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Abstract: To interrogate neural circuits and crack their codes, in vivo brain activity imaging must be combined with\
spatiotemporally precise stimulation in three dimensions using genetic or pharmacological specificity. This challenge
requires deep penetration and focusing as provided by infrared light and multiphoton excitation, and has promoted two-
photon photopharmacology and optogenetics. However, three-photon brain stimulation in vivo remains to be
demonstrated. We report the regulation of neuronal activity in zebrafish larvae by three-photon excitation of a
photoswitchable muscarinic agonist at 50 pM, a billion-fold lower concentration than used for uncaging, and with mid-
infrared light of 1560 nm, the longest reported photoswitch wavelength. Robust, physiologically relevant photoresponses
allow modulating brain activity in wild-type animals with spatiotemporal and pharmacological precision. Computational
calculations predict that azobenzene-based ligands have high three-photon absorption cross-section and can be used
directly with pulsed infrared light. The expansion of three-photon pharmacology will deeply impact basic neurobiology

and neuromodulation phototherapies.
\ P P J
Introduction and assessing their outcomes, including behavioral re-

sponses. For those purposes, in vivo and intravital micro-
scopy technologies have proven useful virtually in every
tissue and application from cancer!" to infections,” including
drug delivery.”! These technologies have become particu-

To understand how (patho)physiological processes work, it
is crucial to monitor activities of interest in vivo while
manipulating specific molecular and cellular mechanisms
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larly appealing for interrogating and manipulating brain
activity.[

Several approaches have been reported for activity
imaging and stimulating deep in the brain® in vivo: (1)
microendoscopy with gradient refractive index lenses that
are invasively introduced in the tissue;® (2) adaptive optics,
wavefront shaping methods!” and refinements to reduce
aberrations, phase- and motion-dependence; and (3) multi-
photon excitation (MPE) using pulsed infrared (IR) light,
which is weakly absorbed and scattered by the tissue,
allowing fluorescence imaging of chemical and genetically
encoded indicators, thus affording deep penetration and
sharp focusing. The nonlinear process of simultaneous
absorption of multiple photons by a molecule to reach an
electronic state whose energy equals the sum of the photon
energies®® requires a high intensity of light. The advent of
pulsed lasers®” enabled fluorescence microscopy in the
visible range using two-photon excitation (2PE) of IR
light"! and led to 2PE calcium and sodium imaging of
neuronal activity.""

Depths of several hundred micrometers can be achieved
by 2PE at wavelengths between 700-900 nm (near infrared
NIR-I window)."” However, this still only constitutes a
fraction of the cortical thickness of mice (~1mm) and
humans (up to ~5mm). Longer wavelengths in the 1300-
1700 nm range (extending into the NIR-II window) allow
even lower light absorption and scattering, making them
potentially compatible with the same fluorescent reporters
using three-photon excitation (3PE). As a rule of thumb, a
chromophore with 400 nm excitation wavelength under
continuous wave illumination (one-photon excitation, 1PE)
can also be excited at 800 nm by 2PE and at 1200 nm by
3PE, provided the corresponding absorption cross-sections
are sufficiently high.®! Over the last decade, 3PE has drawn
growing interest in neuroscience, facilitating whole cortex
imaging""* and neuronal activity imaging.""”

To interrogate neural circuits and crack their codes,
activity imaging must be combined with spatiotemporally
precise stimulation in three dimensions, which requires the
focusing provided by MPE. Two-photon (2P) optogenetics!'®
and 2P photopharmacology, including caged!"” and photo-
switchable ligands!"® have been recently developed and
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reviewed.'” However, neuronal stimulation in vivo with
3PE has never been reported, either with optogenetics or
with photopharmacology. This stands in contrast to the
advances in 3PE compounds and materials for micromachin-
ing, bioimaging, and phototherapies.”

In this study, we aimed at manipulating a physiological
process using 3PE, which we achieved by photopharmaco-
logical activation of neuroreceptors. Specifically, we report
that M, muscarinic acetylcholine receptors (mAChRs) can
be selectively activated in vitro and in vivo using a photo-
switchable dualsteric ligand (phthalimide azobenzene iper-
oxo, PAI) at picomolar concentrations in the bath and
1560 nm pulsed light, which is the longest photoactivation
wavelength reported to date. These results demonstrate the
applicability of three-photon pharmacology (3PP) and set
new uses for deep and focalized stimulation of cellular
activity in vivo.

Results and Discussion

In previous work, we have demonstrated that cis-PAI can be
pharmacologically activated and deactivated using continu-
ous wave illumination under 1PE: excitation of its n—n*
transition at 420-460 nm promotes the formation of the
active trans isomer, while subsequent irradiation of its n—mn*
transition at 365 nm triggers photoisomerization towards the
inactive cis-enriched configuration (Figure 1)."*¥ In addi-
tion, we empirically applied 2PE to photoactivate PAI at
approximately twice the wavelength of the 1PE n—n*
transition (840 nm), which also induced its cis-to-trans
isomerization and activated M, mAChR, thereby initiating
intracellular calcium oscillations (Figure 1 and Supplemen-
tary Figure S1). We also noticed that such oscillations
cannot be stopped with 730 nm pulsed light in the same
range of peak power, suggesting that trans-to-cis isomer-
ization by excitation of its n—n* transition is not an efficient
process at 2PE (Supplementary Figure S1).

To understand and improve the penetration and focusing
of azo-based photoswitchable drugs using MPE, we have
herein examined the 1PE, 2PE, and 3PE properties of PAI
using theoretical calculations. As far as we know, only a

365 nm (1PE)

500 nm (1PE)

840 nm (2PE) N
1560 nm (3PE) o R
ora t"é

Figure 1. PAI (de)activates M, muscarinic acetylcholine receptors. 2D representation of the chemical structures of (a) trans-PAl and (b) cis-PAl.
Photoisomerization between trans and cis can be achieved by 365 nm (1PE) and between cis and trans by 420-500 nm (1PE), 840 nm (2PE)!"*¥ and
1560 nm (3PE, this work). (c) Diagram depicting the 7 transmembrane receptor M, mAChR transitioning between the activated state in the
presence of the ligand trans-PAl (left) and the deactivated state with cis-PAI (right). (Photo)activation of M, mAChR leads to cyclic ((AMP) decrease
under physiological conditions. In this work, we have coupled M, mAChR activation to intracellular calcium release by means of the protein Gogrop,

to take advantage of calcium imaging in cell populations.'®
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previous computational study has been reported on the
high-order multiphoton absorption cross-sections (2P-5P) of
centrosymmetric trans-azobenzenes (e.g., the azobenzene
core of trans-PAI), which proposed different trends for the
excitability of their odd- and even-order absorption proc-
esses. For trans-azo chromophores with an inversion center,
the odd-photon absorption processes are largely determined
by the one-photon absorption strength, whereas even-
photon absorption processes are set by the 2P absorption
strength.”'! Based on this precedent and the lack of previous
similar studies on cis-azobenzenes, we focused our attention
on PAI and two other simpler azobenzene models (Supple-
mentary Figure S2), whose multiphoton absorption cross-
sections were computed for both isomers using density
functional theory calculations at the DFT/CAM-B3LYP
level (Supporting Information Tables S1-S6 and Figures S3—
S8). The reliability of this method was validated by our
calculations of their 2PE properties, which predicted that
their cis-to-trans photoisomerization should be more fav-
oured than their trans-to-cis photoisomerization upon ex-
citation with NIR-I radiation. Thus, larger 2P excitability
was computed for the lower energy n—n* (6,/02 yuns=11)
and m—n*  (0y.5/O2 s =1660) transitions of cis-PAI in
relation to trans-PAI, which agrees with our experimental
results (Supporting Information Tables S5 and S6). Indeed,
we have shown an efficient photoconversion of cis-PAI to
the pharmacologically active trans isomer using 2PE at
840 nm!"*! and the difficulty to deactivate trans-PAI using
2PE at 730 nm (Supplementary Figure S1). More interesting
were our calculations of higher-order MPE of PAI like 3PE,
which predict that its activation can be triggered using NIR-
IT wavelengths to achieve deeper distances into the tissues
and even sharper focusing than 2PE.'! In particular, the
results of the molecular computations indicate that the cis-
to-trans photoisomerization of the centrosymmetric azoben-
zene is favored under 3PE of their n—n* transition at
around 1500 nm (03/03 ans =314 for PAI; Supporting In-
formation Tables S5 and S6). Overall, these data support the
feasibility of 3PE to activate M, mAChRs.

To verify these predictions, we could not take advantage
of the 2PE setup used in previous experiments,'®*! as the
SpectraPhysics Mai Tai Ti:sapphire laser tuning range only
reaches 920 nm. Thus, we built a custom multiphoton
stimulation and fluorescence imaging setup (Supplementary
Figure S16) based on an inverted microscope coupled to a
femtosecond-pulsed laser beam (FFS, Toptica) that emits at
a fixed wavelength of 1560 nm with a repetition rate of
100 MHz, a pulse duration of 120 fs, and allows a maximum
peak power of 3.3 kW. Briefly, the optical system allows for
imaging and tracking of the emitted fluorescence while
photostimulating a region of interest.

In this setup, real-time calcium imaging assays were
performed in transiently transfected HEK tsA201 cells
coexpressing human M, mAChR and a chimeric Gog-
protein (Gagrop) in order to couple M, mAChR activation
to the phospholipase C pathway, thus inducing inositol 1,4,5-
trisphosphate (IP3) production and subsequent intracellular
calcium release from the endoplasmic reticulum.” HEK
cells were loaded with the fluorescent calcium indicator
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OGB-1 AM (see Methods section). We performed calcium
imaging at 1PE and manipulated the activity of M, mAChRs
with the reference agonist iperoxo (IPX)®! and with PAI
under 3PE conditions (1560 nm at the maximum available
peak power). Application of cis-PAI (50 pM trans-PAl, pre-
illuminated with 365 nm, Figure 1) did not elicit cellular
responses, as reported.'™ Remarkably, 3PE in the presence
of cis-PAI induced a significant increase in intracellular
calcium activity (Figure 2a), indicating that PAI was photo-
converted to its trans form. The time course of calcium
responses to 3PE of PAI displayed a diversity of behaviors
in individual cells, such as oscillatory waves, transient peaks,
and steps (Figure 2b). Similar intracellular responses have
been previously observed in Gog-coupled GPCRs like
metabotropic glutamate 5 receptors® and depend on the
ratio of endogenous G protein and receptor overexpression
level in each cell."®! M, mAChRs are naturally Go;-coupled,
but these effects can be attributed to the overexpression of
Gogrop used in our calcium imaging assay.

To reduce deviations due to this temporal dependence,
responses under control conditions, under the application of
cis-PAI, and upon photoswitching with 3PE (frans-PAI
enriched form), were quantified both by peak amplitude and
area under the curve (AUC). The analysis of these
parameters showed that 3PE of PAI significantly stimulated
the release of intracellular calcium, as much as IPX, and that
its effect is absent without illumination (cis-PAI) (Fig-
ure 2cd). 3PE alone did not produce any stimulation
artifacts (n=9, Supplementary Figure S9a). Photoresponses
were also absent in cells not expressing M, mAChRs (n =40,
Supplementary Figure S10). All these experiments confirm
that the calcium responses observed upon 3PE are elicited
by the specific interaction of the active isoform of PAI with
M, mAChRs. Hence, cis-PAI can be photoswitched using
1560 nm light. In addition, as the amplitudes of the calcium
signals elicited under 3PE were even higher than those
previously reported by us upon 1PE of cis-PAI at 460 nm
and similar experimental conditions (~50 % of IPX-induced
responses), we conclude that irradiation at 1560 nm should
indeed lead to efficient cis-to-trans photoswitching,!'s"

We further aimed to test the mechanism of PAI
activation at this wavelength, and we studied the differences
in cellular photoresponses concerning the photostimulation
power, which is expected to follow a quadratic or cubic
dependence for 2PE and 3PE, respectively. Using the same
setup described above, the photoresponses were recorded at
increasing laser power (63 %, 79 %, 91 %, and 100 %, the
latter corresponding to an average power of 42 mW at the
back focal plane of the cells). Average and example traces
from individual cells are shown in Figure 3ab. 3PE alone did
not produce any artifacts (n=10, Supplementary Fig-
ure S9b). We quantified the responses by AUC, maximum
amplitude, and percentage of photoresponsive cells (Fig-
ure 3cd and Supplementary Figure S11ab). The power
dependence of the AUC yields an exponential factor of 3.1
(R*=0.996), unambiguously confirming that PAI photo-
isomerization at 1560 nm follows a third-order non-linear
process (3PE). The amplitude and fraction of responding
cells display similar values but lower correlation, probably

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Activation of PAIl with near-infrared (NIR) light under three-photon excitation (3PE). Real-time calcium imaging traces from HEK tsA201
cells coexpressing M, mAChR and Garop, which were loaded with the calcium indicator OGB-1 AM (10 uM). (a) Average trace of cell responses to
the subsequent application of (1) cis-PAl (50 pM) pre-illuminated at 365 nm (purple bar), (2) trans-enriched PAI obtained under 3PE at 1560 nm
maximum power (dark red bar), and (3) the muscarinic agonist iperoxo (IPX, green bar) after manual wash-out (w/o, blue bar) (n=29 cells). Grey
bands indicate the standard error of the mean (SEM). (b) Single cell calcium responses induced by PAI under 3PE at 1560 nm (dark red panel)

(27 cells from 4 independent experiments). Purple bar indicates application of cis-PAl, dark red bar indicates illumination at 1560 nm. (c,d) The
quantification is presented in the right graphs, where a significant response, in terms of (c) amplitude and (d) area under the curve (AUC) is
observed upon the application of a pulsed NIR light (1560 nm) in the presence of PAI due to its photoisomerization to the trans-active form
(=27 cells from 4 independent experiments). Data were normalized to the average cell response to IPX and statistical significance was inferred
by the one-way ANOVA with Tukey’s multiple comparisons post-hoc test p-value (**%*#*) <0.0001; GraphPad Prism 9. Error bars are + SEM.

due to the transient nature of the M,-mediated cellular
responses and the variable expression levels of M, mAChRs
and Gagrop in individual cells.

We have previously shown that PAI can control cardiac
function in tadpoles and rats,"*!! and brain wave activity in
mice®®! through the use of continuous wave illumination
(1PE). Recently, we demonstrated in vivo photoswitching by
2PE in invertebrates.'® To test 3PE in an animal model, we
used zebrafish larvae expressing a genetically encoded
calcium indicator, which made it possible to monitor brain
activity (GCaMP6s) and to study the changes in calcium
concentration upon photostimulation with the customized
optical set-up described above (see Methods). Figure 4a
shows an example of GCaMP6s fluorescence images, the
zebrafish brain regions used for quantification, and the 3PE
region in the field of view. Spontaneous neuronal activity
was observed throughout the experiment and was not
significantly affected by 3PE or by the application of 50 pM
cis-PAI in the bath (see example frames in Figure 4b).
However, 3PE in the presence of cis-PAI produced large

Angew. Chem. Int. Ed. 2023, 62, €202311181 (4 of 9)

calcium responses in all regions of the brain, including the
activation of well-defined structures that will be the subject
of a dedicated study (see the rightmost frame in Figure 4b).
A representative movie is available as Supporting Informa-
tion (Figure S15). The time course of calcium activity in
different brain regions is shown in Figure 4c and the
corresponding quantifications and dose-response curves
(AUC and peak amplitude) are in Figures4d, 4e and
Supplementary Figure S12. Overall, a fourfold increase in
neuronal activity was elicited by PAI using 3PE in vivo. This
increase was significantly inhibited by the addition of AQ-
RA 7417 (an M, mAChRs selective antagonist), showing
that trans-PAIT acts on this specific receptor (Figure 4f).
These neuroexcitatory responses elicited by 3PE of PAI
in vivo (Figure 4) are robust, physiologically relevant, and
offer an unprecedented way to modulate brain activity in
wildtype animals through M, mAChRs with high spatiotem-
poral resolution. In contrast, calcium responses in vitro
(Figures 2 and 3) are weaker: 3PE responses are obtained
from 25 % of the cells expressing M, mAChR (Figure S11a)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Dependence of the multiphoton photoresponse on average laser power. Real-time calcium imaging traces from HEK tsA201 cells
coexpressing M, mAChR and Gorop, Which were loaded with the calcium indicator OGB-1 AM (10 uM). (a) Average trace of cell responses to cis-
PAI (50 pM, purple bar), trans-enriched PAI obtained under 3PE with different laser powers (63 % light pink bar; 79% pink bar; 91 % light red bar;
100% dark red bar, the latter corresponding to an average power of 42 mW at the back focal plane of the cells) and the muscarinic agonist iperoxo
(IPX, green bar) after manual wash-out (w/o, blue bar) (n=12 cells). Grey band indicates SEM. (b) Single cell calcium responses induced by PAI
(purple bar) under 3PE at 1560 nm with different laser power (63 % light pink bar; 79% pink bar; 91 % light red bar; 100% dark red bar,

n=12 cells). (c) Photoresponse quantification as percent change of the area under the curve (AUC) as a function of average laser power at the
back focal plane of the objective. Data have been normalized to the average cell response to IPX (n=36 cells from 4 independent experiments).
The percentage of response versus power can be fitted by a cubic function, indicating that the process is mediated by 3PE. (d) Linear regression
model using logarithmically transformed data of the irradiance (in W-cm™2). The R? of the fit is 0.996 and the slope is 3.1. Error bars are = SEM.

and reach 40% of IPX responses at the maximum laser
power (Figure S11b), probably due to the non-physiological
coupling provided by Gagyrop. Nevertheless, these in vitro
assays were convenient to set up and validate 3PE using
high-throughput imaging rather than electrophysiological
recordings in individual cells and may be useful to further
refine the photoswitchable compounds and MPE optical
system. Even the energy required to induce 3PE of PAI is
orders of magnitude below the energy reported®” in studies
of optogenetic stimulation in cultured neurons (Supplemen-
tary Figure S14) (50 mW to fire an action potential, 64 mW
to produce photodamage).”

The results obtained with 2PE (Figure5 in refer-
ence [18d] and Supplementary Figure S1 in this work) agree
with our calculations of the multiphotonic properties of
PAI: the lower energy n—n* and n—n* transitions in cis-
PAI are more favored than in trans-PAl under 2PE,
elucidating why only cis-to-trans photoisomerization of PAI

Angew. Chem. Int. Ed. 2023, 62, €202311181 (5 of 9)

can be efficiently induced with 700-900 nm NIR-I radiation,
whereas the reversible operation of the photoswitch within
this spectral range is less encouraged. In contrast, our
calculations for PAI and simpler azobenzenes predict a
reversible behavior under 3PE. Their 3PE absorption cross-
sections for the n—n* transition at around 1500 nm are
much larger for the cis isomer compared to the trans one,
ensuring effective cis-to-trans photoisomerization, as con-
clusively demonstrated for PAI by our photopharmacology
data in Figures 2-4. Here, this situation appears reversible
for the n—n* transition with 3PE, which we computed to be
more probable for the trans isomer of these azo compounds
compgred o the corresponding 2PE  transition
(O3 wans / T5.ci =83) for PAIL; Supporting Information Ta-
bles S5 and S6). This combined computational and exper-
imental study raises hopes of strong and reversible responses
for 3PE of all electronically-symmetric trans-azo-based
photoswitchable drugs. In addition, it should enable rever-

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. In vivo activation of PAI by three-photon excitation (3PE). Green fluorescence signal from GCaMP6s indicator upon different conditions.
(a) Sketch of the main regions of the zebrafish larva brain (dorsal view): Th, thalamus; OT, optic tectum; Cb, cerebellum; MO, medulla oblongata.
Among these regions, three were visible as shown in the middle figure from zebrafish larvae expressing the calcium indicator GCaMP6s. The
region illuminated with the 3PE laser (red dashed line) is represented on the right. The scale bar represents 50 um. (b) Representative images of
different experimental conditions. No effects were observed with the vehicle and with pulsed-laser irradiation (1560 nm) prior to adding the drugs.
The application of 50 pM cis-PAl alone did not change neuronal activity, but upon pulsed-laser irradiation, large photoresponses were observed
presumably due to isomerization to the trans-PAl form. The scale bar represents 50 um. (c) Real-time fluorescence calcium imaging traces from
different brain regions (Th, OT and Cb) under the conditions described in (b). The transient and oscillatory response elicited by 3PE of PAl is
observed in all regions. (d) Quantification of photoresponses in separate regions and averaged response over the whole brain (n=>5 independent
experiments). Striped bars indicate 3PE in the absence of drug, purple bars indicate the application of 50 pM cis-PAl, and dark red bars indicate
photoresponses to 3PE (photoswitching to trans-PAl using 1560 nm light). (e) Dose-response curves of trans-PAl obtained under 3PE (red line)
and cis-PAl pre-irradiated with UV light (violet line). The concentration-dependent responses are plotted as area under the curve (%). Amplitude
responses are shown in Supplementary Figure S12c. The concentrations used were: 0.5 (n=3), 5 (n=3), 25 (n=3), 50 (n=5) and 150 (n=3) pM
of PAL. The 3PE light control is represented as a red dot. The ECy, values determined for trans-PAl and cis-PAl are 25 pM and 43 pM, respectively.
Error bars indicate SEM. The curves were obtained by nonlinear regression analysis with variable slope using GraphPad Prism. (f) Calcium
responses induced by the 3PE of PAI (150 pM) are abolished by the addition of AQ-RA 741, a M, mAChR selective antagonist (1 pM) (n=3). Data
in panels d and f were analyzed by the paired t-test (p-value (**) <0.01 and p-value (*) <0.05 using GraphPad Prism 9). Error bars indicate == SEM.

sible full-3PE operation of these compounds by orthogonally
exciting their n—n* and n—n* transitions with NIR-II
radiation to selectively trigger trans-to-cis and cis-to-trans
photoconversion, respectively. Unfortunately, we have not
yet tested this prediction experimentally due to the limited
wavelength range of our pulsed lasers (700-900 nm tunable
MaiTai and 1560 nm fixed wavelength Toptica).
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Note that centrosymmetric azobenzenes make up a large
portion of photochromic groups used in
photopharmacology® and often display slow thermal
relaxation and higher potency in trans configuration. There-
fore, our results suggest that they could be used directly for
3PE with NIR-II light to take advantage of enhanced tissue
penetration and focusing."*">*" To further validate this

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB917 SUOWLLIOD SAIIERID 9|cedljdde sy} Ag pousenof a1e S3o1le YO ‘8sn J0 So|n 10} ATeiq1 8UlIUO A8]IAA UO (SUONIPUOD-PUR-SWLB)/L0D AB 1M ARe1q 1 )BU1|UO//SANL) SUONIPUOD PUe SWIS | 81 89S *[€202/2T/8T] U Akiqiauliuo AS|IM "elfeljeueiyd0D Ag T8TTTEZ0Z @ IUe/Z00T OT/I0p/Wod A8 | 1M Akelq Ul Uo//:SAny Wou) pepeojumod ‘TS ‘€202 ‘€LLETZST



GDCh
=

approach, we decided to perform the in vivo experiments
with another photoswitchable molecule bearing an azoar-
omatic chromophore that targets a different receptor. Based
on theoretical calculations, for this purpose we selected
benzyl quinolone carboxylic acid-azo-iperoxo (BQCAAIP!
or BAI for simplicity), which is a photoswitchable agonist of
M, receptors that activates them in its trans form under 1PE
(460 nm). According to DFT/CAM-B3LYP computations,
BAI should also present favored cis-to-trans photoisomeri-
zation by 3PE around 1500 nm (Supplementary Figure S2
and Tables S7 and S8). We carried out in vivo experiments
applying cis-BAI (pre-irradiated with UV light) at micro-
molar concentrations in the bath and observed that 3PE
increased calcium fluorescence responses in the zebrafish
brain. The corresponding dose-response plots (AUC and
peak amplitude) are presented in Supplementary Fig-
ure S13.

In addition, this behavior could be expanded to photo-
pharmacological compounds based on electronically-asym-
metric azobenzenes,®* "¢ as asymmetric chromophores
featuring electron donors and acceptors also display high
absorption cross-sections at 3PE.F? Therefore, the wide
application of 3PP would have a deep impact in the field as
well as in chemical biology and phototherapies. These
results may be relevant for multiphoton lithography®® and
polymerization® as well. A few 3PE studies have been
reported for optogenetics®” and caged compounds.? These
potentially alternative 3PE methods would have advantages
of their own (e.g., genetic targeting and release of physio-
logical ligands, respectively); however, they display rela-
tively low 3PE efficacy. The three-photon (3P) uncaging
cross-section reported for these systems at 1064 nm
(03 uncaging =4.0-107% cm®s” photon)P¥ is several orders of
magnitude lower than the 3P absorption cross-section
computed for PAI at around 1500nm (03, =
1.8-1077 cm®s?’photon2), while the irradiance required for
3P optogenetic manipulation®”! is considerably larger than
for 3P PAI photocontrol (Supplementary Figure S14). As a
result, high overexpression levels or compound concentra-
tion may be required, leading to physiological disturbance
(e.g., altering the microstructure and composition of den-
dritic spines)®! and unintended pharmacological effects
(e.g., GABA,R blockade in the case of caged glutamate
prior to release).”” As a reference, 2PE absorption cross-
sections have been discussed for photopharmacology, in-
cluding reversible photoswitches and caged compounds.

The multiphoton absorption cross-section of a photo-
switchable ligand can be complemented by a Figure of merit
of its practical usability in 3PE: 50 pM cis-PAI (above its
EC,)"* allows, by 3PE photoactivation, nearly half of the
maximal IPX responses at a power density that does not
produce unspecific effects in neurons. This suggests that
improving pharmacological potency (potentially reaching
the femtomolar range) may be as beneficial as increasing the
multiphoton cross-section to achieve highly sensitive photo-
pharmacological compounds. Thus, when targeting endoge-
nous receptors in vivo with 3PE, azobenzene photoswitches
provide excellent performance. If optogenetic manipulation
with 3PE®" is of interest, genetically targeted azobenzene
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photoswitches like LiGIuRP offer a convenient option. The
concentration used in our 3PE assays with PAI (50 pM) is
~10° times lower than that required for 2PE glutamate
uncaging in vivo (20 mM).?’!

The wavelength used in our experiments (1560 nm)
allows effectively photoisomerizing PAI to the active form
using 3PE. However, light is also strongly absorbed by water
in this spectral range,*” suggesting that wavelengths lying at
lower absorption bands like 1300 nm or 1700 nm generally
used for 3PE imaging may yield even better results,
provided that the photoswitch absorption band for third-
order processes is sufficiently wide.

Conclusion

In summary, we report the first method to control brain
activity in vivo using 3PE and mid-IR light. It is based on
the photopharmacological activation of mAChRs by means
of the photoswitchable ligand PAI at 50 pM and 1560 nm
light, which are respectively the lowest concentration and
the longest photoactivation wavelength ever reported. In
addition, we provide experimental assays to characterize
their performance and theoretical guidelines for further
optimization. Our calculations predict that most photo-
switchable ligands used in 1PE photopharmacology with UV
and visible light (symmetric and asymmetric azobenzenes)
are suitable for 3PE with mid-IR light and can benefit from
enhanced tissue penetration and focusing. The wide applica-
tion of 3PP would be transformative for basic research in
neurobiology and to progress advanced neuromodulation
therapies based on light.
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