumination conditions (488 nm, 500 mW/cm2) at
23 °C in cultured neurons. D) In response to a step in illumination, CheRiff reached
peak photocurrent in 4.5 ± 0.3 ms (n = 10 cells), significantly faster than ChR2
H134R (8.9 ± 0.5 ms, n = 8 cells, P < 0.001) or ChiEF (18 ± 1.5 ms, n = 6 cells,
P < 0.001). E) Under continuous illumination CheRiff partially desensitized with a
time constant of 400 ms. ChR2 H134R and ChIEF desensitized significantly faster
(39 ± 4 ms, n = 8 cells, P < 0.001, and 49 ± 8 ms, n = 5 cells, P < 0.001, respec-
tively). F) τoff was measured in response to a 5 ms illumination pulse (500 mW/cm2)
as in ref. REF. Channel closing time constant was comparable between CheRiff
and ChIEF (16 ± 0.8 ms, n = 9 cells, and 15 ± 2 ms, n = 6 cells, respectively,
P = 0.94), and faster than ChR2 H134R (25 ± 4 ms, n = 6 cells, P < 0.05). Er-
ror bars represent s.e.m. Statistical significance determined by one way ANOVA with
Dunnett’s post hoc test using CheRiff as the reference. * P < 0.05; ** P < 0.01;
*** P < 0.001. Supplementary Table 4.4 contains a summary of the comparisons
between CheRiff, ChR2 H134R, and ChIEF. G) Activation of CheRiff by red light used
for imaging QuasArs (640 nm, 900 W/cm2). Top: Under current-clamp (i = 0) in a
neuron expressing CheRiff, pulses of red light led to a small steady depolarization of
3.1 ± 0.2 mV (n = 5 cells). Bottom. Under voltage-clamp (V = -65 mV), pulses of
red light led to a small inward photocurrent of 14.3 ± 3.1 pA (n = 5 cells).





Figure 4.14: (continued)
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Figure 4.15: Optopatch construct. A) The optopatch constructs led to co-
expression of CheRiff and QuasAr in the cell plasma membrane. CheRiff mediates
blue light-induced depolarization. QuasAr reports voltage fluctuations under 640 nm
excitation with emission between 660 nm and 760 nm. B) The bicistronic vector con-
sists of a QuasAr fused to mOrange2 with the TS and ER2 trafficking motifs followed
by a porcine teschovirus-1 (P2A) sequence, and ending with CheRiff fused to eGFP.
The P2A peptide causes a ribosomal skip, leading to approximately stoichiometric
co-expression of the actuator and reporter.
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Figure 4.16: Effect of Optopatch expression on membrane electrical proper-
ties. Matched cultures were transfected via calcium phosphate on DIV 7 with either
cytoplasmic eGFP or Optopatch2 in identical plasmids with a CaMKII� promoter. Ex-
pressing cells (n = 8 Optopatch2, n = 7 eGFP, DIV 15) were measured via whole-
cell patch clamp. There was no significant difference in membrane resistance (P =
0.72), membrane capacitance (P = 0.87), or resting potential (P = 0.31) between
Optopatch2 and eGFP expressing cells. Threshold current and potential for action po-
tential initiation were determined by applying increasing steps in current (400-850 pA,
5 ms duration, repeated at 5 Hz). There was no significant difference in threshold
current (P = 0.67) or potential (P = 0.38) between Optopatch2 and eGFP express-
ing cells. Error bars represent s.e.m. Statistical significance determined by two-tailed
student’s t-test or Mann–Whitney U test.
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Figure 4.17: Optopatch measurements of post-synaptic responses. Top:
Three cells expressing Optopatch2 were imaged via eGFP fluorescence (after con-
clusion of the experiment). The blue shading shows the region optically stimulated
in the leftmost cell (488 nm, 35 mW/cm2, 500 ms pulses) to stimulate network ac-
tivity. The red square shows the camera field of view used for imaging QuasAr2 flu-
orescence. The membrane voltage of the cell within this region was simultaneously
monitored via QuasAr2 fluorescence and via whole-cell patch clamp. Middle: Simul-
taneous patch clamp (black line) and fluorescence (red line) recording of subthreshold
activity in the postsynaptic cell (640 nm exc., 1200 W/cm2). The presence of opti-
cally induced EPSPs (red arrows) and IPSPs (black arrows) in the same cell indicates
recruitment of other cells in the network. Bottom: Synaptic blockers (10 µM NBQX,
20 µM gabazine, 25 µM AP-V) eliminated the response in the postsynaptic cell.





Figure 4.18 (following page): Sub-frame interpolation highlights subcellu-
lar timing differences in AP initiation. A) Patterned optical excitation (blue re-
gion) was used to induce between 100 and 400 APs. Fluorescence movies of individ-
ual APs were acquired at 1,000 frames/s, temporally registered and averaged. The
sub-threshold depolarization is greatest at the location of the optical stimulus, and
propagates passively through the cell until it crosses the AP initiation threshold. B)
The movie of a mean AP was passed through a mild spatial filter, and then Principal
Components Analysis (PCA) was applied to AP waveforms at individual pixels. The
first 5 PCA eigenvectors accounted for > 99% of the pixel-to-pixel variation in AP
waveforms; the remaining eigenvectors were noise. C) Cumulative variance of the flu-
orescence signal accounted for by the first n eigenvectors. In this example the cumu-
lative variances explained by the first five eigenvectors were: 97.8%, 98.8%, 98.9%,
99.0%, and 99.1%. Inset shows projection of the spike movie onto each of the first
eight eigenvectors. D) Comparison of AP waveforms before and after the spatial and
PCA smoothing operations. Black lines represent original movie, colored lines rep-
resent filtered data recorded in the axon (cyan), soma (green), and dendrites (red).
E) Map of AP timing, calculated for the cell shown in (A) and (D). Here the timing
was defined as the time to reach 50% of maximum intensity on the rising edge of the
AP. Note the early timing in the axon initial segment on the left. F) Absolute accu-
racy of timing extracted by the sub-frame interpolation algorithm for voltage at the
soma, compared to a simultaneously acquired patch clamp recording. The r.m.s. error
between optically inferred and electrically recorded timing was 54 �s in this example.
Note the absence of systematic offsets at the frame boundaries. G) High-resolution
image of eGFP fluorescence, indicating CheRiff distribution. H) Frames from a sub-
frame interpolated movie formed by mapping the timing information in (E) onto the
high spatial resolution image in (G). White arrows mark zone of AP initiation in the
presumed axon initial segment. Data is from the same cell as in Fig. 4.3e, with im-
ages rotated 90 °.





Figure 4.18: (continued)
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Figure 4.19: Low magnification optical system enables simultaneous imag-
ing of many neurons. Neurons expressing Optopatch2, imaged via eGFP fluores-
cence. More than 50 cells are visible in this field of view. Limitations on data-rate
from the camera required that the field of view be compressed in the vertical direction
to 0.6 mm for optical recordings at 1 kHz, or to 1.2 mm for optical recordings at 500
Hz.
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Figure 4.20: Optopatch measurements of network activity. A) Image of eGFP
fluorescence in a culture of neurons expressing Optopatch2. The left half of the
field (colored blue) was stimulated with blue light of increasing intensity (0.5 s, 1
to 10 mW/cm2) and the whole field was illuminated with red light (100 W/cm2).
B) Left: fluorescence traces showing APs in the neurons indicated in (A) with corre-
spondingly colored arrows. Right: synaptically induced activity in the indicated neu-
rons which did not receive direct optical stimulation. Scale bar 500 µm.
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Figure 4.21: Homeostasis of intrinsic excitability in primary neurons induced
by chronic exposure to TTX. Neurons expressing Optopatch2 were incubated in
1 µM TTX for 48 hours starting at 16 days post plating, and then tested in TTX-
free imaging medium. Paired control dishes from the same culture were incubated
with vehicle alone. Data from n = 75 control cells and n = 94 TTX-treated cells.
QuasAr2 fluorescence was monitored (640 nm, 100 W/cm2) while cells were illumi-
nated with pulses of blue light (500 ms) of increasing intensity (0 to 14 mW/cm2,
repeated twice). A) Threshold blue light stimulation intensity to induce at least one
AP in 500 ms. TTX treated cells had a significantly lower threshold than controls
(P = 5×10−6). B) Time from onset of illumination to first spike. TTX-treated and
control cells did not differ substantially by this measure. C) Spike frequency at on-
set (inverse time between first and second spike). TTX-treated cells fired faster than
control cells (P < 0.001 for each stimulation intensity � 2.7 mW/cm2). D) Number
of spikes during 500 ms stimulus window. TTX-treated cells had more spikes than
control cells (P < 0.01 for stimulus intensities between 0.8 and 8.8 mW/cm2). Error
bars represent s.e.m. *** P < 0.001. Statistical significance determined by two-tailed
student’s t-test or Mann–Whitney U test.
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Figure 4.22: Repeated Optopatch recordings from neurons expressing Op-
topatch2. Images show mOrange2 fluorescence. Scale bar 40 µm. A) Primary rat
hippocampal neurons were stimulated with pulses of blue light of increasing intensity,
targeted to the soma (blue). Cells produced optically detected APs under the stronger
stimuli. The stimulus and imaging protocol lasted 1 min. After the recording, the
imaging medium was replaced with culture medium and the cells were returned to
the incubator. B) 48 hrs later, the same cells were located in the microscope and the
stimulus protocol was repeated. The cells responded similarly in the first and second
trial. Paired recordings separated by 48 hrs were successful in n = 8 of 10 cells.
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Figure 4.23: Effect of Optopatch expression on membrane electrical proper-
ties of hiPSC-derived neurons. Matched cultures were transfected via calcium
phosphate on DIV 10 with either cytoplasmic eGFP or Optopatch2 in identical plas-
mids with a CaMKIIα promoter. Expressing cells (n = 11 Optopatch2, n = 11 eGFP,
DIV 20) were measured via whole-cell patch clamp. There was no significant differ-
ence in A) membrane resistance (P = 0.82), B) membrane capacitance (P = 0.88),
or C) resting potential (P = 0.34) between Optopatch2 and eGFP expressing cells.
Threshold current and potential for action potential initiation were determined by ap-
plying increasing steps in current (20-120 pA, 100 ms duration, repeated at 1 Hz).
There was no significant difference in D) threshold current (P = 0.78) or E) poten-
tial (P = 0.43) between Optopatch2 and eGFP expressing cells. Error bars repre-
sent s.e.m. Statistical significance determined by two-tailed student’s t-test or Mann–
Whitney U test.
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Figure 4.24: Influence of channel blockers on excitability of hiPSC-derived
neurons. A) Human iPSC-derived neurons were excited with 500 ms pulses of
blue light to initiate a train of APs. Repeated stimulation with blue light led to re-
peatable trains of APs. B) Representative AP trains with increasing concentrations
of tetraethylammonium (TEA), a voltage-gated potassium channel blocker. TEA
blocked repolarization after AP initiation. C) Representative AP trains with increasing
concentrations of lidocaine, an activity-dependent sodium channel blocker. Lidocaine
prevented repetitive firing.
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Figure 4.25: Immunostaining to validate human origin of hiPSC-derived neu-
rons. A) Measurement of specificity of anti-human nuclear antigen 1 (hNuc) an-
tibody for human cells. In a culture of hiPSC-derived neurons on rat glia, all nuclei
were stained with DAPI (blue). A subset of these stained with hNuc, indicating two
antigenically different populations. A subset of the hNuc-positive cells stained for
GFP. These were hiPSC-derived neurons that had taken up and expressed the Op-
topatch construct. Scale bars 20 µm. B) Human iPSC-derived neurons used in ex-
periments on homeostatic plasticity were fixed immediately after data acquisition and
immunostained against eGFP to label transfected neurons and hNuc to label human
nuclei. All eGFP expressing cells (277 of 277) showed colocalization of the hNuc with
GFP.
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Figure 4.26: Tests of TTX or KCl chronic treatment on CheRiff expression
and function in hiPSC-derived neurons. A) Fluorescence of eGFP can be used
as a proxy for the expression level of CheRiff. Images of eGFP fluorescence were ac-
quired for all cells used in HPIE measurements. The mean eGFP fluorescence inten-
sity was quantified for each cell. There was no significant difference in intensity levels
between TTX treated cells (n = 31 cells) and their untreated controls (n = 32 cells,
P = 0.59). There was also no significant difference in intensity levels between KCl
treated cells (n = 28 cells) and their untreated controls (n = 25 cells, P = 0.29).
B) & C) Characterization of photocurrents in treated and untreated cells. Cells were
transfected and treated identically to the optical HPIE experiments. Membrane volt-
age was held at V = -65 mV via manual patch clamp. Photocurrents were elicited
by a blue light pulse (1 s, 488 nm, 500 mW/cm2). There was no significant differ-
ence in peak or steady state photocurrents between TTX treated cells and untreated
controls (n = 8 TTX treated cells, n = 10 untreated control cells, P = 0.31 for peak
photocurrents, P = 0.44 for steady-state photocurrents). There was also no signifi-
cant difference in peak or steady-state photocurrents between KCl treated cells and
untreated controls (n = 7 KCl treated cells, n = 7 untreated control cells, P = 0.69
for peak photocurrents, P = 0.78 for steady-state photocurrents). Error bars repre-
sent s.e.m. Statistical significance determined by two-tailed student’s t-test or Mann–
Whitney U test.
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Figure 4.27: Subcellular optopatch measurements in organotypic brain slice.
Optical recordings (640 nm, 1,200 W/cm2 nominal incident intensity; 1 kHz frame
rate on an EMCCD) of optically evoked action potentials (10 ms, 7.5 mW/cm2, re-
peated at 5 Hz) in a neuron expressing Optopatch2 in a brain slice. Subcellular flu-
orescence was extracted by selecting regions of interest (ROIs) around two proximal
dendrites and the cell body. Single-trial APs were seen clearly with high SNR in the
dendrites, as well as the cell body. Scale bar 15 µm.
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Figure 4.28: Optopatch and ArcLight measurements in organotypic brain slice.
A) Optical recordings of optically evoked action potentials in five cells from separately
prepared brain slices expressing QuasAr2. Differences in signal-to-noise ratio reflect
differences in cell depth and in expression level. Action potentials were induced with
blue light (10 ms, 7.5-15 mW/cm2, repeated at 5 Hz) and whole-soma fluorescence
was recorded at a frame rate of 1 kHz on an EMCCD camera (640 nm illumination
1,200 W/cm2 nominal incident intensity, not corrected for light scatter). B) Sus-
tained spiking in response to steps in blue light intensity (488 nm, 500 ms, increasing
intensity from 1 to 10 mW/cm2). QuasAr2 fluorescence was excited with illumination
at 640 nm, 400 W/cm2 incident on the sample, not corrected for scattering. C) Trace
of fluorescence transients in a neuron expressing ArcLight A242 (488 nm, 50 W/cm2)
in response to a train of APs. Inset: Image of the neuron. Scale bar 20 �m. Cyan box
shows ROI used to extract fluorescence from a high-speed (1 kHz frame rate) movie.
D) Single-trial fluorescence response of ArcLight (blue) to a single AP (black). E)
Comparison of QuasAr2 and ArcLight in brain slice. For detection of a single AP,
QuasAr2 ΔF/F was 15.9 ± 3.0% (n = 7 cells), 10-fold larger than ArcLight ΔF/F
(1.5 ± 0.4%, n = 6 cells). QuasAr2 SNR was 31.9 ± 9.5, over 4-fold larger than
ArcLight SNR of 7.1 ± 2.8. Illumination conditions for E) were: ArcLight, 488 nm,
50 W/cm2; QuasAr2, 640 nm, 1200 W/cm2. Fluorescence was extracted by manual
ROI selection of the soma for both ArcLight and QuasAr2. All fluorescent traces and
ΔF/F calculations are presented without background subtraction or correction for
photobleaching.





. Supplementary Tables

Table 4.1: Quantum yields (QYs) of Arch variants measured in solubilized pro-
tein. Fluorescence emission spectra were recorded with excitation at 600 nm. De-
tails of sample preparation and measurement are given in Methods Section 4.4.
*Due to the low light intensities used to determine QYs, fluorescence from Arch was
not detected above baseline.

Protein Name Quantum yield Quantum yield relative 
to Arch D95N 

Arch N/A* N/A* 
Arch D95N 4×10-4 1 
QuasAr1 8×10-3 19 
QuasAr2 4×10-3 10 

Arch D95H/D106H 2×10-3 4.2 

Arch D95H/D106H/P60S 5×10-3 12 

Arch D95H/D106H/F161V 5×10-3 13 





Table 4.2: Spectroscopic and kinetic properties of Arch mutants and ArcLight.
Brightness, response speed, and sensitivity were measured in HEK293 cells. Bright-
ness and voltage sensitivity were comparable at 34 °C and 23 °C.

Mutant Brightness  
(λexc = 640 nm) 

τup (ms,  
-70 mV to +30 mV) 

τdown (ms,  
+30 mV to -70 mV) 

Sensitivity  
(ΔF/F per 
100 mV) 

0.7 W/
cm2 

800 
W/cm2 

τ1 τ2 % τ1 τ1 τ2 % τ1 

23 °C 

Arch(WT) 1 4.0 0.6 NA NA 0.25 1.9 67% 40% 

QuasAr1 15.2 10.3 0.05 3.2 94% 0.07 1.9 88% 32% 

QuasAr2 3.4 3.4 1.2 11.8 68% 1.0 15.9 80% 90% 

Arclight 
A242 

17.4 123 39% 68 121 24% -32% 

34 °C 

QuasAr2 0.3 3.2 62% 0.3 4.0 73% 

Arclight 
A242 

12 72 78% 21.5 NA 100% 





Table 4.3: Spectroscopic and kinetic properties of Scherffelia dubia mu-
tants. Photocurrents were measured in cultured rat hippocampal neurons under
voltage-clamp at Vm = -65 mV. All quantities are represented as mean ± s.e.m. for
n = 5 to 7 cells.

Mutant Trafficking Blue photocurrent (pA; 
peak, 0.5 W/cm2) 

Red photocurrent  
(pA; 640 nm, 300 W/cm2) 

toff   (ms) 

sdChR-eGFP × 

sdChR-TS-eGFP 
 

 
ü 2470±170  ü 38±4  × 26±2.9  × 

CheRiff 
(sdChR-E154A-TS-

eGFP) 

 
ü 2030 ± 100  ü 10.5±2.8  ü 16±0.5 ü 

Table 4.4: Comparison of CheRiff, ChIEF, and ChR2 H134R. All param-
eters were measured in cultured rat hippocampal neurons. Photocurrents were
measured under voltage-clamp at Vm = -65 mV. All quantities are represented as
mean ± s.e.m. for n = 5 to 7 cells. EPD50 = intensity for 50% maximal photocur-
rent.

ChR 
variant 

Imax (nA; 488 nm, 
0.5 W/cm2) 

ton 
(ms) 

τdes 
(ms) 
 

τoff 
(ms) 

EPD50 
(mW/cm2) 

Red 
photocurrent  
(pA; 640 nm, 
300 W/cm2) 

Red light 
depolarization (mV), 
300 W/cm2 

Peak Steady 
state 

CheRiff 2.0±0.1 1.33±0.08 4.5±0.3 400±40 16±0.8 22±4 10.5 ± 2.8 2.3 ± 0.3 

ChIEF 0.9±0.1 0.81±0.10 18±1.8 51±10 15±2 15.0 ± 2.5 2.1 ± 0.15 

ChR2 
H134R 

1.1±0.1 0.65±0.09 9.1±0.7 40±5 25±4 43±4 2.2 ± 0.9 1.0 





Table 4.5: Crosstalk between CheRiff and QuasAr channels in Optopatch con-
structs. Photocurrents were measured in cultured rat hippocampal neurons under
voltage-clamp at Vm = -65 mV. Photocurrents are represented as mean ± s.e.m. for
n = 5 to 7 cells. Fluorescence values were measured in HEK293 cells. Fluorescence
of QuasAr constructs is normalized to the value for QuasAr2 illuminated at 640 nm,
300 W/cm2.

  

Peak CheRiff 
photocurrent (pA) 

Fluorescence 

QuasAr1 QuasAr2 

Blue (500 mW/cm2) 2030±100 0.02 0.017 

Red (300 W/cm2) 10.5±2.8 3 1 

. Supplementary Movies

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v11/n8/fig_tab/nmeth.3000_
SV1.html

Raw QuasAr fluorescence from a neuron expressing Optopatch, imaged at 

kHz frame rate. Fluorescencewas excited bywhole-field red illumination ( nm,

W/cm2). Activity was induced via whole-field blue light illumination ( nm,

 mW/cm2,  ms pulses, repeated at  Hz). Portions of the intervals between

action potentials have been elided to maintain manageable movie size. Movie ac-

quired on an sCMOS camera.

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v11/n8/fig_tab/nmeth.3000_
SV2.html

Same data as in SupplementaryMovie .., averaged over  temporally reg-

istered action potentials. The average fluorescence intensity is shown in grayscale

in the background, and the change in fluorescence is shown as a colormap. Movie

acquired on an sCMOS camera.
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.. Supplementary Movie

http://www.nature.com/nmeth/journal/v11/n8/fig_tab/nmeth.3000_
SV3.html

Movie of an action potential (averaged over n =  optically evoked action po-

tentials) in a neuron expressing Optopatch. Region receiving blue light stimulus

is shown in blue. The subthreshold voltage spreads during stimulation, followed

by a spike in cell-wide fluorescence which peaked within two frames. Movie ac-

quired on an EMCCD camera.

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v11/n8/fig_tab/nmeth.3000_
SV4.html

Sub-frame interpolatedmovie showing action potential initiation and propaga-

tion in the neuron shown in Supplementary Movie ... Region receiving blue

light stimulus is shown in blue. Action potential initiation occurs at the distal end

of the axon initial segment. The movie was constructed from an average of n =

 optically evoked action potentials. Movie acquired on an EMCCD camera.

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v11/n8/fig_tab/nmeth.3000_
SV5.html

Sub-frame interpolated movie showing action potential initiation and propa-

gation in a neuron expressing Optopatch, with blue light stimulation targeted to

the soma. The movie was acquired using the same parameters as in Supplemen-

taryMovie ... Themovie was constructed from an average of n =  optically

evoked action potentials. Movie acquired on an EMCCD camera.

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v11/n8/fig_tab/nmeth.3000_
SV6.html

Sub-frame interpolatedmovie showing action potential initiation and propaga-

tion in a neuron expressing Optopatch, with blue light stimulation targeted to a
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small group of dendrites. The movie was acquired using the same parameters as

in Supplementary Movie ... The movie was constructed from an average of n

=  optically evoked action potentials. Movie acquired on an EMCCD camera.

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v11/n8/fig_tab/nmeth.3000_
SV7.html

Spontaneous network activity in neurons expressing Optopatch, monitored

with red illumination ( nm,  W/cm2) in a field of view  mm ×  mm. The

movie was acquired at a  Hz frame rate. Movie acquired on an sCMOS camera.

.. Supplementary Movie

http://www.nature.com/nmeth/journal/v11/n8/fig_tab/nmeth.3000_
SV8.html

Simultaneous excitation and recording of action potentials in many neurons

expressing Optopatch. A pulse of blue light ( ms,  mW/cm2) was applied to

stimulate neural activity via excitation of CheRiff, and activitywasmonitoredwith

red illumination ( nm,  W/cm2) in a field of view  mm ×  mm. The blue

dot next to the time stamp indicates when the blue light is on. Synaptic blockers

were added to prevent network activity. Themovie was acquired at a Hz frame

rate. Movie acquired on an sCMOS camera.
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5
Conclusion

After years of development, the goal of a genetically-defined, direct and

precise readout of membrane potential appears to be within reach. The past

two years have seen an explosion of new and improved probes based on fusions

of fluorescent proteins (FPs) to voltage sensitive domains [, ]; and probes

based onmicrobial rhodopsin scaffolds whose readouts include direct endogenous

fluorescence [] and fluorescence modulation of fused FPs via FRET-coupling

to the voltage-dependent rhodopsin absorption spectrum []. All the viable

sensors require improvements to become ubiquitous tools for neuroscience, and

it is unclear which, if any of the existing GEVI scaffolds are an ideal solution. The

QuasAr proteins would benefit from further engineering to improve their bright-

ness (ideally one- and two-photon), while maintaining their high sensitivity and

rapid kinetics.

Many exciting questions and applications are ready to be tackled with currently

available or soon-to-be available tools. Below I discuss two directions.





Applications to hiPSC models of disease

The networks formed by cells in a culture dish are random, and are unlikely to

recapitulate disease phenotypes associated with network level mis-wiring and

disorder (although in vitro assays, such as D cell culture, are under develop-

ment []). However, iPSC-derived neurons do provide a model system for

understanding cell-autonomous changes in the context of human neurological

disease. The Optopatch protocols developed in Chapter  are a starting point for

high-throughput studies of diseases that affect intrinsic excitability of the cell.

Optopatch measurements on many cells provide immense amounts of informa-

tion and statistics which can be gleaned in higher-level analyses than we initially

pursued. For example, parameterizing features of the electrical waveforms may

reveal subtle phenotypes which might be missed by lower-throughput manual

patch clamp techniques where far fewer cells are measured.

New protocols must be developed for diseases that perturb the function of

synapses. When studying synaptic disorders in a dish, it may bemore informative

to characterize single connections rather than monitoring network activity. Care-

fully designing high-throughput protocols to uncover and disambiguate pre- and

post-synaptic deficits will generate a more complete picture of cellular physiology

in disease states.

Finally, neurological disorders differentially affect different cell-types. Expand-

ing the palette of available iPSC-derived neuronal cell-types [] will expand the

predictive power of this model system.

In vivo all-optical electrophysiology

Many exciting challenges lie ahead for in vivo all-optical electrophysiology. Apart

from GEVI optimization, there remains a need for improved hardware in order

to record the activity of large ensembles of neurons simultaneously. While tech-

niques have been reported for wide-field imaging with single cell resolution in

small model organisms such as C. elegans [] and zebrafish [], further devel-

opment is required for larger rodent model systems. Scanning two-photon mi-

croscopy is suitable formonitoringmany individual neurons when looking at slow

activity-dependent calcium transients (with GECIs), however faster techniques

will be required for voltage imaging [, ]. An alternative approach to speed-





ing up hardware is to engineer memory storage into the indicator, which can be

accessed after the epoch of interest. Light-gated integrators of neuronal activity

are now being actively developed [].

Presently, neuronal cell-type is largely characterized by transcriptional and

molecular fingerprints, and brain regions by their cell-type composition, anatom-

ical organization, and functional connectivity. Optical electrophysiology promises

to generate an orthogonal approach to understanding the brain by allowing ex-

perimenters to directly observe the electrical dynamics of neurons within a circuit

during stimulation or behavior. In doing so, one can define functional and com-

putational roles for individual cells, and identify distinctive neuronal dynamics

for different brain regions.

My hope is that the tools presented here will add to the growing arsenal of tech-

nologies used to dissect brain circuitry and understand the electrophysiology un-

derlying neurodegenerative and psychiatric disease.
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