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Supplemental Figures
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Figure S1. Two-photon raster-scanning induced cross-activation is significantly smaller for ChR2 than for C1V1.

Related to Figure XA) Representative traces of photocurrents induced/Byin and 590 nm one-photon (1P) wide-field
illumination (stimulus duration: 1 s; stimulus ingty: 2 mW/ mr) in a cultured neuron expressing Clv4. Holding
potential: -60 mV(B) Same as in (Afor a neuron expressing ChRZ) Representative traces of photocurrents induced by
raster-scanning (beam power: 25 mW) at the twoghatavelengths typically used for calcium indicatoaging (920 nm
and 1080 nm for green and red calcium indicat@spectively). A C1V& ) expressing neuron was scanned at a frame rate
of 10 Hz (top) and 15 Hz (bottom), using 920 nnit)land 1080 nm (rightD) Same as in (C) for a ChR2 expressing
neuron.(E) Quantification of the peak photocurrent at the imggvavelength (1080 nm and 920 nm for ChR2 and
C1V1qm, respectively), normalized to the peak currerthef10 Hz scan at the activation wavelength (92Ganch1080

nm for ChR2 and C1V{r), respectively). This relative peak photocurrens wignificantly higher for C1Vir) expressing
neurons than for ChR2 expressing neurons, p = ZEN@VA test with Tukey’s correction, N = 6 neuroper opsin) with

no difference between the scan rates (p = O(&3)Quantification of the average photocurrent evokethe imaging
wavelength normalized to the average photocurrktiten10 Hz scan at the activation wavelength. iEh&tive average
current was significantly higher for C1M4, (p = 2E-6 ANOVA test with Tukey's correction, Né=neuronger opsin) and
increased significantly between 10 Hz and 15 HZ1WV 1) but not ChR2 expressing neurons (p = 0.95 and,9&r3

ChR2 and C1V&), respectively).
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Figure S2. Axial profile of two-photon holographic illumination shapes. Related to Figure XA) Optical setup used to
characterize the axial profile of two-photon illuration shapes. S, laser sourke=(920 nm); P, Pockels cell; Hol. module,
holographic module; G, galvanometric mirrors; SL, $can and tube lenses; D, dichroic mirror; OBijective; F,
fluorescence filter; CCD, CCD came(8) Top (left) and lateral (right) view of the fluoEnce emission (in pseudo-color
scale) generated by projecting an extended holbigahape (shape diameter, 10 um) on an ultrakiimef'scent layer
(Antonini et al., 2014). The z-stack is acquiredshifting the vertical position of the objectiveirum stepsC)

Normalized axial intensity profile for the z-stagtkown in (B). Average fluorescence at a given gxisition (single black
points) was calculated inside circular regionsfimithe dashed lines indicated in the right pangBi)) centered on the
projected shape. Experimental values were fittedtl wiGaussian curve (black lin€ld) The axial full width at half
maximum (FWHM) of projected shapes as a function of the latgea of the illuminating shape (N =5 projectedpss).
(E) Normalized Gaussian fits obtained from the axit¢msity profiles generated by projecting a holpbia shape (shape
diameter: 1Qum) at different power density values.
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Figure S3. No effect of two-photon holographic illumination on opsin-negative neuronsin vivo. Related to Figure 1.

(A) Top: representative whole-cell current-clamp traemorded before, during, and after single cell badphic stimulation
(red bar, laser power: 80 m\W;,. = 920 nm) in an opsin negative layer 2/3 cortiwlron. Middle: raster plot showing cell
response over consecutive trials for the samelcgllayed on the top. Bottom: AP distribution fbeftrials shown in the
middle panel (time bin: 100 mgB) Two-photon image of one opsin-negative layer 2@ran which was recorded in
whole-cell configuration and filled with Alexa Flud88 (green). Dotted lines indicate the glasstepéC) Average
membrane potential before (Pre), during (Stim) aftelr (Post) holographic illumination of opsin-néga neurons in layer
2/3. p = 0.19, Friedmann test with Dunn’s corrattid = 3 cells from 2 mice. Laser power: 80 m\, = 920 nm(D)

Average firing frequency before (Pre), during (Stand after (Post) holographic illumination of apsiegative neurons in
layer 2/3. p = 0.53, Friedmann test with Dunn’sreotion, N = 3 cells from 2 mice.
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Figure S4. Opsin expression in neurites of cells expressing non soma-targeted ChR2 and soma-targeted ChR2.
Related to Figure ZA) z-averaged confocal images of cortical neuronsesging non soma-targeted ChR2-eYFP (left)
and soma-targeted ChR2-eYFP (right). Images ar@rwdat from the projection of 10-20 single imageguired in
subsequent planes (in spacing). White arrows indicate the neurite alahich fluorescence was measurgg).
Fluorescence intensity as a function of the pasitiong a neurite. Fluorescence values are norethtiz the fluorescence
at the soma, for non soma-targeted ChR2-eYFP (Neurites from 7 cells from 3 mice) and for the sstargeted ChR2-
eYFP (N = 13 neurites from 13 cells from 3 mice¥ pE-3, p = 2E-3, p = 3E-4, p = 3E-4, and p = 66560, 70, 80, 90,
and 100um distance, respectively. Two-sample Kolmogorov+ami test with Bonferroni correction.
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Figure Sb. Firing probability during holographic illumination increases with stimulation power. Related to Figure 3.
(A) Left panel:average ARrequency increase during holographic illuminat{@g. = 920 nm) as a function of the depth of
the recorded cells for layer 2/3 neurons expresiagoma-targeted ChR2. N = 21 neurons from 6;rfaser power: 30
mW. Middle panel: average AP frequency increasendurolographic illumination as a function of lagpewer. N = 8 cells
from 4 mice. Right panel: average probability oinfy during holographic illumination as a functioftime after the
beginning of the stimulation at different powerdés: Data are corrected for the spontaneous fratgof the recorded cell
(See Methods). N = 8 cells from 4 mi¢B) Same as in (A) for layer 2/3 cells expressing CHR2t panel: N = 15 cells
from 6 mice; laser power: 30 mW. Middle pariél= 10 cells from 5 mice. Right panel: N = 10 céitsm 5 mice(C)
Same as in (A) for layer 2/3 SStells expressing ChR2. Left panel: N = 31 celsrfr7 mice; laser power: 30 mW.
Middle panel:N = 12 cells from 3 mice. Right panel: N = 12 céitsm 3 mice(D) Same as in (A), but for layer 2/3 PV
interneurons expressing ChR2. Left panel: N = 2B é®m 7 mice, laser power: 30 mW. Middle par¢l= 13 cells from
5 mice. Right panel: N = 13 cells from 5 mi¢E) Same as in (A), but for layer 4 Sémmeurons expressing ChR2. Left
panel: N = 19 cells from 8 mice, laser power: 50 nWitdle panel: N = 14 cells from 7 mice. Right parN = 14 cells

from 7 mice.
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Figure S6. Sensitivity of jRCaM Pla imaging. Related to Figure §A) Left: Two-photon image of a jJRCaMPla-
expressing neuron which was imagedivo at 33 Hz frame rate with high zoom (40x objectineage dimension: 48 x 48
pixels) and simultaneously recorded in the juxtasloglectrophysiological configuration. The patchgite containing
Alexa 594 is visible on the left of the target raurRight: Simultaneous imaging (top, red trace) pxtasomal
electrophysiological recording (bottom, black tieftem a jJRCaMPla-expressing layer 2/3 neuron iar@sthetized
mouse during spontaneous activity. The black numbelow the electrophysiological trace are the renmbf discharged
APs.(B) Peak fluorescence change as a function of nunfb&Pe discharged by the recorded neuron (1AP, B2 1
events; 2AP, N = 70 events; 3AP, N = 31 events; MR 26 events; 5AP, N = 18 events). Detectiorueaxties (see
Methods) were: 1AP, 41%; 2AP, 70%; 3AP, 90%; 4AB0%; 5AP, 94% (N = 9 cells from 2 micéL) Distribution of
average firing frequency during bursts of 2-5 A&sdil detected events (red, 119/145 of total 2-®2&Ents). Bin
dimension: 5 Hz(D) Same as in (A) for a neuron recordedivo at frame rate of 11 HZE-F) Same as (B-C) for
jRCaMP1a signals acquired at 11 Hz. In (B) (1AF2 20ents; 2AP, 84 events; 3AP, 56 events; 4AP v@ats; 5AP, 22
events). Detection accuracies: 1AP, 42%; 2AP, 73A®,, 82%; 4AP, 97%; 5AP, 100% (N = 11 cells fromige). In (F),
detected events, 163/194 of total 2-5AP events.
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Figure S7. Holographic stimulation at A = 920 nm gener ates small artifactsin jRCaM P1a fluor escence which can be
effectively removed by subtraction. Related to Figure §A) Top left: JRCaMP1a expressing layer 2/3 neuronsged ai

= 1100 nm. Bottom left: somatic (green) and backgtb(red) regions are identified. Right (from topbbttom):
fluorescence signal in the somatic region (greet,ncask), background region (red, background), estanated true
fluorescence of the cell (black, subtraction) afftackground subtraction. Imaging wavelength: 1100 nm. Holographic
stimulation (red bar) was performediat 920 nm. Laser power: 50 mW; stimulus duratidd0 5s.(B) Average detected
fluorescence from jRCaMP1la-expressing neurons dumief holographic illumination. Raw data are shaw green,
subtracted data in black (168 illumination perifsn N = 21 neurons from 3 mice; stimulation lagewer range: 30 - 50
mW; stimulus duration: 500 ms; 8 repetitions atl@zlper neuron; stimulation wavelength:= 920 nm; imaging laser
power: 15 - 32 mW)(C) Same as in (A), but during holographic stimulatiath longer pulses (pulse duration: 5 s).
Stimulus power: 30 mW; stimulation wavelength= 920 nm(D) Same as in (B) for long holographic illuminatioeripds
(140 illumination periods from N = 28 neurons frémmice; stimulation laser power: 30 - 50 mW; stiosuduration: 5 s; 5
repetitions at 0.05 Hger neuron; stimulation wavelength= 920 nm; imaging laser power: 15 - 32 mW). Therage

value of fluorescence change induced by the atti#fad expressed itF/F, was: 0.13 = 0.02 (stimulation power: 30 mW, N
=19 from 6 mice) and 0.16 + 0.03 (stimulation pov&® mW, N = 9 from 4 micelE) Top: baseline jJRCaMP
fluorescence from raw data before (Pre), duringn(tand after (Post) holographic illuminatiomat 920 nm. Stimulus
power: 30 mW (left), p = 2E-9 ANOVA test with Bomfeni correction, N = 19 neurons from 6 mice and®® (right), p

= 2E-4 ANOVA test with Bonferroni correction, N =rf@urons from 4 mice. Bottom: same data as abaveaftkground
subtracted jRCaMP1a signals. Stimulus power: 30 (ieft), p = 0.31 ANOVA test with Bonferroni corrégh, N = 19
neurons from 6 mice and 50 mW (right), p = 0.38 ANOtest, N = 9 neurons from 4 mice. Holographieratius duration:

5 s; 5 repetitions at 0.05 Hz; imaging laser poraege: 15 - 32 mWF) jRCaMP1a fluorescence (black trace) from a
representative neuron during repeated holograpinntikations (red bars, at= 920 nm). jJRCaMP1la baseline was measured



outside the illumination periods at the beginnigtey vertical line, Start), in the middle (grey tieal line, Mid), and at the
end (grey vertical line, End) of the stimulatiomfacol.(G) Baseline jJRCaMP fluorescence measured during, $tédtand
End epochs for repeated holographic illuminatiothverief stimuli ath = 920 nm (light stimulus duration: 500 ms; 8
repetitions at 0.1 Hz). Left: stimulation laser maw30 mW (p = 0.77, ANOVA test with Bonferroni cection, N = 17
neurons from 6 mice). Right: stimulation laser pove® mW (p = 0.08, ANOVA test with Bonferroni ceation, N = 8
neurons from 5 micefH) Same as (G), but for holographic illumination withger pulses (light stimulus duration: 5 s, 5
repetitions at 0.05 Hz). Left: stimulation lasemgo: 30 mW (p = 0.14, ANOVA test with Bonferronircection, N = 19
neurons from 6 mice). Right: stimulation laser pove® mW (p = 0.7, ANOVA test with Bonferroni cocteon, N = 9
neurons from 4 mice{l) Top: schematic of the experimental configurationtivo-photon imaging of jJRCaMP1la
responses in the barrel cortex of an anesthetizeadsenduring stimulation of the contra-lateral whiskwith an air puff.
Bottom: a layer 2/3 jJRCaMPla-expressing neuron gdagih = 1100 nm(L) Representative trace showing jRCaMPla
fluorescence transients evoked in a layer 2/3 melbyowhisker stimulation (green bars; whisker stiusiuduration: 300 ms)
with or without simultaneous holographic illumir@tiath = 920 nm (red bar; laser power: 50 mW; light stinsuduration:
5 s).(M) Peak amplitudeAf/F,, top) and decay time constaidx( bottom) of jJRCaMP1la responses evoked by whisker
stimulation in the absence and presence of holbggaltumination. PealdF/Fy: 30 mW, p = 0.44, paired Student'dest,
N = 4 neurons from 2 mice; 50 mW, p = 1, Wilcoxamed rank test, N = 5 neurons from 2 migg: 30 mW, p = 0.74,
paired Student’s test, N = 4 neurons from 2 mice; 50 mW, p = Pdired Student's- test, N = 5 neurons from 2 mice.



o
Celltype | Promoter | Opsin | PETNET | DA O | |y | down | (s
(nm)
layer 2/3 hsyn ChR2-eYFP 11.9+0/1 134 +|6 16120 ¥ 20+ 6 32+7 16 +4 0.09-0.77
layer 2/3 hsyn stChR2-eYFR 12.8 +0|3 136 45 14116.8 10+ 2 13+3 21+38 0.08-0.67
SST EFla ChR2-mCherry 10.5+0]J2 166 +|6 5706 11+2 19+3 24 + 3 0.12-0.92
PV EFla ChR2-mCherry 11.1+0.p 186 + 15 70+x1% 12+2 26 +4 28 + 4 0.10-0.83
layer 4 EFla ChR2-eYFP 10.4 +0/3 354 +|7 95.2 814 6+2 30+9 19 + 3 0.12-0.94
layer 2/3 hsyn GtACR2-eGFP 125+ 0|2 131 +4 150963 11+4 33+4 29+7 0.08-0.65

Table S1. Parameter s of holographic stimulation across experimental conditions. Related to Figure 1-4. Average *
s.e.m. values of the cell diameter (diameter)ctintical depth of the stimulated neurons (deptig,density of opsin-
expressing cells in the corresponding cortical édeasity), the spatial constant correspondingpéohialf maximal response
in the radial (I, rad.) and axial {J, ax. up and,}, ax. down) directions, and the power density rafag¢he focal plane and
measured without biological tissue) under the déifie conditions tested in this study. The firsethcolumns on the left
indicate the cellular population, the promoter, &meltype of opsin used in this study. stChR2-eYdePna-targeted ChR2-

eYFP.



I rad Iy 8X. UP 12 ax. Add.
2 Fad. 12 AX. Ty
Cell type | Promoter Opsin (diameter | (diameter ( didza()n\gvetr]er (an% ne(jft?nnsin
units) units) units) K Vi
layer 2/3 hsyn ChR2-eYFP 1.68 2.69 1.34 4.02E+04 6
layer 2/3 hsyn stChR2-eYFP 0.78 1.02 1.64 7.12E+03 0
SOM EFla ChR2-mCherry 1.05 1.81 2.29 1.09E+04 0
PV EFla ChR2-mCherry 1.08 2.34 2.52 1.63E+04 0
layer 4 EFla ChR2-eYFP 0.58 2.88 1.83 3.69E+03 0
layer 2/3 hsyn GtACR2-eGFP 0.88 2.64 2.32 1.57E+04 1

Table S2. Spatial resolution of holographic stimulation. Related to Figure 1-4. Average * s.e.m. valuefefspatial
constant corresponding to the half maximal respam#iee radial (J,, rad.) and axial {J, ax. up and,}, ax. down) directions
normalized to the diameter of the stimulated cdlle volume of illumination of half activation (¥, see Supplemental
Methods) and the number of additional opsin-positiells within \{;, besides the target cell are also shown. Thetfirse

columns on the left indicate the cellular populatithe promoter, and the type of opsin used inghidy.




Firing rate Firingrate p value
pre(Hz) post (H2)
Layer 2/3 ChR2 0.60+£0.24 0.67 £0.30 1.00 (N =10
Layer 2/3 stChR2 0.98 £ 0.56 0.80£0.43 0.55 (N =8)
Layer 4 ChR2 0.07 £0.02 0.08 £0.02 0.86 (N=14

Table S3. Effect of holographic stimulation on the electrical properties of illuminated neurons. Related to Figure 1-3.
Average + s.e.m. values of the firing frequencyager 2/3 and layer 4 neurons before (Pre) and gitest) holographic
illumination. Stimulus duration: 500 ms; stimuluswer: 80 mW. Wilcoxon signed rank test was useceuadl three
conditions.



Supplemental Experimental Procedures

Animal Strains

C57BL/6J mice (Charles River, Calco, Italy), B6; SBIGt(ROSA)26Sor MACAGTdTomatoHzz) 3 (3 AX #007908 referred here as
tdTomato line), B6;129PPvalb™“94™"/3 (JAX #008069, called PV-cre line), STOSK™ 94" 3 (JAX #013044, called
SST-cre line), B6;C3-Tg(Scnnla-cre)3Aibs/J (JAX #6803, called Scnn-cre line) were purchased frond#ukson
Laboratory (Bar Harbor, USA) and used in this study

Transgene expression

The adeno-associated viruses (AAVs) AAV1-EFla-dH@&hR2(H134R)-mCherry-WPRE-hGH, AAV1-EF1a-DIO-
hChR2(H134R)-eYFP-WPRE-hGH, AAV1.hsyn.ChR2(H134RFP.WPRE AAV1.CAG.flex.NES.jJRCaMP1aAAV9-
EFl1la-DIO-hChR2(H134R)-eYFP-WPRE-hGH, AAV1-CAG-flekFomato-WPRE-hGH, AAV1-CamKIl10.4-Cre-SV40,
AAV1syn.NES.jJRCaMP1la, AAV1lsyn.flex.NES.JRCaMP1la weurchased from the University of PennsylvaniaVir
Vector Core. AAV carrying GtACR2 (AAV2/1.hSyn.GtA@RGFP and AAV2/1.hSyn1.S10.stGtACR2-FRed.WPRE) was
produced as previously described in (Mahn et @l162 and (Mahn et al., 2017), respectively. AAVeyiag ChR2
targeted to the soma (AAV1.hSyn.hChR2(H134R).eYRR.K) was produced as in (Baker et al., 2016). @plyins fused
to fluorophore were used in this study. For dinparison between ChR2 and soma-targeted ChR2ted@dn the main
text and supplementary figures, mice injected Wit/1.hsyn.ChR2(H134R).EYFP.WPRE

or AAV1.hsyn.ChR2(H134R).EYFP.Kv2.1 were consideréiral injections were performed on postnatalsiay 2 (P1 -
P2; the day of birth was designated as P0) or imgadults (> P30) similarly to (Beltramo et aD13; Zucca et al., 2017).
For the experiments in Figures 1-6B and Figure $#ghich injections were performed at P1 - P2, pwere deeply
anaesthetized by placing them in ice for 4 minates then immobilized in a refrigerated custom sterdc apparatus. The
skull above one brain hemisphere was exposed vdthall incision to the skin and ~ 250 nl of virabpension was slowly
injected with a glass micropipette (stereotaxicrdowtes: 1 mm posterior from bregma, 1.5 mm ldifrthe sagittal sinus
and at 0.25 mm depth). After the removal of theetigy the skin was sutured and the pup was reaggliunder an infrared
heating lamp. 4 - 10 weeks after injection, miceengsed for experiments. For the experiments displan Figure 1C-E, 4
- 7 weeks old animals were anesthetized with 2%uissme/0.8% oxygen, placed into a stereotaxic egipa (Stoelting Co,
Wood Dale, IL), and maintained on a warm platfotr8A°C for the whole duration of the anesthesiferAscalp incision,
a small hole was drilled on the skull above thecoei®x to lower the micropipette into the tissupépte depth: 0.25 - 0.3
mm from the pia). 1 pl of virus was injected at-FD nL/min by means of a hydraulic injection aggias driven by a
syringe pump (UltraMicroPump, WPI, Sarasota, Fl)eBcalp incision was then sutured and coveredaitifbiotic
ointment, and the animals were monitored until vecy. 3 - 5 weeks after injection, mice were usadeikperiments. For
combined imaging and photo-stimulation experiméhigure 6C-D and Figure 7), injection of the AA\Afisducing the
opsin and the AAV carrying the jJRCaMP1a construetevperformed in two subsequent injections witlcpdures similar
to those described previously with the exceptiat for the AAV carrying the jJRCaMP1a construct thgection was
performed in 2 sites (200 nl injected solution atle site). Three-four weeks after this latter iti@t mice were used for
experiments. The same procedure except for thetiojeof the opsin was used for experiments in Fedsb6 and S7.

Primary hippocampal neuron culture and transfection

Primary cultured hippocampal neurons were prepfioed male and female PO Sprague-Dawley rat pupsi@eh CA1
and CA3 were isolated, digested with 0.4 mg/ml paf&/orthington), and plated onto glass coverstips-coated with
1:30 Matrigel (Corning). Cultured neurons were rtaiimed in a 5% C@humidified incubator with Neurobasal-A medium
(Invitrogen) containing 1.25% fetal bovine serurB@; Biological Industries), 4% B-27 supplement (& 2 mM
Glutamax (Gibco) and plated on coverslips in a 24-plate at a density of 65,000 cells per well.ifloibit glial
overgrowth, 200 uM fluorodeoxyuridine (FUDR, Signwegs added after 4 days of in vitro culture (DIMeurons were
transfected using the calcium phosphate method [PKIT05382). Briefly, the medium of primary hippogaal neurons
cultured in a 24 well plate was collected and regthwith 400 pl serum-free MEM medium (ThermoFisBeientific). 30
ul transfection mix (2 pg plasmid DNA and 250 uMGGan HBS at pH 7.05) were added per well. After ih¢ubation
the cells were washed twice with MEM and the medwas changed back to the collected original mediQuoitured
neurons were used between 14 — 17 DIV for expetisndie plasmids pAAV-CaMKIla-C1V1(T/T)-P2A-eYFP-\RE
and pAAV-CaMKlla-ChR2(H134R)-eYFP-WPRE were used.

Electrophysiological recording in cultured neurons

Whole-cell patch-clamp recordings were performedeurvisual control using oblique illumination otveo-photon laser
scanning microscope (Olympus 20x, 1.00 NA; Ultira Bruker) equipped with a 12 bit monochrome CChega
(Qlmaging QIClick-R-F-M-12). Borosilicate glass pites (Sutter Instrument BF100-58-10) with resistaranging from
3 — 7 M were pulled using a laser micropipette puller {&uinstrument Model P-2000). For hippocampal neuro



cultures, electrophysiological recordings from g were obtained in Tyrode’s medium ([mM], 150 NalKCl, 2
MgCl,, 2 CaC}, 10 D-glucose, 10 HEPES; 320 mOsm; pH adjustetd3b with NaOH), AcOH Tyrode’s medium ([mM],
125 NaCl, 25 AcOH, 4 KClI, 2 Mggl2 CaC}, 10 D-glucose, 10 HEPES; 320 mOsm; pH adjustetd3b with NaOH)
containing D-AP5 (25 uM; ab120003; Abcam) and CNQR uM; C-141, Alomone). The recording chamber paisused
at 0.5 ml/min and maintained at 29°C. Pipettes \ileel using standard intracellular solution ([mM]35 K-gluconate, 4
KCI, 2 NaCl, 10 HEPES, 4 EGTA, 4 MgATP, 0.3 NaGPB) mOsm/kg; pH adjusted to 7.3 with KOH). Wholdl-ce
voltage clamp recordings were performed using aiklamp 700B amplifier, filtered at 8 kHz and dig&d at 20 kHz
using a Digidata 1440A digitizer (Molecular Devites

Invitro illumination for cross-talk quantification

Whole-field illuminationin vitro was performed using a 470 nm light emitting di@deD; 29 nm bandwidth; M470L2-C2;
Thorlabs) and 590 nm LED (18 nm bandwidth; M590L3-Thorlabs) delivered through the microscope illation path
including a custom dichroic in order to reflect #aivation wavelength. Light power densities wesitculated by
measuring the light transmitted through the objectising a power meter (Thorlabs PM100A with S146@sor) and
dividing by the illumination area, calculated frahe microscope objective field number and magniiica(PMID:
18974739). For quantification of two-photon imagagked opsin currents, a region of interest (R®®HO0 um x 100 um
was scanned using unidirectional raster-scannitig parameters typically used for calcium indicatoaging (4 us dwell
time, 100 x 100 pixel, 920 nm and 1080 nm at 25 ewsrage laser power).

Optical setup for in vivo recordings

The optical set-up for two-photon holographic ilimation was composed of two pulsed laser sourcés F&yure 1A and

S, in Figure 6A, Chameleon Ultra Il, 80 MHz repetiticate, tuned at 920 nm, angi® Figure 6A Chameleon Discovery,
80 MHz repetition rate, tuned at 1100 nm, Cohenrdilgn, IT), a customized scanhead (Bruker Corgoratformer Prairie
Technologies, Milan, IT), an upright epifluorescemicroscope (BX61 Olympus, Milan, IT), and a lidjarystal spatial
light modulator (SLM, X10468-07 SLM, Hamamatsu, afi| IT). The laser beam intensity was modulated Pyckels cell
(P in Figure 1A and & in Figure 6A, Conoptics Inc, Danbury, CT) and thimected to the SLM by a sequence of mirrors
(BB1-E03 Thorlabs, Newton, NJ). A half-wave plat€(in Figure 1A, RAC 5.2.10 achromati2 retarder - B. Halle
Nachfl GMBH, Berlin, DE) was placed before the Simvorder to obtain the optimal polarization for phaonly
modulation. A first telescope (land L, in Figure 1A, IR doublets 30 mm and 75 mm, Thas|didewton, NJ) expanded the
laser beam to fill the active window of the SLMsAcond telescope {land L, in Figure 1A, IR doublets 300 mm and 150
mm, Thorlabs, Newton, NJ) was used to resize therlaeam to fit the dimensions of the scanningarsrinside the
scanhead (G in Figure 1A and @@ Figure 6A) and to optically conjugate the plarighe SLM with the back aperture of
the objective. For alignment purposes, the SLM masinted on a lab jack (L200/M, Thorlabs, Newton), dJranslator
(PT1/M, Thorlabs, Newton, NJ), and a rotation mati (RP01/M, Thorlabs, Newton, NJ). Two multi-aikal
photomultipliers tubes (PMTs, Hamamatsu, Milan, WEre used as detectors for raster scanning imaBingl emission
filters in front of the two PMTs were 525/70 nm &8@i7/45 nm, respectively.,in Figure 1A and Figure 6A was a 660 nm
long-pass dichroic mirror, £a 575 nm long-pass dichroic mirror. The OlympudMPRJlanFI40X/IR objective (0.8 NA) was
used for most experiments, except those in Figuie @hich an Olympus XLPLN25XWMP2 (1.05 NA) waseds A
mechanical shutter (Uniblitz, VCM-D1 Shutter Driy®fincent Associates, Rochester, NY) controllecabyTL signal was
used to control holographic illumination duratiér the simultaneous two-photon imaging and stitteexperiments in
Figure 6-7 and Figure S7, the telescope downstthar8LM was replaced by two IR doublets (400 mm H2% mm,
Thorlabs, Newton, NJ) and the stimulation beam retes/ed onto a second set of galvanometric miiiraisle the
scanhead (Gin Figure 6A). Imaging and stimulation beams wesenbined by a dichroic (£in Figure 6A, zt980rdc,
Chroma Technology Corporation, Bellows Falls, VBsjtioned between the two sets of galvanometricarsrand the

scan lens. Calibration of the SLM projection plan¢he sample and the imaging field of view (FO\gswerformed by
imaging the sample plane with a CCD camera (ORCAHRZnamatsu, Milan, Italyia the objective and the tube lens. A
short-pass dichroic mirror (FF670-SDi01, Semroak Rochester, NY) reflected two-photon excitatigii onto the
sample and allowed the detection of emitted flupgase by the camera.

Single-photon stimulation of opsins was performed&3 nm or 491 nm with a laser (MLD or Calypsopegively,
COBOLT, Solna, SE) and a multimode fiber (core ditan 200 um, 0.22 NA, QMMJ-3X-UVVIS-200/240-0.4@BZ
Optics Ldt, Ottawa, CA). The laser was couplechftber via a 10X objective (MPLN10X, Olympus, s, IT). On-off
control of illumination was performed directly wishTTL input to the laser driver @ra an acousto-optic modulator
(R23080-3-LDT, Gooch & Housego PLC, Liminster, UK)ght intensity was 0.2 - 6 mW at the fiber tipufing all the
experiments, the optical fiber was positioned ~ g@®above the craniotomy, at an angle of ~ 30°.

Phase modulation for holographic illumination



The SLM was controlled by custom software in Lalw{®ational Instruments Corp, Austin, TX). Phaseshsa
corresponding to desired illumination patterns wggrerated with a Gerchberg-Saxton (GS) IteratougriEr Transform
Algorithm (Di Leonardo et al., 2007). Before eaciperiment, a calibration routine with sub-microneprecision was
performed to match the FOV acquired in raster scawith the holographic projection plane at thenpke. This process
relied on a customized ImageJ plugin (modified fiétackReg) (Schindelin et al., 2012) and througiC®/IP
communication protocol between the proprietary fi@diew software and the custom software. Extersteapes of
arbitrary geometry were drawn on reference imaggsieed in raster scanning before each photostiounl@ession.
Shapes were then transformed into binary masksised as input for the GS algorithm to obtain thardd illumination
patterns at the sample. For two-photon holograifibimination experiments, individual neurons wdterninated with an
elliptical shape covering the cell body. Wavelenfgthtwo-photon holographic illumination was 920 .nfine non-
modulated component of light (zero order) was stiftito an out-of-focus plane (below the objectoeal plane) by
moving the position of L while keeping the modulated component in focusnyosing appropriate phase modulation on
the SLM. The same phase modulation applied to Lt $as also used in the laser-scanning configunatitoacquire
reference images. Under the experimental conditisesl in this study, the power of the zero ordenmanent was in the
range 3-10% of the total power illuminating the ptanWe did not block the zero order component@live optical path
because this solution prevented stimulation of oesitocated in a small region in the center ofR@/. lllumination
power used foim vivo experiments was in the range 10-92 rp®¥ cell, corresponding to an intensity range of 00197
mW/unt per cell (calculated on an average illuminated are@5ofing).

Characterization of the profile of the illuminating holographic volume

Images in Figure 1B and Figure S2 were acquiretd aiCCD camera (ORCA R2, Hamamatsu, Milan, Italgumed on
the holographic stimulation setup (Figure S2A). Tilters (FES0650, Thorlabs, Newton, NJ and FF0Q/33, Semrock
Inc, Rochester, NY, F in Figure S2A) were placeftamt of the camera for fluorescence imaging dmdichroic mirror
(FF670-SDi01, Semrock Inc., Rochester, NY; D inurggS2A) was used to deflect excitation light te sdample.
Fluorescence was collected by imaging a subresaliteathin (~150 nm) fluorescent layer (Antoniniatt, 2014) via the
objective (Olympus 40x) and the tube lens underivoton holographic illuminatior\(= 920 nm). z-stacks were acquired
by shifting the vertical position of the objectivel um steps. Images were processed with Fijingot(Schindelin et al.,
2012). To compute the axial and lateral extensfgpragjected shapes, a Gaussian filter was apptie@ (im). The lateral
extension of the projected shape was determintdtkdbcal plane as the width of the intensity geoéifter image
thresholding with the ISODATA algorithm. The axiVHM was calculated on the axial fluorescence feofi
(corresponding — at every z position - to the agerfuorescence inside circular regions centeretherillumination shape)
normalized and fitted with a Gaussian function.

I'n vivo electrophysiological recordings

Neurons were targeted by imaging the fluorescepanter with the two-photon microscope while moriitgrthe pipette
electrical resistance by applying brief voltagesgsl When the pipette tip and the target cell weotose contact one to the
other, a negative pressure was imposed to thetpijpetrder to achieve the juxtasomal configurafi@sistance > 20 K2).
For whole-cell shadow-patch recordings (Kitamuralgt2008), pipettes were filled with intracellulolution containing
140 mM K-gluconate, 8 mM NaCl, 1 mM MgCio mM HEPES,10 mM Tris-phosphocreatine, 2 mMAI@, 0.5 mM
NaGTP, pH 7.2 with KOH, mixed with Alexa Fluor 4880 uM). The fluorescent dye was injected into the ecdhalar
space via pressure injection while imaging withtihie-photon microscope. Target neurons were vigadland identified
as dark ‘shadows’ in the two-photon image. For kehthdow-patch (Figure S3) and two-photon targesatchp(Figure 4D-
I) recordings, experiments were performed in whad#-current-clamp mode. To assess expressionnetifunal excitatory
opsins in each recorded neuron, we recorded theesplonse to a brief single-photon stimulus (stimuluration: 50 ms;
power at fiber tip: 0.2 - 6 mW) in the cell attadreonfiguration. Only neurons that showed spikiegponses with brief
latency (2 - 3 ms) and low jitter were kept for segsive two-photon stimulation. GtACR2 functionalit vivo was
assessed at the beginning of the experiment usigtesphoton illumination (stimulus duration: 50&npower at fiber tip:
0.2 - 6 mW) and observing efficient silencing of gpontaneous firing or of the firing evoked byreuat injection (50 - 400
pA) in whole-cell configuration. Access resistaarel resting potential were monitored during theegxpent. Series
resistance was not compensated and data were mettaw for the liquid junction potential. Cellstivaverage resting
potential more depolarized than -55 mV were exdiulem analysis. Electrical signals were amplifigda Multiclamp
700B, low-pass filtered at 2.6 kHz, digitized atldz with a Digidata 1440 and acquired with pClab@p(Axon
instruments, Union City, CA). Electrophysiologi¢edces were analyzed using Clampfit 10.4 softwitelécular Device,
Sunnyvale, CA) and IgorPro (WaveMetrics, PortlaD®).

Slice electr ophysiology



Acute cortical coronal slices were prepared frombocortex of P26 - P49 animals. After inducingmanesthesia with
urethane (16.5 %, 1.65 g/kg), brain was quicklpeéited and placed in an ice-cold cutting solutmmtaining: 130 mM K-
gluconate, 15 mM KCI, 0.2 mM EGTA, 20 mM HEPES, &%mM glucose, with pH adjusted to 7.4 with NaQtdl a
oxygenated with @100%. Slices (slice thickness: 30f) were cut with a vibratome (VT1000S, Leica Migrstems,
GmbH, Wetzlar, Germany) and immersed for 1 minaluitson at room temperature (RT) containing: 225 m\nannitol,
25 mM glucose, 2.5 KClI, 1.25 NaPiO,, 26 NaHCQ, 0.8 mM CaC, 8 mM MgCb, pH 7.4 with 95% @5% CQ. Slices
were then incubated for 30 min at 35°C in stande€&F (SACSF) composed of: 125 mM NaCl, 2.5 mM KZ4,mM
NaHCG;, 1.25 mM NaHPQ,, 2 mM MgCh, 1 mM CaC}, 25 mM glucose, pH 7.4 with 95%,(%% CQ, After incubations
slices were maintained in SACSF at RT until useri@uphotostimulation experiments, slices were fomsed in
submerged recording chamber (RC#, Warner Instrusnéfgamden, CT, USA) and continuously perfused fékh
bathing solution (125 mM NacCl, 2.5 mM KCI, 25 mM IN@G;, 1.25 mM NaHPQ,, 2 mM MgCh, 2 mM CaC}, 25 mM
glucose, pH 7.4 with 95 %% % CQ) maintained at 30 - 32 °C by an inline solutioates (TC-344B, Warner
Instruments, Hamden, CT, USA). The same objectigripus 40x, 0.8 NA) was used forvivo electrophysiology and
slice experiments. Pipettes (pipette resistaneet BIQ) were filled with intracellular solution contaigjn140 mM K-
gluconate, 8 mM NaCl, 1 mM Mg&12 mM NaATP, 0.5 mM NaGTP, 10 mM HEPES, 10 mM Tris-phospbatine to
pH 7.2 with KOH. Alexa Fluor 488 (20M) was added to the intracellular solution to allislentification of patched
neurons under two-photon illumination. Pipette qumick during patch-clamp recordings was performedyusfrared
differential interference contrast. After the editiment of the whole-cell configuration, functidmpression of GtACR2
was first verified using brief single-photon lightises (pulse duration: 500 ms; power at the fiipet0.2 - 6 mW). For
holographic two-photon illumination, a high resiaatimage of the recorded neuron filled with AléXaor 488 was
acquired with the two-photon microscope in rastansiing and an extended elliptical shape was prgjdo the cell body
of the recorded neuron (stimulus duration: 500 i@s)rents evoked by holographic illumination wesearded in voltage-
clamp at -50 mV. Access resistance, resting patkatid injected current necessary to maintaingberded neuron at -50
mV were monitored during the experiment. Seriestasce was not compensated and data were nottenirior the liquid
junction potential. Cells with average resting mtigd more depolarized than -55 mV were excludedfanalysis.
Voltage-clamp recorded currents were low-passréitteat 2 kHz, digitized at 10 kHz with the samerinsientation used
for in vivo recordings.

Analysis of electrophysiological recordings

For the analysis dh vivo whole-cell recordings from GtACR2ells, action potential (AP) firing frequency weadculated
during injection of positive current steps (currantplitude: 50-100 pA) in a time window before (Rsndow duration:

0.4 s), during (Stim; window duration: 0.5 s) affigia(Post; window duration: 0.4 s) holographicratlation over 15 - 120
stimulation trialsAapFreq and the spatial resolution were calculatefdraisixtasomal electrophysiological recordings
(considering spAFreq). lllumination power levels used for resolatimeasurements in GtACRBeurons were set to obtain
less than 100% inhibitior=(80 mW). A cell was considered responsive to twotph holographic illumination ik spFreq
was < -0.1 of the average firing frequency in Rrd Rost periods at power value80 mWper shape and current injection
of 50-100 pA. 14 out of 15 GtACR2-positive cellsr&eonsidered as two-photon responsive. In slipegments, the
amplitude of GtACR2 photocurrents was calculatethagpeak current in the first 100 ms after lighs@t on a current trace
obtained by averaging 3 - 7 stimulation trials. Dfbm electrophysiological recordings in culturesirons were analyzed
using custom scripts written in Matlab (MathworKed. quantify currents in response to two-photomsaay, holding
current traces were filtered with a second orddteBworth infinite impulse response bandpass filtedf power
frequencies: 49 Hz, 51 Hz) and a Savitzky-Golayiht, second order, Welch window function filt&he reported N
refers to the number of recorded neurons. Escafddiiring full-field illumination were removed fpresentation
purposes.

Analysis of jJRCaM Pla signals during holographic stimulation at 920 nm

Temporal series for Figure S7A-H were acquirechriaster scanning configuration during spontaneectisity in
anesthetized mice (40x objective, 100 x 100 piXedsne rate, 11 Hz; pixel dwell time, 4 |ksz 1100 nm; imaging power,
15-32 mW) while simultaneously delivering repeated-photon holographic stimuli(= 920 nm) to one imaged neuron
located in the center of the FOV by projecting Hiptecal shape covering the cell body of the targeuron. Two different
protocols were used: 8 stimuli of 500 ms duratib@.& Hz and 5 stimuli of 5 s duration at 0.05 Hke average stimulation
power of the holographic illumination was 30 mWs@ mW. Target cortical neurons were located 1290um deep in
the cortex. Temporal series were imported into ked#gjji software for analysis. Ring shaped ROIsriied) neuronal
somata were manually selected. For each recorttingime course of the average fluorescence freniRiDI
corresponding to illuminated neuron and the avebag&ground fluorescence were computed (backgrawasddefined as
the portion of the image which did not contain ROBackground subtraction was adopted to corrachéuiropil
contamination (Chen et al., 2013) and for artiféicticed by holographic illumination. For the arsédyin Figure S7E, ten



frames of baseline jRCaMP1la fluorescence not caimgrispontaneous transients were considered i tinte window
before (Pre), during (Stim) or after (Post) holgdna illumination for each repetition of the illundtion pulse and then
averaged. For the analysis in Figure S7G, ten fsamhdaseline JRCaMP1a fluorescence were considezéate the first
illumination stimulus (Start) and after th& Bumination stimulus (End). Baseline jRCaMP1adffescence for the Mid
time point was defined as the average baselinedsetithe § and the & light stimuli. For the analysis in Figure S7H, ten
frames of baseline jRCaMP1a fluorescence were dersil before the first illumination stimulus (Stamd after the's
illumination stimulus (End). Baseline jRCaMP1a flescence for the Mid time point was defined asatlerage baseline
between the™¥ and the # stimuli. For experiments in Figure S7I-M, tempasaties from jRCaMP1a expressing neurons
located in layer 2/3 (cell depth, 150 — 220 pmihef barrel cortex were acquired as for data infleid@r A-H. Contralateral
whiskers were periodically (0.07 Hz) stimulatedediing brief (stimulus duration: 300 ms) air puffsvard the vibrissae
through a borosilicate pipette connected to a pragigrpressure injector (Intracel, Royston Herts,) UBnly on even trials,
whisker stimuli were coupled with simultaneous tploston holographic illuminatio(= 920 nm, 5s duration) of the
whisker-responsive neuron. The change in fluoreseéor background subtracted traces relative td#seline AF/F;)

was computed as a function of time, with the flsoence baseline {fcalculated in ten frames before each whisker
stimulation. Only couples of reliable responsesal®d-/F, > 0.2) were considered for further analysis. Theay time
constant{y) was calculated by fitting the descending phasetogker evoked responses with an exponential degay
function.

Experiments in Figure 7 were performed on PV-creentio-injected with AAVs carrying flex.jRCaMP1la
(AAV1syn.flex.NES.jJRCaMP1la or AAV1CAG.flex.NES.jR&H 1a) andAAV2/1. hSyn1.SI0.GtACR2-ts-fRed-
Kv2.1.WPR (Mahn et al., 2017). Due to the dim fRedrescence, in a subset of mice the AAV carrygi@.GtACR2-ts-
Fred-Kv2.1 was co-injected with AAV2/1.EF1a.DIO.eYWPRE, in order to better visualize opsin-expressells. Four
to seven weeks after injection mice were usedxXpegments. Two-photon imaging in anesthetized mias performed in
layer 2/3. A reference image of the selected FO¥ a@juired and a shape covering the soma of a fatgeneuron was
generated by the SLM (stimulation wavelength, 920 nm) and projected at the sample. Temporeswere
simultaneously acquired in raster scanning conéitjon with the imaging beam (40x objective; 10000 bixels; frame
rate: 11 Hz; pixel dwell time: 4 p&;. = 1100 nm, power range: 20 - 34 mW). Holograplhiotpstimulation duration was
5 s and was repeated at 0.05 Hz for 5 times (séitiaul power: 50 mW). In a subset of experimentingutwo-photon
imaging and holographic inhibition, the spikingigity of imaged PV interneurons was simultaneously recorded with a
patch pipette in the juxtasomal configuration. jREPA a signals were analyzed with ImageJ/Fiji sofenas described
above. AP firing frequency was calculated in a timiedow before (Pre; window duration: 5 s), dur{i®jim; window
duration: 5 s) and after (Post; window duratios) Biolographic stimulation. Baseline jJRCaMP 1a fesmence was
calculated in a time window before (Pre; 1 s Iastgrting 4 s before stimulation), during (Stim; tbisg, starting 1s before
the end of the light stimulus) and after (Post;lang, starting 9 s after the end of the stimuhapgraphic stimulation. The
area underneath jRCaMP1a fluorescence traces Wasatad in a time window before (Pre; 4 s longpbe stimulation),
during (Stim; 5 s long) and after (Post; 4s lorgrtsg 6 s after the end of the light stimulus)dgwaphic stimulation and
normalized to the corresponding time interval.

Simultaneous jRCaM Plaimaging and juxtasomal electrophysiological recording

Temporal series from jJRCaMP1la expressing neurome aeguired in anesthetized mice in the rasterrsngn
configuration (40x objective, 100 x 100 pixels,frarate: 11 Hz or 48 x 48 pixels, frame rate: 33 pibzel dwell time, 4
HS;Aexc = 1100 nm) while simultaneously recording the Bplactivity of the imaged neuron with a patch pipdor 1 — 3
minutes. For each series, ring-shaped ROIs defimngonal somata were manually selected and néwapiamination
was subtracted. To quantify the accuracy for detgatingle APs or bursts, we identified putativedbinitiators (BI) in the
electrophysiological trace as APs isolated by mresiAPs by more than 1s. Every Bl triggered argiratgon window of
350 ms in which the number and timing of spikeseaecorded. Integration window length was chosaeflect the
accumulation of calcium signal for JRCaMP1a (Dahalg 2016). According to the total number of gskn the window,
1-5 AP events were classified. Rare events withentioain 5 spikes were discarded. For each evengivea n-AP class (1-
5AP), fluorescence traces consisting of 20 frami@&8adHz (or 7 frames at 11 Hz) beforg;Jland 34 frames (or 11 frames
at 11 Hz) after théth Bl were assembled in 54-dimensional vectorsl@dimensional for 11 Hz)AF/Fy);. Segments of
noisy traces with the same number of frames wéentéone for each trace) from periods without ARS;**7F);. For
each n-AP class, the average of alF{F); traces was normalized and used as a templatervifets,. The scalar product
of (AF/Fy); or (AF™*7F); with the template\F/F, was calculated to obtain a scalawrfr, respectively (Chen et al., 2013).
The AP detection threshold for each n-AP classdedisied as the 95th percentile of glvalues and the percentage of the
f; values above the detection threshold was the i&€ction accuracy (Dana et al., 2016). For easAR-event, average
firing frequency was calculated as the inversénefdaverage inter-spike-interval. Pelik/F, was calculated on both



detected and undetected events at the time pairgsgonding to the maximum component of the tereplattorAF/F,.
Imaging power: 20 - 40 mW at 1100 nm excitation @laagth. Neurons recorded in layer 2/3 at depth-119Dum.

Confocal image acquisition and analysis

Deeply anesthetized animals were transcardiallfuped with 0.01 M PBS (pH 7.4) followed by 4 % garanaldehyde.
Brains were post-fixed for six hours in the samlatsmn and cryoprotected with a 30 % sucrose sotutin 0.1 M
phosphate buffer (pH 7.4). Brains were collectedritbedding molds, covered with Tissue-Tek O.C. Tm@aound (Sakura
Finetek EuropeB.V.) and sectioned with a cryodtatqa Microsystems, Milan, IT). Coronal sectionkcésthickness, 40
pm) were serially collected in multiwell dishes arminterstained with Hoechst (1:400, Sigma Aldridilan, IT).

Sections were mounted, dried, and coverslipped aviliABCO [1,4-diazobicyclo-(2,2,2)octane]-basedfade mounting
medium. High-resolution confocal z-stacks (1,5 |teps; 2048 x 2048 pixels, 40x objective) were aeglivith a Leica
SPS5 inverted confocal microscope (Leica Microsysteitilan, IT) in order to estimate density (neuroms) of opsin-
expressing (opsii neurons for the different conditions tested is 8tudy: opsihneurons in cortical layer 2/3 of mice
injected with AAV1.hSyn.hChR2(H134R).EYFP, AAV1.h8hiChR2(H134R).eYFP.Kv2.1 or
AAV2/1.hSyn.GtACR2.eGFP; opsimnterneurons in layer 2/3 of SST-cre or PV-creanigected with AAV1-EFla-
dFlox-hChR2(H134R)-mCherry-WPRE-hGH, and opsiaurons located in upper layer 4 (300 — 450 pnthegd Scnn-
cre xtdTomato mice injected with AAV1-EFl1a-DIOhChR2(HE4eYFP-WPRE-hGH (both visual and barrel cortices
were considered). Two coronal sliges animal with visible opsin expression in layer 281 4 were randomly chosen in a
rough volume (~1.5 mm radius) around the injectite. 2-3 z-stackper coronal slice were acquired (N = 10 z-stacks from
2 mice for ChR2-eYFP; N = 12 z-stacks from 3 mizethe soma-targeted ChR2-eYFP, layer 4 ChR2-e ¥/ -cre, and
PV-cre; N = 12 z-stacks from 2 mice for GtACR2-eQHPor a given z-stack, random sampling was peréarimy applying
a virtual counting grid (square’s size 85 um x 86 for layer 2/3 neurons, 104 um x 104 pm for intemons and 66 pum x
66 um for layer 4 neurons) over the whole areat@frest using ImageJ (Fiji.sc) and counting opsélls throughout the
whole thickness of the tissue slice (40 pm) in fiedomly chosen squares of the grid. Ope&urons were identified
based on the signal of the fluorescence tag fus#itktopsin. Cellular identity of opsineurons was confirmed by looking
at the Hoechst staining. The half activation voluwe,) in Table S2 was calculated as the sum of themmetuof two half-
ellipsoids, with semi-axes,f rad., |, rad., and}, ax. up) and ¢}, rad., I, rad., and4, ax. down). The number of
additional opsin positive neurons, besides thestargll, contained in ), was calculated from the average cell density and
the average value of the volume of half activatidanfocal high-resolution images (2048 x 2048 fmxekica SP5,
Wetzlar, DE) were used for the analysis of opsipregsion in neurites. Coronal slices with visibpsio expression were
randomly chosen in a rough volume (~1.5 mm radausyind the injection site. Confocal images of sglgrabelled
neurons were acquired near the edge of the cogtieal expressing the transgene (or in the nontegdwemisphere). z-
stacks with Jum steps containing 1-3 neurons were acquired. lagé analysis was performed in ImageJ on z-projecti
of ~10 sequential planes. Only apical dendritegjhly coplanar with the coronal section were coaigd for the analysis.
For each neuron, fluorescence analysis was pertbemén (Shemesh et al., 2017) to determine ChRzPeXgnal

intensity as a function of the distance from thmaolntensity values were normalized to the ChRER Yhtensity at the
soma.

Supplemental Discussion

High spatial resolution two-photon optogenetic &t@n of multiple neurons simultaneously can bamled with various
methods. In one approach commonly named “spiral”’soanfiguration, a SLM is used to multiplex theséa beam and
divide it into several different beamlets each adding one of the neurons of interest. All beandetsthen scanned using a
spiral trajectory across the cell bodies of thgeaneurons (Packer et al., 2013; Packer et al52®lternatively, an
extended circular shape approximately the sizeagfllsbody can be obtained by underfilling the baglerture of the
objective, effectively reducing its numerical apeet This shape can then be sequentially projdotéue target neurons
(Rickgauer et al., 2014). The perturbation methadslving an extended shape that is projected ¢cctl body of the
target neuron is appealing because it allows sanetius activation of the light-sensitive opsins &me somatically
expressed and may lead to larger instantaneous@iroénts and more efficient perturbation of neat@xcitability
compared to sequential approaches. Digital holdgrdyas been efficiently used to dynamically gereeeatended shapes
of illumination (Chaigneau et al., 2016; Papagiakou et al., 2010; Papagiakoumou et al., 2013). &@vantage of this
approach is that it allows the generation of midtgxtended regions of interest within a FOV, eimgpsimultaneous (and
not sequential) stimulation of ensembles of neurBnavious studies demonstrated that this approache efficiently
applied to increase cellular excitability in thelemt brainn vitro (Papagiakoumou et al., 2010; Papagiakoumou et al.,
2013; Ronzitti et al., 2017; Shemesh et al., 2@hd)in vivo (Pegard et al., 2017). In this study, we demotestize
applicability of holographic illumination for higépatial resolution bidirectional perturbation ofinens in the mouse
neocortexn vivo. We found that holographic stimulation of ChR24eg3ing cells efficiently drives neurons to spike
(Figures 1 and 2), while holographic illuminatioh@ACR2-expressing neurons reliably decreases fingig rate (Figure



4D-H). Importantly, we demonstrate that this applhois generalizable and can be applied to cellsypat differ in
biophysical properties, morphological structure andtomical location (Figure 3). This is necessargllow for the
application of our method to investigate the rdiprecise spatiotemporal patterns of neural agtivitdriving higher
cortical functions, as activity patterns are dmsited in space and time across several cellulaygeb (Carrillo-Reid et al.,
2017). In comparing the results of holographic station in different cell types, it is important ¢onsider that the spatial
resolution of photostimulation is not only influettby the morphology of the cell and by the sizéhefexcitation volume
but also by the density of opsins in the plasma brame, Moreover, while previous work (Carrillo-Reital., 2017;
Karnani et al., 2016; Packer et al., 2015; Rickgauel., 2014) demonstrated two-photon manipufatibneurons in
superficial (i.e., layer 2/3) cortical layearsvivo, we showed that this approach can also accesedigprs (i.e., layer 4) in
the intact brain. This will allow manipulating adty patterns with high spatial resolution in th@aimthalamorecipient
cortical lamina and study how these patterns aseqssed as they flow through the complex circufrghe cortical
column.

The spatial resolution and efficiency of stimulatimay be further improved by implementing tempéoalising and by
reducing inhomogeneities within the extended si{apg speckles). For example, temporal focusing b&used to
improve the axial resolution of excitation (Begtele, 2013; Oron et al., 2005; Papagiakoumou.eR8atl3). Moreover,
more efficient methods to restrict opsin expressthe cell soma may further increase the spatidision of holographic
illumination. Finally, to improve the excitationfeeiency while maintaining reduced cross-talk bedgwémaging and
photostimulation, blue light-sensitive opsins walhger conductance compared to ChR2, as for exa@imenos (Ronzitti
et al., 2017) or CoChR (Shemesh et al., 2017),dcbelused in combination with jRCaMP1a.

The key steps of synaptic signal integration teatlto shaping the AP output of a neuron largetyioat the dendritic
level (Stuart et al., 2015). In contrast, pattertvealphoton illumination methods as the one presint this study
modulate the AP firing rate by generating photoents mostly in the somatic compartment. This funglatal difference
needs to be taken into consideration when consigeti-optical approaches as the method of chélosvever, it must also
be considered that if somatic photocurrents ar¢ kefow the threshold for AP generation, they dnbyrease or decrease
the neuron’s probability of firing which is ultinely dictated by the natural process of synaptiegrdation across all
cellular compartments. It is also worth underlythgt for all-optical imaging and manipulation medbdo be efficiently
applied for the dissection of the cellular mechanrsisinderlying brain function, data handling anddbeelopment on new
and more advanced algorithms (Panzeri et al., 2fat the analysis of circuit activity are of crukciaportance.

We found that targeting ChR2 to the soma (Figursi@)ificantly increased the average spiking respdn the illuminated
neuronin vivo. This result is in line with previous electroplolsigical evidencén vitro (Baker et al., 2016) suggesting that
an increase in the expression of channels in thrato and perisomatic compartment occur when a ganggted opsins is
expressed. Moreover, we found that the axial sp@smlution to be significantly increased in news@xpressing soma-
targeted ChR2 compared to neurons expressing noa-targeted ChR2 (Table S1-S2). In principle, gdanumber of
ChR2 channels in the membrane would decrease #tilsgesolution because it increases the prollofistimulating

with the tail of the illumination volume. In congtathe restriction of opsins localization to tleenstic compartment would
have the opposite effect. Thus, the observationttigaaxial spatial resolution is higher in neurerpressing the soma-
targeted ChR2 suggests that the second mechanmepisnderant under our experimental conditionBnawith previous
observation using the same constinatitro (Baker et al., 2016).

The choice of a red-shifted calcium indicator argue light-sensitive opsin significantly decreasieel cross talk between
imaging and opsin activation (Figure 5, Figure Shis requires a significant separation of the ptmton excitation
spectra of the opsin from that of the indicatorwdweer, simultaneous imaging and photostimulationpsins with
absorption spectrum largely overlapping with thathe functional indicator has been performed, Bgker et al., 2016;
Dal Maschio et al., 2017). Thus, optimizing protekpression level and light power values usedrf@ging may decrease
opsin activation during imaging under conditionsvimich the opsin shows significance absorbanckeainbaging
wavelength.

Utilizing low repetition rate lasers for holographstimulation (Chaigneau et al., 2016; Pegard.ef@all7; Ronzitti et al.,
2017; Shemesh et al., 2017) decreases the avdnaggasion powerper cell, the latency of neural spiking response, and
the jitter of evoked spikes beyond what has beéieaed in the current study. The use of low rejoetitate lasers might
thus be important for optogenetic stimulation wiiesexperimental question necessitates the presiggoral control over
patterns of spiking activity in brain circuits. Bhnight be the case for instance for a “virtualssgion” experiment, in
which the aim is to reproduce a sensory perceptidhne absence of the sensory input by drivingvitgtpatterns with high
temporal (and spatial) precision (Panzeri et &1,7). It is important to note that sub-millisecgr@cision in stimulating



AP firing using low repetition rate lasers and lgbphic approaches similar to the one describékisnstudy was obtained
both using fast opsins (e.g., Chronos) (Ronzittlgt2017) and slower opsins (e.g., CoChR) (Shareeal., 2017). In this
regard, the membrane time constant and the insteotes photocurrent amplitude (thus a large instexotas power of the
light pulse) are the main limiting steps for thmdi domain of photostimulation, more than the ofsietics. To obtain high
temporal precision in stimulating cells with compl&P patterns high refresh rate SLMs are also reteQaerrent
technologies allow changing the stimulation patteitth delays that range from few ms to tens of safhammer et al.,
2013). When network dynamics are investigatediattigh temporal resolution one of the main limdatis also
represented by the slow kinetics which characteriast genetically encoded calcium indicators (Cétesl., 2013; Dana et
al., 2016). Further improvement of these calciudidators or the combination of efficient voltageyséive dyes imaging
(Knopfel et al., 2015) and patterned illuminatioigiht obviate to this limitation. However, there ather scenarios where
this temporal precision might not be needed. Famgle, when natural network dynamics induced bgrsasry stimulus
need only to be “biased” by slightly increasingdecreasing the probability of firing of specificsembles of neurons
(Panzeri et al., 2017). Our system representsfanest technical solution to be applied to thisdtastic perturbative
approach.
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