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Abstract

Optogenetic control of individual neurons with high temporal precision, within intact mammalian
brain circuitry, would enable powerful explorations of how neural circuits operate. Two-photon
computer generated holography enables precise sculpting of light, and could in principle enable
simultaneous illumination of many neurons in a network, with the requisite temporal precision to
simulate accurate neural codes. We designed a high efficacy soma-targeted opsin, finding that
fusing the N-terminal 150 residues of kainate receptor subunit 2 (KA2) to the recently discovered
high-photocurrent channelrhodopsin CoChR restricted expression of this opsin primarily to the
cell body of mammalian cortical neurons. In combination with two-photon holographic
stimulation, we found that this somatic CoChR (soCoChR) enabled photostimulation of individual
cells in intact cortical circuits with single cell resolution and <1 millisecond temporal precision,
and use soCoChR to perform connectivity mapping on intact cortical circuits.
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Introduction

Optogenetics is in widespread use for the activation and silencing of populations of neurons
defined by their molecular profiles, activity patterns, or projection patterns®. Natural neural
codes, however, vary from neuron to neuron even within a single class of cells, with
neighboring neurons of the same type exhibiting potentially highly differing neural codes?,
and the firing of even single neurons capable of altering mammalian behavior or brain
state34. Thus, an intriguing question is whether it is possible to drive individual neurons, or
sets of neurons, with neuron-specific, distributed activity patterns exhibiting the temporal
precision requisite to mimic natural neural codes.

Recently, interest has arisen around the possibility of two-photon (2P) optogenetics, which
due to the quadratic dependence of 2P excitation on light intensity, should enable light to be
targeted to single neurons. 2P activation of opsins is robust at a biophysical level, with an
excellent cross section for opsin photoactivation®, but a challenge is to generate enough
photo-evoked current using the micrometer-sized excitation volume of conventional 2P
microscopy. Two primary strategies have been developed in order to increase the 2P
illumination volume while keeping micrometer axial resolution: scanning and parallel.
Scanning a laser spot, axially elongated to cover cell membranes, around a circular area with
approximately the diameter of a cell body enables sequential excitation of channels, each
contributing to the total induced photocurrent®. Scanning approaches, however, have limited
temporal resolution because of the time needed to sequentially scan the laser through
multiple positions to cover a single cell body or multiple cells®

Alternatively, parallel stimulation approaches such as generalized phase contrast’ or
computer generated holography (CGH)® use phase modulation to precisely sculpt the
illumination volume and simultaneously illuminate an entire cell or even multiple cells. In
this case, simultaneous illumination of all channels enables efficient integration of light
evoked currents allowing minimization of illumination time. In this condition millisecond
temporal resolution’? and < 1 ms temporal jitter!%:11 action potential (AP) generation can be
achieved. Combined with temporal focusing, parallel stimulation also enables micrometer
axial resolution and good preservation of axial resolution and spot shape after hundreds of
ums of propagation in scattering tissues®1213, CGH also enables 3D light
generation1214-16 Jaying the groundwork for generating complex patterns with single cell
spatial resolution and millisecond temporal precision.

Advances in 2P stimulation methods, however, do not directly address the problem of cell
bodies being densely surrounded by neurites of neighboring cells, whose membranes are
separated by very thin gaps of extracellular space, smaller than the diffraction limit of
light}”. Thus, if neurons within a region are bearing densely expressed opsins, even 2P
stimulation of a single neuron’s cell body may excite opsins on dendrites or axons that are
passing by, causing stray excitation of those nearby neurons. To address this crosstalk
problem (Fig. 1a), we launched a screen to discover peptide sequences that could facilitate
the localization of a high-photocurrent opsin to the cell body. We found that a short amino
terminal segment of the kainate receptor KA2 subunit!8, fused to the high-photocurrent
channelrhodopsin CoChR19, could enable the selective trafficking of CoChR to the cell body
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of neurons in the mammalian cortex (Fig. 1b), and in combination with holographic 2P
stimulation with a low repetition fiber laser, could support optogenetic stimulation of single
cells in mammalian brain slices, with < 1 millisecond temporal resolution, and with zero-
spike crosstalk activation of nearby cells, using low light powers. This fusion protein, which
we call somatic CoChR (soCoChR), used in conjunction with optimized 2P stimulation
approaches, may enable a diverse set of neural codes and computations to be probed in a
causal fashion in systems and circuit neuroscience.

Creation of a high performance somatic opsin

We screened for soma-targeting sequences that could localize opsins to neuronal cell bodies.
We first searched the literature for proteins that express somatically. We chose 9 such
proteins (summarized, with further info added as described below, in Supplementary Table
1) for consideration: myelin proteolipid proteins srPLP and DM2020, the potassium channel
Ky2.121, sodium channels Nay1.2 and Nay1.622, the adhesion molecule L1 with the soma-
retention causing mutation R184Q23, the dynein adaptor protein Bicaudal-D (BicD)
truncated after 50 codons (out of 782; this truncation impairs transport of FMRP out of the
soma)2425 the adaptor protein Ankyring25, and the kainate receptor subunit KA218,

In some studies, neuron somatic localization had been explored further by fusing the
proteins to reporters — namely, Nay1.2, Nay1.6, L1-R184Q and Ankyring were fused to
fluorescent proteins (FPs)22:23.26 K A2 to a myc-tag!®, and Ky2.1 to an HA-tag?. For some
of the above soma-restricting proteins, fragments were shown to be sufficient to cause soma
targeting of a reporter (Supplementary Table 1). For each of Nay/1.2 and Nay1.6, a 27—
amino acid segment within the intracellular loop between transmembrane domains Il and IlI,
termed Nay1.2(11-111) and Nay1.6(11-111) respectively, was sufficient??; for Ky2.1 a 65
amino acid segment at the C-terminus sufficed21:27; for Ankyring the N-terminal 837 amino
acid segment of the protein sufficed?8; and for BicD the N-terminal 50 amino-acid segment
located at locus r5 in the Drosophila BiCD gene sufficed?®.

We fused GFP to full length clones of the 4 soma-targeting proteins described above for
which no sufficient fragment was reported (srPLP, DM20, L1-R84Q, and KA2), as well as to
the reported fragments for the other proteins (Supplementary Table 1). We transfected these
GFP fusions into cultured hippocampal neurons, and visually observed that 2 of the 9
sequences tested appeared to target GFP primarily to the cell body (Supplementary Table 1).

We chose two proteins for further consideration, KA2 and NaV1.2(11/111)-GFP. Since KA2 is
a 979 amino acid protein, and thus unwieldy from a viral packaging standpoint, we divided
KA2 into three parts. This resulted in fragments (listed from N terminal to C terminal) of
length 360 amino acids (containing one transmembrane domain2?), 360 amino acids
(containing three transmembrane domains), and 259 amino acids (containing one
transmembrane domain and an arginine-rich ER retention sequence3?). GFP fused to the first
fragment was somatic, but GFP fused to the latter two were not (Supplementary Table 1).
We tried the N-terminal 150 amino acids of fragment 1, which we termed KA2(1-150), and
found that this targeted GFP to the cell body (see Supplementary Fig. S1 for comparison of
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the fluorescence between KA2-GFP, KA2(1-150)-GFP and GFP and Supplementary Table 2
for statistical analysis of this comparison), but KA2(1-75) did not. As for NaV1.2(1I/111), an
earlier study using this to target ChR2-YFP3 to the axon hillock of neurons revealed
photocurrents smaller than those of ChR2-YFP31, as well as alterations of neuron
excitability32, so we retained this motif for comparison purposes (Supplementary Fig. S2 for
images of CoChR-Nay,1.2(11/111)-GFP and Supplementary Table 3 for statistics), but did not
pursue it further.

Key to efficient use of 2P light power for multicell activation is the usage of an opsin with
high currents. Accordingly, we examined opsins that exhibited very high photocurrents but
whose performance in intact mammalian brain circuitry had not yet been explored. We fused
KA2(1-150) to the C-terminus of CoChR, a powerful opsin with perhaps the largest
photocurrent described to datel®, at least when assessed in cultured neurons. We examined
the resulting localization in cultured neurons, finding that unlike wild-type CoChR-GFP
(Fig. 1c—f), CoChR-KA2(1-150)-GFP (called soma-targeted CoChR or soCoChR for short)
appeared primarily at and near the cell body (Fig. 1g—j). Quantitatively, at 50 um from the
edge of the cell body, CoChR-KA2(1-150)-GFP fluorescence was 4.67+£1.29% of the
average brightness across the cell body, in contrast to 35.56 + 8.33% for the wild-type opsin
(mean + standard error; n = 9 neurites taken from 7 cells from 3 cultures for the KA2 fusion,
n = 7 neurites taken from 5 cells from 2 cultures for the wild-type, Fig. 1m,n). We found that
for most distances between 0 to 100 pm from the edge of the cell body, in CoChR-KA2(1-
150)-GFP expressing cells the neurite fluorescence was significantly lower than in CoChR-
GFP expressing cells (n = 9 neurites from 7 cells from 3 cultures for CoChR-KA2(1-150)-
GFP; n =7 neurites from 5 cells from 2 cultures for CoOChR-GFP; see Supplementary Table
3 for Bonferroni-corrected Kolmogorov-Smirnov tests run for each bin).

As for Kv2.1, for which a motif has been previously used by multiple groups to target ChR2
to the cell body?7+33, we found that the expression of CoOChR-GFP-Kv2.1mtif Was not purely
at the cell body (Supplementary Figure S3). Quantitatively, at 50um from the edge of the cell
body, CoChR-GFP-Kv2.1y01if fluorescence was 33.60 +/- 4.75% of the average brightness
across the cell body, whereas this ratio was 35.56 + 8.33% for wild-type CoChR (mean +
standard error; n = 5 neurites taken from 5 cells from 2 cultures for the Kv2.1q¢ fusion, n
=7 neurites taken from 5 cells from 2 cultures for the wild-type, Supplementary Figure S3).
Statistically, the brightness difference between CoChR-GFP and CoChR-GFP-Kv2.1 was
not significant along neurites (n = 5 neurites from 3 cells from 2 cultures for CoChR-GFP-
KV2.1motif; N = 7 neurites from 5 cells from 2 cultures for CoChR-GFP; see Supplementary
Table 3 for Bonferroni-corrected Kolmogorov-Smirnov tests run for each bin). Thus we
chose not to further pursue CoChR-GFP-Kv2.1qiif.

CoChR- GFP and CoChR-KA2(1-150)-GFP could both mediate action potentials in
expressing neurons in response to blue light pulses (Fig. 1k,l). Photocurrent measurements
(Fig. 10,p; 5 ms light pulses at 480nm, 34.84 mW/mm?) revealed that CoOChR-GFP and
CoChR-KA2(1-150)-GFP had average photocurrents of 1029 + 217 pA and 720pA * 156
pA respectively (mean + standard error of the mean, n = 13 and 13 cells each from 3 and 3
cultures for CoChR-GFP and CoChR-KA2(1-150)-GFP respectively; see Supplementary
Table 3 for full statistics). As previously reported'®, CoChR-GFP under 1P widefield
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activation has a long photocurrent decay time (Fig. 1q; tof = 150 + 18 ms, value is mean
standard error of the mean). This value was shorter for CoChR-KA2(1-150)-GFP (52 + 6
ms; mean + standard error of the mean; n = 13 neurons from 3 cultures, 13 neurons from 3
cultures for CoChR-GFP and CoChR-KA2(1-150)-GFP respectively; Fig. 1q; see
Supplementary Table 3 for full statistics), perhaps because the patch pipette is measuring
just the currents near the cell body, and not the currents propagating in from distant neurites
that would be driven when a wild-type opsin is used.

Using CoChR- and soCoChR-expressing cultured neurons, we measured the action spectra
of these molecules (Supplementary Fig. S4a), the spike probability (Supplementary Fig.
S4b) and photocurrent (Supplementary Fig. S4c) mediated by these molecules as a function
of irradiance, and the spike fidelity mediated by these molecules as a function of the
stimulation frequency (Supplementary Fig. S4d). We also examined basic cell health
parameters. The passive membrane properties for neurons containing CoChR-GFP (n = 10
cells from 3 cultures) vs. CoChR-KA2(1-150)-GFP (n = 10 cells from 3 cultures) were not
significantly different (P > 0.05, Kruskal-Wallis Test for these membrane properties: resting
potential, membrane capacitance, holding current and membrane resistance; see
Supplementary Fig. S5 for comparison between soma-targeted vs. non-targeted CoChR).

Somatic CoChR enables single cell optogenetic control using 1P photostimulation

Two-photon

To test whether soCoChR-GFP could mediate single-photon (1P) stimulation of cultured
neurons without stimulating nearby cells, we patched a single cell under widefield
fluorescence microscopy, and used a digital micromirror device (DMD) to photo-stimulate
the patched cell and its neighbors with 20 microns diameter spots (Fig. 2a,b for schematic of
the experiment), under synaptic blockade. We found that for light of this power, and for both
CoChR-GFP or soCoChR-GFP expressing cells (n = 5 for both opsins; average distance of
photostimulated cell from patched cell = 76.89 + 6.98 um and 74.22 + 6.50 um respectively;
Fig. 2c,d for images of opsin-expressing neurons; see also Supplementary Table 3),
illuminating the cell body of the patched cell always yielded an AP in that cell. Furthermore,
while patching a CoChR-GFP expressing cell and photostimulating the somata of
neighboring non-patched CoChR-GFP expressing cells, we recorded an AP when
photostimulating 62.0 £+ 16.3% of the neighboring cells (Fig. 2e,h; mean £ s.em.;n=5
patched cells from 4 cultures); in contrast, while patching a soCoChR cell, photostimulating
the neighboring cells' somata never resulted in an AP in the patched cell (P < 0.01, Wilcoxon
rank sum test; Fig. 2f-h; n = 5 patched cells from 5 cultures). Analyzing the data further, we
found depolarizations of > 0.5 mV above baseline (defined as the average voltage over the
100 ms preceding the voltage change, see Online Methods) in patched cells within CoChR-
GFP-expressing networks when 96.0 + 2.4% of the nearby cells were stimulated (Fig. 2e,i;
mean + s.e.m.), in contrast to 4.0 + 4.0% of the nearby-cell stimulations for soCoChR-
expressing neurons (P < 0.001, Wilcoxon rank sum test; Fig. 2f,i; mean + s.e.m.).

holographic control of soCoChR-expressing neurons in brain slice

We next sought to assess the potential for soCoChR to mediate single cell optogenetic
control in intact mouse brain slices. The strong scattering undergone by visible light in tissue
will induce a broadening of the excitation spot and therefore spurious activation of distant
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neurons by both out of focus and scattered photons3#35. To avoid this possibility, we used
2P activation, and to optimize temporal resolution we used parallel holographic light
illumination. We implemented holographic 2P activation in two different microscopes (Fig.
3a,b and Supplementary Fig. S6). In setup 1, a custom made 2P scanning system was
combined with a 2P CGH setup, using a low repetition amplified fiber laser (A. = 1030 nm;
exit average power = 10 W; repetition rate = 500 kHz; pulse duration = 250 fs) as excitation
source. In setup 2, a 1P epifluorescence microscope was combined with a 2P CGH system
using as the excitation source a conventional mode locked Ti:Sapphire fs laser (A = 920 nm;
exit average power = 1.6 W; repetition rate = 80 MHz; pulse duration = 100 fs). Setup 1 was
designed to achieve simultaneous activation of multiple cells, since the high output power
and low repetition rate of the laser source enabled parallel illumination with high-energy
pulses, while keeping average power low. Setup 2, in contrast, had lower output power and
used conventional and commonly available laser sources. The tunable laser source used in
setup 2 enabled us to tune the excitation wavelength to the peak of the 2P spectrum
(Supplementary Fig. S7), while the laser source used in setup 1 has a fixed excitation
wavelength at 1030 nm, which corresponds to ~60% of the excitation peak (Supplementary
Fig. S7).

We quantified the spatial confinement of soCoChR vs CoChR by measuring the
photostimulated current integral while steering a 10 pm diameter holographic spot away
from the soma of a patched neuron in ~10 um steps along a neurite of a mouse cortical brain
slice, with synaptic receptor blockers (NBQX, gabazine, strychnine, APV) applied (Fig.
3c,d). 2P photo-stimulation power density was set, for each cell, at the minimum value
necessary to reliably (in all three of three consecutive trials) trigger one AP using a 30 ms
photo-stimulation pulse illuminating the whole soma (threshold power for CoChR-GFP: 28
+ 10 uW/um? and 92 + 93 using setups 1 and 2 respectively, n=7 cells from 5 mice in setup
1 and n=10 cells from 8 mice in setup 2; threshold power for soCoChR-GFP: 83 + 39
pW/pm?2 and 261 + 190 uW/um? using setups 1 and 2 respectively, n=4 cells from 4 mice in
setup 1 and n=9 cells from 6 mice in setup 2). The difference in power required for the two
opsins is possibly due to a difference in expression efficiency for the two opsins in vivo. We
cannot exclude that with the axial resolution used in the experiment (20-40 um;
Supplementary Fig. S8) the surrounding neurites contribute to the observed current, this
effect being more pronounced for the non-soma targeted opsin. For each illumination
position along each neurite, we normalized the measured current integral to the
corresponding value measured at the soma (Fig. 3e). The normalized current integral
decayed more sharply along neurites expressing soCoChR-GFP than along neurites
expressing CoChR-GFP (P < 0.05 at sites 30 um from soma and beyond; P < 0.01 at sites 45
pum from the soma and beyond; n = 16 neurites from 8 CoChR-GFP cells from 7 mice; n =
27 neurites from 16 soCoChR-GFP cells from 13 mice). We note that the sharper current
decay was observed even though for soCoChR-GFP we used higher photostimulation
powers than for CoChR-GFP. Absolute values of currents corresponding to Fig. 3e are
reported and analyzed in Supplementary Fig. S10 and Supplementary Table 4 (the decay of
the fluorescence reporter (GFP) along the neurites is shown in Supplementary Fig. S9).
Thus, photo-evoked currents fall off more rapidly down soCoChR-bearing neurites than
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those bearing CoChR, a crucial condition to support neuronal stimulation with single cell
resolution.

Millisecond-timescale activation of neurons in brain slices

We next searched for illumination conditions that enabled the triggering of APs with <1
millisecond temporal jitter in cells expressing sSoCoChR-GFP vs CoChR-GFP. We measured
the rise time (tqn) and decay time (o) of photocurrents generated by a holographic spot
covering the cell body of an opsin-expressing neuron while we increased illumination power.
For both CoChR-GFP and soCoChR-GFP expressing neurons, ty, decreased with increasing
illumination power (Fig. 4a), reaching an asymptotic value (see methods) of 5.7 £ 2.6 ms in
CoChR-GFP cells (n = 4 cells from 4 mice) and 4.1 + 2.5 ms in soCoChR-GFP cells (n =4
cells from 4 mice). o5 values were independent of the illumination power and equal to
37+13 ms in CoChR-GFP expressing cells (n=4 cells out of 4 mice) and 33.3£5.6 ms in
soCoChR-GFP expressing cells (n = 4 cells out of 4 mice). Notably, these numbers were
similar, in contrast to what was seen for 1P widefield illumination in cultured neurons (Fig.
1q), suggesting that restricting light illumination to the soma effectively equalized the decay
times of photo-evoked currents for targeted vs non-targeted opsins.

As a next step in understanding the temporal properties of 2P CGH excitation of soCoChR-
bearing neurons, we assessed how AP latency (defined as the time interval between the onset
of photoactivation and the peak of the AP) and AP jitter (defined as the standard deviation of
the aforementioned latency) depended on the illumination power, for both wild-type CoChR
and soCoChR. Increasing the photo-stimulation power density to values above 70 pW/um?
on setup 1 (or 360 PW/um? on setup 2) enabled for both CoChR-GFP and soCoChR-GFP-
expressing neurons a spike latency below 15 ms (Fig. 4b), and a spike jitter below 1 ms (Fig.
4c).

Single cell activation of soCoChR-bearing neurons in brain slices using 3D holography

We assessed whether soCoChR-bearing neurons in combination with 2P holographic
stimulation could enable millisecond-precision single-cell optogenetics in brain slices. We
performed crosstalk experiments as before, patching an opsin-expressing neuron and
attempting to activate both the patched neuron and nearby neurons (experiments done using
setup 1 and schematically represented in Fig. 5a). We patched an opsin-expressing neuron,
with synaptic transmission blocked, and acquired a 2P image stack to reconstruct the 3D
volume (~200x200x80 pum?3) surrounding the patched cell. 3D holographic illumination
allowed to sequentially or simultaneously target multiple locations in such volume (Fig. 5b).
We randomly selected 5 to 8 neighboring neurons in this volume (Fig. 5¢). We then
sequentially illuminated these cells with a 10-14 pm holographic spot while recording from
the patched cell. We used excitation powers above 70 pW/um? that, accordingly to Fig. 4,
assure < 15 ms latency and <1 millisecond jitter. In each sequence, for both CoChR-GFP or
soCoChR-GFP, the patched cell responded with at least one AP when the holographic spot
was placed on its cell body. For CoChR-GFP expressing cells, in 33+8% of the cells nearby
to a patched cell (n = 7 patched cells from 6 mice, Fig. 5d,e), illumination evoked an AP in
the patched cell, whereas for soCoChR-GFP expressing cells, illumination of neighboring
cells one at a time never evoked an AP in the patched cell (P<0.01; n = 7 patched cells from
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7 mice; Fig. 5d,e). Thus, soCoChR used in combination with 2P-CGH illumination could
ensure zero-spike crosstalk, single cell stimulation of neurons in intact brain circuitry and <1
millisecond jitter of the spikes.

Although individually illuminating neighboring soCoChR-GFP expressing cells did not
evoke APs in the patched cell, the illumination still induced a depolarization of 2.6 + 1 mV
in the patched cell (Fig. 5d; n =7 cells from 7 mice). Accordingly, we assessed whether
simultaneous stimulation of multiple neighboring cells could push a patched neuron to fire
one or more APs, by exciting between 5 and 8 randomly selected neighboring cells. We
generated multiple spots, each with power density equal to the one used for the
corresponding experiment with sequential cell stimulation (142424 pW/um? and 17326
HW/pm? for CoChR-GFP and soCoChR-GFP expressing cells respectively; see also
Methods and Supplementary Fig. S11). For CoChR-GFP, in 57% of the cells we observed
multiple APs (n = 7 patched cells from 6 mice; Fig. 5f,g). In contrast, for soCoChR-GFP we
never observed multiple APs (n = 7 patched cells from 7 mice; Fig. 5f,g). However, single
APs were observed in 100% and 33% of patched cells, for CoChR-GFP and soCoChR-GFP
respectively (n = 7 cells from 6 mice and 10 cells from 9 mice, respectively) in the
simultaneous excitation condition.

These experiments were done at a power just below saturation (Supplementary Fig. S8d).
This enabled us to assure a high enough channel recruitment without too much broadening
of the axial resolution (Supplementary Fig. S8d) and consequently helped minimize
artifactual out of focus neurite activations.

Finally, we performed local functional connectivity experiments in cortical slices from layer
[1/111 of mouse primary visual cortex. To this end, we patched a neuron expressing CoChR-
GFP or soCoChR-GFP and we selected 15-25 neighboring opsin-positive cells in a volume
of about 200x200x70 pum? centered around the patched cell (Figs. 6a,b; Supplementary Fig.
S13). We then sequentially stimulated the neighboring cells (three 10 ms laser pulses at 50
Hz) while recording the currents in the patched cell (Fig. 6a,b), and repeated the entire
sequence three times. To trigger APs with short (<10 ms) latency and ms jitter in the
presynaptic cells we applied laser powers in the range of 130 + 30 pW/pm2, for CoChR-
GFP, and 180 + 20 pW/um?, for soCoChR-GFP (Fig. 4b,c). In both preparations, we
repeated the same experiment in presence of synaptic receptor blockers (NBQX, gabazine,
strychnine, APV), so that we could isolate the synaptic vs. artifactual components.

When performing the experiments in soCoChR-GFP expressing cells we found that 13 + 7%
of photostimulated neighboring cells evoked currents, /707, in the patched cell. The
application of synaptic receptor blockers left a residual current (8 £ 6 pA; Fig. 6c) that
corresponded to the artifactual component (/4z7), which came from the direct stimulation of
dendrites or axons of the patched cell crossing the photostimulation volume. The component
sensitive to receptor blockers (/707—/477) Was thus an estimate of the true postsynaptic
current (PSCs) (36 + 16 pA; Fig. 6¢).

In the case of CoChR-GFP expressing cells, 71+14% of photostimulated neighboring cells
evoked currents, /7o7; in the patched cell with an artifactual component, /4p7; of 37 £ 15
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pA, which was of about the same order as the PSCs (32 £+ 10 pA). These results revealed for
CoChR the presence of a strong artifactual contribution. Overall, the ratio between the real
PSCs and the artifactual peak currents was significantly higher in soCoChR-GFP expressing
cells compared to the case of CoChR-GFP expressing cells (11 + 10 in soCoChR-GFP; 1.4
+ 1.2 in CoChR-GFP; Fig. 6d).

Discussion

We here demonstrate that optical activation of single cells in dense mammalian neural
circuitry, with <1 millisecond temporal jitter, is possible without causing stray spiking in
neighboring neurons. We achieved this combined temporally and spatially precise
optogenetics through molecular engineering — creating a soma-targeted version of the
powerful opsin CoChR19, or soCoChR for short, as well as optimal 2P-holographic control
of individual neurons. We screened potential trafficking sequences from 9 different soma-
localized molecules, first testing entire molecules as well as fragments with GFP, then
CoChR. We discovered that the first 150 amino acids on the N-terminus of the kainate
receptor subunit 2 enabled efficient targeting of CoChR to the soma, restricting CoChR
expression to the first 20-50 um of dendrites and axons, without alteration of cellular
function. We showed that we could get zero-spike crosstalk 2P-excitation of individual cells,
i.e. without driving APs in neighbors, but activating many neighbors at once could cause a
nearby neuron to be excited to the point of spiking. This thus provides an avenue for future
investigation.

We performed local functional connectivity experiments in cortical slices and showed that
soma-targeted opsins enabled identification and measurement of downstream postsynaptic
currents onto defined cells. It is important to note that although the use of soma-targeted
CoChR enabled significant reduction in the artifactual component arising from the direct
stimulation of postsynaptic cell processes, this contribution was not completely eliminated.
Further improved soma-targeting strategies combined with reduced axial confinement of the
excitation volume, e.g. by combining CGH2 with temporal focusing (Supplementary Fig.
S8f,g) will enable further reductions in this artifactual component.

Optogenetic analysis of synaptic connectivity has been demonstrated before in intact
mammalian circuits3®:37. To avoid artifactual components in the PSCs, previous studies have
used expression of opsins in the presynaptic cell only, thereby ensuring that the postsynaptic
cells do not contain an opsin38. Alternative strategies have used sparse labeling of the ChR2
expressing neurons3? or selective opsin expression in a specific subset of neurons*C,
Pioneering experiments have used ChR2 targeted to the soma through K,,2.139:36 together
with 1P36 and 2P33 activation. In the latter case, the authors were able to show for the first
time the use of somatic opsins to map neuronal connectivity. However, these first
experiments required long photostimulation pulses (150ms) and used relatively high
excitation power (~180 mW/cell)33 which corresponded to a jitter of 17ms, thus limiting the
maximum number of targets (2 to 5) that could be simultaneously reached and the precision
in the temporal control of spiking generation.
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Here we demonstrated that using somatic CoChR enables control of neuronal firing using
short illumination pulses (10-30 ms) with temporal jitter short enough (<1ms) to control
precise neural codes. For soCoChR-GFP-expressing neurons we demonstrated that APs
could be generated reliably by using either a conventional mode locked fs Ti:Sapphire laser
or an amplified fiber laser. The first approach is of easier implementation, since such laser
sources are common in 2P microscopy. However, we found that reaching the AP threshold
with soCoChR at a depth of about 50 pm required an excitation power of about 30 mW/cell.
This value, considering an available exit power after the objective of ~ 200 mW (at 920 nm),
will limit to 6-7 cells the maximum number of simultaneously achievable targets. Amplified
fiber lasers enable higher 2P absorption compared to typical mode-locked Ti:Sapphire laser
oscillators due to lower pulse repetition rates of the femtosecond laser (the two-photon

excited signal S’ o< Rfvg(ff)’l, with 7the repetition rate, zthe pulse width and £, the
average beam power#1). This feature enabled reducing to ~80 pW/um? (corresponding to
about 9 mW/cell) the AP spiking threshold and therefore, considering the several-watt exit
power of amplified fiber lasers (corresponding in our setup to ~2 W after the objective)
would make it possible to simultaneously photostimulate up to 200 cells. Performances
similar to the one achieved with targeted CoChR and 2P holographic illumination might be
reached by other opsins when fused to the KA2(1-150) motif, e.g. Jaws for neuronal
inhibition42,

Single cell optogenetics may prove powerful for mapping the connectivity of neurons within
functional networks, a topic of great interest in the understanding of how individual cells
work together in networks to implement neural computation. Past attempts to map
connectivity, either by multi-neuron simultaneous whole cell patch clamp?3, by glutamate
uncaging onto populations of cells*, by examining spontaneous activity in neural
networks*®, or by laser scanning photoactivation of populations of neurons equipped with
optogenetic actuators*® have revealed many tantalizing and non-random features of
mammalian neural circuits, with consequences for understanding how individual neurons
and networks compute, generate behavior, and contribute to brain pathology. With zero-
spike crosstalk single cell optogenetics, it will be possible to patch one neuron and
photostimulate many neighboring cells, measuring synaptic strength as well as synaptic
release kinetics, and perhaps also to image neural activity network-wide in response to each
neuron within the network being excited in turn. Thus, the technologies we report here will
be useful for bridging the structural and functional domains of the field of connectomics,
important for ultimately realizing its impact on the understanding of behavior and disease.

Online Methods

Primary neuron culture, transfection and transduction

All procedures involving animals were in accordance with the National Institutes of Health
Guide for the care and use of laboratory animals and approved by the Massachusetts
Institute of Technology Animal Care and Use Committee. Hippocampal neuron cultures
were prepared from postnatal day 0 or day 1 Swiss Webster (Taconic or Charles River) mice
as previously described?®.
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For neuronal expression of GFP fusions with opsins or GFP fusions with trafficking
sequences during the screen for soma targeting sequences, we performed transfection at 4
days in vitro (DIV) with a commercial calcium phosphate kit (Invitrogen). We added an
additional washing step with acidic MEM buffer (pH 6.8 — 6.9) after calcium phosphate
precipitate incubation to completely re-suspend residual precipitates*’. We used 1ug of
DNA. Neurons were imaged 14-18 DIV (10-14 days post-transfection).

For neuronal expression of mCherry we transduced the already transfected neurons 10-14
DIV, with AAV8-Syn-mCherry-WPRE virus by adding 1yl of the virus (titer = 1.4x1013
infectious units per mL).

For neuronal expression of either CoChR-GFP or soCoChR-GFP in culture (as seen in Fig.
2), hippocampal cultures were transduced 3—4 DIV with either AAV8-Syn-CoChR-GFP-
WPRE or AAV8-Syn-soCoChR-GFP-WPRE viruses (at a titer of 4.7x1012 and 4.0 x1012
respectively) and imaged 14 days later.

AAV particles were produced by the University of North Carolina Chapel Hill Vector Core.

Whole-cell electrophysiology in vitro

Current and voltage clamp recordings of cultured neurons—Whole cell patch
clamp recordings in culture were made using Axopatch 200B or Multiclamp 700B
amplifiers, a Digidata 1440 digitizer, and a PC running pClamp (Molecular Devices). For in
vitro current-clamp recordings, neurons were patched 14-18 DIV (10-14 days post-
transfection) to allow for neurons to mature to the point of being capable of spiking.
Neurons were bathed in room temperature Tyrode containing 125 mM NaCl, 2 mM KCl, 3
mM CaCl,, 1 mM MgCl,, 10 mM HEPES, 30 mM glucose and the receptor blockers 0.01
mM NBQX and 0.01 mM gabazine. The Tyrode pH was adjusted to 7.3 with NaOH and the
osmolarity was adjusted to 300 mOsm with sucrose. For in vitro voltage-clamp recordings,
neurons were patched 19-21 DIV (17-20 days post-transfection) under similar conditions as
for the current-clamp recordings, except the Tyrode also contained 1 uM tetrodotoxin (TTX,
Tocris Bioscience). No all-trans-retinal was supplemented for any cultured neuron
recordings.

For recordings, borosilicate glass pipettes (Warner Instruments) with an outer diameter of
1.2 mm and a wall thickness of 0.255 mm were pulled to a resistance of 5-10 MQ with a
P-97 Flaming/Brown micropipette puller (Sutter Instruments) and filled with a solution
containing 125 mM K-gluconate, 8 mM NacCl, 0.1 mM CacCl,, 0.6 mM MgCl,, 1 mM
EGTA, 10 mM HEPES, 4 mM Mg-ATP, and 0.4 mM Na-GTP. The pipette solution pH was
adjusted to 7.3 with KOH and the osmolarity was adjusted to 298 mOsm with sucrose. For
voltage clamp experiments, cells were clamped at —65 mV. For current clamp experiments,
access resistance was monitored throughout recording. Data was analyzed using Clampfit
(Molecular Devices) and custom MATLAB scripts (Mathworks, Inc.).

Current clamp recordings of cultured neurons during digital micromirror

device (DMD) photostimulation experiments—Whole cell patch clamp recordings
were made using Axopatch 200B or Multiclamp 700B amplifiers, a Digidata 1440 digitizer,
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and a PC running pCLAMP (Molecular Devices). In each experiment (Fig. 2), we patched

(current clamp) cell #1. Then, starting from cell #1, we photostimulated cell #1 and 9 other
cells using the DMD to focus the light. Photostimulations were made 10 seconds apart (470
nm; 40.7 mW/mm?2) and the responses for the photostimulation were recorded in pCLAMP.

Molecular Cloning and virus production

All opsin genes were synthesized (Genscript) with mammalian codon optimization and
subcloned as previously described1®48. For screening in cultured neurons, all genes were
subcloned into the FCK lentiviral backbone under a CaMKII promoter and with a C-
terminal GFP fusion. For soCoChR-GFP, the first 450 bp were cloned 3’ to CoChR, with no
further trafficking sequences added. For CoChR-Nay1.2 (11/111)-GFP, the KGC*? followed
by ER2%0 trafficking sequences from the potassium channel Kir2.1, with the resulting
molecule named CoChR-KGC-Nay,1.2(11/111)-ER2-GFP (see®! for earlier details). For virus
production, the genes were cloned into the pAAV plasmid, using a synapsin promoter. AAV
(serotype 8) was produced by the UNC vector core.

Photostimulation experiments in vitro

Whole field neural stimulation—Neuron voltage clamp photo-stimulation experiments
were done with a LED mounted on a microscope for widefield illumination (Leica 3000B),
with a nominal wavelength at 480 nm (X-Cite XLED1, Excelitas Tecnologies). We filtered
the LED light with the 472/30 nm BrightLine single-band bandpass filter (Semrock). Light
was triggered by pClamp (Molecular Devices). Light power was measured as 34.84
mW/mm2, through a Leica HCX APO L 40x objective (air, NA=0.6). For each trace
recorded, a 10 ms current injection was given (to make sure a neuron could spike), followed
by a 1 ms light pulse (480nm; 34.84 mW/mm?) 5 seconds later.

Stimulation of cell bodies with a DMD—Stimulation of neural cell bodies was
performed with a Leica 6000 B widefield microscope, mounted with a Mosaic DMD system
(Andor) and a Zyla 5.5 SCMOS camera (Andor). The experiments were performed with an
LED with nominal wavelength at 470 nm (Thorlabs, M470L2) and power of 40.7 mW/mm?.
Neurons were imaged and stimulated through a 1 MP-2262-59022XR-360T GFP/mCherry
filter set (dual GFP/mCherry, Andor). For the photostimulation experiment, an image of the
green fluorescence was first acquired, and cell bodies were then identified by eye based on
their donut shaped fluorescence. A cell was chosen randomly to be patched (to avoid sample
bias, we patched the neuron which was closest to the middle of the field of view), with the
only requirement being that it was in a dense area. This cell was referred to as #1.
Thereafter, 9 circles, with a diameter of 20 pm were defined around the cell bodies of
interest using Metamorph software (Molecular Devices) with distances ranging between 10—
200 um from cell #1. Then, starting from cell #1, we photostimulated cell #1 and 9 other
cells sequentially. Stimulations were made 10 s apart.

Single photon characterization of CoChR and soCoChR—Action spectrum data
for CoChR and soCoChR were taken and analyzed as previously described!®. Analysis of
spike probability as a function of irradiance for CoChR and soCoChR expressing cells,
photocurrent as a function of irradiance for CoChR and soCoChR expressing cells, and light
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driven spike fidelity for CoChR and soCoChR expressing cells were all conducted as
previously described?®.

Imaging in vitro

GFP-fusions with trafficking sequences, opsin-GFP with trafficking sequences, and cytosolic
mCherry expressed in cultured neurons were imaged with a LED mounted (X-Cite XLED1,
Excelitas Technologies) on a microscope for widefield illumination (Leica 3000B), through
either a Leica HCX APO L 40x objective (air, NA=0.6) or a Leica HCX APO L 20x
objective (air, NA=0.5). Imaging was performed with a Hamamatsu Orca Flash 4.0 camera
under identical illumination conditions throughout: a 480 nm LED using GFP-3035D filter
cube (Semrock) for GFP fluorescence (34.84 mW/mm?2) and a 540 nm LED with 543 nm

+ 11 nm excitation filter (Semrock) for mCherry fluorescence. Images were taken with an
exposure time of 300 ms.

Cultured neurons expressing CoChR-GFP, KA2-GFP or KA2(1-150)-GFP were imaged
using similar parameters: fluorescence was excited with a 480 nm LED filtered by a 472/30
nm BrightLine single-band bandpass filter (Semrock) and focused on the sample through a
Leica HCX APO L 20x objective (air, NA = 0.6), with a power of 25.19 mW/mm2. Images
were acquired with a Hamamatsu Orca Flash 4.0 with an exposure time of 300 ms.

Viral injections and whole-cell electrophysiology in brain slices

All experimental procedures were conducted in accordance with guidelines from the
European Union and institutional guidelines on the care and use of laboratory animals
(council directive 86/609 of the European Economic Community) that were approved by the
Paris Descartes Ethics Committee for Animal Research (registered number CEEA34.EV.
118.12).

Stereotactic injections of the viral vectors AAV8-Syn-CoChR-GFP, AAV8-Syn -CoChR-
KGC-Nay1.2(11/111)-GFP-ER2 and AAV8-Syn-soCoChR-GFP were performed in 4 week
old male Swiss mice (Janvier Labs). For connectivity experiments the promoters Syn,
CaMKII or CAG were used. Animals were housed from 3 to 5 per cage with a light dark
cycle of 12+12 hours. Mice were anesthetized with ketamine (80 mg/Kg)-xylazine (5
mg/Kg) solution and a small craniotomy (0.7 mm) was made on the skull overlying V1
cortex. Injection of 1-1.5 pl solution containing the viral vector was made with a cannula at
about 80-100n1/min at 200-250 um below the dural surface. The skin was sutured and the
mouse recovered from anesthesia.

Brain slices of V1 cortex were prepared from mice 7-15 weeks after viral injection. Mice
were deeply anesthetized with isoflurane (5% in air), decapitated, and the brain rapidly
removed. Sagittal slices of 300 pm were obtained (VT1200S Leica Biosystems, Germany) in
room temperature or ice-cold solution containing the following (in mM): 85 NaCl, 2.5 KCl,
0.5 CaCl,, 4 MgCl,, 65 sucrose, 25 glucose, 0.5 ascorbic acid. Slices were transferred in a
recovery chamber held at 35° for 45 minutes, in a bath containing 20% sucrose solution and
80% ACSF containing the following (in mM): 125 NaCl, 2.5 KCI, 26 NaHCO3, 1.25
NaHopOy4, 1 MgCls, 1.5 CaCl,, 25 glucose, 0.5 ascorbic acid. All solutions were aerated
with 95% O, and 5% CO5 to a final pH of 7.4.
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Slices were placed in a recording chamber under the microscope objective, and were patched
while monitoring IR transmitted light images acquired at approximately video rate. Cells
were patched at 40-70 um depth and clamped at =70 mV in voltage-clamp configuration and
membrane potential was kept at =70 mV with currents injections ranging from =5 to —35 pA
in current-clamp configuration. Cell type was established based on morphology and AP
firing properties. Electrophysiology data were acquired with a Multiclamp 700B amplifier, a
Digidata 1322A digitizer (MolecularDevices) or a National Instrument device, and a PC
running pClamp10 software (MolecularDevices) or Neuromatic software running on the
IgorPro interface (Wavemetrics). Voltage and current clamp recordings were filtered at 6-10
kHz and sampled at 20-50 kHz. On the curves displayed in Fig. 3 a smoothing between
150-250 data points was applied, and in Fig. 5 a smoothing of 10 data points was applied.

The following receptor blockers were added to the artificial cerebro-spinal fluid (ACSF)
solution in all experiments to block any synaptic effect: strychnine, picrotoxin/gabazine and
NBQX (1-5 uM each; from Abcam or Tocris). Borosilicate glass pipettes (outer diameter
1.5 mm and inner diameter 0.86 mm) were pulled with a micropipette puller (Sutter
Instruments) and filled with a solution containing the following (mM): 130 K-gluconate, 7
KCI, 4 MgATP, 0.3 mM NaGTP, 10 Na-phosphocreatine, and 10 mM HEPES (pH adjusted
to 7.28 with KOH; osmolarity 280 mOsm). Pipette resistance in the bath was 5-7 MQ. Data
were acquired with a Multiclamp 700B amplifier, a Digidata 1322A digitizer (Molecular
Devices) or a National Instrument device, and a PC running pClamp10 software (Molecular
Devices) or Neuromatic software running on the IgorPro interface (Wavemetrics).

Imaging and photostimulation in brain slices

Holographic photostimulation was implemented in two different setups, with two different
photostimulation laser sources and imaging systems. Setups 1 and 2 were used to acquire the
data presented in Figs. 3, 4 and 6 whereas data presented in Fig. 5 was acquired solely with
setup 1.

Setup 1—Setup 1 consists of a homemade system, built around a commercial upright
microscope (SliceScope, Scientifica) in which the holographic photostimulation path was
combined with 3 imaging pathways: a two photon (2P) raster-scanning pathway, a one
photon (1P) widefield epi-fluorescence pathway, and an infrared (IR) transmitted light
imaging pathway (see detailed schematic in Supplementary Fig. S6). 2P imaging was
performed with a pulsed Ti-Sapphire laser source (Coherent Chameleon Vision I, pulse
width 140 fs, tuning range 680 nm — 1080 nm). The beam was raster scanned across the
sample via a pair of XY galvanometric mirrors (3mm aperture, 6215H series, Cambridge
Technology) imaged at the back aperture of the microscope objective (40x W APO NIR,
Nikon) through an afocal telescope (scan lens: £= 100mm, Thorlabs #AC508-300-B; tube
lens: 7= 300mm, Thorlabs #AC508-100-B). Fluorescence was collected with a fiber-coupled
detection scheme®2, based on a large diameter collector lens (£75mm, Thorlabs #LB1309-
A) and a 5mm diameter liquid light guide (LLG, Series 300, Lumatec customized with a f=
14.5mm doublet lens glued at the fiber entrance by Till Photonics, and an anti-reflective
coating provided at the fiber exit). The exit of the fiber was projected onto two GaAsP
photomultiplier tubes (H10770-40 SEL, Hamamatsu H10770-40 SEL, active area 5mm) by
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a set of three matching aspheric lenses (= 23.5mm, Melles Griot #LAG-32.5-23.5-C).
Fluorescence light was filtered by an infrared-light blocking filter (FFO1-750sp, Semrock),
spectrally split into two channels by a dichroic mirror (FF555-Di03, Semrock) and further
filtered through two emission filters (FF01-510/84 and FF02-617/73, Semrock). The power
of the 2P imaging laser was controlled through a liquid crystal variable phase retarder
(LRC-200-IR1, Meadowlark Optics) and a polarizer cube (BB-050-1R1, Meadowlark
Optics).

1P imaging was based on illumination provided by a LED source (M470L2, Thorlabs),
whose emission spectra was filtered by a bandwidth excitation filter (FF01-452/45,
Semrock). To provide homogenous widefield illumination, the emission was directed though
a diffuser (DG10-1500, Thorlabs) and, successively, through an achromatic lens (= 30mm,
#LA1805 Thorlabs). 1P induced fluorescence, after being separated from the excitation light
using a dichroic mirror (FF510-Di02, Semrock), was collected through a tube lens (f =
200mm), filtered by a band-pass filter (FF01-609/181, Semrock) and detected by a CCD
camera (Orca-05G, Hamamatsu). Fluorescence induced either by 2P raster scanning or 1P
widefield illumination was collected by PMTs or a CCD respectively; in the detection
pathway we had a switchable dichroic mirror (FF705-Di01, 70x50mm custom size,
Semrock).

The transmitted IR oblique illumination imaging path was based on an IR-LED source
(M780L2, Thorlabs), coupled with a DODT-contrast tube (DODT tube, Scientifica) and a
condenser. Light transmitted through the sample was collected with an IR CCD (IR-1000,
DAGE-MIT).

2P photoactivation consisted of arbitrary illumination patterns obtained with computer
generated holography, based on phase modulation of the laser wave front via the use of a
spatial light modulator (SLM).

The laser source used consisted of a femtosecond pulsed beam delivered by a fiber laser
source (pulse width 250 fs, repetition rate 500 kHz, pulse energy 20 pJ, A = 1030 nm;
Satsuma, Amplitude Systems). The beam was enlarged by a telescope and reflected off the
SLM (LCOS-SLM, X10468-07 Hamamatsu Photonics). The beam was then projected on the
back focal plane of the objective with a double afocal telescope (f = 500mm Thorlabs
#AC508-500-B, f = 300mm, Thorlabs #AC508-300-B, f = 200mm, Thorlabs #AC508-200-B
and f = 300mm Thorlabs #AC508-300-B). The SLM was driven by custom-designed
software (Wave Front Designer®3) based on a Gerchberg and Saxton (GS) iterative
algorithm®* which converts an arbitrary intensity pattern on the sample plane to a specific
phase profile to be addressed at the SLM plane.

As originally described for low®® and, more recently, high NA objectives!?, adding lens-
phase modulations to 2D-phase holograms enables remote axial displacement and 3D
positioning of bidimensional light patterns. This allowed us to target neural processes,
following their path in x-y-z (Fig. 3) and to address multiple targets, sequentially or
simultaneously, on multiple planes (Fig. 5 and 6).
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The zeroth order of diffraction was eliminated by introducing a single or a double cylindrical
lens®8. 2P imaging scanning and 2P photoactivation beams were combined through a large
dichroic mirror (Chroma T970dcspxr, 50mmx70mm custom sized, Chroma).

Setup 2—An analogous holographic photostimulation path was coupled with widefield
epifluorescence imaging on a second system, here denoted as setup 2 (see Supplementary
Fig. S6).

This system was built around an Olympus BX51W!I upright microscope, capable of
widefield epifluorescence imaging using illumination with an arc lamp, (OptoSource
Illuminator, Cairn Research, coupled with a monochromator, Optoscan Monochromator,
Cairn Research), and an Orca Flash 4.0 Hamamatsu CCD camera for epifluorescence
imaging. The native infrared differential-interference contrast (DIC) path of the Olympus
microscope allowed DIC imaging on the CCD.

The holographic photoactivation laser source consisted of a conventional pulsed Ti:Sapphire
laser, used at 920 nm (pulse width: 100 fs, repetition rate: 80 MHz, Mai-Tai, Deep-See,
Spectra Physics).

The holographic path was analogous to the one described for setup 1: a beam expander
enlarged the beam in front of the spatial light modulator (LCOS-SLM X10468-02), whose
plane was projected at the back focal plane of a 40x-NA 0.8 objective (LUM PLAN FI/IR,
Olympus) by an afocal telescope (f=750mm, Thorlabs #AC508-750-B and f=500mm
Thorlabs #AC508-500-B). The holographic beam was coupled to the optical axis of the
microscope by a dichroic mirror (FF670, SDi01, 25x36 mm, Semrock). Photostimulation
light pulses were generated by a Pockels cell (350-80, Conoptics).

Power conversion between Setup 1 and 2—The differences between the illumination
conditions (wavelength, pulse width and repetition rate) used in setups 1 and 2 required
finding a proper criterion to compare the experiments performed on the two setups. To do so,
we empirically estimated a scaling conversion factor &k between the power of the two
systems, P;on setup 1 and P, on setup 2, based on measurements of the rise times (z,,) of
photo-induced currents (see Fig. 4): we take as the conversion factor kthe ratio between the
powers that in each setup induced a photocurrent with the same rise time. We fit the
dependence of the rise times on the excitation power (n=4 cells measured in setup 1, among
which 3 expressed CoChr-GFP and 1 soCoChR-GFP; n=5 cells measured on setup 2, among
which 2 expressed CoChr-GFP and 3 soCoChR-GFP), using the expression:

il PO=" (s b

where P;is the photo-stimulation power density (with /=1 or 2 indicating setup 1 or setup 2,
respectively) and ¢y, ¢ and ¢3 are three free fitting parameters. For each cell, the
experimental dependence of the rise time on the illumination power included at least 5
power values.
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The conversion factor k= P4 P; was obtained as the factor that minimized the mean square
difference between the values of the curve z,,1(~1) and those of the curve with the rescaled
power values z,,2(kPp). The so-obtained value was k= P4 P; ~ 5.3, meaning that powers
used in setup 1 were about 5 times lower than those used in setup 2.

Diffraction efficiency corrections—Holographic generated light patterns suffer from a

position dependent diffraction efficiency1257:58 meaning that the intensity of a holographic

spot decreases the more is moved away from the center of the field of view or away from the
nominal focal plane of the objective.

Therefore, generation of illumination patterns with uniform intensity, crucial for experiments
in Fig. 3, 5 and 6, required the implementation of corrective algorithms to compensate for
this effect.

In the case of sequential targeting of different locations, homogenization of light distribution
was achieved by generating, together with the excitation holographic spots of surface Agpot,
an additional correction spot at the edge of the field of view, of surface Ao By adjusting
the size of the correction spot we could modulate the light intensity in the excitation spot
while moving the latter across the excitation field thus achieving constant light illumination
(see Supplementary Fig. S11). More precisely, at first we characterized experimentally the
position dependent diffraction efficiency, DE(x, y, 2); then, given a sequence of N
illumination spots of coordinates (x; y; z), we set the surface of the correction spot for each
umination site as Acorr = As (Ly) _1> . .

illumination site as “*corr—7=**spot min, DE , Where min , DE is the lower
diffraction efficiency value over the N illumination sites. The correction spot was blocked at
an intermediate image plane after the Spatial Light Modulator, preventing it from reaching
the sample.

For simultaneous illumination of multiple spots we used, as described in refs. Conti et al.>®

and Hernandez et al.12, graded input patterns to calculate with the iterative GS algorithm the
corresponding phase mask (see Supplementary Fig. S11). Briefly, each illumination spot, the
Fth in the ensemble of N, drawn in the input image for the GS algorithm, was weighted with

min, DE

a Subunitary coefficient w;, given by wi:DE({L}', i, Zz) This enabled us to direct more
power to spots corresponding to low-diffraction efficiency regions while sending less power

to the spots closer to the center of the excitation field and/or the objective focal plane.

Finally, we equalized the excitation power densities used for single spot sequential
stimulation and simultaneous multiple spot stimulation by adjusting the exit laser power.

Holographic photostimulation along neurites—Patched cells in slices were loaded
with Alexa594 hydrazide dye (15-20 pM; Invitrogen) to visualize cell morphology. We
imaged the patched neuron loaded with Alexa594 with a 2P scanning imaging system
(imaging laser at 780 nm89, setup 1) or widefield illumination (at 570 nm, setup 2). A z-
stack of the fluorescence emission was acquired in order to reconstruct the 3D morphology

Nat Neurosci. Author manuscript; available in PMC 2018 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shemesh et al.

Page 19

of the neurites (in a range of typically £40 pm) and to target, with holographic illumination,
specific x-y-z positions along neurites.

The photo-stimulation protocol consisted of sequentially displacing 10 um diameter
holographic stimulation spots from the distal end of the process towards the soma, with a
step-size of approximately 10 um. 2P stimulation consisted of 30 ms pulses with an
illumination power density corresponding to the power threshold density required to trigger
one AP when stimulating the whole soma. Practically, the power threshold density was
obtained by progressively increasing the excitation power up to a value that allowed to
reliably (in three consecutive trials) trigger one AP each time.

Measurement of opsin and photo-induced AP kinetic parameters—Neurons
expressing CoChR-GFP or soCoChR-GFP were patched and photo-stimulated with
holographic spots whose diameter was between 10 and 15 pm — i.e., covering the whole
soma. The kinetics of the response was monitored in both current-clamp and voltage-clamp
configurations. The photo-stimulation consisted of pulses of holographic illumination with a
duration varying from 300 ms at low power, down to a few ms at high power. The reported
rise time z,, corresponds to the time constant of a mono-exponential fit of the ascending
part of the photo-induced current.

To estimate the asymptotic value of the rise time, we fit the rise time vs. power curve of each
cell with expression (1) and the coefficient ¢3 was taken as the asymptotic value of the rise
time for each cell, and then averaged across cells. We considered in the average only cells in
which the rise time vs. power curve had a sufficient number of experimental points (=5) to
assure the reliability of the fit.

The AP latency was defined as the time delay between the onset of 2P stimulation and the
peak of the photostimulated AP. The plotted values were obtained by averaging AP latencies
across 5 photostimulations (separated by 30 s). The duration of the photostimulation pulse
was initially set for 30 ms for low stimulation power (22+19 pW/um?2). For high
photostimulation power (107+29 pW/um?2), we decreased the duration of photo-stimulation
to below 30 ms, in order to minimize the generation of multiple spikes. The reported jitter
was calculated as the standard deviation of the AP latency computed across 5 consequent
photostimulations. The values were extracted from the same data used to obtain the latency
values.

Multiple cell-soma holographic photostimulation in slices

Opsin-expressing cells were visualized with a 2P scanning imaging system (imaging laser at
A =920 nm in setup 1) and patched. Thereafter, a z-stack of the GFP fluorescence emission
in the volume around the patched cell was acquired in order to identify neighboring positive
cells. The scanning imaging lasers, although inducing some photocurrents (1=23+13 pA;
imaging power P=14+2 mW, scanning frequency 0.74 Hz; n=3 soCoChR expressing cells
from 3 mice) didn’t induced APs during imaging. In slices expressing soCoChR-GFP, cells
were clearly distinguishable, since their somata were predominantly fluorescent with
minimal neuropil fluorescence. In contrast, slices expressing CoChR-GFP presented a

Nat Neurosci. Author manuscript; available in PMC 2018 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shemesh et al.

Page 20

diffuse and homogeneous green fluorescence, in which cells could be recognizable as dark
spots (spots with lower fluorescence compared to the background).

In the volume around the patched cells, we randomly identified and selected an ensemble of
neighboring fluorescent cells that we targeted with 10-14 pm holographic spots. Depending
on the field of view and cell distribution, we selected 5 to 8 cells. In order to avoid axial
resolution broadening due to the axial overlapping of multiple spots, for cells separated by
an axial distance smaller than the spot FWHM (see Supplementary Fig. S8) we choose cells
that were laterally shifted with respect to one another. These cells, in the vicinity of the
patched cell, were sequentially stimulated with a holographic spot (30 ms illuminations, 5 s
apart) and the generated membrane depolarizations recorded. The last cell to be
photostimulated for each stimulation sequence was the patched cell. Receptor blockers were
added to the ACSF solution in all experiments to block any synaptic effects (strychnine,
picrotoxin/gabazine and NBQX, 1-5 uM; Abcam or Tocris).

For sequential and simultaneous illumination experiments, the same power density was
delivered to each spot in the pattern, thanks to our diffraction efficiency compensating
algorithm (see Methods above). Since the axial separation between the patched cell and
targeted neighboring cells was < 30 pm, we estimated the effects of scattering on the relative
intensity between spots on the patched soma and on neighboring cells were less than 10951
and were therefore negligible. For higher spatial separations, a uniform light distribution was
obtained by adding further corrections to the intensity of each illumination spot according to
axial position.

3D holographic pattern reconstruction and calibration

To reconstruct the 3D holographic illumination pattern of Fig. 5b and Supplementary Figs.
S8 and S11, we used a dual microscope configuration as previously described?:12:53.62,
Briefly, below the main upper objective we placed a second objective (NA 1.2, water-
immersion, 60x). While the upper objective focused the holographic pattern on a thin layer
of rhodamine 6G (spin coated and dried on a glass coverslip), the second objective collected
the fluorescence generated by the rhodamine layer that was then recorded on a CCD camera.
By changing the vertical position of the upper objective, we reconstructed the whole x-y-z
distribution of the holographic excitation volume.

Daily calibration of the holographic illumination system consisted in verifying the spatial
alignment between the patterns of illumination and the imaging system. In setup 2
(combining 2P-CGH with widefield 1P imaging) we used the holographic patterns to excite
a thin fluorescent layer and we checked the position of the pattern in the field by imaging the
evoked fluorescence on the camera. In setup 1 (combining 2P-CGH with 2P scanning
imaging) we used the holographic pattern to bleach a thick fluorescent plate (Chroma - Part
No. 92001) and then we re-imaged the bleached pattern with the 2P scanning laser. In this
way, we obtained the exact positioning of the holographic patterns in the coordinates of the
imaging system. By iteratively adjusting the coordinate system of the holographic patterns
(specifically an x-y-z stretch and translation, together with a rotation in the x-y plane), we
could achieve a precise overlap with the imaging coordinate system. During experiments,
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this calibration allowed us to use fluorescent images as a reference to place with micrometric
precision photostimulation spots on the structures of interest.

Image analysis — determining the fluorescence brightness from the soma to the neurites

Images for this analysis were taken 14-18 DIV (10-14 days post-transfection) from cultured
neurons. The image analysis was performed in ImageJ. For each neuron we first defined the
boundaries of the soma. To that end, we drew a 20 um diameter circle near the soma, inside
which there was no apparent fluorescence from the soma or from neurites. We defined the
average fluorescence in this circle as background fluorescence.

We considered pixels with fluorescence intensity of at least 10% above background levels as
part of the soma and processes, and we defined the boundary between soma and processes
by the cell morphology. Then, we drew a polygon along the defined soma boundary and
measured the average fluorescence inside of it, and subtracted the previously calculated
background value. The resulting value was considered soma fluorescence. To measure
fluorescence intensities along the neurites, we defined 1um? rectangles along the neurite that
were up to 100 pm away from soma at increments of 10 um. The distance between each
rectangle and the soma was measured along the neurites (note well — this did not correspond
to the minimal linear distance from the soma, since neurites were curved). We then defined
the background value as described above for the soma. We made sure that the pixel intensity
values at the boundaries of the rectangle were at least 10% above background levels, to be
considered inside the neurite. We averaged the fluorescence intensity in each rectangle, then
subtracted the background, then divided it by the average soma fluorescence and plotted the
resulting ratios with respect to their distances along the neurites. The ratios for each distance
were averaged across neurites and data was plotted (using Matlab) as average and standard
error of the mean (for CoChR-GFP, n = 5 neurites from 5 cells from 2 cultures; for
soCoChR-GFP, n= 5 neurites from 5 cells from 3 cultures; for CoChR-Nay,1.2 (11/111)-GFP,
n=>5 neurites from 5 cells from 4 cultures). For the Kolmogorov-Smirnov (KS) test verified
that the dependent variable (fluorescence) was at least ordinal, that the two samples (cells
expressing CoChR vs cells expressing soCoChR) were independent and that in both cases
cells were chosen randomly. Image analysis in brain slices was performed the same way;
however, due to the dense labeling of cells we needed to determine the continuity of any
given measured cell. Since only patched cells were labeled with Alexa 594 we verified cell
continuity using the red channel, and measured the fluorescence in the green (GFP)
channels. This was performed for cells expressing CoChR vs. soCoChR.

Sample size determination

Because the experiments here were aimed at developing a technology, rather than testing a
formal scientific hypothesis, the animal numbers in the paper were forecasted based upon
past neuroengineering projects we have done, using the experience we have attained since
starting the Synthetic Neurobiology group at MIT, similar to Klapoetke et al®. This follows
guidelines recommended by the NIH®3 regarding “experiments based on the success or
failure of a desired goal.”
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Data analysis

Analyzing current amplitudes and current decay time following 1P
photostimulation experiments—For current amplitude analysis, during
photostimulation experiments, voltage clamp traces were recorded and the amplitudes of the
current were taken directly from Clampfit (Molecular Devices) and copied into an Excel
spreadsheet. For each patched cell, there was one current value. We averaged the
photocurrent amplitude values across cells for each opsin targeting variant, and calculated
the standard error of the mean (n = 13 neurons from 3 cultures and 13 neurons from 3
cultures for CoChR-GFP and soCoChR-GFP respectively). We then performed a two-sided
Wilcoxon rank sum test (in Matlab). Full statistics are in Supplementary Table 3. For the
Wilcoxon rank sum test, we verified that we were comparing two independent categorical
groups (the first group with cells expressing CoChR, and the second group with cells
expressing soCoChR), that the dependent variable (percentage) was ordinal, and that
observations of dependent variables were independent (because these were different
experiments, on different neurons).

For tof analysis, during photostimulation experiments, voltage clamp traces were recorded
and their current decay times (tqf) Were extracted from mono-exponential fits in Clampfit
(Molecular Devices). For each patched cell, there is one tqf value. We averaged the tq¢f
values across cells for each opsin targeting variant, and calculated the standard error of the
mean (n = 10 neurons from 3 cultures and 13 neurons from 3 cultures for CoChR-GFP and
s0CoChR-GFP). We then performed a two-sided Wilcoxon rank sum test (in Matlab). Full
statistics are in Supplementary Table 3. For the Wilcoxon rank sum test, we verified that we
were comparing two independent categorical groups (first group with cells expressing
CoChR, second group with cells expressing soCoChR), that the dependent variable
(percentage) was ordinal, and that the observations of dependent variables were independent
(because these were different experiments, on different neurons).

Analysis procedure for DMD experiments—To find the percentage of patched cells
spiking when directly photostimulated, we defined the patched cell as having an AP when its
membrane voltage depolarized by at least 35 mV upon photostimulation. For each of the 5
cells patched, we recorded the data as ‘1’ if the patched cell yielded an AP when the patched
cell was photostimulated, and ‘0’ if the patched cell did not yield an AP when the patched
cell was photostimulated. We found the percentage of APs in patched cells resulting from
direct stimulation, by summing all “1’s and dividing the sum by the number of patched cells
(n =5 cells from 4 cultures for CoChR-GFP; n =5 cells from 5 cultures for CoChR-KA2(1-
150)-GFP)).

To find the percentage of photostimulated neighboring somata yielding an AP in the patched
cell, we defined the patched cell as having an AP when its membrane voltage was
depolarized by at least 35 mV upon photostimulation (baseline was calculated as the average
of the voltage values over the 100ms period which preceded the event). For each of the 5
cells patched, 9 cells neighboring the patched cell were photostimulated. We then counted
the number of neighboring cells whose stimulation led to an AP in the patched cell, and
divided it by the number of photostimulated neighboring cells. This value was then averaged
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across the 5 patched cells (n = 5 cells from 4 cultures for CoChR-GFP; n =5 cells from 5
cultures for soCoChR-GFP)). We then made a bar-plot showing the average percentage and
standard error of the mean for CoChR-GFP and soCoChR-GFP. We compared this
percentage between CoChR-GFP and soCoChR-GFP via a two-sided Wilcoxon rank sum
test (Matlab). Before performing the Wilcoxon rank sum test, we verified that we were
comparing two independent categorical groups (first group with cells expressing CoChR,
second group with cells expressing soCoChR), that the dependent variable (percentage) was
ordinal, and that the observations of dependent variables were independent (because these
were different experiments, on different neurons).

To find the percentage of photostimulated neighboring somata yielding a depolarization in
the patched cell, we defined the patched cell as having a depolarization when its membrane
voltage increased from baseline by more than 0.5 mV upon photostimulation (baseline was
calculated as the average of the voltage values over the 100ms period which preceded the
event). For each of the 5 cells patched, 9 cells neighboring the patched cell were
photostimulated. We then counted the number of neighboring cells whose stimulation led to
a depolarization in the patched cell, and divided it by the number of photostimulated
neighboring cells. The value was averaged across the 5 patched cells (n = 5 cells from 4
cultures for CoChR-GFP; n = 5 cells from 5 cultures for soCoChR-GFP)). We then made a
bar-plot showing the average percentage and standard error of the mean for CoChR-GFP and
soCoChR -GFP. We compared this percentage between CoChR-GFP and soCoChR-GFP by
a two-sided Wilcoxon rank sum test (Matlab).

Measurement of 2P excitation spectrum—The wavelength dependence of the 2P
excitation of CoChR, reported in Supplementary Figure S7, was measured on cultured CHO
cells stimulated using the tunable laser in setup 1. In order to cover the entire cell body, the
optical path of the imaging laser was modified to underfill the objective back aperture and
generate a large 2P Gaussian excitation (FWHM=38 um) at the sample plane. Wavelength
scanning was performed using photostimulation pulses of 200 ms at constant photon flux
(2.4+0.3 10%6 photons/s-m2, spatially averaged over the Gaussian spot surface over the
investigated wavelength range, assuming constant laser pulse width. From the photocurrent
curves, we extracted the wavelength dependence of the peak currents and of the exponential
rise and decay times, which we used to deduce the normalized excitation cross-section
spectrum (Supplementary Figure S7b) using equation (13) in Chaigneau et al.10

Modeling of the power dependence of the axial resolution of 2P holographic
photostimulation—The non-linear opsin response to the illumination power can affect the
effective axial resolution of photostimulation. In order to evaluate and model this effect, we
firstly recorded the response of a CoChR expressing CHO cell to different 2P holographic
illumination powers (shown in the inset of Supplementary Fig. S8d). The use of cultured
CHO cells allowed, in contrast to neurons, avoiding any influence of excitation of neurites
around the soma. As expected, the photoinduced peak currents at high excitation power
showed saturation as power increased. In a first approximation, the curve of the normalized
peak current near saturation could be fitted with an exponential curve: (P =1 - e AP  with
P~ 0.06 mW/um?2 (A=1030 nm, setup 1). Secondly, we extracted the normalized intensity
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axial profile p(z) of the excitation holographic spot from a Gaussian fit of the corresponding
axial fluorescence profile (Supplementary Fig. S8b,c). Finally we modeled the axial profile
of the photocurrent by using the expression [2) =1 - e PAAIP \with Py the nominal power
density (per unit surface) at z=0. The results of the model are reported and compared with
experimental results in Supplementary Fig. S8d,e.

A further optimization of the model would include a more precise fit of the quadratic
behavior of the photocurrent at lower power, far below saturation, and would also consider
the convolution of the illumination profile with the exact morphology of the neuron cell
body (here considered simply as a thin disk) and the spatial distribution of its axon and
dendritic tree.

Analyzing photocurrent integrals under photostimulation along neurites—For
each photostimulation location, 1 to 3 trials were acquired and the resulting traces were
averaged. The current integral over time was calculated by integrating the current response
recorded at the soma in voltage-clamp configuration from the onset of the photostimulation
until the time of recovery to the initial resting-value of the current. In the calculation of the
integral, an offset in the current curve was introduced, corresponding to the integral of the
holding current at rest.

The distance from the soma was estimated based on the coordinates of the photostimulation
spots placed along neurites. This sequence was manually defined during the experiment and
consisted of a series of 10um spots starting from the center of the soma and moving away
from it along a neurite with a step of approximately 10 um up to a maximum distance of 110
pum from the soma (while taking into account the curvature of neurites). Post-experimentally,
the distance between each pair of consecutive spots d;was defined as the cartesian distance
between the center of the consecutive spots (taking into account the x, y and z coordinate of

i
each). The distance to the soma from the /-t/1spot was then calculated as ijldj. The
photostimulation sequence was then performed starting from the most peripheral spot on the
neurites to the spot on the soma.

Current integrals over time at various neurite locations were normalized to the current
integral recorded at the soma. The current integral values were then binned according to
their distance from soma in intervals of 15 um. Values were averaged across neurites (1 to 3
neurites per cell were investigated) and data plotted as mean + s.e.m, in Fig. 3. To estimate
the statistical significance of the difference between CoChR-GFP and soCoChR-GFP
photocurrents, we performed a two-sample Bonferroni-corrected Kolmogorov-Smirnov test
for each binning interval. The test was two-sided. For the Kolmogorov-Smirnov (KS) test we
verified that the dependent variable (photocurrent integral) was at least ordinal, that the two
samples (cells expressing CoChR vs. cells expressing soCoChR) were independent and that
both samples were random (neurons and neurites to work on were chosen randomly).

Results of the test are reported in Supplementary Table 4. Data were analyzed using
pClamp10 software (MolecularDevices), IgorPro and MATLAB (Mathworks, Inc.).
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Analyzing single and multiple soma holographic stimulations in brain slices—
For each patched cell we counted the number of neighboring cells whose stimulation led to
an AP in the patched cell, and divided this number by the number of photostimulated
neighboring cells, and then averaged this ratio across all patched cells. Data are presented as
mean + s.e.m in Fig. 5. Significance was tested with the non-parametric two-sided Wilcoxon
rank sum test (Matlab) for continuous variable (percentage) in Fig. 5e, and the non-
parametric Xz—test for discrete values in Fig. 5g. For the Wilcoxon rank sum test, we
verified that we were comparing two independent categorical groups (cells expressing
CoChR and soCoChR), that the dependent variable (percentage) was ordinal, and that
observations of dependent variables were independent (since obtained on different
experiments and different neurons). For the X2—test, we verified that variables were mutually
exclusive and that the studied groups were independent (cells expressing CoChR and
soCoChR).

For simultaneous stimulation experiments we calculated the percentage of patched cells
firing a single AP or multiple APs when their neighbors were simultaneously stimulated.
Illumination patterns were composed of 5 to 8 holographic spots. The results were averaged
across the patched cells.

Connectivity experiments were performed by sequentially photostimulating presynaptic
cells. The whole photostimulation sequence was repeated three times. The postsynaptic
traces from the three trials were averaged for analysis and for the traces reported in the
figures. Whenever stimulation of presynaptic cell elicited a current (Itot) in the patched
cell, we defined the artifactual component, | agT, as the residual current left after application
of synaptic blockers. The PSC component was then calculated as PSC=lygr—1agrT. The ratio
PSC/larT Was used to compare connectivity experiments performed using soCoChR-GFP or
CoChR-GFP.Data are presented as mean + s.e.m. in Fig. 6. Data were analyzed using
pClamp10 software (MolecularDevices), IgorPro and R-studio.

Excluding data points—For recording in slices, data points (singular trials) were
excluded if the recording was unstable, meaning the baseline potential changed by more than
5 mV during the recording. Cells were excluded if a gigaohm seal was lost or a high leak
current appeared.

For recording in culture, data points (cells) were excluded if we could not establish a
gigaohm seal.

For comparison of GFP brightness vs position along the neurite between constructs, two-
sample Kolmogorov-Smirnov (K-S) tests with Bonferroni correction were performed. For
comparing spike probability vs. irradiance, Bonferroni-corrected Wilcoxon rank sum tests
were used. For comparisons of normalized integrated photocurrent along neurites, two-
sample Kolmogorov-Smirnov tests with Bonferroni correction were used. For comparing of
the average distances between patched cells and photostimulated cells, Wilcoxon rank sum
tests were performed. For comparing single and multiple spike probabilities, the XZ test was
used. Wilcoxon rank sum tests were used for comparison of PSC and I gt currents and for
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comparison of the PSC / | orT ratios. Data collection and analysis were not performed blind
to the conditions of the experiments. Animals and cultures were randomly assigned to the
different experimental groups. Information about the experimental design and statistics are
given in the Life Sciences Reporting Summary. Normality and equal variances were not
assumed, therefore all the tests were non parametric tests (K-S test, Xz test, Wilcoxon rank
sum test).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Soma-targeted optogenetics using the high-performance channelrhodopsin CoChR
(a, b) Concept of soma-targeted optogenetics. Untargeted opsins (a) express over the entire

neural membrane. One can aim light at a given neural soma, but each cell body is
surrounded by opsin-bearing neurites from other cells, resulting in artifactual activation of
those cells. Restricting opsin expression to the cell body would prevent such side effects,
enabling single cell optogenetic stimulation (b). (c—j) Images are presented for cultured
hippocampal neurons expressing wild-type vs. selectively trafficked CoChR fused to GFP,

along with the cytosolic countermarker mCherry. (c) A hip

pocampal neuron in culture

expressing CoChR-GFP and mCherry, seen in the GFP channel (scale bar: 100 um). (d)
Zoomed-in image from the yellow rectangle of c. (e) The neuron of c, seen in the mCherry
channel (magenta), along with surrounding neurons. (f) Merge of d and e (scale bar for d—f:
20 um). (g—j) As in cf, but for a neuron expressing CoChR-KA2(1-150)-GFP (soma-
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targeted CoChR-GFP, abbreviated soCoChR-GFP). (k) Whole cell current clamp recording
of a cultured hippocampal neuron expressing CoChR-GFP, under current injection (10 ms
duration; gray rectangle) and optical stimulation (480nm, 34.84mW/mm?, 1 ms duration;
blue rectangle). Rectangles not to scale. (I) As in k, but for a neuron expressing CoChR-
KA2(1-150)-GFP (soCoChR-GFP). (m) Box-and-whiskers plot of GFP brightness versus
position along a neurite, normalized to GFP brightness at the soma, extracted from neurites
of cultured hippocampal neurons expressing CoChR-GFP (n = 7 neurites taken from 5 cells
from 2 cultures). Red line denotes the median. Top and bottom edges of the box indicate the
75th and 25th percentiles, respectively. Top and bottom whiskers indicate the highest and
lowest values respectively. (n) As in m, but for neurons expressing CoChR-KA2(1-150)-
GFP (soCoChR-GFP; n = 9 neurites taken from 7 cells from 3 cultures). **P < 0.01 and
***p < 0.001, Bonferroni-corrected Kolmogorov-Smirnov test of brightness between wild-
type and soma-targeted; see Supplementary Table 3 for full statistics for Figure 1). (0)
Representative photocurrents for cultured hippocampal neurons expressing CoChR-GFP
(magenta) and CoChR-KA2(1-150)-GFP (soCoChR-GFP; black), under voltage clamp
conditions, using 5 ms light pulses (480nm, 34.84 mW/mm?; light blue rectangle). (p) Box-
and-whiskers plot showing peak current amplitudes (pA) for CoChR-GFP and CoChR-
KA2(1-150)-GFP (soCoChR-GFP) in cultured hippocampal neurons illuminated with blue
light (480 nm, 34.84 mW/mW?2, 5 ms; n = 13 neurons from 3 cultures and 13 neurons from 3
cultures for CoChR-GFP and CoChR-KA2(1-150)-GFP respectively). Red line denotes the
median. Top and bottom edges of the box indicate the 75th and 25th percentiles,
respectively. Top and bottom whiskers indicate the highest and lowest values respectively.
Not significant; Wilcoxon rank sum test; see Supplementary Table 3 for full statistics. (q)
Box-and-whiskers plot showing photocurrent decay time (zoff, in ms) for CoChR-GFP and
CoChR-KA2(1-150)-GFP (soCoChR-GFP) in cultured hippocampal neurons illuminated
with blue light (480 nm, 34.84 mW/mW?2, 5 ms; n = 13 neurons from 3 cultures and 13
neurons from 3 cultures for CoChR-GFP and CoChR-KA2(1-150)-GFP respectively). Red
line denotes the median. Top and bottom edges of the box indicate the 75th and 25th
percentiles, respectively. Top and bottom whiskers indicate the highest and lowest values
respectively. ***P < 0.0001; Wilcoxon rank sum test; see Supplementary Table 3 for full
statistics.
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Figure 2. Zero-spike crosstalk single cell optogenetic control of cultured neurons with one-
photon illumination

(a,b) Schematic of the experiment. Cultured hippocampal neurons two weeks after
transduction with AAV8-Syn-CoChR-GFP (untargeted CoChR, a) or AAV8-Syn-soCoChR-
GFP (somatic CoChR, b). One cell in the field of view was patched (current clamp). The
patched cell along with 9 neighboring cells were photo-stimulated using a digital
micromirror device (DMD) consecutively. (¢) Cultured hippocampal neurons expressing
CoChR-GFP; regions of stimulation are highlighted by magenta circles. Numbers denote the
order of stimulation. Scale bar: 20 um. (d) As in c, but for soCoChR-GFP. (e) Representative
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current-clamp recording for a cultured hippocampal neuron expressing CoChR-GFP. Cells
were photostimulated sequentially using the DMD (470 nm, 40.7 mW/mm?, 1 ms light
pulse). The order of the photo-stimulation, as indicated by the numbers in c, is given on the
x-axis. The patched cell is numbered 1. The distance of cells 2-9 from the patched cell is
given below each cell number, in microns. (f) As in e, but for socCoChR-GFP. (g) Box-and-
whiskers plot showing the percentage of cultured hippocampal neurons which fired an action
potential (AP) upon direct photostimulation, using light pulses as above (n =5 cells from 4
cultures for CoChR-GFP; n = 5 cells from 5 cultures for socCoChR-GFP). Red line denotes
the median. (h) Box-and-whiskers plot showing, averaged across all patched neurons, the
percentage of photostimulated neighboring cells that yielded an AP in each patched cell (n =
5 cells from 4 cultures for CoChR-GFP; n =5 cells from 5 cultures for soCoChR-GFP). Red
line denotes the median. Top and bottom edges of the box indicate the 75th and 25th
percentiles, respectively. Top and bottom whiskers indicate the highest and lowest values
respectively. *P=0.0476, Wilcoxon rank sum test; Supplementary Table 3 for full statistics.
(i) Box-and-whiskers plot showing, averaged across all patched neurons, the percentage of
photostimulated neighboring cells that yielded a depolarization in each patched cell (n =5
cells, in 4 cultures for CoChR-GFP; n = 5 cells, in 5 cultures for soCoChR-GFP). Red line
denotes the median. Top and bottom edges of the box indicate the 75th and 25th percentiles,
respectively. **P=0.0079, Wilcoxon rank sum test; Supplementary Table 3 for full statistics.
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Figure 3. Photocurrents of neurites expressing soCoChR-GFP are significantly smaller than in
neurites expressing CoChR-GFP, in neurons virally expressing these opsins in mouse cortical
brain slice

(a—b) Schematic representation of the two experimental setups used for holographic
illumination. In setup 1 (a), holographic photostimulation was achieved using an amplified
fiber laser and was coupled with a two-photon (2P) scanning imaging system. In setup 2 (b)
holographic photostimulation was achieved using a conventional Ti:Sapphire pulsed laser
and was coupled with a widefield epifluorescence imaging system. Detailed descriptions of
the setups are reported in Methods section and Supplementary Figure 6. (¢) Schematic of 2P
holographic stimulation along one neurite, showing Alexa 594 fluorescence (obtained via 2P
scanning at 780 nm) from dye injected into a patched CoChR-GFP expressing neuron. The
Alexa 594 fluorescence was used to guide holographic spot placement (red circles) to
different points along a neurite, at different distances from the soma. Red arrow indicates the
order of photostimulation. The bright emission to the left of the cell represents the patch
pipette filled with Alexa 594 (scale bars: 50 um along all three axes, image acquired with
setup 1). (d) Representative whole-cell currents recorded from a CoChR-GFP expressing
neuron (left) and a soCoChR-GFP expressing neuron (right; some 50 Hz electrical noise is
apparent in the traces on the right), when illuminated with a power density corresponding to
the spiking threshold power density (18 pW/pm?2 and 101 pW/um? for the CoChR-GFP and
the soCoChR-GFP expressing cells respectively; A = 1030 nm, using setup 1). (e) Bar plot
of the integral of the elicited photocurrent, normalized to that obtained with the spot at the
soma, as a function of distance from the soma, for CoChR-GFP (blue bars) and soCoChR-
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GFP (red bars) expressing neurons (spacing between spots ~10 um, A = 1030 nm or 920 nm
for setup 1 or setup 2, respectively; data were pooled across both setups). Bars reports mean
+ s.e.m. Dots denote values for single neurites. For each cell, the photostimulation was done
at the power density threshold determined for that cell (average powers: 29+10 pW/um? for
CoChR-GFP expressing cells; 90+60 pW/pm? for soCoChR-GFP expressing cells; power
values referred to setup 1, see Methods). The normalized current integral was significantly
higher in CoChR-GFP relative to soCoChR-GFP expressing cells for distances of 30 um or
more from the soma. ** P<0.0017 for distances = 30 um; Kolmogorov-Smirnov (KS) test
with Bonferroni correction (n=16 neurites from 8 CoChR-GFP cells from 7 mice; n=27
neurites from 16 soCoChR-GFP cells from 13 mice; see Supplementary Table 4 for full
statistics for Fig. 3). Data obtained using both setup 1 and setup 2.
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Figure 4. 2P power necessary to enable millisecond control of cortical neuron activation in mouse

brain slice

(a) Rise time of soCoChR-GFP (red) and CoChR-GFP (blue)-mediated photocurrents,
measured in mouse brain slice cortical neurons, as a function of 2P stimulation power (n =
4-12 photostimulation powers per cell, 6 cells from 6 mice for CoOChR-GFP; n = 2-11
photostimulation powers per cell, for 5 cells from 5 mice for soCoChR-GFP). Data collected
from setup 1 are plotted with circles, and correspond to the power scale on the bottom x-
axis; data collected from setup 2 are plotted with asterisks, and correspond to the top x-axis.
The length of the top x-axis was rescaled with respect to the bottom x-axis by a power
conversion factor k= 5.3 (see Methods). Lines connect data acquired from the same neuron.
Blue and red arrows indicate average threshold powers relative to setup 1 for CoChR-GFP
and soCoChR-GFP expressing neurons respectively (for COChR-GFP: 28 + 10 uW/um?, n =
7 cells from 5 mice; for soCoChR-GFP: 83 + 39 uW/um, n = 4 cells from 4 mice). (b) The
AP latency, defined as the time from the onset of 2P stimulation to the peak of the AP,
plotted vs. 2P stimulation power in setup 1 units (n = 3-5 powers per cell, for 4 cells from 3
mice for CoChR-GFP, blue dots; n = 3-5 powers per cell, for 3 cells from 3 mice for
soCoChR-GFP, red dots). Lines connect data acquired from the same neuron. Horizontal
dashed line denotes 15 ms latency, and vertical dashed line denotes 70 uW/um? stimulation
power, for comparison to panel c¢. Setups 1 and 2 were used interchangeably; power values
used on setup 2 were scaled to equivalent power values for setup 1 (see Methods). See (c)
for description of the gray area. (¢) AP temporal jitter (measured as standard deviation of the
AP latency across a series of 5 photostimulations for a given cell) plotted as a function of AP
latency (n = 3-5 powers per cell, for 4 cells from 3 mice for CoChR-GFP, blue dots; n = 3-5
powers per cell, for 3 cells from 3 mice for soCoChR-GFP, red dots). Lines connect data
acquired from the same neuron. Setups 1 and 2 were used interchangeably. Jitter below 1 ms
(horizontal dashed line) was ensured when the latency was kept below 15 ms (vertical
dashed line), corresponding to a photostimulation power higher than approximately 70
pW/pm2. The gray areas in both (b) and (c) mark the region at which such conditions were

satisfied.
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Figure 5. Soma-targeted CoChR enables single cell control with 3D photoactivation in brain
slices

(a) Schematic of 3D holographic activation. One cell expressing CoChR-GFP or soCoChR-
GFP was patched, then neighboring cells at different z-planes were illuminated with 10-14
um diameter holographic spots. (b) Reconstruction of multi-spot 3D holographic pattern
obtained by measuring induced fluorescence from a thin layer of rhodamine 6G (spin coated
on a glass coverslip), imaged through a second microscope objective; spot diameter: 10 um.
Scale bars: 35 um along all three axes. (c) 2P images (imaging A = 920 nm) from a 3D z-
stack used to draw 10-14 um holographic spots (A = 1030 nm, setup 1) on neighboring cells
expressing CoChR-GFP (left, yellow circles numbered 1-7) or soCoChR-GFP (right, yellow
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circles numbered 1-7) and on the patched cell (yellow circle, numbered 8), inside a volume
of approximately 200x200x70 um (scale bars: 50 pm). (d) Whole-cell recording of a
CoChR-GFP expressing cell (left) and a soCoChR-GFP expressing cell (right) while
sequentially positioning the holographic spot on neighboring cells one at a time (represented
in panel (c); A = 1030 nm, setup 1, photostimulation power: 100 pW/um? for COChR-GFP
and for soCoChR, 30 ms duration). The distance of cells 1-7 from the patched cell 8 is given
below each cell number, in gray. (e) Bar plot showing the percentage of neighboring cells
that, when stimulated, yielded an AP in a given patched cell (and averaged across all patched
cells; n =7 cells from 6 mice for CoOChR-GFP; n = 7 cells from 7 mice for soCoChR-GFP.
Values are mean + s.e.m.). Dots denote values for single cells. A = 1030 nm, setup 1,
average photostimulation power: CoChR-GFP 142+24 uW/um?, soCoChR-GFP: 173426
HW/pm2, 30 ms duration. **P < 0.01, Wilcoxon rank sum test (P=0.004). (f) Whole-cell
recording of a CoChR-GFP expressing cell (left) and a soCoChR-GFP cell (right; both cells
presented in d) during simultaneous photostimulation of the neighboring cells represented in
¢, without a stimulation spot on the soma of the patched cell. Photostimulation power
density for each spot was equal to the one used in d (A = 1030 nm, setup 1, photostimulation
power: 100 pW/pm? for CoChR-GFP and for soCoChR-GFP, 30 ms duration, red dash under
traces). (g) Bar plot showing the percentage of simultaneous photostimulations of
neighboring cells that yielded APs in a given patched cell (averaged across all patched cells).
Grey bars indicate the generation of 1 AP; blue bars indicate the generation of more than one
AP (n =7 cells expressing CoChR-GFP from 6 mice; n = 7 cells expressing soCoChR-GFP
from 7 mice). Values are mean + s.e.m. Dots denote values for single cells. A = 1030 nm,
setup 1, average photostimulation power: 142+24 uW/um? and 173+26 pW/um? for CoChR-
GFP expressing cells and for soCoChR-GFP expressing cells respectively; 30 ms duration.
For generation of 1AP: *P < 0.05; Xz—test (X2 =3.97, P = 0.046, df=1). For generation of
more than one AP, XZ = 3.15, P =0.08, df=1. Average distances between patched cells and
neighboring cells are reported in Supplementary Figure S12 and Supplementary Table 4.
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Figure 6. 2P holographic stimulation of soCoChR enables mapping of functional connectivity in
brain slices

(a) Schematic of the connectivity experiment: a 2P image (A = 920 nm, setup 1) of the
volume around a patched opsin positive cell (yellow spot), expressing CoChR-GFP (top) or
soCoChR-GFP (bottom), is used to sequentially position a 10-14 pm holographic spot (red
spots) on opsin expressing nearby cells and to calculate the corresponding phase masks.
Scale bar: 40 um. (b) Representative currents recorded in whole-cell configuration from a
CoChR-GFP (top) or soCoChR-GFP (bottom) expressing cell while sequentially positioning
the holographic spot on neighboring cells. Red bars represent the photostimulation periods
for each cell (three light pulses at 50 Hz of 10 ms duration). Photostimulation power: 120
HW/pm? for CoChR-GFP; 150 pW/um? for soCoChR-GFP; A = 1030 nm, setup 1. Black
traces: currents recorded before the perfusion of receptor blockers (average of three trials on
each spot position). Blue traces: artifactual currents recorded after the perfusion of receptor
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blockers (average of three trials on each spot position). (c) Bar plots showing the peak
amplitudes of currents sensitive to receptor blockers (PSCs; gray bars), and the peak
amplitudes of artifactual currents recorded after the perfusion of receptor blockers (/47
blue bars) (n = 4 CoChR-GFP cells from 4 mice; n = 5 soCoChR-GFP cells from 5 mice).
Currents were recorded in whole-cell configuration from cells expressing CoChR-GFP or
soCoChR-GFP while sequentially positioning the holographic spot on neighboring cells one
at a time (A = 920 or 1030 nm, setup 1 or 2; photostimulation power (relative to setup 1):
130 + 30 mW/um? for CoChR-GFP, and 180 + 20 mW/um? for soCoChR-GFP; three light
pulses at 50 Hz of 10 ms duration). For mean peak current comparison: *P < 0.05; Wilcoxon
rank sum test (P=0.015). (d) Bar plots showing the ratio PSC / /47 (n = 54 out of 78
photostimulated neighboring cells triggering PSCs in the patched cell, from 4 CoChR-GFP
cells from 4 mice; n = 15 out of 109 photostimulated neighboring cells triggering PSCs in
the patched cell from 5 soCoChR-GFP cells from 5 mice). Currents were recorded in whole-
cell configuration from cells expressing CoChR-GFP or soCoChR-GFP while sequentially
positioning the holographic spot on neighboring cells one at a time (A = 920 or 1030 nm,
setup 1 or 2; photostimulation power (relative to setup 1): 130 + 30 mW/um? for CoChR-
GFP, and 180 + 20 mW/um? for soCoChR-GFP; three light pulses at 50 Hz of 10 ms
duration). For comparison of ratio PSC / /4p7: **P < 0.01; Wilcoxon rank sum test (P =
0.003).
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