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Achieving temporally precise, noninvasive control over spe-
cific neural cell types in the deep brain would advance the
study of nervous system function. Here we use the potent
channelrhodopsin ChRmine to achieve transcranial photo-
activation of defined neural circuits, including midbrain and
brainstem structures, at unprecedented depths of up to 7mm
with millisecond precision. Using systemic viral delivery of
ChRmine, we demonstrate behavioral modulation without
surgery, enabling implant-free deep brain optogenetics.
Certain symptoms of neurological and psychiatric disease can
be treated by modulation of pathological brain activity in both
preclinical and clinical settings'~*. However, existing methods for
neuromodulation are not cell type specific (for example, transcra-
nial magnetic or direct current stimulation) and/or are invasive
(for example, electrical deep brain stimulation)*’. In basic research
settings, optogenetics with microbial channelrhodopsins (ChRs)
enables cell type-specific excitation or inhibition of neuronal activ-
ity with light, permitting the tuning of cellular activity in terms of
levels, ratios and rhythms with improved precision, which in many
cases results in symptom-relevant treatment via optical neuromod-
ulation**. However, the delivery of visible light often requires inva-
sive implantation of foreign materials and devices into the brain,
which damages tissue and increases infection and ischemia risk'".
To improve long-term biocompatibility, optogenetic effects can be
recruited by light delivered external to a thinned skull’. However,
light attenuation by scattering and absorption in bone and tissue
currently limits transmission of sufficient photon densities to stim-
ulate neural activity in deep brain structures, even with fast ChR
variants engineered to respond to lower intensity and/or longer
wavelengths of light for access to deeper tissue’''. Engineered ChRs
with slow off-kinetics (for example, stable step-function opsins) can
integrate photons for modulation of distal neural populations, but
cannot provide the high temporal control enabled by fast opsins'>.
We recently described the potent fast red-shifted opsin
ChRmine, which exhibits extremely large photocurrents with
hundred-fold improved operational light sensitivity compared with
existing fast red-shifted variants and rapid off-kinetics suitable for
millisecond-scale control over neural activity” (Supplementary
Table 1)—photophysical properties that may be suitable for deep
transcranial optogenetics. To determine whether ChRmine can
enable safe and rapid transcranial deep brain photoactivation, we
performed optically paired in vivo extracellular electrophysiology
in the ventral tegmental area (VTA), 4.5mm deep from the skull

surface (Fig. 1a,b). We used ChRmine targeted to somata with a
Kv2.1 peptide tag to minimize axonal localization and antidromic
activation (AAV8-CamKIIo::ChRmine-oScarlet-Kv2.1; Extended
Data Fig. 1a). A 400-um fiber optic was positioned directly above
the surface of the intact skull and short pulses of 635-nm light
were delivered at varying pulse duration (1-100ms), irradiance
(40-1,600mW mm~= (5-200mW)) and frequency (5-40Hz). At
5-ms pulse width, we identified light-responsive neurons spik-
ing in response to irradiance >200 mW mm™2, with spiking fidel-
ity exceeding 0.8 at power densities >800mW mm™ (Fig. lc-f).
Recordings with the red-shifted excitatory opsin bReaChES, which
has been demonstrated to allow transcranial stimulation but exhib-
its lower photosensitivity and photocurrent magnitude relative to
ChRmine (Supplementary Table 1)>'"", yielded no light-responsive
units at these depths. We found that 5-20 Hz neural activity was
reliably evoked at pulse durations >5ms (Extended Data Fig. 1b-i).
Since increased pulse duration improved neural responsivity, we
extended the pulse time to 100 ms and found that light delivered to
the surface of the skull as low as 40 mW mm~? reliably evoked deep
VTA neural activity (Extended Data Fig. 1j-m). Spike latencies were
increased at either low irradiance or short pulse durations (Fig. 1f
and Extended Data Fig. le,m); whole-cell patch clamp in primary
neural culture also revealed increased time to threshold at low irra-
diance (Extended Data Fig. 1n).

To test the depth limits at which we could activate ChRmine-
expressing neurons with transcranial light delivery, we injected
AAV8-CamKIIo::ChRmine-oScarlet-Kv2.1 at varying depths in a
rat (Extended Data Fig. 2). We observed reliable photostimulation
(spike probability >0.8) down to 7mm using 100-ms pulse widths
at 400mW mm~ (Extended Data Fig. 2h-j), consistent with Monte
Carlo simulations for red light transmission which revealed that
~0.02% of initial irradiance (400 mW mm™) can penetrate to these
depths, near the sensitivity limit predicted for ChRmine" (Extended
Data Fig. 3a and Supplementary Table 1). Of note, we found that
these conditions, suitable for deep transcranial optogenetics, did
not show evidence of tissue damage due to tissue heating or other
phototoxicity effects'>'® (Extended Data Fig. 3, Supplementary
Table 2 and Supplementary Note).

To test whether deep transcranial activation of ChRmine
could modulate mouse behavior, we expressed ChRmine
in mesocorticolimbic dopamine neurons by injecting
AAVS8-EFla::DIO-ChRmine-oScarlet into the VTA of DAT:Cre
mice. After 2weeks of expression, we tested whether transcranial
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Fig. 1| Deep transcranial photoactivation. a, Schematic depicting position of the light source relative to the targeted neural population (red) in the VTA.
b, Confocal image of DAPI-labeled cells (blue) with neurons expressing ChRmine-oScarlet (red) in the VTA. c-f, In vivo single-unit responses following
transcranial stimulation plotted as: representative peristimulus time histogram of transcranial light-evoked spikes in 5-ms bins (¢); probability of one or
more evoked spikes (d); number of spikes per pulse (e); and latency to the first spike across the population of neurons as a function of irradiance (/) (f)
(n=7 from 2 mice; one-way ANOVA with Bonferroni post hoc tests: F(3,24)=16.19, P=0.000006 (d); F(3,22)=2.11, P=0.13 (e); and F(3,22) =16.07,
P=0.000009 (f). Note that one neuron exhibited no spike response at 200 and 400 mW mm~2, and hence there was no associated latency or spike
count). g, Example path-tracing of a DAT-Cre mouse with oScarlet (control, gray) or ChRmine-oScarlet (red) expression during the real-time place
preference test. Red bar indicates stimulation side. Tracks are color coded for velocity (v). h, Percentage of time spent on the stimulation side at varying
irradiances (n=6 mice; one-way repeated-measures ANOVA with Bonferroni post hoc tests: F(3,15) =10.56, P=0.0005). i, Example cumulative lever
presses performed by a ChRmine-oScarlet (red) mouse and an oScarlet (control, gray) mouse receiving transcranial stimulation. j, Total number of daily
lever presses (n= 6 mice; two-way repeated-measures ANOVA: control versus ChRmine F(1,10) =26.31, P value = 0.0004; with Bonferroni post hoc tests).
*P<0.05; **P<0.07; ***P< 0.007; ****P < 0.00071; NS, not significant. Data are mean +s.e.m.

optical stimulation could specifically modulate appetitive con-
ditioning in the real-time place preference assay. We found that
ChRmine-expressing mice spent an increased proportion of their
time in the stimulation-paired zone with irradiance >200 mW mm~?
(20Hz, 5ms), whereas oScarlet (control) mice did not (Fig. 1g,h).
The same behavior could be evoked after 6 months of chronic expres-
sion with minimal toxicity (Extended Data Fig. 4). Place preference
was frequency-dependent'’, and could be generated at irradiance as
low as 40 mW mm™ with 100-ms pulses (Extended Data Fig. 5a,b).
In addition, transcranial stimulation of the VTA reinforced operant
lever-pressing behavior, with ChRmine-expressing mice perform-
ing increased numbers of daily lever presses for optical stimulation
compared with control animals (Fig. 1i,j). By contrast, bReachES
failed to elicit place preference even when light power was increased
to 3.2Wmm™ (bReachES stimulation also failed to induce VTA
cFos expression; Extended Data Fig. 5c—e).

Deep transcranial photoactivation raises the possibility of
exploring interventions for brain disorders where the light source
is well-separated from the target cells. In epilepsy, closed-loop feed-
back control for seizure suppression may represent a means to avoid
potentially detrimental side effects of continuous stimulation’. In
an intrahippocampal kainic acid model of temporal lobe epilepsy,
we optogenetically targeted hippocampal parvalbumin (PV)*
inhibitory (GABAergic) interneurons to provide feedforward inhi-
bition and abort focal seizures in wild-type animals'*** (Fig. 2a and

Extended Data Fig. 6a,b). Using within-subject controls, wherein
50% of randomly selected instances of seizure onset were detected
and coupled to a trigger of transcranial light delivery (40 mW mm~,
50ms on, 100ms off for 10s), seizure duration was truncated by
51+ 2% compared with sham treatment (Fig. 2b-d,g and Extended
Data Fig. 6). Notably, targeting ChRmine to the broader GABAergic
population of hippocampal interneurons (not just PV*) suppressed
seizures by only 27 +4%, underscoring the importance of cell sub-
type targeting” (Fig. 2e,g). Illumination in opsin-negative mice, as
expected, had no effect on seizures (Fig. 2f,g).

Finally, we assessed whether transcranial deep brain neuromod-
ulation could be achieved entirely without any surgical disruption
to brain tissue using systemic viral delivery of ChRmine'**’. We tar-
geted serotonergic 5-HT neurons in the dorsal raphe nucleus of the
brainstem in wild-type mice via retro-orbital injection of AAVPHP.
eB-Tph2:ChRmine-eYFP (Fig. 2h). Following 6 weeks of expres-
sion, we asked whether transcranial stimulation of 5-HT neurons
modulated social preference in the three-chamber sociability task
(Fig. 2i)*. Transcranial stimulation of ChRmine-expressing mice,
but not control mice, increased the time spent in the social zone
(800 mW mm™2, 20Hz, 5-ms pulse width, 10s ON/OFF intervals;
Fig. 2i,j). Deep transcranial activation of 5-HT neurons had no effect
on novel-object interactions in the same three-chamber arena or on
anxiety-related behavior in the open field test, but did induce cFos
expression in the raphe of ChRmine-expressing mice (Extended
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Fig. 2 | Towards deep transcranial optogenetics without cranial surgery. a, Schematic and representative confocal image of CA1 hippocampal PV neurons
expressing ChRmine-YFP (white) costained with DAPI (blue). b, Epileptic mice were subjected to 24-h video EEG recordings, where 50% of detected
seizures were set to trigger transcranial optogenetic intervention. ¢, Representative recording of electrographic seizures with no light (gray bar) or with light
(red bar) treatment. d-f, Cumulative distribution and (inset) histogram of postdetection seizure duration for PV-targeted (E2-ChRmine) (d) and broader
GABAergic-targeted (DIx5/6-ChRmine) (e) or YFP control animals (f) (N=1,369/1,267/1,008 seizures, respectively, n=4 mice per group, Mann-Whitney
U test). g, Mean seizure duration with light treatment, normalized to mean seizure duration without light treatment, for ChRmine targeted to PV GABAergic
(E2), GABAergic (DIx5/6) and control (YFP) neurons (n=4 mice per group; one-way ANOVA with Bonferroni post hoc tests: F(2,9) =23.7, P=0.0003).

h, Schematic of AAVPHP.eB-TPH2::ChRmine-eYFP systemic delivery to target serotonergic neurons in the brainstem. Confocal images depict ChRmine-YFP
neurons (white), DAPI (blue) and TPH2 (red) in the raphe. White arrows denote example YFP+/TPH2* neurons. Scale bar, 100 um. i, Example path-tracing
of a wild-type mouse from two sessions with (ON) and without (OFF) deep transcranial photostimulation during the three-chamber sociability assay. Tracks
are color coded for velocity. Light at 635 nm was delivered at 20 Hz and 800 mW mm~2 with 5-ms pulse width over 10-s repeated intervals. j, Ratio of time
spent in the chamber containing the juvenile mouse, relative to time spent in the empty chamber, with and without photostimulation for YFP (gray) and
ChRmine-YFP (red) mice (n=8 mice; paired t-test). *P<0.05; **P < 0.01; ***P < 0.07; ****P < 0.0001. Data are mean +s.e.m. Amp, amplifier.

Data Fig. 7). We found no differences in the ability to photoacti-  exceptional depth access in a manner that can be completely non-

vate neurons that had been targeted by systemic versus intracranial
injection, despite the lower multiplicity of infection of systemic viral
delivery (Extended Data Fig. 8). Taken together, these data demon-
strate that deep transcranial ChRmine photoactivation can promote
specific adaptive behavior without any intracranial surgery.

While existing technologies permit transcranial optogenetic
manipulation of neural activity, these effects are typically restricted
to superficial brain structures’'’, lack temporal precision’” or
require stimulation parameters that substantially heat brain tis-
sue'’. Here we have demonstrated an approach for deep photoacti-
vation of neurons that offers temporally precise control of spiking,
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invasive of brain tissue (overcoming the need for light-emitting
implants and intracranial surgery) and minimal light power
requirements. This approach for deep transcranial optogenetics
was applied in multiple behavioral contexts and, with appropriate
testing, may be further adapted to basic, preclinical and potentially
clinical settings for fast cell type-specific neuromodulation.
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Methods

Animal subjects. All experimental protocols were approved by the Stanford
University Institutional Animal Care and Use Committee following the National
Institutes of Health guidelines for the care and use of laboratory animals. C57BL/6]
male mice at 4-8 weeks old were purchased from the Jackson Laboratory.
Long-Evans male rats at 12 weeks old were purchased from Charles River. For the
characterization of reward-related behaviors, we bred DAT::IRES-Cre homozygous
male mice (Jackson Laboratory 006660) with wild-type C57BL/6] females. Only
heterozygous male offspring back-crossed for at least five generations were used
for experiments. Littermate same-sex rats were housed as pairs per cage. Mice were
group-housed with two to five same-sex littermates per cage. All mice were housed
on a reverse 12-h light/dark cycle maintained at 20-26°C at 30-60% humidity and
were given food and water ad libitum.

Animal surgeries and viral injections. For all surgeries, mice and rats were
anesthetized with 1-3% isoflurane and placed on a heating pad in a stereotaxic
apparatus (Kopf Instruments). All viruses were produced at the Stanford
Neuroscience Gene Vector and Virus Core.

For mouse electrophysiology experiments, 200 nl of either rAAV8-CaMKII
o::ChRmine-Kv2.1-0Scarlet (5% 10! vector genomes (vg) per ml) or rAA
V8-CaMKIIa::bReaChES-TS-p2A-mCh (1.5 % 10" vg per ml) was unilaterally
injected into the VTA at anterior-posterior (A/P) —3.3, medial-lateral (M/L) +0.4
and dorsal-ventral (D/V) —4.5 in 8-10-week-old mice. Extracellular recordings
were performed within 10-21d of expression.

For rat electrophysiology, 500 nl of rAAV8-CaMKIIa::ChRmine-Kv2
.1-oScarlet (5x 10" vg per ml) was injected at A/P —3, medial-lateral M/L +4.75
and dorsal-ventral D/V —6, —7 or —8 for depth recordings at 6, 7 and 8 mm,
respectively. Extracellular recordings were performed within 10-14d of injection.

For reward-related behavioral assays in DAT::Cre mice,
500nl of rAAV8-Efla::DIO-oScarlet (1x 10'? vg per ml),
rAAV8-Efla:DIO-ChRmine-oScarlet (1 x10'? vg per ml) or
rAAV8-Efla::DIO-bReaCHES-TS-eYFP (5% 10'2 vg per ml) was unilaterally
injected into the VTA at A/P —3.3, M/L 40.4 and D/V —4.5 in 8-week-old mice.
After 2 weeks of expression, 400-pm, 0.39-numerical aperture (NA) fibers attached
to a 2.5-mm-diameter stainless steel ferrule (Thorlabs) were fixed over intact skull
immediately adjacent to the injection site with Metabond (Parkell).

For experiments in epileptic mice, 1l of rAAV8-DIx5/6::eYFP (210"
vg per ml), rAAV8- DIx5/6::ChRmine-eYFP (2 X 10" vg per ml) or
rAAV8-E2::ChRmine-eYFP (2 x 10'? vg per ml) was unilaterally injected into
hippocampal CA1 at A/P —2.0, M/L —1.7 and D/V —1.35 in 8-week-old mice.

To induce focal seizures, 40-60 nl of kainic acid monohydrate (Sigma Aldrich
(K0250); 20mM in 0.9% NaCl) was injected into the contralateral hippocampus

at A/P —2.0, M/L +1.25 and D/V —1.6 in the same mice following viral injection.
After 2 weeks to allow for recurrent and spontaneous seizures to stabilize, twisted
bipolar depth electrodes (PlasticsOne) were placed posteroventral to the kainic
acid injection at A/P 2.5, M/L 1.75 and D/V 1.4. A 200-pm, 0.39-NA fiber attached
to a 1.25-mm-diameter stainless steel ferrule was fixed over intact skull adjacent to
the viral injection site. Both electrode and optical fiber were fixed in position with
Metabond.

For intravascular targeting of the raphe, either rAAVPHP.eB-Tph2::eYFP
or rAAVPHP.eB-Tph2::ChRmine-eYFP (4 x 10" vg in 60 ul of 0.9% NaCl per
mouse) was injected retro-orbitally in 4-week-old mice. At 8 weeks of age, 400-pm,
0.39-NA fibers attached to a 2.5 mm diameter stainless steel ferrule (Thorlabs) were
fixed over intact skull at A/P 4.3 and M/L 0.

For comparison of expression and photo-responsiveness between
intravascular versus intracranial targeting of Purkinje neurons, rAAVPHP.
eB-L7:ChRmine-p2A-eYFP was injected either into 4-week-old mice
retro-orbitally (4 x 10" vg in 50 pl of 0.9% NaCl per mouse) or into 10-12-week-old
mice intracranially (1 ul at A/P —5.7, M/L +0.75 and D/V —3.5). Extracellular
recordings were performed after 2 months (retro-orbital) or 2 weeks (intracranial)
from viral injections.

In vivo electrophysiology. Mice and rats were anesthetized with 1-3% isoflurane
throughout the recording session. Single units were recorded extracellularly with
32-channel count silicon probes (Cambridge Neurotech) grounded to a stainless
steel screw fastened to the skull and preamplified with an RHD2132 amplifier
(Intan). Electrodes were lowered through a craniotomy into the target site with

a stereotax. Data acquisition was performed at 30 kHz with an Open Ephys
acquisition system. A 635-nm red diode laser (CNI Optoelectronics Technology)
connected to a 400-pm, 0.39-NA optical fiber was placed directly above intact
skull adjacent to the craniotomy with signal output controlled by a function
generator (Master-8, AMPI). For each stimulus condition three sweeps of pulses
were presented, with each sweep lasting 10s. Well-isolated single units were
identified using Kilosort2 and Phy2. Spike trains were temporally downsampled
to 1kHz. Data were analyzed using custom MATLAB scripts. In 1-10-ms pulse
width conditions, a light-responsive unit was defined as a neuron that reliably
responded (>80% of trials) within 25ms of light onset in the 1,600 mW mm™,
5-ms pulse width condition. In 100-ms pulse width conditions, to identify
light-responsive units at increased depth, a light-responsive unit was defined as
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a neuron that reliably responded (>80% of trials) within 100 ms of light onset in
the 400 mW mm~2, 100-ms pulse width condition. For ‘spikes per trial’ and ‘spike
latency’ analyses, only units with a spike probability >0 within each condition were
included. For short pulse width experiments (1-10-ms pulse width), only trials
with a spike in the first 25 ms after light onset were included in analysis. For long
pulse width experiments (100-ms pulse width), only trials with a spike in the first
100 ms after light onset were included in analysis. Peristimulus time histograms
were generated by binning data in 5-ms bins and averaging over thirty 1-s intervals.

Behavioral tests. Behavioral assays were performed during the active dark phase
(10:00 to 18:00) at least 1 week after cementing of fiber optic on skull. Before
tests, mice were habituated to handling for 5d (5 min per session). Optic fibers on
skull were connected to a patch cable (Doric) with a metal sleeve and connected
to a 635-nm diode laser (CNI Optoelectronics Technology). A microcontroller
(Arduino UNO) was used to control the output of the laser, with irradiance
measured with a digital optical power meter (Thorlabs). Behavioral assays

were performed by individuals blinded to the type of opsin expression. Mouse
movement was tracked with EthoVision XT (Noldus).

Real-time place preference test. A 30 X 60 cm? arena was divided into left and right
chambers of equal size. The test mouse was allowed to freely explore for 5min,
after which entry into one of the two sides resulted in photostimulation (repeated
interval: 500 ms ON at 20 Hz, 5-ms pulse width, followed by 500 ms OFF). Animals
were counterbalanced between sides paired with stimulation. Light power density
(0, 80, 200, 800, 3,200 mW mm~2) was randomly assigned per daily session until
the testing set was completed. Movement was tracked with a video camera located
above the arena and place preference was calculated by dividing the time spent in
the photostimulation side by the total time of the real-time place preference assay.

Transcranial self-stimulation test. A test mouse was placed in a 20 X 20 cm? chamber
with a lever (Coulbourn Instruments) extended into the chamber. A single press of
the lever resulted in 3-s photostimulation (5-ms pulse width, 20 Hz, 50mW, 10%
duty cycle) with a 10-s timeout following rewarded lever press. Reinforcement
learning was assessed by measuring the number of lever presses performed over
five daily sessions lasting 30 min, with no photostimulation received during lever
press in the first session. The lever press box signal was digitized with a DAQ
device (National Instruments) and recorded with custom MATLAB scripts.

Three-chamber sociability and novel-object test. We based our three-chamber task
on a design described previously*, with two compartments (32 X 32 cm?) separated
by a smaller middle compartment (32X 10 cm?). The left and right compartments
each contained an inverted wire cup. For habituation, mice were allowed to freely
explore the experimental arena for 5 min before social tests, after which a juvenile
male (4-5 weeks old) was placed in one of the two inverted cups. The test mouse
was then allowed to explore the compartments for an additional 10 min. This test
was repeated 24 h later using a different juvenile mouse (counterbalanced between
days 1 and 2). During the social assay in which the juvenile mouse was present, the
test mouse received optical stimulation (5-ms pulse width at 20 Hz and 100 mW
for 10s, with 10 off, repeated during the duration of the test) on 1 of the 2 days
(counterbalanced between days 1 and 2). Movement was tracked with a video
camera located above the arena and the social/nonsocial ratio was calculated by
dividing the time spent in the zone containing the juvenile mouse by the time spent
in the opposing chamber. Novel-object preference tests were conducted a week
after conclusion of the social assays. These tests were conducted similarly except
the juvenile mouse was substituted with a novel object.

Open field test. To assess for anxiety-related behavior, mice were placed in a 60 X 60
cm? arena and allowed to freely explore for 15min. During the middle 5-min
epoch, 635-nm light was delivered (800 mW mm™2, 20 Hz and 5-ms pulse width).
Movement was tracked with a video camera positioned above the arena. The
central region of the chamber was defined as 48 X 48 cm?.

Closed-loop seizure detection and transcranial optogenetics. Closed-loop
seizure detection and on-demand light delivery were performed as previously
described. Briefly, a seizure detection MATLAB script that identified spike
features was used to analyze hippocampal electroencephalogram (EEG) signal in
real-time”. Upon seizure detection, there was a 50% chance each seizure would
receive either transcranial photostimulation or no light in random sequence. Light
delivery consisted of a 10-s bout (50 ms on/100 ms off) delivered at 5mW. After
light delivery, another light stimulation was prevented for the next 60 to avoid
overstimulation. EEG signals associated with each trigger were analyzed offline by
individuals blinded to the light condition used. Seizure duration was quantified by
subtracting the detection dwell time (typically 1-3s) from the total duration of the
electrographic seizure.

Tissue histology. Following injection with sodium pentobarbital (200 mgkg;
intraperitoneally) to induce deep anesthesia, mice and rats were transcardially
perfused with ice-cold PBS followed by 4% paraformaldehyde in PBS. Excised
brains were then fixed overnight in 4% paraformaldehyde at 4°C on a shaker.
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The following day, 65-um-thick slices were prepared with a microtome and
subsequently stored in cryoprotectant at —20 °C. Before staining, slices were
washed in 1X phosphate buffer saline with 0.1% Triton-X100 (PBST) for 1h. For
immunostaining, sections were blocked in 5% normal donkey serum (Jackson
ImmunoResearch) in PBST for 30 min at room temperature followed by incubation
with primary antibody: rabbit anti-cFos (1:200; abcam no. ab214672), or rabbit
anti-Ibal (1:200; Wako) and chicken anti-GFAP (1:500; abcam no. ab4674)
overnight at 4°C. Sections were subsequently washed two times in PBST (30 min
each) and then transferred to a secondary antibody solution: AffiniPure F(ab’),
Fragment donkey anti-rabbit 647 or donkey anti-chicken-488 (1:500; Jackson
ImmunoResearch) for 3h at room temperature. Sections were washed three times
in PBST (30 min each). For nuclei staining, slices were incubated in PBST with
4',6-diamidino-2-phenylindol (DAPI; 1:25,000) for 30 min after incubation with
secondary antibodies and washed three times in PBST (30 min each).

Protocols for in situ RNA detection were adapted from the third-generation
hybridization chain reaction protocols®. Probes for VGAT, PV, tryptophan
hydroxylase 2 (TPH2) or cFos were designed with the split initiator approach to
eliminate the need for probe optimization and to suppress background signal. Even
and odd 22-25-nucleotide antisense oligo pairs carrying split Bl or B5 initiation
sequences were tiled across the length of the exon sequence for the gene of interest
and synthesized by IDT and used without further purification. Dye-conjugated
hairpins (B1-647, B5-546) were purchased from Molecular Technologies.
Hybridizations with split probes were performed overnight in 2x SSCT, 10%

(v/v) dextran sulfate and 10% (v/v) formamide at 4-nM probe concentration. The
next day, slices were washed (three times in 2X saline-sodium citrate with 0.1%
Triton-X100 (SSCT), 10% (v/v) formamide at 37 °C then two times in 2x SSCT

at room temperature; 20 min each) and then incubated in amplification buffer
(5% SSCT, 10% (v/v) dextran sulfate). During this time, dye-conjugated hairpins
were heated to 95°C for 1 min then snap-cooled on ice. Hairpin amplification was
performed by incubating individual slices in 50 pl of amplification buffer with B1
and B5 probes at concentrations of 240 nM overnight in the dark. Samples were
stained with DAPI, washed three times with 5x SSCT for 30 min each and then
imaged.

Simulation of laser transmission and heating in tissue. Light transmission

and tissue heating were calculated using freely available published code that

used Monte Carlo simulations of light propagation coupled to Penne’s bioheat
equation”. The laser parameters and calculated maximum temperature change are
presented in Supplementary Table 2. We assumed steady-state temperature changes
to be reached after 2 min of simulation, based on calculated temperature profiles
reaching maximum values within tens of seconds.

Statistics and reproducibility. Group comparisons were made using one-way

or two-way analysis of variance (ANOVA) followed by Bonferroni post hoc

tests to control for multiple comparisons. Two-tailed ¢-tests were used to make
single-variable comparisons. A two-tailed Mann-Whitney U test was used to
compare seizure duration distribution for light and no-light conditions at the
individual and group levels, where animals were grouped by targeted cell type. All
histology experiments on mice and rats were performed on three or more different
animals with similar results. Histology analysis was performed with Image]J 1.52.
Statistical analysis was done using MATLAB R2019b, GraphPad Prism 8 or Origin
2020. A P value <0.05 was considered significant.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Extracellular electrophysiological characterization of transcranial deep brain optogenetics at different photostimulation
parameters in mice. a, Confocal image of representative neurons in the VTA expressing either soma-localized (Kv2.1) or non-localized ChRmine-oScarlet.
Scale bar: 100 um. b, Representative peristimulus time histogram of transcranial light-evoked spikes at different pulse widths. Light-responsive single-unit
neural recordings at different pulse widths plotted as: probability of one or more evoked spikes (€), number of spikes per pulse (d), and latency to the

first spike (@) (n =7 units from 2 mice; one-way ANOVA with Bonferroni post hoc tests: F(3,24) = 22.51, P= 0.0000004 (c); F(3,22)=2.10, P= 013

(d); and F(3,22) =9.30, P = 0.0004 (e). Note two neurons exhibited no spike response at 1-ms pulse width and therefore do not have an associated
latency or spike count at this pulse width). f, Representative peristimulus time histogram of transcranial light-evoked spikes at different frequencies.
Light-responsive single-unit neural recordings at different frequencies plotted as: probability of one or more evoked spikes (g), number of spikes per

pulse (h), and latency to the first spike (i) (n = 7 from 2 mice; one-way ANOVA with Bonferroni post hoc tests: F(3,24) = 6.31, P = 0.003 (g);

F(3,24) =2.82, P =0.06 (h); and F(3,24)=0.52, P = 0.67 (i)). j, Representative raster plot and peristimulus time histogram of transcranial light-evoked
spikes at low light power (40 mW mm2, 100 ms duration). Light-responsive single-unit neural recordings at different irradiance (/) with an extended
pulse width of 100 ms plotted as: probability of one or more evoked spikes (k), number of spikes per pulse (I), and latency to the first spike

(m) (n =12 units from 2 mice; one-way ANOVA with Bonferroni post hoc tests: (k) F(5,66) =10.46, P=0.0000002 () F(5,56) = 2.81, P=0.02, and
(m) F(5,56 ) =14.08, P = 0.000000006. Note six (4 mW mm=) and four (12 mW mm) neurons exhibited no spike response and therefore do not have
an associated latency or spike count at these irradiances). n, Latency to first spike determined from patch recordings of cultured hippocampal neurons at
low irradiance exhibiting increased time to fire action potentials with decreasing photon density (n = 5 neurons, one-way ANOVA with Bonferroni post
hoc tests: F(2,12) = 36, P = 0.03). Light-responsive single-unit neural recordings at different irradiance for ChRmine-expressing neurons with (nonstriped)
or without (striped) the Kv2.1 peptide tag:probability of one or more evoked spikes (0), number of spikes per pulse (p), and latency to the first spike

(@) (n =7 units from 2 mice (ChRmine) and n = 7 units from 2 mice (ChRmine-Kv2.1); two-way ANOVA with Bonferroni post hoc tests: ChRmine-Kv2.1 vs
ChRmine (o) F(1,48)=0.02, P=0.88, (p) F(1,43)=0.08, P=0.78, and (q) F(1,43)=0.42, P=0.52). No differences in the ability to photoactivate neurons with
or without the Kv2.1 tag was observed. In b-e, 635 nm light was delivered at 10 Hz and 800 mW mm? light power at different pulse width. In f-i, 635 nm
light was delivered at 800 mW mm=2 mW light power with 5-ms pulse width at different frequencies. In j-m, 635 nm light was delivered at 1 Hz with 100
ms pulse at different irradiance. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant. Data are mean + sem.
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Extended Data Fig. 2 | ChRmine photoactivatable up to 7 mm from the skull. a, Schematic of experiment for extracellular recording in anesthetized rats.
b, Confocal image of a coronal slice from rat depicting DAPI-stained cells (blue) and soma-localized ChRmine-oScarlet-Kv2.1 (red) expression in neurons
at 6 mm (left) and 7 mm (right). Inset: expanded view of neurons expressing ChRmine. Scale bar: T mm, (inset) 100 um. ¢, d, Example voltage trace of
light-evoked activity in response to 5-ms pulse width of light delivered at 10 Hz with a 635 nm laser at 800 mW mm. Light-responsive single-unit neural
recordings at 6 mm plotted as: probability of one or more evoked spikes (e), number of spikes per pulse (f), and latency to the first spike (g) (n =15 units
from 2 rats). Light-responsive single-unit neural recordings at 7 mm plotted as: probability of one or more evoked spikes (h), number of spikes per pulse
(i), and latency to the first spike (j) (n = 6 units from 2 rats). In e-g and h-j, 635 nm light was delivered at 1 Hz with a pulse width of 100 ms at different
irradiance (). At 400 mW mm?, these conditions resulted in a spike probability of 0.96 with an average spike latency of 27 + 6 ms and a spike count of
3.7 + 0.6 recorded at 6 mm in depth, and a spike probability of 0.97 with an average spike latency of 39 + 7 ms and a spike count of 3+ 0.6 at 7 mm in
depth. At the same conditions, no light-evoked activity was recorded at 8 mm deep across 2 rats. Data are mean + sem.
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Extended Data Fig. 3 | ChRmine enabled transcranial deep brain optogenetics at light powers that elicit minimal tissue heating. a, Light transmission
profile through brain tissue from a 400-um 0.39 NA optical fiber calculated from Monte Carlo simulations of photon propagation. b, Calculated maximum
temperature change associated with a 635 nm laser delivered at various light powers and frequencies with a pulse width of 5 ms. Note conditions used for
transcranial optogenetics in mice (800 mW mm 2 and up to 10% duty cycle) resulted in minimal tissue heating at steady state (~0.3°C, gray dashed line).
¢, Calculated maximum temperature change associated with a 635 nm laser delivered at various light powers as a function of continuous irradiation time.
Note conditions used for transcranial optogenetics in rats (400 mW mm2 with 100-ms pulse width at 1 Hz) resulted in minimal tissue heating at steady
state (~0.4°C, gray dashed line). d, Modeled temperature distribution in brain tissue at steady state for 635 nm light delivered at 800 mW mm?,

20 Hz, 5-ms pulse width. e, Calculated maximum temperature change for various laser parameters used for transcranial optogenetics applied for 10 s
(see Supplementary Table 2 for summary of parameters). Note stimulation conditions for ChRmine (red) heat tissue less than range reported to

have nonspecific temperature effects on behavior (green, 532 nm 222 mW mm2). Percentage of Iba* microglia (f) and GFAP* astrocytes (g) among
DAPI-labeled cells within 200 um of fiber optic source on the photostimulated (ipsilateral, red) or non-photostimulated (contralateral, gray) side. 635 nm
light was delivered at 20 Hz with 5 ms pulse at different light powers (800, 3200, and 6400 mW mm2) for 1 hour. Animals were perfused 24 hours after
photostimulation. No glial accumulation was evident at 800 mW mm- and 10% duty cycle conditions (n = 3 mice; two-sided paired t-test, *P = 0.03;

**P = 0.005; NS, not significant). h, Representative confocal image depicting a coronal slice treated at 6400 mW mm2 exhibiting tissue lesioning on the
ipsilateral side. i, Representative confocal images with indicated side of photostimulation and irradiance. Scale bar: 100 um. Data are mean + sem.
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Extended Data Fig. 4 | Evaluation of long-term expression of ChRmine at 7 months. a, DAT-Cre mice following 7 months of ChRmine-oScarlet expression
were subjected to a real-time place preference test with stimulation parameters at 800 mW mm2, 500 ms ON/OFF at 20 Hz with 5-ms pulse width (5%
duty cycle) (n =5 mice; two-sided paired t-test, P = 0.003). b, Representative images of cFos expression with (bottom) or without (top) stimulation.
Scale bar: 100 um. ¢, Percentage of cFos* cells among DAPI-labeled cells in the VTA. Mice were sacrificed 90 minutes following 10 minutes of transcranial
photostimulation at O or 800 mW mm?-2 laser delivered at 20 Hz and 5-ms pulse width (n = 3 per group; two-sided unpaired t-test, P = 0.001).

d, Representative confocal image of neurons in the VTA expressing ChRmine-oScarlet (red fluorescent protein (FP)), stained with DAPI (blue, separate
channel not shown), Ibal+ microglia (magenta), and GFAP+ astrocytes (white) used to assess glia distribution within the injection (ipsilateral) and
contralateral side. Scale bar: 1 mm and 100 um. Percentage of astrocytes (e) and microglia (f) among DAPI-labeled cells. No statistical difference in glial
accumulation was observed in the VTA with (ipsilateral) or without (contralateral) local ChRmine expression (n = 3 per group; two-sided unpaired t-test,
P=0.38 (e and f)). **P < 0.01; NS, not significant. Data are mean + sem.
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Extended Data Fig. 5 | Transcranial photoactivation of ChRmine enabled functional control of dopaminergic neurons. DAT-Cre mice with
ChRmine-oScarlet expression in dopaminergic neurons were subjected to a real-time place preference test. Percent of time spent on the stimulation side
receiving transcranial photostimulation with the following parameters: a, tonic (1 Hz) or phasic (20 Hz) stimulation delivered at 800 mW mm2 and 5-ms
pulse width; b, with and without stimulation at 40 mW mm delivered at 5 Hz with 100-ms pulse width (n=5 mice; two-sided paired t-test, P = 0.018

(a); P=0.023 (b)). ¢, DAT-Cre mice expressing bReaChES did not exhibit place preference even at irradiance (/) of 3200 mW mm2, 500 ms ON/OFF,

20 Hz and 5-ms pulse width (n = 4 mice (bReaChES), n = 6 mice (ChRmine); one-way repeated-measure ANOVA: F(4,12)=1.15, P = 0.38 (bReaChES)
and two-sided paired t-test (ChRmine), P = 0.02). d, Representative confocal images of neurons in the VTA expressing red fluorescent protein and/or

the indicated opsin (red) stained with DAPI (blue) and cFos (white). Scale bar: 100 um. e, Percentage of cFos* cells among DAPI-labeled cells in the VTA
following 10 minutes of transcranial photostimulation at 20 Hz and 800 mWmm2 with 5-ms pulse width. Animals were sacrificed after 90 minutes (n = 4
per group; one-way ANOVA with Bonferroni post hoc tests: F(3,12) =14.24, P = 0.0003). *P < 0.05; **P < 0.01; NS, not significant. Data are mean + sem.
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Extended Data Fig. 6 | Evaluation of cell type specificity for seizure inhibition. Representative confocal image of the hippocampus depicting
ChRmine-YFP (white) neurons co-stained with DAPI (blue), the vesicular GABA transporter VGAT (cyan), and parvalbumin PV (magenta) regulated by
either the E2 enhancer derived from the Scnal gene (a) or the DIx5/6 enhancer (b). Scale bar: T mm and (expanded view) 100 um. White arrows point
to YFP*/VGAT*/PV+ neurons while proximal "*' indicate YFP*/VGAT*/PV- neurons. Pie chart depicts quantification of YFP* cells regulated by the E2
(a) or DIx5/6 (b) enhancer that are either eYFP*/VGAT*/PV+* (magenta), eYFP*/VGAT*/PV- (cyan), or eYFP*/VGAT/PV- (grey). Note all PV* neurons
were also VGAT* and that a subset of YFP* neurons (3% (E2) and 10% (DIx5/6)) were not labeled by the VGAT GABAergic marker. A total of 302 and
227 neurons were counted from 3 (E2) and 4 (DIx5/6) mice respectively. ¢, Comparison of mean seizure distribution without light stimulation showed
comparable seizure duration across cohorts (n = 4 per group; one-way ANOVA: F(2,9)=0.56, P = 0.59). Data are mean = sem. Box plot of each animal
from E2::ChRmine-eYFP (d), DIx5/6::ChRmine-eYFP (e) and DIx5/6::eYFP (f) cohorts depicting seizure duration from trigger with (filled) and without
(not filled) light treatment (n = 4 mice per group; two-sided Mann-Whitney U Test). Each box denotes lower (25%) and upper (75%) quartile with
median (line) and mean (square) and whiskers depict the 10-90% range for all measured seizures. *P < 0.05; **P < 0.01; ***P < 0.01; ****P < 0.0001; NS,
not significant.
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Extended Data Fig. 7 | Effects of brain-noninvasive transcranial activation of 5-HT neurons on novelty preference, anxiety-related behaviors, and
induction of the neural activity marker cFos. a, Mice were assessed for novelty preference by quantifying ratio of time spent in the chamber containing

a novel object relative to time spent in the empty chamber with and without photostimulation for YFP (gray) and ChRmine-eYFP (red) mice. Stimulation
does not alter novel object interaction (n = 8 mice; two-sided paired t-test). b, Mice were assessed for anxiety-related behavior with a 15 min open field
test, where the first and last 5 min block were not paired with light stimulation (OFF), while the middle 5 min was paired with 635 nm stimulation (800
mW mm, 20 Hz, 5-ms pulse width repeated in 10 s intervals). Stimulation does not alter anxiety-behavior based on time spent in the center of the arena.
(n = 8 mice; repeated-measure one-way ANOVA: F(2,14) = 2.23, P=0.15 (eYFP) and F(2,14) = 0.05, P = 0.83 (ChRmine-eYFP)). ¢, Example path-tracing
of a 5-HT ChRmine-YFP mouse during the 3 5-min blocks of the 15 min long open field test. Tracks are color coded for velocity (v). d, Representative
confocal image of ChRmine-YFP neurons (white) in the raphe stained for cFos (magenta) by in situ hybridization and DAPI (blue). White arrows point to
example YFP*/cFos* neurons. Scale bar: 100 um and (expanded view) 10 um. e, Percentage of cFos* cells among DAPI-labeled cells in the raphe following
10 min of transcranial photostimulation at 20 Hz and 800 mW mm 2 with 5-ms pulse width. (n = 4 per group; one-way ANOVA: F(1,6)=16, P = 0.007).
**P < 0.01; NS, not significant. Data are mean + sem.
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Extended Data Fig. 8 | Comparison of expression level and photoactivity of ChRmine-expressing neurons targeted by intracranial or retro-orbital
delivery. a, Confocal images of Purkinje neurons expressing eYFP (white) co-labeled with in situ hybridization for ChRmine mRNA (magenta). Neurons
were targeted by AAVPHP.eB-L7::ChRmine-p2a-eYFP by direct or retro-orbital injection. Scale bar: 100 um. Box plot of mean intensity signal from
individual neurons for (b) eYFP and (€¢) ChRmine mRNA (n = 2 mice, 60 neurons per group; two-sided unpaired t-test, P = 6.7e-10 (eYFP), 5.2e-10
(ChRmine mRNA)). The mean signal of neurons targeted by retro-orbital injection was 42% (eYFP) and 34% (ChRmine mRNA) relative to the signal

from direct injection, indicative of the lower multiplicity of infection. Each box denotes lower (25%) and upper (75%) quartile with median (line) and

mean (square) and whiskers depict the 10-90% range for neurons quantified. In vivo extracellular recordings at 3 mm from skull following transcranial
stimulation from neurons expressing ChRmine targeted by intracranial (not filled) or retro-orbital (gray) injections plotted as: probability of one or more
evoked spikes (d); number of spikes per pulse (e); and latency to the first spike (f) across the population of neurons as a function of irradiance (/) delivered
at 10 Hz with 5-ms pulse width. No statistically significant difference was observed in single-unit response between the viral delivery methods (n =9

units from 2 mice (intracranial) and n =10 units from 2 mice (retro-orbital); two-way ANOVA with Bonferroni post hoc tests: intracranial vs. retro-orbital
F(1,85) = 0.002, P = 0.96 (d); F(1,83) = 0.05, P = 0.82 (e) and F(1,83) = 0.65, P = 0.42 (f). Note one neuron in each group exhibited no spike response at
80 mW mm=2and as such has no corresponding spike count or latency at this irradiance). ****P < 0.0001; NS, not significant. Data are mean + sem.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name,; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  FV31S-SW (Olympus Fluoview FV3000 confocal image acquisition), Ethovision XT14 (behavioral tracking), Open Ephys (extracellular in
vivo recording acquisition), MATLAB R2019b (EEG recording/trigger; lever press)

Data analysis MATLAB R2019b, ImageJ 1.52, Origin 2020, GraphPad Prism 8, Kilosort2, Phy2

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the finding of this study are available upon request from the corresponding author, Karl Deisseroth (deissero@stanford.edu).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to determine sample size a priori. Sample size was determined based on preliminary experiments that
enabled consistent group differences to be identified, and are indicated in figure legends.

Data exclusions  Animals with unintended experimental error were excluded based on poor viral expression from mis-injection and poor SNR from EEG
placement. Otherwise, no data were excluded.

Replication For all experiments, replication was performed at least once and showed comparable results. The results from these experiments were
pooled and used for analysis.

Randomization  Mice and rats were randomly assigned to each experimental group.
Blinding Behavioral data was collected and analyzed by investigators blinded to the identity of the expressed gene (e.g. ChR or fluorescent protein).
Histology data was quantified by investigators blinded to the identity of the expressed gene. Electrophysiology recordings were performed

without blinding to group allocation because data collection was performed as objectively as possible (using the same surgical coordinates,
viral titers, and electrophysiology recording conditions).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Antibodies

Antibodies used Primary: rabbit anti-cFos (1:200; abcam #ab214672); rabbit anti-Ibal (1:200; Wako #019-19741); chicken anti-GFAP (1:500; abcam
#ab4674). Secondary: AffiniPure F(ab')2 Fragment donkey anti-rabbit 647 (1:500; Jackson ImmunoResearch #711-606-152) or donkey
anti-chicken 488 (1:500; Jackson ImmunoResearch #703-546-155)

Validation Antibody validation was performed on fixed mouse coronal slices at the same dilution condition used in histology experiments and
confirmed by comparing immunofluorescence signal with established literature. Antibodies were selected based on reproducibility,
as reported in several references listed on the manufacturer's website.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6J mice (Jackson Laboratories, Strain #000664, 4-8 week male); heterozygous offsrping (4-8 week male) of DAT-IRES-Cre male
mice (Jackson Laboratories, Strain 006660) crossed to C57BL/6) mice; Long-Evans rats (Charles River, Strain #006, 12 week male)

Wild animals No wild animals were used in this study.

Field-collected samples  No field samples were used in this study.
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Ethics oversight All experimental protocols were approved by the Stanford University Institutional Animal Care and Use Committee (IACUC)
following the National Institutes of Health guidelines for the care and use of laboratory animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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