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Bi-stable neural state switches

André Berndt!>, Ofer Yizhar®>, Lisa A Gunaydin®>>, Peter Hegemann' & Karl Deisseroth?*

Here we describe bi-stable channelrhodopsins that convert a brief
pulse of light into a stable step in membrane potential. These
molecularly engineered probes nevertheless retain millisecond-
scale temporal precision. Photocurrents can be precisely initiated
and terminated with different colors of light, but operate at

vastly longer time scales than conventional channelrhodopsins

as a result of modification at the C128 position that extends the
lifetime of the open state. Because of their enhanced kinetic
stability, these step-function tools are also effectively responsive
to light at orders of magnitude lower intensity than wild-type
channelrhodopsins. These molecules therefore offer important
new capabilities for a broad range of in vivo applications.

Three functionally distinct classes of microbial opsin genes, including
channelrhodopsin and halorhodopsin family members, can transduce
light pulse trains into millisecond time-scale membrane potential
changes when expressed in neurons!=. This property opens the door
to optical control of specific cell types in the intact mammalian brain*~
and other systems!%-2%, as a result of the essential feature shared by these
microbial opsin genes of encoding single-component light-activated
transmembrane ion conductance regulators?’-2°. The temporal prop-
erties of channelrhodopsins arise from inherently fast kinetics of
activation and deactivation>*»2830, allowing generation of precisely
timed action-potential trains. However, at the levels of expression that
are typically achieved in neurons, >1 mW mm~2 intensity light pulses
must be generated and applied to tissue over the time period in which
depolarization is required, which can pose challenges regarding power
consumption and energy deposition for long time-scale experiments.
Alternatively, chemical photoswitches and caged compounds that act on
ion channels permit stable changes in membrane current after brief flashes
of light*!=33 and can support robust ionic currents. These approaches
however are restricted by the requirement for delivery of extrinsic
chemical cofactors and ultraviolet light, limiting in vivo applicability, with
particular severity in mammals. Therefore, there has been great inter-
est in the generation of a hypothetical bi-stable channelrhodopsin that
would be gated into the active state with a single brief pulse of light and
would remain active for a duration that is far longer than the light pulse,
effectively processing the delta function of light into a step function of
membrane potential. The advantages of such a technology would be enor-
mous for many long-time scale, neuromodulatory, developmental and
preclinical/clinical applications, and, if derived from channelrhodopsins,

would maintain the important property of chemical cofactor indepen-
dence in mammalian brains. However, it has been unclear how such a
fundamental new property could be achieved with channelrhodopsins
and how the resulting stable depolarization could be precisely terminated
as needed at a specified time, particularly if the offset of depolarization is
no longer coupled to the offset of the triggering light pulse itself.

We sought to address this challenge using directed molecular
engineering of channelrhodopsin-2 (ChR2) to modify protein residues
that are likely to be critical for determining the channel kinetics. Clues
about the relevant residues arise from sequence comparisons with
the well-characterized prokaryotic proton pump bacteriorhodopsin,
for which the tertiary structure is available at high resolution®»%.
Mutations introduced at key residues of bacteriorhodopsin lead to
slowing of channel kinetics and accumulation of the M, N and O pho-
tocycle states’®37, On the basis of functional and structural inferences
between bacteriorhodopsin and ChR2, we designed targeted mutations
in the ChR2 sequence that would modify key steps in the photocycle
of channelrhodopsin, such that the closing of the channel would be
substantially delayed after optical activation. These mutations could
modify the kinetic properties of ChR2-evoked currents and yield step-
like, reversible changes in neuronal excitability.

RESULTS

Of the seven putative transmembrane helices in microbial rhodopsins,
helix 3 contains the most amino acids that interact with the all-trans
retinal Schiff base (RSB) chromophore. Many of these amino acids are
conserved in channelrhodopsins (Fig. 1a), suggesting that color tuning3®
and the RSB switch that governs interconversion of nonconducting
and conducting states is highly conserved?®. Therefore, mutations of
amino acids that interfere with the RSB are potential candidates, not
only for color tuning, but also for altering kinetics and accumulation
of the conducting state. Among the amino acids that interact with the
RSB, the most notable sequence difference between bacteriorhodopsin
and ChR2 was the Cys128 residue of ChR2, corresponding to Thr90 in
bacteriorhodopsin (Fig. 1a). High-resolution X-ray crystallography and
NMR studies have shown that Thr90 in bacteriorhodopsin is located
close to the C11/C12 carbons of the protonated RSB>4%4! (Fig. 1b).
Mutation of Thr90 to Ala or Val in bacteriorhodopsin results in a
slowing of the photocycle kinetics and accumulation of the M, N'and O
photocycle states342, We reasoned that mutating C128 could potentially
create a channelrhodopsin with delayed channel inactivation.
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We expressed ChR2-C128T, ChR2-C128A and ChR2-Ci28S in
Xenopus oocytes and recorded photocurrents in response to pulses
of 470-nm blue light (Fig. 1c). Indeed, we found that the closing
of the channel after light-off was slowed by three to four orders of
magnitude in these mutants; we therefore designate these genes as
step-function opsin (SFO) genes. Compared with the closing time
constant (1) of 11.9 = 0.3 ms for wild-type ChR2 (at pH, of 7.4
and =50 mV), we measured T = 2.0 + 0.55s,52 +2sand 106 =9 s
for the C128T, C128A and C128S mutants, respectively, revealing a
marked extension of the lifetime of the conducting state (Fig. 1c).
Because photocurrent amplitudes at a given light intensity are set by a
balance between recruitment of new open states and transitions to the
closed state, we expected that the increased accumulation of the open
state would lead to an effectively increased responsiveness at lower light
levels. Therefore, we tested the light-intensity dependence of stationary
photocurrents; responses to light pulses of increasing intensity were
recorded and normalized to the response at saturating light power
(Fig. 1d). Notably, cells expressing the C128S and C128A mutants
were responsive to light at an intensity that was at least 300-fold lower
than those expressing wild-type ChR2, revealing a second important
property of the SFO genes.

Although responsiveness to light was similar between C128S and
C128A, C128S differed in two respects: C128S inactivated even more

Figure 1 Step-function optogenetics: C128 mutations. (a) Alignment

of helix 3 for the four known channelrhodopsins and bacteriorhodopsin
(BR) from H. salinarum. Conserved residues are shown on a blue
background, amino acids interacting with the chromophore are shown

in red and the ChR2 C128 residue is marked with an asterisk. Amino
acids that serve as H* donors or acceptors for RSB deprotonation and
reprotonation are shown in yellow. (b) ChR2 chromophore model, based
on the bacteriorhodopsin X-ray structure (1KGB59), with E123 and C128
of ChR2 replacing D85 and T90 of bacteriorhodopsin. (c) Photocurrents
recorded from wild-type ChR2, C128T, C128A and C128S expressed in
Xenopus oocytes at 100 mM NaCl (pH 7.5) and =50 mV in response to
450-nm light pulses (240 mW cm~2, blue bars). Time constants shown are
for the decay of current after termination of blue-light stimulation (mean
+s.e.m., n= 5 cells for each trace). (d) Light dependence of steady-state
photocurrents recorded at low-light intensities. Cells that expressed C128A
and C128S were ~300-fold more responsive to light than those that
expressed wild-type ChR2. Amplitudes were normalized to the response at
saturating light (//ls,). (e) Model for the channelrhodopsin photocycle®3.
The D470 dark state with a protonated Schiff base is converted by a
light-induced isomerization of retinal into the early intermediate P500.
Transient deprotonation of the Schiff base (P390) leads to the conducting
state P520. The recovery of the D470 dark state proceeds via the P480
intermediate, which is a nonconducting state, but can be excited by blue
light (blue arrow) to yield the early intermediate P500. The closed D470
state can be accessed directly from P520 with green light (green arrow).

slowly than C128A and showed an additional small current peak on
termination of the light pulse (Fig. 1¢). Recent spectroscopic studies
have shown that the P520 ChR2 photocycle intermediate reflects the
channel open state absorbing maximally at 520 nm; that is, red-shifted
relative to the dark state P470 (Fig. 1e)*>*4, This photo-intermediate
could undergo a photoreaction; brief flashes of green light applied dur-
ing the open state prematurely closed the channel via conversion to the
dark state D470 (Fig. 1e)*>. The observed photocurrents revealed the
accumulation of the conducting state P520, which is in equilibrium
with the earlier nonconducting P390 state*>**, At light-off, P520 prob-
ably can no longer directly photoconvert to D470, and the resulting
transient accumulation of conducting P520 state arising from P390
could give rise to the small peak that was observed at light-off in C128S
(Fig. 1e). Consideration of this photocycle led us to develop a tempo-
rally precise method of terminating SFO currents.

Although the photo-intermediate P520 is normally so short-lived
that the photochemical pathway to the nonconducting D470 state
cannot be efficiently exploited, the extended lifetime of P520 in
these C128 mutants presents the possibility of using green light to
flip off the bi-stable switch. Indeed, we found that the inactivation
dynamics of C128A and C128S were greatly accelerated when a sec-
ond light pulse of longer wavelength followed the excitation pulse
(Fig. 2a). The highest acceleration of the off-kinetics was seen with
530-nm light (which is close to the absorption maximum of the P520
conducting state), but the current inactivation was only partial, as a
result of substantial absorption of this wavelength by the D470 dark
state and potentially the late photo-intermediate P480 (Fig. 2a).
In contrast, light of longer wavelength showed a slower, but more
complete, inactivation, probably as a result of lower absorption by both
D470 and P480, but improved absorption ratio (€ps,g t0 €pggo/pazos
Fig. 1e). We found pulses of 546-nm light to be optimal for suitably
rapid and complete inactivation. Alternating 450-nm and 546-nm light
allowed reversible ON and OFF switching without rundown (Fig. 2b),
thereby defining a fast bi-stable switching mechanism for SFO genes.

This set of properties suggested that it would be important to test for
prolonged, temporally precise activation of neurons. Some microbial
opsin genes (for example, ChR1) are not expressed well in neurons;
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however, we successfully expressed the three SFO genes (ChR2-C128T,
ChR2-C128A and ChR2-C128S) as EYFP fusions in hippocampal neurons
using lentiviral vectors that were driven by the Camk2a promoter?. All
three mutants were well-tolerated in cultured neurons, with C128A and
C128S appearing to be expressed at quantitatively reduced levels (Fig. 3a).
We next recorded photocurrents evoked by 10-ms pulses of 470-nm
light. Peak photocurrents recorded in C128T were similar to those of
wild-type ChR2 (184 + 34 and 240 £ 59 pA, respectively; n = 10 and
8 cells, respectively; Fig. 3b), whereas C128A and C128S both showed
smaller photocurrent amplitudes (74 + 17 and 61 + 9 pA, respectively;
n =11 and 9 cells, respectively; Fig. 3b) and voltage changes (Fig. 3c).
However, only brief flashes of up to 10 ms were needed for C128A/S to
evoke near-maximal voltage changes (Fig. 3d) in all cases, suggesting
that the photochemical equilibrium of dark state and conducting state
is reached in a few milliseconds at a given light intensity. The apparent
on-kinetics in all three mutants were only moderately slower than those
of wild-type ChR2 (t,, = 1.7 £ 0.1 ms, 11.6 + 1.5 ms, 7.2 £ 0.8 ms and
20 + 1.4 ms for ChR2, C128T, C128A and C128S, respectively; Fig. 3e,f).
Notably, consistent with the oocyte data, mutant photocurrents decayed
with up to four orders of magnitude slower kinetics (T, =10 = 0.8 ms,
1.8+0.35,49 +3.5sand 108 + 42 s, for wild-type ChR2, C128T, C128A
and CI128S, respectively; Fig. 3g,h), indicating that step-function
properties were preserved in neurons.

We further explored the capacity of the mutant channels in neurons
to elicit prolonged and reversible membrane depolarization in response
to short light pulses. In neurons expressing C128S, one 10-ms flash of
blue light (470 nm) was able to evoke markedly prolonged subthreshold
depolarization (Fig. 4a) and chronic stimulation protocols consisting
of just one 10-ms light pulse every 15 s enabled sustained stable
depolarization over minutes that could be rapidly terminated with a
single pulse of 535-nm light (Fig. 4a). Indeed, multiple precise steps
could be reliably delivered and terminated in the same neurons using
pairs of blue and green stimuli (Fig. 4b). Optimal inactivation after
a 10-ms, 470-nm activation pulse was found to occur with slightly
longer 50-ms pulses of 535-nm light (Fig. 4b,c), consistent with the
fact that nearly all P520 molecules must be converted to P470 for
a complete off response, whereas incomplete conversion of D470 to

l, .I P520 is sufficient for an on response. Together, these data demonstrate

bi-stable switching behavior in neurons.

The stable subthreshold depolarizations evoked by photostimulation
of C128A- or C128S-expressing neurons may be most useful not for
driving precisely timed spike trains (as with wild-type ChR2), but
for generating modulated states of altered excitability (for example,
subthreshold 5-10-mV step-like depolarizations that can modulate
information throughput). Effectively sensitizing genetically targeted
neurons to native, endogenous synaptic inputs will, in most cases, be
the most suitable way to test the causal importance of a neuron type,
as neuroscientists typically do not know the neural spike code for a
particular cell type in executing its function, but could test the causal
sufficiency of the cell type by expressing an SFO gene to stably and
reversibly enhance natural patterns of information flow through those
cells. To illustrate this principle with the SFO approach, we collected
native excitatory postsynaptic potential (EPSP) trains with current-
clamp recordings in nontransduced hippocampal pyramidal neurons,
replayed the EPSP trains into C128A- or C128S-expressing cells before,
during and after the 20 s-duration excitable states elicited by a single
blue-light pulse (10 ms, 470 nm) and terminated with a single green-
light pulse (50 ms, 535 nm; Fig. 4d). Before or after these states, EPSP
trains produced little spiking (3.0 £ 1.1 spikes over 20 s), whereas the
same EPSP train elicited greatly increased spiking in the excitable states
(17 £ 3.5 spikes during the 20-s period, 9 out of 9 cells increased spiking;
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Figure 2 Precise step termination with red-shifted light. (a) Photocurrents
recorded from C128A and C128S mutants. Off kinetics were accelerated
when a second light pulse with longer wavelength (gray bar) followed

the excitation pulse (green, 530 nm; yellow, 546 nm; orange, 570 nm;
red, 600 nm). (b) Responses to alternating 450-nm and 546-nm light
pulses (gray traces) or 450-nm light pulses only (black traces) in oocytes
expressing C128A and C128S. Normalized currents are shown; colored
bars on top and bottom indicate light-stimulation protocols for alternating
blue/yellow and blue-only traces, respectively.

P =0.0006, paired t test). Therefore, the SFO genes can be used for pho-
tostimulation that sensitizes neurons to ongoing synaptic activity on
long time scales that can be precisely defined by the experimenter.

DISCUSSION

The engineered channelrhodopsins described here have fundamentally
useful properties that allow the optical control of neurons over long
time scales in a temporally precise manner and therefore (along with
ChR2,VChR1 and NpHR) represent a fourth, functionally distinct class
of microbial opsin—based tools. Different SFO genes may be useful for
different experimental applications. Because it has faster activation
kinetics and superior inactivation by green light, the C128 A mutant
may be best suited for experiments in which rapid activation and inac-
tivation of photocurrents are required. The C128S mutant, which has
even slower T, kinetics than C128A, would be ideal for experiments
in which chronic excitation is required with minimal light delivery.
Although the off kinetics of the C128T mutant are not nearly as slow
as those of C128A/S, this mutant still offers a major improvement over
ChR2 for applications in which driving spiking over a long period of
time is desired; because of its robust expression levels, C128T currents
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are already comparable to wild-type currents without additional
engineering and therefore could induce temporally controlled bursts
of action potentials in specific subpopulations of neurons. Compared
with other optical tools for long-term excitation, these channels do not
require infusion of chemical cofactors or ultraviolet-spectrum light.

The notable off kinetics and responsivity properties of these new
channelrhodopsins can be understood in terms of cyclical models
of the underlying photochemical reactions (Fig. le). After light
excitation of the dark state D470, the conducting state P520 is reached
via two early photochemical intermediates, P500 and P390. P520 is in
a pH-dependent equilibrium with the deprotonated P390 (refs. 43,44)
and decays in wild-type ChR2 with a time constant of ~10 ms*>%.
The P520 to P480 conversion involves RSB reisomerization, probably
from 13-cis to trans, as with N-state decay of bacteriorhodopsin®’.
Close interaction of the polarizable Cys128 sulfur with the retinal
polyene system could accelerate photo-isomerization, protonation,
reisomerization and conformational changes in channelrhodopsins
(Fig. 1b), beyond the maximal kinetics of all other microbial retinal
proteins with Thr or Ser instead at this position. Conversely, mutation
of C128 could delay formation of the conducting state and mark-
edly slow reisomerization. The P520 decay in C128S was so slow that
the late photocycle intermediate P480 (Fig. 1e) did not accumulate,
with the consequence that the photocurrent was virtually not inacti-
vated, even in continuous light (little desensitization will be a useful
property with these more-responsive mutants). From studies of the
homologous T90 in bacteriorhodopsin*®%7, the interaction of C128
with its presumptive counterion D156 (Fig. 1b) could plausibly have
been critical, but the fact that the Ser and Ala C128 mutant kinetics are
notably similar to each other indicates instead that the sulfur directly
influences the retinylidene moiety.

The long open-time, but temporally precise, properties of these
engineered microbial proteins would be well-suited for studying the
role of specific cell types in neuroplasticity during development, as
well as in homeostatic and adaptive processes in the adult brain or in
chronic disease models. Furthermore, the SFO genes would be ideal
for mimicking steps or oscillations in which a population of neurons
alternates between a hyperpolarized and a depolarized (UP) state. UP

11-12 mV (for example, see ref. 48) and are thought to be involved in
systems-level phenomena such as attention and sensorimotor gating.
Notably, UP states may or may not correspond to increased excitability,
pointing to the need for informative experiments on modulation of
circuit function that would directly test the sufficiency of step changes in
membrane potential in defined cell types. Similarly, synchronous oscil-
lations in membrane potential with an average amplitude of 7-8 mV
lasting 1-2 s have been observed in nucleus accumbens medium spiny
neurons*® and are thought to be relevant to reward-related behavior.
Thus, the amplitudes and temporal characteristics of both cortical and
subcortical UP states are in the range of SFO-mediated currents.

In general, sensitizing targeted neurons to native synaptic drive
in this way will demonstrate causal significance in a way that is
complementary to ChR2-based synchronous driving of the entire
targeted cell population, as action potential codes are typically
not known by the experimenter, nor are cells of a particular type
always naturally driven in synchrony. Precisely timed and reversible
optogenetic modulation of excitability in defined cell types in vivo,
by promoting throughput of asynchronous and distributed endog-
enous codes, will be crucial for defining the physiological causal
importance of the targeted cells. It should be noted that calibration
of the electrophysiological effects of SFO activation at a given expres-
sion level in cell types of interest will be important before application

l, .I states have been observed in cortex with an average depolarization of
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Figure 3 SFO genes in neurons. (a) Confocal images of cultured hippocampal
neurons expressing wild-type ChR2, C128S, C128A and C128T under the
CamkZ2a promoter. Intensity scaling and pixel size are identical in all images.
Scale bar represents 25 um. (b) Summary of photocurrents recorded from
neurons expressing wild-type ChR2 and mutants, shown as mean + s.e.m.
(n=8,11,9and 10 for wild type, C128S, C128A and C128T, respectively).
Cells were stimulated with a single 10-ms pulse of 470-nm blue light.

(c) Depolarization induced by ChR2 mutants. Voltage recordings were made
in neurons expressing C128S, C128A and C128T using the same stimulation
protocol as in b. Peak depolarizations were averaged from 3, 7 and 7 cells

for C128S, C128A and C128T mutants, respectively. (d) Summary of
depolarization in C128A and C128S mutants in response to 470-nm light
pulses of varying lengths (data are averaged from at least three cells for each
pulse length). (e) Expanded view of photocurrents evoked by a 10-ms pulse of
470-nm blue light in neurons expressing wild-type ChR2 (gray), C128S (blue),
C128A (red) and C128T (green) showing slower on kinetics for the mutants.
(f) Summary of on kinetics in response to 10-ms blue-light stimulation. Shown
are mean time constants from exponential fits to current traces; although
onset kinetics of C128S and C128A are similar in the traces in e, C128S

was typically slower than C128A, as summarized here. (g) Slower decay time
constants of photocurrents in the C128 mutants. Traces are normalized to

the peak photocurrent in each mutant. (h) Summary of off kinetics in C128
mutants. Mean time constants were derived from exponential fits.

in behavioral experiments, because the net effect of step depolariza-
tion, as with any UP state, will depend on synaptic drive and the
membrane-channel biophysical properties governing excitability,
input resistance and refractory states.

In addition to allowing new basic science applications, reduced light
requirements will have an enormous effect on optical hardware require-
ments in preclinical/clinical experiments, reducing power draw, heating
and risks for long-term phototoxicity. Although the SFO genes already
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Figure 4 Bi-stable switching behavior in
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is shown. Stimulus pairs were given at 20-s
intervals and the interval in each stimulus pair
was 5 s. (c) Magnified traces from the bottom
stimulus pair in b show complete inactivation
with 50 ms of green light. The resting membrane
potential is indicated by the broken line.
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a hippocampal neuron expressing C128A stimulated with a pre-recorded EPSP trace. The recorded EPSP trace was delivered in five identical blocks (brown
lines). During blocks 1, 3 and 5, pairs of 470-nm and 535-nm light stimuli (10 ms and 50 ms, respectively; indicated by blue and green dashes) were
delivered to induce subthreshold depolarization. During blocks 2 and 4, no light was delivered. Right, expanded view of response to EPSPs with and without
light (blue and red traces, respectively; overlay of dashed black boxes) shows the light-induced increase in spiking to EPSP stimuli (brown trace).
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are suitable for experiments in which step changes in excitability are
required (Fig. 4), photocurrents are very likely to be enhanced with
further engineering (for example, double mutation of C128 and H134
(ref. 8,19), red-shifted VChRI1 versions for recruiting larger volumes
of tissue with lower-energy photons® and molecular modifications to
increase membrane trafficking, as with eNpHR”2%). Their stability and
light responsivity, coupled with precise on and off switching and the
chemical cofactor independence of channelrhodopsins, offer a constel-
lation of key characteristics for use in both basic and applied research
into intact neural circuitry.

METHODS
All experiments were conducted under protocols approved by the Stanford
Administrative Panel on Laboratory Animal Care.

Sequence alignment and homology model of bacteriorhodopsin.
Sequences were aligned by using the NCBI/BLAST-program (http://blast.
ncbi.nlm.nih.gov/) with some final manual editing. The accession numbers
for sequences shown in Figure 1a are AF385748(ChR1), AF461397(ChR2),
EU285659(VChR1) and EU285660(VChR2). The chromophore model in
Figure 1b is based on the dark state structure of bacteriorhodopsin (1KGB)>°.
Replacement of amino acid residues was carried out using MacPyMOL
(DeLano Scientific LLC; http://www.csb.yale.edu/).

Expression and electrophysiology of ChR2 mutants in Xenopus laevis oocytes.
For oocyte experiments, we introduced mutations into the pPGEMHE-ChR2
plasmid using site-directed mutagenesis. cRNAs encoding ChR2(1-315) (ref. 28),
C128A, C128S and C128T, synthesized in vitro from the pGEMHE plas-
mid by T7 RNA polymerase (mMessage mMachine, Ambion), were injected
into the oocytes (50 ng per cell). The oocytes were stored for 3—7 d in the
dark at 18 °C in Ringer solution (96 mM NaCl, 5 mM KCl, 1.8 mM CaCl2,
1 mM MgCI2 and 5 mM MOPS-NaOH, pH 7.5) in the presence of 1 mg
ml! penicillin, 1 mg ml™! streptomycin, 1 uM all-trans retinal (stock, 1 mM
in 2-propanol) and 0.5 mM theophylline. Two-electrode voltage-clamp mea-
surements on Xenopus laevis oocytes were performed with a Turbo Tec-05X

(NPT Electronic). Data acquisition and light triggering were controlled with
pCLAMP software via DigiData 1322A or 1440A interfaces (Molecular
Devices). The microelectrodes were fabricated by pulling borosilicate glass
capillaries (1.5-mm outer diameter and 1.17-mm inner diameter) using a
micropipette puller (model P-97, Sutter Instruments) and filled with 3 M KCI.
A 75-W Xenon lamp (Jena Instruments) was used as light source. The light was
passed through either a K450 filter (50-nm half band width, Balzers) or narrow-band
interference filters (14-20 nm half band width, AHF) and applied to the oocytes
by a light guide (2-mm diameter). The light intensity is given in the legends for
the surface of the oocyte. The data obtained were averages of more than three
experiments. Data acquisition and light triggering were controlled with pCLAMP
software via DigiData 1440A interfaces (Molecular Devices). Data were recorded
with a sampling rate of 1-10 kHz in external solution containing 100 mM NaCl,
1 mM MgCI2 and 0.1 mM CaCl2, buffered with 5 mM MOPS.

Hippocampal neuron culture. Hippocampi were isolated from postnatal day 0
(P0) Sprague-Dawley rats (Charles River) and treated with papain (20 U ml™!)
for 45 min at 37 °C. The digestion was stopped with 10 ml of MEM/Earle’s
salts without L-glutamine along with 20 mM glucose, Serum Extender
(1:1,000) and 10% heat-inactivated fetal bovine serum containing 25 mg
of bovine serum albumin and 25 mg of trypsin inhibitor. The tissue was
triturated in a small volume of this solution with a fire-polished Pasteur
pipette and ~100,000 cells in 1 ml were plated per cover slip in 24-well
plates. Glass coverslips (prewashed overnight in HCI followed by sev-
eral 100% ethanol washes and flame sterilization) were coated overnight
at 37 °C with 1:50 Matrigel (Collaborative Biomedical Products). Cells
were plated in culture medium (Neurobasal containing 2x B-27 and
2 mM Glutamax-I, Life Technologies). We replaced half of the medium with
culture medium the next day, giving a final serum concentration of 1.75%.
No all-trans retinal was added to the culture medium or recording medium
for any of the neuronal experiments described here.

Hippocampal neuron electrophysiology. For whole-cell recording in cultured
hippocampal neurons, the intracellular solution contained 129 mM potassium glu-
conate, 10 mM HEPES, 10 mM KCl, 4 mM Mg-ATP and 0.3 mM Na-GTD, titrated to
pH 7.2. Tyrode’s solution was employed as the extracellular solution (125 mM NaCl,
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2 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 30 mM glucose and 25 mM HEPES, titrated
to pH 7.4). Recordings were conducted on an upright Leica DM-LFSA micro-
scope equipped with a 40X water-immersion objective. Borosilicate glass (Sutter
Instruments) pipette resistances were ~5 MQ, with a range of 4-6 MQ. Access
resistance was 10-35 M€ and was monitored for stability throughout the recording.
All recordings were conducted in the presence of excitatory synaptic transmission
blockers (10 UM 6-cyano-7-nitroquinoxaline-2,3-dione and 25 UM D(-)-2-amino-
5-phosphonovaleric acid, Sigma). For hippocampal neuron photostimulation, the
filters used in the Lambda DG-4 optical switch (Sutter Instruments) with a 300-W
Xenon lamp were 470 (HQ470/40), and 535 nm (HQ535/50) (Chroma).

Lentiviral vector construction. ChR2-C128A, ChR2-C128S and ChR2-C128T were
constructed by site-directed mutagenesis (Quikchange, Invitrogen) to the pLenti-
CaMKIla-ChR2-EYFP-WPRE vector described previously'. Briefly, PCR reactions
were carried out using the above plasmid as template. High-performance liquid
chromatography—purified primers (Operon Technologies) were used to introduce
the mutated bases. The primer sequences for ChR2-C128A, ChR2-C128S and ChR2-
C128T were 5'-CTA TGC AGA GTG GCT GCT CAC TGC CCC TGT CAT CCT
TAT C-3’,5"-CTA TGC AGA GTG GCT GCT CACTTC TCC TGT CAT CCT TAT
C-3%, 5-CTA TGC AGA GTG GCT GCT CAC TAC TCC TGT CAT CCT TAT
C-3/, respectively. All mutations were then confirmed by DNA sequencing. VSVg-
pseudotyped recombinant lentiviruses were produced as described previously!
(detailed at http://www.stanford.edu/group/dlab/optogenetics/expression_systems)
by triple-transfection of HEK 293FT cells (Invitrogen) with pLenti-CaMKIIa-
ChR2-EYFP-WPRE or the mutated plasmids, pVSVg and pCMVdeltaR8.7. Virus
supernatant was collected 40 h after transfection and applied to neurons.
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