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Characterization of Engineered Channelrhodopsin Variants with Improved
Properties and Kinetics
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ABSTRACT Channelrhodopsin 2 (ChR2), a light-activated nonselective cationic channel from Chlamydomonas reinhardtii, has
become a useful tool to excite neurons into which it is transfected. The other ChR from Chlamydomonas, ChR1, has attracted
less attention because of its proton-selective permeability. By making chimeras of the transmembrane domains of ChR1 and
ChR2, combined with site-directed mutagenesis, we developed a ChR variant, named ChEF, that exhibits significantly less
inactivation during persistent light stimulation. ChEF undergoes only 33% inactivation, compared with 77% for ChR2. Point
mutation of Ile170 of ChEF to Val (yielding ‘‘ChIEF’’) accelerates the rate of channel closure while retaining reduced inactivation,
leading to more consistent responses when stimulated above 25 Hz in both HEK293 cells and cultured hippocampal neurons. In
addition, these variants have altered spectral responses, light sensitivity, and channel selectivity. ChEF and ChIEF allow more
precise temporal control of depolarization, and can induce action potential trains that more closely resemble natural spiking
patterns.
INTRODUCTION

Channelrhodopsins 1 and 2 (ChR1 and ChR2) from Chlamy-
domonas reinhardtii are small membrane channels gated

directly by light (1,2). With both channels, the expression

of the N-terminal transmembrane domains of the apoproteins

Channelopsin 1 (Chop1) and Channelopsin 2 (Chop2) are

sufficient for the formation of functional channels in

mammalian cells when all-trans-retinal is present. Chop1

and Chop2 share 65% sequence homology in transmembrane

domains (2), and there are several functional differences

between them and the two ChRs. Significant photocurrent

is detected through ChR1 only when extracellular pH is low-

ered, which led to the previous conclusion that ChR1 is more

selective for protons than other cations (1). The action spec-

trum of ChR1 peaks at 500 nm and is red-shifted compared

to the 460 nm peak for ChR2. In the presence of persistent

light, ChR1 shows less inactivation than ChR2 (1,2).

Of the two ChR proteins from Chlamydomonas, ChR2 has

been receiving the most attention as a neuroscientific tool

because the heterologously expressed Chop2 naturally incor-

porates endogenous all-trans-retinal to form functional

ChR2 in the mammalian nervous system, allowing experi-

menters to selectively excite genetically targeted neurons

with blue light (3–5) and without exogenous cofactors.

Several studies have demonstrated the utility of ChR2 for

mapping neurocircuitry (3,6), inducing synaptic plasticity

(7), restoring vision in rhodopsin-deficient animals (5), and
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studying behavior in free-moving animals (8). Although

ChR2 has been shown to control neuronal excitability, one

of the limitations of ChR2 arises from its rapid inactivation.

ChR2 often fails to induce high-fidelity action potentials

exceeding 30 Hz because the responses to subsequent light

exposure decline significantly after the initial response due

to the inactivation (3,4,9–11). The reduced inactivation of

ChR1 is a more desirable property for ChR, as a lower level

of inactivation leads to more consistent responses with repet-

itive stimulations. However, ChR1 is inadequate to control

neuronal excitability because the number of protons that

permeate the channel is insufficient to depolarize neurons

above threshold at physiological pH.

In this study we aimed to engineer ChR variants with

improved properties for control of neuronal excitability.

We also characterized the basic properties of the variants

and made parallel comparisons with ChR2 because these

properties are important information for neuroscientists

applying these tools. We engineered the ChR variants by

making chimeras of Chop1 and Chop2 and mutating residues

around the retinal-binding pockets of the chimeras. The

chimera with a crossover site at loop E-F (ChEF) retains

the reduced inactivation of ChR1 in the presence of persis-

tent light, but allows the permeation of sodium and potas-

sium ions in addition to protons. A variant of ChEF with

isoleucine 170 mutated to valine (ChIEF) improves the

kinetics of the channel by enhancing the rate of channel

closure after stimulation. Both variants of ChRs exhibit

more consistent response to repetitive light stimulation

above 25 Hz, with ChIEF exhibiting the most distinct and

consistent responses at 50 Hz and above. These ChR variants

can control membrane depolarization with greater temporal

precision than ChR2. To our knowledge, this is also the first

demonstration of a ChR variant that has been artificially
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engineered to serve as an improved tool for neuroscientific

research.

MATERIALS AND METHODS

Molecular cloning

The Chop1 and Chop2 coding sequences, provided by Dr. Rene Meijer,

were truncated at amino acids 349 and 319, respectively. The ChRs were

fused to mCherry at the C-termini through an EcoRI site, and the construct

was inserted into pcDNA3 vector between HindIII and XbaI sites. For the

enhanced green fluorescence protein (EGFP) construct, EGFP was fused

to the ChR with overlapping polymerase chain reaction (PCR) using Phu-

sion (NEB, Woburn, MA) with an XhoI site between the EGFP and ChR

coding sequences. The ChR chimera and point mutations were also made

with overlapping PCR. For transfected neuron recordings, ChIEF fused to

EGFP or mCherry was subcloned into a pCAGGS vector previously used

for in utero electroporation of ChR2 into cortical neurons (6). The vector

and codon-optimized ChR2/H134R were provided by Dr. Karel Svoboda,

HHMI Janelia Farm Research Institute. For the experiment with lower

expression (see Fig. 5), the two flanking introns of the pCAGGS vectors

were removed.

Cell culture and electrophysiology recording

HEK293 cells were cultured in DMEM medium with 10% fetal bovine

serum and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA) and plated

on poly-D-lysine-coated coverslips for recordings. Cells were transfected

using Fugene HD reagent (Roche, Basel, Switzerland) or calcium-phosphate

precipitation (Clontech, Mountain View, CA) 2–3 days before recording

was performed.

Hippocampal neurons were dissected from postnatal day 0 or 1 rat pups

and plated on poly-D-lysine-coated glass coverslips. Transfection of

neuronal cultures was performed with Amaxa Nucleofector (Gaithersburg,

MD) electroporation before plating. Neurons were cultured in Neurobasal

medium supplemented with B27 and Glutamax (Invitrogen). The neuronal

recordings were performed after 19–22 days in culture to ensure maturation

of firing properties.

Electrophysiological recordings of HEK293 were performed with an

Axopatch 200A or 200B amplifier (Molecular Devices, Union City, CA)

at room temperature. In most cells, the series resistance was compensated

up to 75%. The signals were digitized with Digidata 1322A and recorded

with pCLAMP 9 software (Molecular Devices) on a PC. Data analysis

was done with AxoGraph X (AxoGraphX, Sydney, Australia) and/or

pCLAMP 9. For most experiments, the standard extracellular solution con-

sisted of (in mM) 145 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 20

glucose (pH 7.35, 310 mOsm). The intracellular solution consisted of

(in mM) 110 Cs methanesulfonate, 30 tetraethylammonium chloride,

10 EGTA, 2 MgCl2, 0.1 CaCl2, and 10 mM HEPES (pH 7.25,

290 mOsm). The compositions of the extracellular solutions tested in the

permeability experiment are listed in Table 1. The pH of the 5 mM

[Naþ]o/pH 7.032 solution was lowered by titration with HCl. The intracel-

lular solution contained (in mM) 115 K-gluconate, 5 NaCl, 10 KCl,

10 K4BAPTA, 10 HEPES, 2 Na2ATP, and 0.15 Na3GTP (pH 7.3).
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Junctional potentials were measured and corrected offline. The permeability

ratios were calculated with a modified Goldman-Hodgkin-Katz (GHK)

equation (12), including terms for Naþ, Kþ, Hþ, and Ca2þ, but not

Mg2þ, since Mg2þ has been shown to be impermeable through ChR (2).

The proton concentrations were calculated as (10-pH)/0.78, where 0.78 is

the activity coefficient at 25�C. The permeability ratios were calculated

by least-squares curve-fitting in MathCad (Needham, MA). Chang’s (12)

modification of the GHK equation was used to simplify the inclusion of

Ca2þ, but it assumes that divalent cations cause only a small perturbation

of reversal potentials that remain dominated by monovalent ions. The

reversal potentials calculated from the modified GHK equation with the

fitted permeability ratios differed only slightly (<4.5 mV) from the reversal

potentials calculated from the standard GHK equation (13) with the same

permeability ratios, demonstrating that Chang’s assumption was reasonably

valid in our case.

Light stimulation was provided either by a Polychrome IV light source

(T.I.L.L. Photonics GMBH, Grafelfing, Germany) with a mechanical shutter

(Unibliltz VS25, Vincent Associates, Rochester, NY) or a custom-made

light-emitting diode (LED) system (Luxeon, San Jose, CA). Light was

reflected off a mirror to the specimen through a water immersion lens

with numerical aperture of 1.13 (Nikon). In the experiments using the Poly-

chrome IV light source, 570 nm or 550 nm light was used to ‘‘reset’’ the

states of ChR 10 s before subsequent stimulation for consistent comparisons.

For preliminary testing of the chimeras and preconditioning experiments,

11.5 mW/mm2 of 470 nm light from the Polychrome IV light source was

used for stimulation. For measurement of the spectral response of the

ChRs, a neutral density wheel (Thorlab, Newton, NJ) was fitted into the light

path of the Polychrome IV light source and adjusted to provide the 1.707 �
1010 photon/s/mm2 at different wavelengths across the spectrum.

For nonstationary fluctuation analysis (14), transfected HEK cells were

stimulated with 50–75 pulses (20 ms duration) of light with 10 s intervals.

The mean response and trial-to-trial variance for each cell was calculated

with AxographX and exported into Graphpad Prism 4.0 (Graphpad, San

Diego, CA) and curve-fitted with a least-squares error algorithm.

Patch-clamp recordings of cultured hippocampal neurons were performed

with an Axopatch 200B amplifier under current-clamp mode. For record-

ings, the pipette contained 125 mM potassium gluconate, 10 mM HEPES,

10 mM BAPTA tetrapotassium salt, 5 mM NaCl, 1 mM CaCl2, 2mM

MgATP, and 0.3mM Na3GTP. The extracellular solutions were the same

as in the HEK293 cells, with the addition of 10 mM NBQX, 10 mM bicucul-

line, and 50 mM APV (Tocris, Bristol, UK). ChRs in neurons were stimu-

lated with 4 ms of 19.8 mW/mm2 blue LED light for low expression levels

(e.g., see Fig. 5) and 0.25–0.5 ms of blue LED light at the indicated inten-

sities (e.g., see Fig. 6) at high expression levels. Only cells that achieved

action potential firing at the first stimulation pulse were included for analysis

for both groups.

Fura-2 calcium imaging, SNARF-5F pH imaging,
and confocal imaging

Fura-2 AM (5mM; Invitrogen) was loaded at room temperature for 30 min.

After loading, the cells were incubated in Hank’s balanced salt solution during

recovery. For imaging, the solution was replaced by an extracellular solution

that consisted of (in mM) 80 CaCl2, 20 glucose, 23 N-methyl-D-glucamine, 5
TABLE 1 Compositions of the extracellular solutions used in permeability experiments

Solution description NaCl (mM) KCl (mM) CaCl2 (mM) MgCl2 (mM) NMDG (mM) HEPES (mM) Glucose (mM) pH

145 mM [Naþ]o 145 3 0 0 4.5 10 20 7.35

5 mM [Naþ]o 5 3 0 0 144.5 10 20 7.35

5 mM [Naþ]o, 25 mM [Kþ]o 5 25 0 0 122.5 10 20 7.35

5 mM [Naþ]o, pH 7.032 5 3 0 0 144.5 10 20 7.032

5 mM [Naþ]o, 80 mM [Ca2þ]o, 5 3 80 0 24.5 10 20 7.35

118mM [Naþ]o, 20 mM [Ca2þ]o 118 3 20 1 0 10 20 7.35

NMDG, N-methyl-D-glucamine.
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NaCl, 3 KCl, 1 MgCl2, and 10 HEPES. ChR stimulation was provided by

transillumination light filtered through a 470/40 nm filter (Chroma, Rocking-

ham, VT). Fura-2 was excited with 350 and 380 nm of light through a 1% or

2.5% neutral density filter to avoid stimulation of ChR during imaging.

SNARF-5F AM (5 mM; Invitrogen) was loaded at room temperature for

30 min. After loading, the cells were washed with Hank’s balanced salt

solution during recovery. For imaging, the solution was replaced by an

extracellular solution that consisted of (in mM) 1 CaCl2, 20 glucose,

145 NaCl, 3 KCl, 1 MgCl2, and 10 HEPES (pH 7.35). SNARF-5F and

ChR-EGFP transfected cells were imaged in the following order: 653 nm

(653/95 nm filter; 200 ms exposure time), 595 nm (595/50 nm filter;

500 ms exposure time), and 535 nm for EGFP (535/25 nm filter).

A 495 nm excitation light (495/10 nm filter, 10% neutral density filter)

was used to acquire all three images. For offline correction of EGFP

fluorescence in the 595 nm and 653 nm channel, images of cytosolic

EGFP expressing HEK293 cells were acquired with the same settings and

used for correction. The validity of the correction algorithm was confirmed

with cytosolic EGFP-expressing cells loaded with SNARF-5F AM, and the

corrected pH values of EGFP-expressing cells were not significantly

different from those of untransfected cells. The pH was calibrated with

solutions (pH 6.5–8) containing 110 mM K-gluconate, 10 mM NaCl,

25 mM KCl, 1 mM MgCl2, 10 mM HEPES, and 20 mM nigericin (Invitro-

gen). Cells were allowed to equilibrate for 10–20 min before imaging for

calibration.

For confocal imaging of ChR-mCherry fusions, transfected HEK cells

were plated on poly-D-lysine-coated coverslips and imaged on a Zeiss

LSM 5Live confocal microscope (Zeiss, Thornwood, NY). Relative levels

of membrane expression in HEK293 cells were measured by tracing ~20 mm

of the in-focus cell membrane in a single optical slice (0.53 mm thick) and

averaging the fluorescence intensity in the traces from multiple cells.

Because the transfected neurons showed much more irregular perimeters

than the HEK293 cells, the relative membrane expression of ChR-EGFP

in neurons was assessed by integrating the pixel intensity of a 21.73 mm2

square in an optical slice (0.53 mm thick) that included the plasma membrane

of the soma immediately above the coverslip.
Statistical analysis

All analyses were performed with Graphpad Prism 4.0 or Instat 3.0 (Graph-

pad, San Diego, CA). For comparisons of the mean current amplitudes and

inactivation levels of ChR1, ChR2, and the three chimeras, a one-way

analysis of variance (ANOVA) was used followed by Student’s t-test with

Bonferroni’s correction between all pairs. For comparisons of kinetic and

EC50 values, sigmoidal intensity-response profiles are fitted for each cell,

and the estimated EC50, maximum, minimum values were averaged and

compared. These values were compared by means of an ANOVA followed

by Student’s t-test with Bonferroni’s correction between all pairs. For fitting

of time constants, single-exponential fits were used for on-rate, off-rate, and

rate of inactivation for simplicity. All graphs are shown as mean 5 standard

error of the mean (SEM).

RESULTS

Three chimeras of Chop1 and Chop2 were constructed by

retaining the N-terminal portion of Chop1 and replacing

the C-terminal portion with the corresponding segment of

Chop2. We chose Chop2 for the C-terminal segment because

the bacteriorhodopsin crystal structure shows that most of

the residues that mediate ion transfer are located on trans-

membrane helices F and G (15). The three crossover sites

were chosen at the point of homology at helix D (chimera

D or ChD), the loop between helices E and F (chimera E-F

or ChEF), or near the end of helix F (chimera F or ChF)

(Fig. 1 A). All three chimeras were fused at their cytoplasmic

C-terminus to the red fluorescent protein mCherry (16),

whose fluorescence verified expression at the plasma

membrane (Fig. 1 B). Light-induced current was detected

in all three chimeras, with responses of ChD and ChEF
FIGURE 1 Schematic of ChR

chimeras and their basic properties. (A)

Schematic of ChR showing the sites of

chimera crossings at the TIVW sequence

of helix D (X1: ChD), VPKG sequence

of the helix E-F loop (X2: ChEF), and

EGFG sequence at transmembrane helix

F (X3: ChF). (B) Confocal images of

ChD, ChEF, and ChF expressing HEK

cells with mCherry fluorescence at

plasma membrane. (C) The typical

responses of ChR2 (C1), ChR1 (C1),

and the three chimeras (C2) in pH 7.35

saline to 500 ms of 470 nm light. The

black bars above indicate the time of

the light stimulation. (D) Summaries of

the mean maximal response amplitudes

(D1) and the plateau/maximum response

ratio (D2) with ChR1 (n¼ 7), ChR2 (n¼
11), ChD (n¼9), ChEF (n¼ 8), and ChF

(n ¼ 6). The mean response amplitudes

of ChD and ChEF greatly exceed the

mean ChR1 response but are identical

to ChR2, and the level of inactivation

of ChEF is comparable to ChR1 and

ChF. (E) Current-voltage relationships of ChR2, and ChEF in the presence of 145 mM extracellular sodium (E1), 5 mM extracellular sodium ions (E2), and

5 mM extracellular sodium ions þ 25 mM extracellular potassium (E3), showing the reversal potentials of ChR2 and ChEF at various extracellular sodium

and potasium ion concentrations. (F) Fura-2 measurements of calcium in cells expressing ChR2 and ChEF to 5 s of 470 nm light in the presence of 80 mM

extracellular calcium showing detectable elevation of intracellular calcium. Scale bar in B: 10 mm.
Biophysical Journal 96(5) 1803–1814
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exceeding those of ChR1 (Fig. 1 C). ChF yielded only a small

current at the condition tested, identical to the typical

responses of wild-type ChR1 (Fig. 1 C). The results suggest

that chimeras with helices F and G from Chop2 allow the

permeation of ions other than protons. With 500 ms of

470 nm light stimulation, the sustained plateau of ChR2

current was 23.0% 5 1.4% of its initial maximum response

(n ¼ 11; Fig. 1, C1 and D2), i.e., 77% of the initial current

was inactivated. With the same stimulation condition, ChD

and ChEF plateau currents were 33.1% 5 1.4% (n ¼ 9)

and 66.5% 5 4.2% (n ¼ 8) of their respective maximum

responses (Fig. 1, C2 and D2). The amount of inactivation

of ChEF is identical to that previously reported for ChR1

at low pH (2,17). To confirm that ChEF allows the perme-

ation of cations other than protons, we measured reversal

potentials of ChR2 and ChEF at varied [Naþ]o and [Kþ]o

concentrations at pH 7.35, and detected shifts in reversal

potentials with both ChRs when [Naþ]o and [Kþ]o were

varied (Fig. 1 E and Table 2). These shifts of reversal poten-

tials are clear indications that ChEF is permeable to sodium

and potassium in addition to protons at physiological pH. We

also altered extracellular chloride concentrations from

154 mM to 29 mM, but detected no significant difference

in reversal potentials between ChR2 and ChEF, indicating

that ChEF is impermeable to chloride, just as ChR2 is known

to be (2). In previous ChR studies (1,17), the pH of the extra-

cellular solutions was lowered to demonstrate proton perme-

ability. Lowering the pH of the 5 mM [Naþ]o solution from

7.35 to 7.032 shifted the reversal potential for ChR2 and

ChEF by 14–21 mV (Table 2). To confirm proton perme-

ability, we measured the intracellular pH of ChR2-EGFP

and ChEF-EGFP transfected HEK293 cells with the pH-

sensitive, ratiometric fluorescent indicator SNARF-5F. We

acquired the two SNARF-5F images (595 nm and 653 nm)

with excitation centered on 495 nm (total exposure time

700 ms) and assumed that the expressed ChRs were activated

during the imaging of the dye. The pH of ChR2 transfected

cells was 7.32 5 0.06 (n ¼ 16) vs. 7.63 5 0.01 (n ¼ 16

each; p < 0.0001) for neighboring untransfected cells. The

corresponding values for ChEF-transfected versus neigh-

boring untransfected cells were 7.23 5 0.05 and 7.67 5

0.03, respectively (n ¼ 16 each; p < 0.0001). When the

pH changes in the two groups were normalized to the

mean membrane EGFP fluorescence of the ChR-transfected
Biophysical Journal 96(5) 1803–1814
cells, the pH drops were not significantly different (0.39 5

0.08 for ChR2 and 0.53 5 0.09 for ChEF; p > 0.05).

ChR2 has also been reported to be permeable to calcium

(2). We conducted Ca2þ imaging with fura-2 to test whether

ChR2 and ChEF are permeable to Ca2þ. Stimulation with 5 s

of 470 nm light in 80 mM extracellular Ca2þ caused an

increase in intracellular Ca2þ in cells expressing either

ChR2 and ChEF (n ¼ 8 cells in each group, ~1.8- to 2.4-

fold increase in fluorescence ratio; Fig. 1 F). We did not

detect any voltage-gated Ca2þ channels in response to

voltage steps in either transfected or untransfected

HEK293 cells, indicating that the increase of Ca2þ was

most likely mediated directly by ChRs. The responses

were much reduced and less consistent when extracellular

calcium was reduced to 20 mM or 2 mM. No calcium

increase was detected in the six untransfected cells tested

in the same field of view (Fig. 1 F). As further confirmation

that calcium can permeate through the ChRs, replacement of

120 mM NMDG-chloride by 80 mM CaCl2 in the continued

presence of 5 mM [Naþ]o (Table 1) shifted the reversal

potentials byþ13 toþ21 mV for ChR2 and ChEF (Table 2).

We also measured the reversal potentials in a solution con-

taining 20 mM Ca2þ (Table 2) and used those values for

the subsequent calculation of relative permeability (see

below).

Reversal potentials for the six extracellular solutions with

varied sodium, potassium, proton, and calcium concentra-

tions (Fig. 1 E and Table 2) were analyzed by least-squares

fitting to the GHK equation as modified by Chang (12),

assuming equilibration of intracellular [Naþ], [Kþ],

and [Hþ] with the patch pipette solution. The resulting esti-

mates were PK/PNa ¼ 0.427, PCa/PNa ¼ 0.117, and PH/PNa ¼
1.062 � 106 for ChR2, which are comparable to PK/PNa ¼
0.673, PCa/PNa ¼ 0.149, and PH/PNa ¼ 0.877 � 106 for

ChEF. The estimated permeability ratios of ChR2 are similar

to previously reported values (2). The reversal potentials for

ChR2 and ChEF back-predicted from these permeability

ratios are listed in Table 2. These results indicate that trans-

ferring the last two transmembrane domains from ChR2 into

ChR1 to generate ChEF confers permeability to both Naþ

and Kþ, though the Naþ:Kþ selectivity remains slightly

lower than that of ChR2.

ChEF’s reduced level of inactivation is potentially benefi-

cial, but after light is removed, ChEF closes noticeably more
TABLE 2 Summary of measured and fitted reversal potentials (Erev) of ChR2, ChEF, and ChIEF; means are 5 SE

ChR2 ChEF ChIEF

Solution description Measured Erev (mV) Predicted Erev (mV) Measured Erev (mV) Predicted Erev (mV) Measured Erev (mV)

145 mM [Naþ]o 8.00 5 0.55 (n ¼ 5) 8.27 1.37 5 1.07 (n ¼ 5) 2.357 3.36 5 1.70 (n ¼ 5)

5 mM [Naþ]o �21.89 5 2.56 (n ¼ 4) �20.68 �34.74 5 1.96 (n ¼ 5) �29.42 �38.62 5 2.80 (n ¼ 7)

5 mM [Naþ]o, 25 mM [Kþ]o �10.12 5 0.56 (n ¼ 6) �17.32 �13.37 5 1.11 (n ¼ 6) �23.51 Not tested

5 mM [Naþ]o, pH 7.032 �7.02 5 1.75 (n ¼ 3) �3.15 �13.72 5 4.73 (n ¼ 3) �12.30 Not tested

5 mM [Naþ]o, 80 mM [Ca2þ]o, �9.32 5 3.74 (n ¼ 4) �9.30 �14.01 5 2.73 (n ¼ 6) �13.86 Not tested

118mM [Naþ]o, 20 mM [Ca2þ]o 6.11 5 3.05 (n ¼ 5) 5.98 1.45 5 1.50 (n ¼ 4) 0.31 Not tested
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slowly than ChR2 (Fig. 1 C2, Table 3). We mapped residues

around the retinal binding pocket of bacteriorhodopsin onto

the ChR chimera and introduced further mutations in ChEF

to improve its kinetics (15,18). Mutation of Ile170 of ChEF

(corresponding to Ile131 of Chop2 and Leu93 of bacteriorho-

dopsin) to a Val (I170V) to generate ‘‘ChIEF’’ increased the

rate of channel closure compared to ChEF (Fig. 2, B2 and

B3) while preserving the reduced inactivation observed in

ChEF (plateau 67.0% 5 2.4% of initial maximum,

n ¼ 15; Fig. 2 B3). The reversal potentials of ChIEF at

145 mM and 5 mM extracellular Naþ were identical to those

of ChEF (Table 2), suggesting that the I170V mutation does

not alter pore selectivity. In addition, the change of pH with

prolonged activation measured with SNARF-5F (0.37 5

0.05) is not significantly different from ChR2 and ChEF

transfected cells when normalized to the mean EGFP

membrane fluorescence intensity of ChR2 and ChEF.

The mean maximum response amplitudes of ChR2, ChEF,

and ChIEF (�731 5 100 pA (n ¼ 11), �1050 5 210 pA

(n ¼ 8), and �802 5 143 pA (n ¼ 15), respectively) were

not significantly different from each other in the transfected

HEK cells (p > 0.05; Fig. 1 D1), suggesting that our ChR
variants had channel conductances in a similar range.

However, the amplitudes of the response are also dependent

on the relative expression levels of the channels in HEK

cells. We took two approaches to resolve this issue. First,

we measured the relative membrane mCherry fluorescence

of the various ChR-transfected cells. These values were

not significantly different from each other (mean fluores-

cence of 364 5 94 arbitrary units (AU) (n ¼ 13), 524 5

57AU (n ¼ 20) and 411 5 73AU (n ¼ 14) for ChR2,

ChEF, and ChIEF, respectively). However, estimating

channel conductance with fluorescence measurements and

total currents is prone to many errors. Variations in the

precise membrane localization, properties of fused fluores-

cent proteins, contamination of membrane fluorescence

signal with intracellular fluorescence, and fractions of

nonfunctional channels in the membrane can introduce major

errors. An independent second approach is to estimate the

unitary channel currents of the three ChR variants from

nonstationary fluctuation analysis (14), as this approach

registers only functional channels in the plasma membrane

during stimulation (Fig. 3). The ranges of the estimated

unitary currents of ChR2, ChEF, and ChIEF were
FIGURE 2 Spectral and kinetic prop-

erties of ChR variants to varying light

density and duration. (A) Spectral

responses of ChR2 (A1), ChEF (A2),

and ChIEF (A3). The vertical lines indi-

cate the estimated peaks. All responses

normalized to the maximum response

obtained from the cell tested at the

various wavelengths (n ¼ 5 for ChR2,

ChEF; n ¼ 6 for ChIEF). (B) Examples

of ChR2 (B1), ChEF (B2), and ChIEF

(B3) responses to 0.11, 0.48, 2.59,

9.64, and 19.81 mW/mm2 of light

provided by an LED 470 nm light

source. Note the faster channel closure

after light removal for ChIEF compared

to ChEF. (C1) The intensity-amplitude

and intensity-onset (C3) relationship of

ChR2 (black, n ¼ 8), ChEF (light

gray, n ¼ 7), and ChIEF (dark gray,

n ¼ 11) for the maximum response

(C1) and the plateau component of the

response (C2) normalized to projected

maximum response of the individual

cell tested. Introduction of I170V

(ChIEF) reduced the EC50 of ChEF

by 2.3� (for the maximum response)

and 3� (for the plateau response). (D)

Responses of ChR2 (D1), ChEF (D2)

and ChIEF (D3) to 1, 2, 3, 4, 5, 10,

and 20 ms of light stimulation at

~19.8 mW/mm2.
Biophysical Journal 96(5) 1803–1814
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FIGURE 3 Nonstationary fluctuation analysis of ChR2,

ChEF, and ChIEF. (A) An example of nonstationary fluc-

tuation analysis of ChIEF. The mean (A1) and variance

(A2) of ChIEF were obtained from 60 pulses of 470 nm

light 10 s apart. (A3) The mean-variance plot and the

least-squares fitted curve of ChIEF obtained from the

up-slope of the response. (B) The estimated single-channel

currents of ChR2 (�0.092 5 0.022pA; n ¼ 8), ChEF

(�0.0965 5 0.012pA; n ¼ 6), and ChIEF (�0.113 5

0.020 pA; n ¼ 9) (B1) and estimated single-channel

conductance calculated assuming ohmic conductance

(1.084 5 0.258 pS for ChR2, 1.185 5 0.150 pS for

ChEF and 1.463 5 0.253 pS for ChIEF) (B2). The elec-

tromotive force used for estimating single-channel

conductance was measured to be ~87 mV for ChR2 and

~82 mV for the chimeric channels.
�0.020pA to �0.200 pA, �0.059 to �0.127 pA, and

�0.042 to �0.186 pA, respectively. The respective means

of �0.092 5 0.022 pA (n ¼ 8), �0.090 5 0.012 pA

(n ¼ 6), and �0.106 5 0.019 pA (n ¼ 9) were not signifi-

cantly different from each other. By measuring the reversal

potentials and assuming the conductances to be ohmic, we

estimated single-channel conductances to be ~1.1 pS, with

ranges from 0.25 to 2.42 pS for ChR2, 0.74 to 1.58 pS for

ChEF, and 0.54 to 2.41 pS for ChIEF.

ChR1 is reported to have a red-shifted response spectrum,

with a peak in response at 500 nm compared to 460 nm for

ChR2 (1,2). We stimulated ChR2, ChEF, and ChIEF with

light pulses of constant photon intensity, 1.465 � 1010

photons/mm2/s, while varying wavelengths from 590 nm to

390 nm at 20 nm intervals. We measured the maximal

response during the 500 ms of light stimulation at each wave-

length and the response after 450 ms of persistent light

(defined as the plateau response), and normalized each to the

maximal response of the individual cell across the spectrum.

The maximum responses of ChR2, ChEF, and ChIEF peaked

at ~460 nm, ~470 nm, and ~460 nm, whereas the plateau

responses peaked at ~450 nm, ~490 nm, and ~470 nm, respec-

tively (Fig. 2 A). Overall, ChEF had a slightly red-shifted and

wider response spectrum than ChR2, but ChIEF reverted

toward ChR2. We also characterized ChD and the H134R

mutant of ChR2, which was previously reported to have

a reduced level of inactivation (19,20). The response spectra

of ChR2/H134R (see Fig. S1 C in the Supporting Material)

and ChD (Fig. S2 C) were generally similar to that of ChR2.

However, ChD had a slightly narrower spectrum and reduced

response in the UV range; its response to 390 nm light was

48% 5 1.6% (n ¼ 3) of maximum, significantly less

(p ¼ 0.0005) than that for ChR2, 63% 5 1.1% (n ¼ 4).
Biophysical Journal 96(5) 1803–1814
To investigate the kinetics and intensity dependence of

ChRs more precisely, we switched to illumination with an

LED with on/off times of 10 ms verified with a fast photo-

diode. The results are summarized in Table 3. The introduc-

tion of I170V increased the maximum and plateau EC50’s of

ChEF to light (Fig. 2 C). The H134R mutation modestly

reduced the level of inactivation of ChR2 (Fig. S1 D2 and

Table 3), but the improvement was much less than in

ChEF or ChIEF. The onset rates of all ChR variants

increased with increasing light intensity (Figs. 2 C3, S1 E,

and S2 E). At 9.6 and 19.8 mW/mm2 light intensity, the acti-

vating time constants of all ChRs were below 3 and 2 ms,

respectively. The rates of channel closure were independent

of stimulus intensity (Fig. 2 B) or duration (Fig. 2 D), with

closure time constants for ChD < ChIEF < ChR2 <
ChR2/H134R < ChEF (Table 3). This result contradicts

previous reports that the closure time constant for ChR2

depends on stimulus duration (9) and intensity (5). We

also tested the effects of changing stimulus duration on the

induced responses. All ChR variants reached maximum

response with 10 ms of 19.8 mW/mm2 (Figs. 2D, S1 B,

and S2 B). With 20 ms stimulation, ChR2, ChR2 with

H134R, and ChD exhibited rapid inactivation during the

presence of light after the peak responses were reached

(Figs. 2 D, S1 B, and S2 B), whereas the inactivation was

much slower with ChEF (Fig. 2 D2) and ChIEF (Fig. 2 D3).

We investigated the effect of varying interpulse intervals

on recovery of the inactivated responses of ChR2, ChEF,

and ChIEF. With ChR2, the recovery of the peak response

was complete within 25 s, with 50% recovery at 5.3 s

(Fig. 4 B). With ChEF and ChIEF, the maximum peak

responses of ChEF and ChIEF never fully recovered to the

level of the first stimulation in the dark, reaching only
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TABLE 3 Summary of the basic and kinetic properties of ChR2, ChR2 with H134R, ChD, ChEF, and ChIEF measured and estimated

from the intensity-response curve projection from Figs. 2, S1, and S2

Response spectra

peak (nm)

IPlateau / IMax

EC50 (mW/mm2) Opening rate t (ms) Closing rate t (ms)

Max. Plateau Max. Plateau 9.7mW /mm2 19.8mW/mm2 10 ms pulse 500 ms pulse

ChR2 (n ¼ 7) ~470 ~450 0.215

5 0.023

1.099

50.102

1.045

50.437

2.127

50.134

1.205

50.052

13.39

51.05

13.54

51.39

ChR2 H134R (n ¼ 7) ~450 ~450 0.387

50.019 ***, yyy
1.068

50.104

0.979

50.084

2.837

50.116

1.922

50.220 ***

17.96

51.18 *, yyy
17.92

51.37 yy
ChD (n ¼ 7) ~450 ~450 0.306

50.011 *, yyy
3.228

50.364 ***, yyy
1.016

50.119

2.416

50.179

1.486

50.081

7.88

50.34 **, yyy
7.82

50.33 *, yyy
ChEF (n ¼ 8) ~470 ~490 0.695

50.013 ***

0.716

50.044

0.459

50.034

2.921

50.158 *

1.560

50.029

26.31

51.28 ***

24.86

51.27 ***

ChIEF (n ¼ 9) ~450 ~450 0.795

50.025 ***,yy
1.645

50.117 yy
1.376

50.121 yy
2.763

50.199

1.618

50.076

9.77

50.66 yyy
11.95

51.01 yyy

The mean projected maximum transient current responses of the five groups were not significantly different at �462.57 5 154.34pA,�634.73 5 204.01pA,

�772.26 5 157.62pA,�526.89 5 153.51pA, and �753.44 5 274.79pA for ChR2, ChR2/H134R, ChD, ChEF, and ChIEF respectively, suggesting that the

expression levels of the five groups were comparable, assuming identical single-channel conductance. Although the Bonferroni method is used to compare all

pairs of values after ANOVA, only significance at 5% (*), 1% (**), and 0.1% (***) levels compared to ChR2, and significance at 1% (yy) and 0.1% (yyy)
compared to ChEF are shown in the table. Values represent means 5 SEM.
~80% of the initial maximum response (Fig. 4 B). The expo-

nential projections of the recovery kinetics of the transient

component suggest that the recovery plateaus at ~65% of

the initial response for ChEF and ChIEF after 30 s (not

shown). In addition, the recoveries of ChEF and ChIEF

response were complicated by the appearance of a small

slow component after 15 s (arrow, Fig. 4 A). Despite the

slow component, the plateau phase of the ChEF and ChIEF

responses always reached the same level at the end of the

500 ms stimulation. With the combination of incomplete

recovery of the transient component and the appearance of

the slow component, the maximum amplitude of the second

response after 25 s delay can sometimes be slightly smaller

than the response after 15 s. The slow component of the

response was previously observed for ChR1 (17), although

it was not described in detail. We also found that condi-

tioning ChR2, ChEF, and ChIEF with short-wavelength light

(~410 nm) before stimulation with 470 nm light leads to the

appearance of an exaggerated slow component (Fig. S3, A4,

B4, and C4). Illumination with long-wavelength light

(570 nm for ChR2 and ChEF, and 550 nm for ChIEF)

enhanced the recovery of the inactivated component,

surpassing the 80% recovery obtainable in the dark for

ChEF and ChIEF (Fig. S3, A3, B3, and C3).

A major application of ChEF and ChIEF will be to

stimulate neurons with temporal fidelity above 25 Hz. We

stimulated the different ChRs with two episodes of burst stim-

ulation with 19.8 mW/mm2 at 50 and 100 Hz in transfected

HEK293 cells under voltage-clamp recordings to test ChR

function independently of active membrane channels

(Fig. 4 C). Both ChEF-based ChRs showed more consistent

responses and less rundown than ChR2 and ChR2/H134R

when stimulated at 50 Hz and 100 Hz (Fig. 4 C), although

ChIEF outperformed ChEF. Surprisingly, ChD was second

only to ChIEF in high-frequency response (Fig. 4 C), prob-

ably because ChD has the fastest off-rate of all ChRs tested
(Table 3), combined with a slower rate of inactivation at this

stimulus intensity (time constant of 34.1 ms, single-exponen-

tial fit) compared to ChR2 (22.9 ms, single-exponential fit).

We next tested cultured hippocampal neurons transfected

with ChR2 and ChIEF and stimulated with 10 light pulses at

25 Hz or faster rates, repeated once more 150 ms later, to

simulate bursting activity (Fig. 5). At 25 Hz, ChIEF-trans-

fected neurons achieved significantly more light-triggered

spikes (17.89 5 1.65 spikes out of 20 pulses; n ¼ 9) than

ChR2 neurons (2.90 5 0.80 spikes out of 20 pulses; n ¼
10, p < 0.0001). At higher frequencies (50 and 75 Hz)

ChR2 often failed to drive spikes after the initial pulse

(1.44 5 0.24 and 1.71 5 0.29 spikes for 50 and 75 Hz,

respectively). In comparison, ChIEF was more successful

in inducing spikes than ChR2 (7.88 5 1.36 and 5.43 5

0.72 spikes for 50 and 75 Hz, respectively, p < 0.0004,

when compared to ChR2). The superiority of ChIEF over

ChR2 was not due to differences in membrane properties

of the recorded cells, because the membrane capacitance

(68.74 5 10.16 vs. 69.46 5 11.49 pF), resistance

(144.8 5 26.5 vs. 169.0 5 24.1 MU), and calculated

membrane time constants (8.0 5 1.3 ms, n ¼ 9 vs. 10.0

5 0.8 ms, n¼ 10 ms) were measured and found to be similar

for ChR2 and ChIEF transfected neurons, respectively. We

also measured the relative membrane expression of the

ChRs by measuring the amount of fluorescence from the

fused EGFP, and found these values not to be significantly

different between the two groups (Fig. 5, D and E).

It may be possible to compensate for the inactivation of

ChR2 by using the ChR2/H134R variant at a high expression

level so that the noninactivated response will still be sufficient

to depolarize the cells above threshold. We compared human-

codon optimized ChR2/H134R-mCherry with our ChIEF-

mCherry in vectors containing additional flanking introns

to increase the level of expression (Fig. 6). At 25 Hz, ChIEF

still induced more spikes at 25 Hz at stimulation intensities
Biophysical Journal 96(5) 1803–1814
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of 6.1 and 9.8 mW/mm2 (p < 0.05; Fig. 6). At 50 and 75 Hz,

ChIEF drove more spikes than did ChR2, but because of

increased variability, p exceeded 0.05. The membrane capac-

itance (85 5 15 vs. 73 5 10 pF), resistance (200 5 43 vs.

186 5 32 MU), and calculated membrane time constants

(15.2 5 3.0 ms, n ¼ 8 vs. 12.2 5 1.7 ms, n ¼ 8) were

FIGURE 4 Recovery of ChRs from inactivation and the ChR response to

50 Hz and 100 Hz of burst stimulation. (A) Example of ChIEF-mediated

responses to second stimulations after 5 s and 25 s delay. The response after

25 s delay exhibited incomplete recovery of the transient peak and appear-

ance of a slow component (arrow). (B) The recovery of the three ChR vari-

ants at different interpulse intervals (ChR2, n ¼ 11; ChEF, n ¼ 10; ChIEF,

n ¼ 10). The recovery ratio is obtained by dividing the maximal amplitudes

of the second response by the first. ChR2 showed near-complete recovery

after 25 s, but ChEF and ChIEF reached only ~80% of the initial response.

(C) Currents resulting from 3 ms 470 nm light pulses (19.8 mW/mm2) deliv-

ered at 50 Hz (left column) and 100 Hz (right column) for 100 ms, then

repeated 150 ms later, applied to ChR2 (C1), ChEF (C2), ChIEF (C3),

ChR2/H134R (C4), and ChD (C5).
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measured and found to be similar for ChR2- and ChIEF-

transfected neurons, respectively. At a stimulation intensity

of 17 mW/mm2, the performance of both ChR2/H134R and

ChIEF deteriorated because the cells often entered depolar-

ization block (not shown). ChR2/H134R was less successful

at inducing spiking than ChIEF at 17 mW/mm2, although the

difference was not statistically significant because of the

increased variability of ChIEF-transfected cells. We also

tested the transfected neurons’ response to a constant pulse

of light (Fig. S4). The ChR2/H134R-transfected cells showed

strong initial depolarization followed by reduced depolariza-

tion, as expected from a channel that exhibits inactivation,

whereas ChIEF-transfected neurons showed a more exponen-

tial-shaped membrane charging profile, as expected from

a rectangular current pulse (Fig. S4).

DISCUSSION

Selectivity and conductance

Although ChRs share no homology with the known

voltage- or ligand-gated ion channels, they do have ~20%

to 30% homology with microbial opsins, limited to the

retinal binding pockets, with very little homology outside

these regions. The 3D crystal structures of bacteriorho-

dopsin (21), halorhodopsin (22), and sensory rhodopsin II

(23) are known; however, it is unclear how ChRs become

conductive in response to light. By transplanting the last

two transmembrane helices of Chop2 into Chop1, we

were able to make a chimera (ChEF) that preserved many

properties of ChR1 but became conductive to cations other

than protons. This result suggests that the last two trans-

membrane helices have crucial roles in determining the

ion selectivity. The transplantation of selectivity filter is

imperfect, as shown by the differences in permeability ratio

of different cations between ChR2 and ChEF, indicating

that other parts of the protein contribute to the cation selec-

tivity of ChR2. The reversal potentials calculated from our

estimated permeability ratios differed by 0.02 to 10 mV

from the measured values for both ChR2 and ChEF. We

observed less deviation from predicted reversal potentials

for both ChR2 and ChEF in the extracellular solutions

with 3 mM [Kþ]o (difference < 6 mV), whereas the differ-

ences were both greater in 25 mM [Kþ]o solution (7.2 and

10.2 mV for ChR2 and ChEF, respectively). Although it is

possible that the differences originated from imprecision or

errors in the measurements or an incomplete exchange of

the intracellular solution with the pipette solution, it is

also possible that the GHK equation for calculating perme-

ability ratios, modified by Chang (12) to include small

contributions from divalent cations, may not accurately

describe ChRs. The GHK equation assumes independence

of permeable ions and nonsaturation of the channel pore.

These assumptions may fail for ChRs, especially in condi-

tions where the extracellular potassium level is elevated. It
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FIGURE 5 Comparisons of action

potential inducing fidelity of ChR2

and ChIEF in transfected neurons.

Typical responses of ChR2 (A) and

ChIEF (B) transfected cultured hippo-

campal neurons to 25 Hz (A1 and B1),

50 Hz (A2 and B2), and 75 Hz (A3

and B3) of pulsed light stimulation

(470 nm, 19.8 mW/mm2, 4 ms). (C)

Summary of the percentage of success-

ful action potentials induced in ChR2-

and ChIEF-transfected neurons. (D)

Maximum projection confocal images

of ChR2-EGFP and ChIEF-EGFP

expressing cultured hippocampal

neurons. (E) The integrated fluores-

cence values of ChR2-EGFP (n ¼ 10)

and ChIEF-EGFP (n ¼ 11) expressing

neurons measured from a square

21.73mm2 area in the soma at the in-

focus optical slice of the neurons at

the interface between the cell and the

coverslip. In C, * indicates significance

at the 0.01% level (ChR2, n ¼ 10;

ChIEF, n ¼ 9). Scale bar in D: 20 mm.
is not uncommon for the permeability of membrane channels

to deviate from GHK predictions, as this has been observed

with sodium channels, calcium channels, potassium channels,

chloride channels, and glutamate receptors (24,25).

One of the surprising results is the change in intracellular

pH observed in transfected cells given the low number of

protons at pH near neutral range. However, the measured

pHi in HEK293 cells (~7.6) is slightly more alkaline than

our extracellular solution (pH 7.35), resulting in a positive
equilibrium potential at ~19 mV for proton and greater elec-

tromotive force for proton entry. In small cells (such as

HEK293 cells, where most cells are <20 pF in capacitance)

with prolonged channel activation, sufficient protons enter to

lower the intracellular pH significantly. Such acidification is

seen with native ChR2, not just our new variants. Although

this acidification is unlikely to prevent the use of ChRs as

a neuroscience tool, it should not be forgotten as an intrinsic

side effect of ChR stimulation.
FIGURE 6 Comparisons of action

potential inducing fidelity of ChR2/

H134R and ChIEF in transfected

neurons at high level of expression.

Typical responses of ChR2/H134R (A)

and ChIEF (B) transfected cultured

hippocampal neurons to 25 Hz (A1 and

B1), 50 Hz (A2 and B2), and 75 Hz (A3

and B3) of pulsed light stimulation

(470 nm, 9.8 mW/mm2, 0.5 ms). (C)

Summary of the percentage of successful

action potentials induced in ChR2/

H134R- and ChIEF-transfected neurons

at 6.1 mW/mm2 (C1), 9.8 mW/mm2

(C2), and 17 mW/mm2 (C3) of stimu-

lating light intensity. In C1, ** indicates

significance at the 0.05% level; in C2, *

indicates significance at the 5% level.
Biophysical Journal 96(5) 1803–1814
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The ChEF-based ChR variants are comparable to ChR2 in

conductances, as indicated by the similar mean peak current

amplitudes and unitary currents estimated by nonstationary

fluctuation analysis. The single-channel conductances of

ChR2, ChEF, and ChIEF are lower than any known ion

channels in an unblocked state, except for the 15 fS of

a voltage-gated proton channel (25,26), but are significantly

higher than the previous estimate of 50 fS (1). A more recent

estimation of the single-channel conductance of ChR2 was

300 fS (27), which overlaps with the lower range of our

single-channel estimation (250 fS). The lowest estimation

of single-channel conductances of ChEF and ChIEF are

higher than ChR2 at ~500–700 fS, although the mean of

the three estimations were not different at ~1 pS. The

single-channel conductance of 250–300 fS would be in the

range of the conductance of membrane transporters (28).

However, single-channel conductance at this range is diffi-

cult to measure precisely and can be easily influenced by

electrical noise or mechanical and electrical variability

in the measurement and stimulation system. We did not

use the membrane fluorescence to estimate the conductance

of the channels, because this approach will not only intro-

duce the same errors as described above, but may lead to

additional problems such as nonfunctional/unavailable chan-

nels at the surface, and errors from the imaging system and

calibration of proteins at the membrane.

Spectral properties

ChEF has a red-shifted response spectrum as described for

ChR1, with detectable responses from ~600 nm to UV wave-

lengths. An interesting observation is the separation of

response spectra for the transient peak and the plateau

responses, as the transient peak and the plateau of ChEF

peaked at 470 nm and 490 nm, respectively. This also indi-

cates that attempts to create red-shifted ChRs that respond

only to yellow or orange light need to red-shift both photo-

cycle states that are responsible for transient and plateau

response. Although the results are not shown in this study,

we created mutations around the retinal-binding pocket

that resulted in greatly red-shifted transient but blue-shifted

plateau responses. A recently published ChR from Volvox
carteri, VChR1 (29), is reported to have a more red-shifted

spectrum than other ChRs and is also capable of conducting

cations other than protons. However, the published action

spectrum of VChR1 shows two peaks, one above 500 nm

and one around 460 nm, which explains its broader response

spectrum compared to other ChRs. It is difficult to make

direct comparisons of the action spectrum of VChR1 with

our results, since the action spectra were measured by

different methods.

Kinetic properties and photocycle states

The introduction of I170V into ChEF improved the channel

closure rate of the channel but also somewhat reduced the
Biophysical Journal 96(5) 1803–1814
sensitivity to light. These results indicate that this mutation

destabilizes the channel in the open state, leading to the

higher energy requirement for channel opening and faster

transition back to the nonconducting state after removal of

light. The correlation of light sensitivity to faster channel

closure is also observed in ChD, which has the fastest channel

closure rate, but is also the least sensitive to light. Fortunately,

the amount of light required to achieve significant activation

of ChIEF is still within the range (~10 mW/mm2) easily

achieved with current light-delivering technology (8,20,30).

Two interesting observations regarding ChEF and ChIEF

are their incomplete recovery and the appearance of the slow

component. These observations suggest additional noncon-

ducting states within the photocycle after activation. The

incomplete recovery suggests that the protein can enter

a previously undescribed nonconducting state that is unre-

sponsive to blue light after initial activation (2,17,27). The

protein exits this state when illuminated at 550/570 nm,

suggesting that this inactivated state absorbs in this wave-

length range but not in the blue. The appearance of the

slow component during recovery suggests complex dark

states of the protein, as the protein enters this ‘‘slow’’ state

slowly during recovery in the dark. ‘‘Conditioning’’ with

410 nm light exaggerates this slow component, indicating

that the transition into this ‘‘slow’’ state can be enhanced

by short wavelengths. Previous models of ChR photocycles

(2,17,27) do not explain these phenomena. The induction of

a slow component by 410 nm light and enhancement of

recovery by 570 nm of light are also observed with ChR2

(see Fig. 4), indicating that the same photocycle states exist

in ChR2 and are likely to be common among the ChRs.

Although these properties may have only small implications

for the use of ChRs in neuroscientific research, they are

likely to have greater implications for comparing the

different ChR properties, as some of the responses may not

fully recover after initial stimulation without conditioning,

or enter into other photocycle states after prior illumination,

which can make comparisons invalid if the order of stimuli

and intervals between tests are not controlled.

ChRs for controlling neuron spiking patterns

The transmission of information between neurons in the

brain is encoded by the pattern of action potential trains

and the temporal/spatial summation of synaptic potentials.

The use of light to control neuronal excitability has great

advantages over traditional electrode-based approaches

because it is less intrusive and can be genetically encoded

to stimulate selected cell types. Most studies of ChR have

claimed ChR2 to be ‘‘temporally precise’’ and reported

light-induced phase-locked action potential trains at high

fidelity up to a 25–30 Hz stimulation frequency (3,4,9–11).

Although most cortical neurons fire sparsely at low rates

in vivo, bursts of action potentials above 25 Hz are required

to achieve functions such as induction of plasticity (31), or
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information encoding in other fast-spiking systems (32).

Temporally precise stimulation above 15 Hz with ChR2

has been difficult to achieve because of its inactivation and

slow off-rate when repetitively stimulated. Most studies

involving ChR2 have overexpressed the channel to achieve

sufficient depolarization when stimulated repetitively by

blue light to compensate for the inactivation of the channel.

We tested ChIEF at two expression levels and consistently

observed a superior performance over ChR2 or ChR2/

H134R in terms of inducing temporally precise spiking, as

expected from the channel properties. Using overexpression

to compensate for inactivation is also not ideal, as we found

that a high level of ChR expression often leads to depolariza-

tion block after stimulation at high frequencies (see Fig. 6,

A2, A3, B2, and B3). In addition, overexpression of microbial

opsins can lead to toxicity and disturb membrane function

(33–36). We engineered ChIEF to achieve more consistent

responses to repetitive stimulation at higher rates, enabling

photostimulation of action potential trains at higher rates.

However, to achieve high-fidelity stimulation above 25 Hz,

neuron properties such as the membrane time constant and

membrane resistance, and levels of sodium and potassium

channel expression will also affect the speed and degree of

polarization necessary for triggering action potentials at

high rates. In cultured hippocampal neurons, we have found

it difficult to induce action potential trains consistently at

50 Hz or above even with current injection, as reported

previously (30). The difficulty of triggering action potential

in cultured hippocampal neurons at high frequency can be

attributed to weak potassium channel expression and long

membrane time constants (~8–15 ms), which results in

slow discharging of the membrane when the neurons are

stimulated by wide-field illumination. Even so, we saw

improved fidelity of light-triggered spiking above 25 Hz.

We also predict that the differences of ChR2 and ChIEF

will become more apparent in cell types that have low

membrane resistance (requiring larger inward currents to

achieve threshold) and are naturally capable of firing at

higher rates, such as Purkinje cells of the cerebellum. The

other chimera generated, ChD, may also be useful in

inducing temporally precise fast-burst firings, as this channel

has the fastest off-rate. However, eventual inactivation will

likely limit ChD to experiments where it is desirable to

induce short (<200 ms) bursts of spikes.

Another recently developed method that uses photo-

switchable glutamate (MAG) in combination with geneti-

cally modified iGluR6 can be used to reliably induce action

potentials at 50 Hz in cultured hippocampal neurons (37).

However, the MAG approach requires both a chemical and

a genetic component, in addition to the requirement of two

wavelengths to control the opening and closing of the

channel, which complicates its use in vivo. Our ChIEF

retains the simplicity of ChR2 but has improved channel

properties that allow higher-frequency stimulation with

higher fidelity than ChR2. We believe our ChR variants
can be particularly useful in nervous systems where there

is a need for more temporally precise control of depolariza-

tion and action potential firing.
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