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A B S T R A C T

Purpose: To interrogate animal physiology in vivo, there is a lack of non-genetic methods to control the activity of 
endogenous proteins with pharmacological and spatiotemporal precision. To address this need, we recently 
developed targeted covalent photoswitchable (TCP) compounds that enable the remote control of endogenous 
glutamate receptors (GluRs) using light.
Methods: We combine the photopharmacological effector TCP9 with neuronal activity sensors to demonstrate all- 
optical reversible control of endogenous GluRs across multiple spatiotemporal scales in rat brain tissue ex vivo 
and in Xenopus tadpole brains in vivo.
Findings: TCP9 allows photoactivation of neuronal ensembles, individual neurons, and single synapses in ex vivo 
tissue and in intact brain in vivo, which is challenging using optogenetics and neurotransmitter uncaging. TCP9 
covalently targets AMPA and kainate receptors, maintaining their functionality and photoswitchability for 
extended periods (>8 h) after a single compound application. This allows tracking endogenous receptor phys
iology during synaptic plasticity events such as the reduction of functional AMPA receptors during long-term 
depression in hippocampal neurons.
Conclusion: TCP9 is a unique non-invasive tool for durable labeling, reversible photoswitching, and functional 
tracking of native receptors in brain tissue without genetic manipulation.
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1. Introduction

Noninvasive methods to selectively track endogenous proteins and to 
reversibly control their activity in vivo are essential to understand 
physiology and to regulate them for therapeutic purposes. However, the 
most widely used molecular tools rely on the genetic introduction of 
exogenous proteins or conventional non-regulatable pharmacology. 
There is a lack of robust methods to monitor and regulate the activity of 
endogenous proteins selectively and with spatiotemporal precision 
without genetic manipulation. This need is especially compelling at the 
level of single synapses, due to their small size and their potential as 
therapeutic targets in neuropathology.

Glutamate receptors (GluRs) play an essential role in neuronal 
physiology. They are responsible for the transmission of electrochemical 
signals and the regulation of the plastic properties of excitatory synapses 
[1]. Ionotropic GluRs are cation-permeable ion channels that open upon 
glutamate binding and contribute to the depolarization of the post
synaptic neuron. Among them, the α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type (AMPAR), 
the kainate-type (KAR), and the N-methyl-D-aspartic acid (NMDA)-type 
(NMDAR) are the most important [2]. AMPARs and KARs provide the 
main contribution to synaptic transmission as their density in the post
synaptic membrane determines the strength of the synapse. NMDARs are 
mainly responsible for regulating synaptic plasticity, primarily via Ca2+

entry, which triggers long-term potentiation (LTP) or long-term 
depression (LTD) [3] of synaptic transmission.

Studying and manipulating GluRs has been a long-standing quest in 
neurobiology. The turn-over and dynamics of GluRs between the syn
apse, extrasynaptic regions, and internal membranes during the basal 
state and plasticity events have been extensively investigated using 
diverse methods [4–7]. Biochemical tools, such as biotinylation [8,9], 
radioisotope or heavy isotope labeling [10–12] allow the quantification 
of endogenous GluRs but are not well suited for longitudinal and 
real-time monitoring. The development of optical and photochemical 
tools, such as the fusion with fluorescent proteins (e.g. EGFP [13]) or 
modifiable-fluorescence proteins (e.g. super ecliptic pHluorin [14,15], 
or photoactivatable GFP [16]) allow localization tracking of GluRs over 
time using confocal, two-photon, super-resolution or single parti
cle/molecule tracking microscopy techniques [5]. However, these ap
proaches require genetic engineering and/or overexpression of 
exogenous proteins. These limitations also apply to alternative labeling 
methods such as SNAP-tag [17], Halotag [18], small peptides [19], 
unnatural amino acids [11,20,21], electrophysiological [22] or immu
noreactive tags [23,24]. Knock-in approaches permit the detection of 
endogenous GluRs, avoiding overexpression issues but still require ge
netic manipulation [25–27]. These research approaches are sometimes 
prohibitive because of time and resource limitations. Recently devel
oped ligand-directed chemical methods [28,29] achieve the non-genetic 
labeling of endogenous GluRs but cannot detect whether the receptors 
are functional. Thus, none of these observation methods combines the 
requirements of longitudinal, real-time tracking of functional, endoge
nous GluRs.

For both fundamental research and therapeutic purposes, the 
manipulation of GluRs has been largely based on pharmacological li
gands. The main limitation of conventional pharmacology is its low 
spatiotemporal resolution, which blurs drug action in basic experiments 
and causes adverse effects in medical treatments. The development of 
light-regulated tools has revolutionized the control of neuronal physi
ology. Two main approaches are used to photocontrol biological pro
cesses. The first is optogenetics [30] that is based on the overexpression 
of intrinsically light-regulated proteins (e.g., Channelrhodopsin-2). The 
second is photopharmacology [31], which relies on the chemical design 
of (1) caged drugs that are irreversibly photoreleased, or (2) photo
switchable drugs that toggle between active and inactive configurations. 
Caged compounds are useful in brain slices but pose challenges for re
petitive use in vivo with minimal intervention. Two classes of 

photoswitchable compounds have been developed: photochromic li
gands (PCLs) that diffuse freely in solution, and photoswitchable teth
ered ligands (PTLs) [32] that are covalently attached to their target 
receptor. Most PTLs are based on genetically introduced cysteines [31] 
or tags, such as photoswitchable orthogonal remotely tethered ligands 
(PORTLs) [33–36]. These tethered photoswitches are valuable tools not 
only for remotely controlling biological processes but also for molecular 
mechanism discoveries [37]. For example, they have been used to study 
GluR desensitization and occupancy [38], working memory mediated by 
G protein-coupled receptors [39], and the mechanism of GABAB recep
tor signaling [40].

However, both optogenetics and tethered photopharmacology 
require genetic manipulation to overexpress exogenous proteins, tags or 
amino acids. These can trigger immune responses and disrupt cellular 
physiology, particularly in small compartments like dendritic spines. A 
promising alternative approach is offered by targeted covalent photo
switches (TCPs) [41–43], which enable the control of endogenous re
ceptors without genetic manipulation. TCPs are a class of PTLs that use 
an electrophilic reactive group to covalently conjugate to nucleophilic 
side chains like lysines, which are abundant in proteins. This approach 
targets receptors by affinity labeling and does not need genetically 
introduced cysteines or tags. In this line, we recently developed a class of 
TCPs that reversibly activate and deactivate endogenous GluRs with 
light [43,44]. We used them to photocontrol neuronal activity, including 
endowing light sensitivity to degenerated retina ex vivo (TCP9) [43], and 
to spiral ganglion neurons of the cochlea in vivo (TCPfast) [44].

In this study, we push the boundaries of non-genetic tethered pho
toswitches by employing TCP9 to label GluRs in vitro and in vivo, to 
control neuronal activity and to investigate endogenous receptor phys
iology. We put the temporal and spatial resolution of TCPs to the test in 
preparations of increasing physiological relevance: (1) in vitro dissoci
ated rat hippocampal neuronal cultures, (2) ex vivo rat hippocampal 
organotypic slices, and (3) in vivo Xenopus olfactory bulb. TCP9 enabled 
specific, reversible, and remote photocontrol of neuronal ensembles, 
individual neurons, and single synapses in all cases, including in the 
intact brain. Furthermore, TCP9 conjugation allowed us to longitudi
nally monitor the dynamics of functional endogenous GluRs in real-time 
in events of synaptic plasticity, such as the induction of LTD. Together, 
these demonstrate that TCP9 is a convenient and effective photo
pharmacological tool in a broad range of biological systems. This 
approach provides a blueprint for non-invasive and reversible control of 
other endogenous receptors in the brain, opening new research avenues 
in both health and disease.

2. Results

2.1. Targeted covalent photoswitches (TCPs) enable the light-controlled 
modulation of endogenous glutamate receptor activity in neurons

In order to remotely control the activation and deactivation of 
endogenous GluRs with light (Fig. 1a), we developed several photo
switchable ligands able to conjugate to these receptors without genetic 
modifications [43]. We selected TCP9 as one of the most effective 
photoswitches from this molecular library. TCP9 consists of a glutamate 
moiety (blue in Fig. 1a–b) linked to the photoisomerizable azobenzene 
group (green in Fig. 1a–b), which is in turn linked to a highly reactive 
N-hydroxysuccinimide (NHS) ester group (red in Fig. 1a–b). This design 
allows TCP9 to attach to endogenous receptors through an affinity la
beling process: the glutamate moiety first binds with high affinity to the 
glutamate pocket of the ligand binding domain (LBD) of the receptor, 
thereby positioning the NHS group to react with neighboring nucleo
philic lysine residues.

TCP9 can adopt two conformations: the azobenzene moiety can be 
isomerized to the cis form by UV-violet light (360–410 nm) and to the 
trans stable form by blue-green light (430–550 nm). The cis isomer can 
also back-isomerize to the trans isomer by thermal relaxation in the dark 
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with a lifetime of ~80 min. In the cis isoform, TCP9 adopts a bent 
configuration that positions the glutamate moiety into the glutamate 
pocket site, producing a full agonist effect that opens the GluR ion 
channel. In the trans isoform, TCP9 adopts an extended configuration 
that displaces the glutamate moiety and favors the channel closing 
(Fig. 1a) [43].

We previously demonstrated that TCP9 can light-regulate heterolo
gously expressed GluK1-homotetrameric receptors and endogenous 
GluRs of dorsal root ganglion and retinal neuronal cultures in vitro [43]. 
In the present study, we aimed to test the limits of the spatiotemporal 
resolution of TCP9 in controlling the function of native GluRs in several 
in vitro and in vivo preparations. We started with dissociated rat hippo
campal neurons in two-dimensional (2D) cultures and tested whether 
the neuronal firing rate could be remotely controlled with light 
(Fig. 1c–f). TCP9 was prepared before each experiment by click reaction 
of its two components: the part bearing the azobenzene and glutamate 
moieties, and the part bearing the reactive anchoring moiety [43]. 
Neuronal cultures were then incubated with TCP9 for 2 min and 
immediately washed out. The firing rate of single neurons was measured 
by patch clamp electrophysiological recordings. We illuminated neurons 
with flashes of 40 ms of violet light at different frequencies: 1 Hz 
(Fig. 1c), 5 Hz (Fig. 1d) and 10 Hz (Fig. 1e), alternating with continuous 
illumination with green light. Violet light pulses robustly triggered ac
tion potentials (APs) at the desired frequency (spike probability and 
amplitude at different frequencies and pulse durations are quantified in 
Fig. S1). APs were blocked by the application of the competitive 
AMPAR/KAR antagonists DNQX (Fig. 1f–S1c-d) and NBQX (Fig. S2a), 
demonstrating that TCP9 is covalently conjugated and acts on AMPARs 
and/or KARs. Application of AP5 did not block photocurrents (Fig. S2b), 
suggesting that TCP9 does not influence NMDAR activity. The 

magnitude of the inward currents in neurons was proportional to the 
light intensity (Fig. S3).

2.2. TCP9 enables the long-term photocontrol of endogenous GluRs in ex 
vivo brain tissue

We next tested TCP9 in a developed brain tissue with natural 3D 
complexity under more physiological conditions. We prepared rat hip
pocampal organotypic slice cultures, where neurons and synapses 
maintain similar morphology and physiology to those in the intact brain 
[45]. We monitored neuronal and synaptic activity over time using 
fluorescence calcium imaging while simultaneously photoswitching 
TCP9 with the same confocal microscope [46,47]. This all-optical 
approach allowed us to combine optical effectors (TCP) with optical 
sensors (chemical or genetically encoded calcium indicators) to monitor 
multiple cells at the same time. We biolistically transfected neurons with 
plasmids expressing the calcium sensor GCaMP6s together with DsRed2 
(Fig. 2a). We used DsRed2 both as a cell filler to locate neurons and 
spines and as calcium-independent fluorescence control signal. We 
incubated slices in TCP9 for 15 min, washed it out, and performed 
time-lapse live imaging under continuous perfusion of carbogenated 
artificial cerebrospinal fluid (ACSF) at room temperature. To induce the 
cis isomerization of TCP9 in all conjugated cells, we raster-illuminated 
the entire field of view with the violet light laser (405 nm) for 1 min. 
About half of the DsRed2-transfected neurons (average of 48.4 ± 3.0 % 
per experiment, 83 out of 170 cells from 14 experiments) responded 
with an increase in GCaMP6s fluorescence upon violet illumination 
(considered positive photoresponse if > 50 % over baseline, Fig. 2b–d). 
We back-isomerized TCP9 to the trans isoform by raster-scanning the 
green laser (514 nm) for another minute. Most of the cells (89.6 ± 4.6 % 

Fig. 1. Reversible photocontrol of neuronal firing rate in 2D dissociated hippocampal cell cultures using a targeted covalent photoswitch (TCP) of 
endogenous glutamate receptors. a) Operational mode of TCP9 on GluRs [43]. In physiological conditions (left), glutamate secreted by presynaptic terminals binds 
to the extracellular ligand binding domain (LBD) of GluRs at the postsynaptic membrane and opens their cation-permeable channel. The TCP9 photoswitchable 
tethered agonist exerts an equivalent effect on GluRs (right). The glutamate moiety (blue dot) is tethered to the LBD through a reactive NHS ester group (red line) via 
a reversibly photoswitchable azobenzene group (green line). In the trans state of the switch, glutamate cannot reach the ligand binding pocket, whereas in the cis 
state, the glutamate moiety can bind and activate the receptor, opening the channel pore and depolarizing the postsynaptic terminal. Switching between cis and trans 
states is achieved by illumination with violet and green light, respectively. b) TCP9 chemical structure showing the photoisomerization between the trans config
uration (promoted by green light, λ = 430–550 nm, or thermal relaxation in the dark) and the cis configuration (promoted by violet light, λ = 360–410 nm). c-f) 
Representative current clamp recordings from a rat hippocampal neuron (membrane potential set at − 70 mV) after 11 days in culture, treated with 12.4 μM TCP9 for 
2 min at pH 9, washed, and exposed to alternating 500 nm (green rectangles) and 380 nm (violet rectangles) light pulses. Violet light pulses of 40 ms and 0.8 mW 
cm− 2 were delivered at 1 Hz (c), 5 Hz (d) and 10 Hz (e) in the same neuron. (f) Photoresponses in this neuron are inhibited in the presence of 1 mM DNQX 
(AMPAR/KAR antagonist, orange bar). Scale bars represent 10 mV, 1 s. Quantification of the photostimulation parameters of panels c-f across different neurons and 
pulse durations is shown in Fig. S1.
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per experiment, 73 out of 83 responsive cells from 14 experiments) 
ceased their activity after green light exposure. On average, cells 
responded to TCP9 activation with a 2.76 ± 0.16 -fold increase in 
GCaMP6s signal over baseline at the maximum peak, and with a peak 
latency (from stimulus onset to peak) of 44.1 ± 2.6 s (Fig. 2c–d). The 
area under the curve (AUC) of the integrated GCaMP6s signal (measured 

from the onset of the violet light until the end of the green illumination), 
as a quantification of the overall magnitude (amplitude + duration) of 
the photoresponse, was 23.7 ± 2.6 (in arbitrary units, for comparison 
with subsequent experiments). We found a correlation between the peak 
amplitude and the photoresponse AUC (R = 0.61, Fig. 2e), but no cor
relation between the photoresponse AUC and the peak latency (R =

Fig. 2. TCP9 permits the long-term reversible photocontrol of neuronal activity in 3D organotypic hippocampal slices mediated by endogenous GluRs. a) 
Schematic drawing of a rat organotypic hippocampal slice culture, and microphotographs of a slice expressing GCaMP6s (cyan) and DsRed2 (magenta). Inset image 
corresponds to the GCaMP6 and DsRed2 superposition of the neuron in the yellow square. Scale bars represent 200 μm, and 20 μm for the inset. b-d) All-optical 
approach allows simultaneous activity sensing (GCaMP6s imaging) and activity regulation (TCP9 photoswitching). b) Time-lapse images of GCaMP6s and 
DsRed2 fluorescence after incubation in 250 μM TCP9 for 15 min at pH 7.4, showing an increase and a decrease in GCaMP6s fluorescence during sequential illu
mination with 405 nm and 514 nm light, respectively. Scale bar, 50 μm. c) Time course of GCaMP6s signals from 17 individual cells from the slice shown in (a), 
stimulated with a 405 nm raster scanning laser (violet bar, 1 min, 0.81 mW μm− 2) to activate TCP9, followed by 514 nm laser scanning stimulation to deactivate 
TCP9 (green bar, 1 min, 0.35 mW μm− 2). Scale bars indicate two-fold increase (F/F0) and 1 min. d) Time course of averaged GCaMP6s and DsRed2 signals normalized 
to baseline (F/F0) upon light stimulation (405 and 514 nm). Data represented as mean ± SEM of n = 65 photoresponsive cells from 12 slices. e-g) Correlation 
between e) calcium peak amplitude (fold over baseline) and calcium response magnitude (area under the curve, AUC, of the violet and green stimulation period, in 
arbitrary units); f) calcium response magnitude (AUC) and peak latency (from light onset to peak); and g) peak amplitude and peak latency, from n = 65 photo
responsive cells. h) Slices incubated for 2 min in TCP9 and maintained for several hours under the microscope show sustained Ca2+ photoresponses after repeated 
illumination patterns (same violet and green light pulses as in b-d), up to ~8 h (482 min). Traces are GCaMP6s mean signal of n = 10 photoresponsive cells in a slice. 
Scale bar, 0.5 F/F0.
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0.10, Fig. 2f) or between the peak amplitude and the peak latency (R =
0.03, Fig. 2g). Control experiments with transfected slices but not 
incubated with TCP9 showed some spontaneous neuronal activity but no 
correlated responses to the photostimulation (see Fig. 3f–g).

Given the thickness of the slice, we were initially concerned that 
TCP9 would react only with the slice surface and not with cells in deeper 
layers. However, we found cells responding to violet light at depths from 
20 μm down to 145 μm (Fig. S4), indicating that TCP9 efficiently pen
etrates deep into the tissue. Notably, photoresponses were quantitatively 
maintained for >8 h after TCP9 incubation in the same population of 
neurons without evidence of photobleaching or photo-fatigue (Fig. 2h). 
Such persistence allows long-term experiments on GluR dynamics, 
including pharmacological profiling and tracking receptor activity 
during events of neuronal plasticity (see Fig. 4).

We next characterized TCP9-evoked photoresponses pharmacologi
cally, taking advantage of our all-optical ability to simultaneously 
stimulate and record a large population of neurons in organotypic slices 
(Fig. 3). Compared to control conditions (Fig. 3a), bath perfusion of TTX 
(Na+ channel blocker, Fig. 3b) did not affect the photoresponse ampli
tude, suggesting that TCP9 acts postsynaptically (including dendrites 
and soma) and does not require presynaptic glutamate release. Simi
larly, perfusion of AP5 (NMDAR antagonist, Fig. 3c) did not block the 
photoresponse, suggesting that TCP9’s effects are not mediated by 
NMDARs. In contrast, photoresponses were largely reduced by NBQX 
and CNQX (both AMPAR and KAR antagonists) (Fig. 3d–e), consistent 
with our results from dissociated hippocampal neuron cultures using 
DNQX and NBQX (Fig. 1f–S1c-d, S2a). Photostimulation in the absence 
of TCP9 did not elicit calcium responses (Fig. 3f). These results 
demonstrate that TCP9 photoactivation in hippocampal slices is mainly 
mediated by postsynaptic AMPARs and/or KARs (Fig. 3g).

2.3. Functional tracking of endogenous GluRs during events of synaptic 
plasticity

After characterizing the abilities of TCP9 to photocontrol endoge
nous GluRs in brain tissue, we next applied TCP9 to study synaptic 
plasticity phenomena in an unexplored way. We utilized TCP9-evoked 
photoresponses to continuously report the presence of functional 
endogenous AMPARs/KARs in neuronal membranes. The stability of 
these photoresponses (lasting up to ~8 h) allowed us to monitor 

dynamic changes in receptor functionality over time. We here used TCP9 
to track the internalization of functional AMPARs during the induction 
of long-term depression (LTD) of synaptic transmission in hippocampal 
neurons [48,49].

We incubated organotypic hippocampal slice cultures with TCP9 for 
15 min and, using the all-optical approach of Figs. 2 and 3, we moni
tored calcium photoresponses every 20 min for 2 h (Fig. 4). We then 
induced NMDAR-dependent LTD by applying 20 μM NMDA for 3 min. 
The average amplitude of TCP9-evoked photoresponses decreased by ~ 
half within 5 min of NMDA application and remained significantly lower 
(− 25.1 ± 9.2 %) for the next 2 h (Fig. 4a–c), as previously reported [50]. 
The all-optical approach allowed us to photostimulate and record cal
cium responses from individual neurons in the slice (Fig. 4b). Most of 
them showed a decrease in amplitude and/or duration of photo
responses after NMDA application. Thus, TCP9 conjugation and photo
switching permits not only monitoring endogenous receptors 
longitudinally (which is difficult with other live methods based on 
exogenous proteins that might interfere with endogenous protein dy
namics) but also revealing the receptors that are functional at the plasma 
membrane (i.e., that produce intracellular calcium responses upon 
photoactivation). This is a novel and comprehensive way to monitor 
GluR functionality in naïve conditions, without genetic manipulation.

2.4. TCPs can optically activate single neurons and single synapses in ex 
vivo brain tissue

We followed by testing the limits of the spatiotemporal resolution of 
TCP9-mediated photocontrol of neuronal activity (Fig. 5). After using 
whole-field raster illumination to photoactivate the hippocampal slice in 
previous experiments, we next targeted individual neurons by focusing 
the violet (405 nm) laser beam on the soma of pyramidal neurons of the 
CA1-CA3 region of the hippocampus. We illuminated each neuron for 
10–20 s (Fig. 5a–b) and observed an increase in calcium fluorescence in 
the soma, similar in amplitude of response (3.1 ± 0.4 -fold) and overall 
magnitude (GCaMP6s signal AUC of 24.8 ± 7.5 in arbitrary units, 
Fig. S5c–d) to whole-field illumination experiments, but with faster 
response latency (10.0 ± 2.6 s, Fig. S5e and g), and constrained to the 
targeted cell (Fig. 5b–c). Occasionally, we observed an increase in cal
cium signal in cells not directly illuminated by our laser, with a delay of 
seconds (e.g. Fig. 5b right panel). This could be due to dendrites from 

Fig. 3. The photoswitchable action of TCP9 on neuronal activity is mediated by postsynaptic endogenous AMPA and KA GluRs. To identify the target 
receptor of TCP9, light-evoked calcium responses in organotypic rat hippocampal slices were recorded in the presence of several pharmacological treatments. a-f) 
Average fluorescence intensity of GCaMP6s (cyan) and DsRed2 (magenta) signals over time, normalized to baseline (F/F0), before, during, and after light stimulation 
(405 nm, violet bars; 514 nm, green bars) in a) control (vehicle) conditions, b) in the presence of 1 μM of the sodium channel blocker TTX, c) 100 μM of the NMDAR 
antagonist AP5, d) 10 μM of the AMPAR/KAR antagonists CNQX, and e) NBQX, and f) without TCP9 incubation. g) Quantification of overall photoresponses 
measured as area under the curve (AUC) of integrated GCaMP6s fluorescence intensity signals. Significant inhibition of calcium responses is observed for NBQX, 
demonstrating that endogenous AMPARs and/or KARs primarily mediate TCP9 neuronal photoresponses. Data are represented as mean ± SEM (n = cells from 
different slices): Vehicle, n = 12; TTX, n = 11; AP5, n = 6; CNQX, n = 4; NBQX, n = 5; no TCP9, n = 6. *p < 0.05, **p < 0.01 with respect to vehicle control (Kruskal- 
Wallis test with Dunn’s multiple comparison test).
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these non-illuminated cells being unknowingly present in the illumi
nated region, or due to the synaptic connectivity between both neurons. 
This observation reveals an interesting application of TCPs: the char
acterization of the connectivity in genetically unaltered neural circuits, 
which will be the object of a dedicated study. In control experiments, we 
did not detect any increment in GCaMP6s signal in the neuronal soma of 
TCP-non conjugated slices after single cell illumination (Fig. S5a).

We next aimed at using TCP9 to photocontrol single synapses, which 
are submicrometer-sized compartments lying at the limit of spatial 
resolution of conventional optical microscopy (Fig. 5d–f). To do this, we 
selected DsRed2+GCaMP6s-transfected neurons in hippocampal slices 
and confirmed that they were efficiently conjugated with TCP9 by 
testing their positive response to illumination at the soma. We then 
zoomed-in on individual dendritic spines located at the distal region of 
secondary apical dendrites. We focused the 405 nm laser beam near the 
tip of the selected spine (Fig. 5d) and illuminated it with 1 s pulses. We 
detected synchronized GCaMP6s fluorescence peaks within the spine 
head right after the 405 nm pulse. The latency from light pulse to peak 
response was 1–2 s (1–2 frames) with TCP9, with a mean response 
amplitude of 1.64 ± 0.11 -fold over baseline (Fig. 5d–f, S5c-f, h). The 
GCaMP6s peak signals in control experiments without TCP9 conjugation 
were randomly distributed and not synchronized with light stimulation 
(Fig. S5b and h), ruling out the possibilities of direct photoactivation 
and/or artefactual responses due to photodamage. We did not detect 
significant changes in the DsRed2 signal, ruling out the possibility of 
cross-bleeding between channels or photobleaching. We occasionally 
observed an increment of the GCaMP6s signal in the dendritic 
compartment adjacent to the stimulated spines, but TCP9-evoked re
sponses were usually confined to the spine head compartment (Fig. S6). 
Remarkably, photoactivation of the same individual spine could be 
achieved repeatedly over time (Fig. 5e). Taken together, our experi
ments in hippocampal slices demonstrate that TCP9 enables photo
control of neuronal activity via endogenous GluRs without genetic 
manipulation across several spatiotemporal scales, from neuronal en
sembles with a time frame of minutes, to individual neurons, and down 
to single synapses at the micrometer and second scales.

2.5. TCP9 allows photocontrolling the activity of single neurons and single 
synapses in vivo

The robust photocontrol of neural activity in organotypic brain slices 
provided by TCP9 encouraged us to test its efficacy in vivo in the intact 
brain. We selected Xenopus larvae as a suitable animal model because 
their translucent skin allows for easy illumination and fluorescence 
readout [51–53]. Furthermore, Xenopus larvae are simple to manipulate, 
can be obtained in large numbers, and possess a small but complex 
nervous system. This allows illuminating the entire brain while 
recording the activity from single neurons. In addition, certain olfactory 
bulb (OB) neurons feature dendritic spines, providing a unique oppor
tunity to study single synapses in vivo without needing the complex 
procedures required in higher vertebrates [54].

Although GluRs are highly conserved across animal kingdoms, we 
initially tested whether the amphibian Xenopus neurons were amenable 
to photoswitching with TCP9 (Fig. S7) as shown in mammalian neurons 
(Figs. 1–5). We started by preparing ex vivo acute slices of the Xenopus 
telencephalon and incubating them with TCP9 for 15 min. For 
simplicity, we used the chemical calcium sensor Oregon Green BAPTA 
(OGB-1) to record evoked photoresponses after TCP9 conjugation 
(Figs. S7a, c, e-f) and spontaneous neuronal activity (Figure S7b, g-h). 
Whole-field illumination with 380 nm light followed by 500 nm light 
(Fig. S7a and c) triggered calcium responses in TCP-conjugated slices 
that were ~50 % of those obtained after application of 1 mM glutamate 
(Fig. S7d, quantified in Fig. S8). Illumination with 380 nm light alone 
(Fig. S7e) or preceded by 500 nm light (Fig. S7f) also triggered calcium 
responses, confirming that green light is not required to switch off TCP9 
because of continuous scanning with 488 nm imaging laser. In control 
experiments, calcium responses were neither observed by 380 nm and 
500 nm stimulation of non-conjugated slices (Fig. S7h–i) nor by 500 nm 
alone stimulation of TCP9-conjugated slices (Fig. S7j).

Once the efficacy of TCP9 in Xenopus slices was confirmed, we moved 
to testing it in the intact brain in vivo. We electroporated Xenopus laevis 
embryos with plasmids expressing the calcium indicator GCaMP6s and 
the red fluorescent protein mRFP as a morphological marker. We elec
troporated laterally in one OB and part of the optic tectum (OT) 

Fig. 4. TCP9 allows tracking functional endogenous AMPA/KA GluRs during the induction of long-term depression. a) Cycles of photostimulation (violet 
rectangles, 1 min) and photodeactivation (green rectangles, 1 min) of TCP-conjugated cells in organotypic hippocampal slices were repeated every 20 min for 4 h. 
Each time point represents the beginning of the 6-min time-course of the GCaMP6s mean fluorescence signal ± SEM of n = 10 cells from one representative 
experiment. Baseline photoresponses were stable for 2 h. Bath perfusion with 20 μM NMDA for 3 min (at time 0, blue square) reduced the magnitude of subsequent 
photoresponses for at least 125 min, confirming the induction of long-term depression (LTD). Scale bars represent 0.3-fold (F/F0) and 2 min. b) GCaMP6s fluo
rescence traces corresponding to individual neurons are shown before (− 15 min) and after (25 min) NMDA application (n = 30 neurons from 4 slices). Scale bar 
indicates 10-fold increase (F/F0). c) Average of GCaMP6s peak amplitude photoresponses normalized to baseline (F/F0) over time shows a long-term decrease in 
photoresponse intensity of 25 % (mean ± SEM of n = 4 independent slices). *p < 0.05 comparing the last 60 min period (85′-125′) with the 60 min baseline period 
before application of NMDA (Student’s paired t-test).
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(Fig. 6a–c) [55,56]. Around 5–8 days later, we incubated the tadpole in a 
solution containing TCP9 for 15 min. Using the all-optical method 
applied in rat brain slices (Figs. 2–5), we recorded neural activity in 
single or multiple neurons via calcium imaging while photostimulating 
one or many neurons in vivo (Fig. 6). We observed spontaneous activity 
in transfected neurons incubated with TCP9 prior to any photo
stimulation (Fig. 6d bottom, S7b) that was comparable to the sponta
neous activity without TCP9 (Fig. 6d top, S7g), which suggests that 
TCP9 does not interfere with normal neural physiology in these condi
tions. We then illuminated the whole field for 50 ms with the 405 nm 
laser and observed synchronized evoked calcium responses in multiple 
neurons (Fig. 6e), that were reliably produced after several repeated 
photostimulations onto the same neuronal ensemble. These photo
responses were absent in TCP-non incubated tadpoles (Fig. 6f). We next 
aimed at photocontrolling single neurons in vivo. We illuminated the 
soma of individual OB neurons with a spot for 500 ms of the 405 nm 
laser (Fig. 6g) and observed evoked calcium responses that were syn
chronized to the light pulse and largely constrained to the stimulated 
cell (Fig. 6h–i). In contrast, TCP-non incubated tadpoles did not show 
synchronized photoresponses (Fig. 6j).

To further explore the limits of TCP9-mediated photosensitivity, we 
finally aimed to reach the finest spatiotemporal resolution possible of 
light-mediated control of neuronal activity in vivo: the single dendritic 
spine. The OB is the only region described to have neurons with den
dritic spines in Xenopus [54]. We localized spines in mRFP-expressing 
OB neurons (Fig. 7a) and pointed the 405 nm laser beam next to the 
tip of these spines. We switched the laser on for 500 ms while recording 

the GCaMP6s fluorescence and observed an evoked increase in the cal
cium signal within the targeted spine (Fig. 7a–b). Remarkably, the same 
spine could be reliably photostimulated multiple times, and the evoked 
calcium responses were reproducible (Fig. 7c). The mRFP signal did not 
show abrupt changes, ruling out artefactual cross-bleeding. Control ex
periments in electroporated tadpoles that were not conjugated with 
TCP9 did not elicit comparable calcium signal increases after 405 nm 
laser photostimulation in single spines, even at higher light power 
(Fig. 7d–e), ruling out artifact-induced photoresponses. In general, TCP9 
photoresponses evoked in vivo were comparable to those obtained in 
organotypic hippocampal slices in terms of reproducibility, recovery 
time, spatial confinement, and time resolution. Altogether, our experi
ments demonstrate that TCP9 is an effective non-genetic chemical tool 
to control neuronal activity via endogenous GluRs, capable of reaching 
single-synapse precision with millisecond light pulses, across in vitro, ex 
vivo, and in vivo systems.

3. Discussion

Targeted covalent photoswitches (TCPs) were developed to perma
nently attach to glutamate receptors, thereby enabling control of the 
opening and closing of their cation pores using specific light wave
lengths [43]. This confers TCPs the ability to regulate neuronal activity 
in a remote and reversible manner. In this work, we have explored the 
capabilities of TCP9 to photocontrol endogenous GluRs in the brain at 
different spatiotemporal scales.

The distinctive properties of TCP9 complement those offered by 

Fig. 5. TCP9 enables robust, rapid, and reversible photocontrol of single-neuron and single-synapse activity in organotypic hippocampal slices. a) Time- 
lapse images of GCaMP6s (cyan) and DsRed2 (magenta) fluorescence of TCP9-evoked photoresponses on single neurons (purple circle cell photoactivated). Scale bar 
corresponds to 50 μm. Time in seconds. b) GCaMP6s signals from 5 single cells in the field of view in (a) after illumination for 20 s (purple bar) with a spotlight of 
405 nm laser (0.81 mW μm− 2) on the soma (top trace corresponds to the cell circled in purple, and bottom trace to the cell circled in orange) photoactivated in two 
sequential experiments. Scale bars represent 5-fold (F/F0) and 10 s. Note that green light is not required to switch off TCP9 because of continuous scanning with 488 
nm imaging laser. c) Average GCaMP6s signal in the soma (mean ± SEM) normalized to baseline (F/F0) of stimulated cells (cyan, n = 6 cells from 5 slices) and non- 
stimulated neighboring cells (black, n = 12 cells from 5 slices), upon light stimulation of a single cell (20 s, purple rectangle). d) Time-lapse images of merged 
fluorescence signals from GCaMP6s (cyan) and DsRed2 (magenta) showing a TCP9-evoked photoresponse in a single spine. The 405 nm laser targeted a spot close to 
the tip of the spine head (purple dot) for 1 s. Time stamps are in min:sec. Scale bar 1 μm. e) Time course of GCaMP6s signal (F/F0) of a single spine repeatedly 
photostimulated with pulses of the 405 nm laser (1 s, 0.25 mW μm− 2, purple rectangles) at the tip of the same spine. Scale bars represent 0.5-fold (F/F0) and 5 s. f) 
Average fluorescence signal of GCaMP6s and DsRed2 in the spine head (mean ± SEM) normalized to baseline (F/F0) upon light stimulation of a single spine (1 s, 
purple rectangle, n = 5 spines from 5 slices). Photoresponse parameters (peak amplitude, latency and AUC) of single cells and single spines in TCP conjugated and 
non-conjugated slices are compared in Fig. S5.
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other optical methods such as optogenetics and diffusible photo
pharmacological compounds. Unlike optogenetics, TCPs do not require 
genetic modifications, allowing the study and control of native receptors 
without the need to overexpress exogenous proteins. This can bypass 
common overexpression side-effects such as altered physiological pro
cesses in small compartments, like dendritic spines, or immune re
sponses. Using this chemical approach, the ability to selectively target 
specific cell types via transcriptional promoters is traded off by phar
macologically targeting particular receptor types. Other tethered pho
topharmacological molecules designed to attach to exogenously 
introduced cysteines [33,57–60] offer both genetic and pharmacological 
specificity but still require genetic engineering. TCPs, in contrast, use an 
electrophilic reactive group, such as NHS-ester, to covalently conjugate 
to nucleophilic side chains like lysines, commonly found in proteins. 
While this chemical reaction is relatively non-specific, it is targeted to 
the desired receptor —and even to an individual residue— by means of 
the glutamate ligand in an “affinity labeling” process [43,58,61,62]. In 
the present study, we found that TCP9 targets endogenous AMPARs and 
KARs but not NMDARs in dissociated neuronal cultures and in brain 

slices (Figs. 1 and 3 and S1). Importantly, the lack of cell-type specificity 
is virtually circumvented by the spatial precision of light activation 
(with some limitations, such as that dendritic trees from other neurons 
can overlap the illuminated neuron, which can be avoided using 
soma-targeted optogenetics). Therefore, the widespread binding of 
TCP9 can be exploited as a way to broadly “label” different cell types, 
while the experimental precision is conferred by the laser activation.

When compared to caged compounds, another non-genetic photo
pharmacological approach, TCPs offer several competitive advantages. 
For example, TCP9, once tethered to the receptor, remains functional for 
hours after washout (Figs. 2 and 4), making it less invasive than 
diffusible photoswitches [63–65] or caged glutamate, which must be 
continuously perfused at millimolar concentration in the solution [66,
67]. Moreover, TCP9 can be reversibly photoswitched, whereas caged 
compounds are released irreversibly and subject to diffusion and satu
ration in the tissue [68–70]. As tethered ligands are conjugated near the 
glutamate binding site, they reach very high effective local concentra
tion [58]. This, together with the thermal stability of cis active isomer 
[43], allows for robust responses with short illumination pulses and low 

Fig. 6. In vivo photocontrol of single-neuron activity by TCP9 in Xenopus larvae. a) Schematic drawing of a Xenopus laevis tadpole head. b-c) Dorsal photographs 
of the tadpole brain through the translucent skin and skull showing the olfactory bulb (OB) and the optic tectum (OT). The letter “E” indicates an eye. OB neurons 
were electroporated with GCaMP6s and mRFP at developmental stage 28–30 and recorded at stage 42–45 (5–8 days later). Scale bars correspond to 100 μm (b) and 
20 μm (c). d) Spontaneous calcium activity recorded in single cells in TCP-untreated (top) tadpoles or in TCP-treated (bottom) tadpoles (250 μM TCP9, 15 min, pH 
7.6) without photostimulation. These neurons displayed high spontaneous activity compared to others that were relatively silent (e.g. see panel h). Scale bars 
represent 20 s, 0.1-fold (F/F0) top, and 0.2-fold (F/F0) bottom. e) Time course of averaged GCaMP6s fluorescence signals in individual cells (n = 29 cells, from 4 
tadpoles) after sequentially repeated whole-field TCP9 photoactivation with 405 nm laser pulses (violet squares, 0.37 mW for 50 ms). f) Time course of averaged 
GCaMP6s fluorescence signals in individual cells (n = 15, from 3 TCP-untreated tadpoles) after sequentially repeated whole-field photostimulation with 405 nm laser 
pulses (violet squares, 0.37 mW for 50 ms). g) Basal GCaMP6s fluorescence of electroporated OB neurons. Neurons indicated by purple and orange arrowheads were 
stimulated separately while recording the activity of these and neighboring neurons (white arrowheads). The grey arrowhead points to a background region without 
transfected neurons, to record the light leaked from the stimulation laser by the dichroic mirror. Scale bar, 5 μm. h) Time course of calcium signal in individual cells 
shown in (g). Single-cell spot stimulation by TCP9 after 500 ms light pulses of 405 nm, 0.37 mW (violet squares) evoked cell-specific increased fluorescence re
sponses. Orange, purple, grey, and black traces in (h) correspond to orange, purple, grey, and white arrowhead-pointed cells in (g), respectively. Scale bars represent 
5 s, 0.5-fold (F/F0). i) Time course of averaged GCaMP6s signals in TCP9-single photoactivated cells (n = 20 cells from 7 tadpoles, cyan trace, mean ± SEM), and 
neighboring non-stimulated cells (n = 103 cells from 7 tadpoles, black trace, mean ± SEM). j) Time course of averaged GCaMP6s signals in single-photostimulated 
cells in TCP-untreaded tadpoles (n = 5 cells, from 3 tadpoles, cyan trace, mean ± SEM), and neighboring non-stimulated cells (n = 21 cells from 3 tadpoles, black 
trace, mean ± SEM).
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light power, which reduces the risk of phototoxicity. Indeed, we 
observed that TCP9-conjugated neurons in ex vivo and in vivo neuronal 
ensembles (Figs. 2, 5 and 6) show spontaneous activity, suggesting that 
the treatment causes little or no perturbation prior to photostimulation. 
Although caged glutamate compounds are very useful in brain slices [70,
71], they can inhibit endogenous GABAAR at the concentrations 
required for uncaging [69,72] and are challenging to use in vivo due to 
the need to perfuse them continuously in the brain to achieve repeatable 
photoresponses [72–74]. In this line, high molecular weight cages have 
been recently developed to tackle these constraints [75].

We leveraged the unique properties of TCP9 to overcome several 
limitations of photostimulation in neurobiology, notably the control of 
endogenous receptors at single synapses in vivo. With this aim, we 
thoroughly tested TCP9 across experimental preparations of increasing 
technical complexity and physiological relevance: from two- 
dimensional cultures of dissociated neurons in vitro (Fig. 1), to three- 
dimensional organotypic brain slices ex vivo (Figs. 2–5), and to intact 
brains of whole organisms in vivo (Figs. 6–7). We utilized multiple op
tical techniques: from whole-field illumination with a monochromator 
(Fig. 1, S1-S3) to both whole-field (Figs. 2–4, and 6) and single-spot 
scanning with a laser beam (Figs. 5 and 7). We also covered different 
neuronal activity readouts: patch clamp electrophysiology (Fig. 1) and 
calcium fluorescence imaging with chemical (Fig. S7) and genetically 
encoded sensors (Figs. 2–7). By combining all these approaches, we 
successfully explored the spatiotemporal limits of TCP9 and demon
strated efficient control of neuronal and synaptic activity at several 
scales: photoactivation of (1) neuronal ensembles simultaneously 
(Figs. 1-4, and 6), of (2) individual neurons independently (Figs. 5 and 

6), and of (3) single synapses ex vivo and in vivo (Figs. 5 and 7), the latter 
being at the spatial resolution limit of conventional optical microscopy.

In our experiments involving the photocontrol of multiple neurons 
within neuronal ensembles in complex tissue (ex vivo and in vivo) we 
estimate that about half of the cells were responsive upon TCP9 incu
bation, and from these, almost all (~90 %) could be reversibly photo
controlled. After the treatment, cells did not display irreversible 
increases in intracellular calcium levels or loss of neuronal morphology 
that can be associated with toxicity or death. In our hippocampal sam
ples, we observed TCP9-photoresponding cells of diverse morphologies, 
compatible with pyramidal, stellate, excitatory, inhibitory neurons, and 
possibly glial cells. They could be found as deep as 145 μm in organo
typic brain slices (Fig. S4) and ~60 μm in the intact brain of tadpoles, 
demonstrating that TCP9 can penetrate deep into neuronal tissue — 
presumably through intercellular spaces, as the charged TCP9 ligand is 
membrane impermeant. Importantly, photoresponses were stably sus
tained over long periods of time. A single TCP9 incubation resulted in 
labeled GluRs that quantitatively maintained their functional photo
responses for over 4 h (Fig. 4) and up to 8 h (Fig. 2h) with no signs of 
photobleaching or photo-fatigue. This suggests that neither TCP9 
conjugation nor photoactivation events (lasting a few seconds or mi
nutes) impair GluR functionality or cellular dynamics per se, which of
fers a wide experimental window for long-term studies of receptor 
activity, localization and dynamics, as well as studies of connectivity 
between neurons in genetically unaltered circuits.

The capabilities of TCP9 were put to the test in two novel applica
tions: 1) the photocontrol of single synapse activity, and 2) the study of 
endogenous GluR dynamics during events of synaptic plasticity. The first 

Fig. 7. TCP9 enables the photocontrol of single synapses in vivo. a) Time-lapse images of a spiny dendrite of a Xenopus laevis OB neuron electroporated with 
GCaMP6s (cyan) and mRFP (magenta) at developmental stage 28–30 and recorded 8 days later. Tadpoles were incubated once with 250 μM TCP9 for 15 min, and 
evoked activity experiments were carried out in the next 5 h. Scale bar 2 μm. b) Time course of GCaMP6s fluorescence signal from a single dendritic spine pho
tostimulated by a 500 ms spotlight of 405 nm laser (0.37 mW, violet rectangle). Scale bars indicate 0.02 F/F0 and 10 s. c) Time course of averaged GCaMP6s and 
mRFP fluorescence signals (mean ± SEM) normalized to baseline (F/F0) of consecutive photoactivations (405 nm, 500 ms, 0.37 mW, each violet rectangle) of n = 3 
single dendritic spines from 3 different tadpoles in vivo. d) Comparison of overall photoresponses measured as area under the curve (AUC) of integrated GCaMP6s 
fluorescence signals and peak amplitude (fold of F/F0) between TCP-treated tadpoles (data shown in panel c) and TCP-untreated tadpoles (data shown in panel e). 
Statistical analysis by Mann-Whitney test (***p = 0.0005) for AUC, and unpaired t-test with Welch’s correction (****p < 0.0001) for peak amplitude. e) Time course 
average of GCaMP6s and mRFP fluorescence signals (mean ± SEM) normalized to baseline (F/F0) in single spines in OB cells in control TCP9-untreated tadpoles after 
3 consecutive 500 ms photostimulations (405 nm, 0.78 mW, violet rectangles, n = 3 different spines from the same tadpole).
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one was achieved under nearly physiological conditions, such as the rat 
organotypic slices (Fig. 5), and in the intact brain of live tadpoles 
(Fig. 7). These achievements push the spatiotemporal boundaries of 
photoactivation to the limit, given that the typical spine size and the 
resolution of optical microscopes is ~1 μm and the action potential ki
netics is ~1 ms. Neuronal firing rate could be photocontrolled at 1–10 
Hz using TCP9 (Fig. 1), equivalent to what is typically reported using 
caged glutamate [76]. Other PTLs have also been reported to activate 
single synapses but still require genetic manipulation [57]. Thus, the 
performance of TCP9 is comparable to that of caged glutamate [77], 
with added advantages like photoreversibility, preference for 
AMPAR/KARs, and long-lasting use without the need of continuous 
perfusion, making it particularly suited for in vivo applications.

Note that photocontrolling single synapses with optogenetics is 
challenging, due in part to the low chord conductance and calcium 
permeability of channelrhodopsins compared to that of postsynaptic 
GluRs and the resulting need to overexpress a large copy number in a 
constrained subcellular compartment [78–80]. Overall, robust tools to 
photocontrol and read out the activity of single synapses with pharma
cological precision are required to determine experimentally the com
plex transfer function of dendrites [81,82].

Regarding the application of TCP9 to study native receptor dy
namics, we chose a well-known phenomenon of synaptic plasticity – the 
internalization of AMPARs during NMDAR-dependent LTD [83]. TCP9 
offers an unprecedented opportunity to monitor the presence of func
tional photoresponsive receptors at the neuronal membrane, by 
recording the responses to fixed photostimuli. Prior to LTD induction, 
we efficiently tracked the calcium responses of functional TCP9-labeled 
AMPAR/KARs, which were stable for 2 h. Upon LTD induction, those 
responses were reduced by ~25 % for about 2 more hours (Fig. 4), 
consistent with the internalization of AMPARs into cytoplasmatic recy
cling vesicles as reported during NMDAR-LTD [48,49]. Once removed 
from the plasma membrane, TCP9-labeled receptors no longer 
contribute to the calcium signal regardless of their (photo)activation 
state. Thus, TCP9 allows not only monitoring the dynamics of endoge
nous AMPAR/KARs but also quantifying the receptors that are func
tional on the cell membrane. The use of calcium imaging as functional 
readout, however, bears some limitations. As it is an indirect and 
non-linear method to detect receptor activity, it may not directly reflect 
changes in receptor number or localization. Moreover, although TCP has 
the potential to label any type of AMPAR and KAR, calcium imaging is 
limited to tracking calcium-permeable receptors or receptors function
ally coupled to calcium channels. Based on the GluR subunit expression 
in the rat hippocampus at the developmental stage used in our experi
ments [84–88], we believe the calcium responses that we observe are 
most likely mediated by GluK1 (as demonstrated in Ref. [43]) and/or 
GluA1 subunits. Other calcium-mobilizing mechanisms activated by 
TCP9-conjugated receptors (e.g. via the endoplasmic reticulum) could 
also be possible. Another limitation, intrinsic to many labeling methods, 
is that TCP9 can track removal but not incorporation of new receptors 
into the plasma membrane, as internal receptors are not conjugated 
during the initial incubation. Anyway, compared to other molecular, 
electrophysiological, and optical techniques to study GluR dynamics, 
only TCPs combine the longitudinal and real-time tracking of endoge
nous receptors with the ability to detect and control their function. 
Classical biochemical tools such as biotin and radioisotopes were the 
first ones to allow quantifying endogenous receptors, but they offer a 
static off-line view, rather than a longitudinal real-time view. Fluores
cent tools, such as fluorescent proteins, photoactivatable proteins, super 
ecliptic pHluorin, etc., allow real-time longitudinal tracking of receptors 
but require genetic manipulation and/or overexpression of exogenous 
GluRs. There are many alternative methods to label receptors such as 
SNAP-tag, Halotag, small immunoreactive tags, and photoswitchable 
tethered ligands (PTLs and PORTLs) [7,30,89]. All of them, however, 
suffer from the same limitation – the need for genetic engineering. 
Recently developed techniques permit the labeling of endogenous GluRs 

using ligand-directed chemical methods [28,29] but they cannot detect 
whether the receptors are functional nor allow controlling their activity.

The fact that TCP9-conjugated receptors can be detected for at least 
8 h is consistent with the reported lifetime of AMPARs (from synthesis to 
proteolysis), which is between 33 h [28] and 48 h [10,11]. The presence 
of photoresponses also demonstrates that TCP9-conjugated receptors are 
not targeted for degradation – instead, they are most likely recycled 
between the synaptic and extrasynaptic regions [90,91] on a timescale 
of seconds (although we cannot distinguish these populations by pho
toswitching TCP9), and between cell membrane and internal recycling 
vesicles on a timescale of minutes (which we can detect with TCP9 
because they stop producing photoresponses once internalized). We 
could eventually distinguish between the synaptic and the extrasynaptic 
pools of GluRs because the latter one would respond to TCP9 photo
stimulation but not to presynaptically released glutamate, while the 
synaptic pool would respond to both stimuli. Overall, we envisage great 
potential for TCP9 in pulse-and-chase experiments aimed at studying 
functional receptor dynamics during endocytosis and exocytosis, as well 
as other events of neuronal plasticity, such as recycling dynamics in 
early and late phases of LTP and LTD, homeostatic plasticity, neuronal 
oscillations, and circuit connectivity. This potential applies to in vitro, ex 
vivo, and most needfully, in vivo preparations.

One of the most promising applications of TCP9 is, precisely, its use 
in vivo in genetically unaltered organisms. TCPs have already been 
employed as proof-of-concept molecular prostheses to restore visual 
responses [43] and auditory responses with light [44]. Here, we used 
wild-type Xenopus tadpoles as a convenient model to carry out all-optical 
experiments in vivo. Tadpoles have translucent skulls and skin that 
facilitate photostimulation and fluorescence imaging. They are 
amenable to electroporation of exogenous genes like fluorescent sensors 
and optogenetic actuators, as well as to photopharmacological in
terventions. Remarkably, unlike other small animals, Xenopus feature 
spiny neurons [54], which allows spine (patho)physiology to be studied 
in an alternative model to reduce or replace the use of higher vertebrates 
like rodents in neurobiology, adhering to ethical principles [92]. Xen
opus larvae have already been used in immunology [93,94], microbi
ology [95], cancer [96], toxicology [97], and drug screening studies 
[98], and serve as excellent models to study axonal growth and devel
opment [99,100]. For example, we are currently using TCPs to photo
activate endogenous receptors in specific cells at specific times to 
explore the role of receptor activity in the development of axons and 
dendrites.

The existing TCP technology can be further improved in several ways 
for basic research in neurophysiology and for therapeutical applications. 
First, the violet light required to photoactivate GluRs has limited tissue 
penetration and can damage cells, compared to longer wavelengths. 
Red-shifting the TCP excitation wavelength has been achieved using 
push-pull mechanisms [44,101] and tetra-ortho-chloro substitutions, as 
done in cysteine-targeted PTLs [102]. Another promising option for 
basic research involves using two- and three-photon excitation with 
near- and mid-infrared pulsed lasers, which not only offer 
millimeter-range tissue penetration but also enable micrometer-scale 
focused activation in three dimensions [46,47,103–106]. Additionally, 
the chemical preparation and use of TCP9 could benefit from faster and 
more selective click reagents that do not require a copper catalyst, as 
well as faster protein-reactive groups that would reduce the TCP incu
bation time and concentration in tissue.

In conclusion, we have comprehensively evaluated the capabilities of 
TCP9 to photocontrol neuronal activity across multiple spatiotemporal 
scales. Our findings demonstrate that this molecule is an outstanding 
photopharmacological tool to manipulate the function of GluRs at single 
synapses ex vivo and in vivo. It enables the study of endogenous GluR 
physiology and the control of neuronal and synaptic activity in an effi
cient, long-lasting, reversible, and minimally invasive way, without the 
need for genetic engineering.
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4. Methods

Preparation of TCP9 by click reaction. TCP9 was generated prior 
to attachment to the target protein by fusing two components via a 
copper(I)-catalyzed azide− alkyne cycloaddition reaction (click chem
istry). The first component containing the azide group (“head” group) 
bears the glutamate and the azobenzene moieties. This component re
acts with the second component containing the alkyne group (“tail” 
group), which bears the NHS ester anchoring moiety [43,44]. A solution 
in water of the “head” group (1 equiv), Cu2O (2.4 equiv), and ascorbic 
acid (4 equiv) was stirred for 5 min at room temperature (r.t.) in a 1.5 
mL Eppendorf tube. To this mixture, a solution of the “tail” group (1.1 
equiv) in tetrahydrofuran (THF) was added and vortexed for 30 min at r. 
t. This final mixture was diluted 10 times in dimethylsulfoxide (DMSO), 
vortexed, and centrifuged for 1 min to separate the insoluble Cu2O 
particles. TCP9 stock solution at 12 mM was aliquoted to be used 
immediately or stored at − 20 ◦C.

Hippocampal neuronal primary cultures. All procedures 
involving animals were conducted in accordance with the European 
guidelines for animal care and use in research and were approved by the 
Animal Experimentation Ethics Committee at the University of Barce
lona (Spain). Low-density primary hippocampal cultures were prepared 
from postnatal day (P) P0-P3 Sprague Dawley rat pups and maintained 
for 1–2 weeks in coverslips coated with poly-L-lysine (Sigma-Aldrich), as 
previously described [107]. Cells were cultured with complete medium 
(Neurobasal A, 2 % B-27, 0.5x GlutaMax, 15 mM glucose, 5 U/ml 
penicillin, and 5 μg/ml streptomycin). Anti-mitotic treatment with 5 μM 
AraC was applied after 48–72 h to avoid fibroblast and astrocyte pro
liferation. The culture medium was refreshed every 3–4 days by 
replacing half of the volume.

Electrophysiological recordings. Voltage and current-clamp re
cordings under whole-cell configuration were performed using an EPC- 
10 amplifier, and data was acquired at 10 kHz through Patch Master 
(HEKA) software. Bath solution was composed of 140 mM NaCl, 1 
MgCl2, 2.5 mM KCl, 10 mM HEPES, 2.5 mM CaCl2 and 10–20 mM 
glucose (to adjust osmolarity to 310 mOsm/kg), pH 7.42 adjusted with 
NaOH. Borosilicate glass pipettes were pulled with a typical resistance of 
6–8 MΩ and filled with a solution containing 130 mM KCl, 5 mM MgCl2, 
3 mM Na2ATP, 1 mM Na2GTP, 20 mM HEPES, 0.5 mM EGTA, pH 7.2 
adjusted with KOH, and osmolarity adjusted at 289 mOsm/kg. During 
recordings, neurons were maintained at r.t. (25–27 ◦C) in a continuous 
perfusion of bath solution.

TCP9 conjugation and photostimulation in neuronal primary 
cultures. Prior to recording, neurons were incubated with TCP9 (12–25 
μM) for 2 min, at r.t., in the absence of light, in a bath solution composed 
of 100 mM NaCl, 1 mM MgCl2, 2.5 mM KCl, 2.5 mM CaCl2, 10 mM 
glucose, and 2.7 mM Na2CO3, 47.3 mM NaHCO3, 310 mOsm/kg, pH 9 
adjusted with NaOH. Before placing the coverslip in the recording 
chamber, cells were washed again with fresh bath solution. Light stim
ulation was done by illumination of the entire focused field using a 
Polychrome V monochromator (TILL Photonics) connected through the 
back port of an IX71 inverted microscope (Olympus) with a CP- 
ACHROMAT 40x/0.65 objective (Zeiss). Wavelengths were automati
cally controlled by connecting the monochromator to the EPC-10 
amplifier via Photochromic Manual Control (TILL Photonics) and 
using the photometry module of Patch Master. Light power density 
measured with a Newport 1916-C light-meter after the objective was: 
1.6 mW mm− 2 for 425 nm, 0.8 mW mm− 2 for 380 nm, and 1.8 mW 
mm− 2 for 500 nm.

Organotypic hippocampal slice cultures and gene transfection. 
Hippocampal organotypic slice cultures were prepared from P6-8 rats as 
described [71,108]. Slices of 400 μm of thickness were cultured at 35 ◦C 
on interface membranes (Millipore) and fed with MEM media containing 
20 % horse serum, 27 mM D-glucose, 6 mM NaHCO3, 2 mM CaCl2, 2 mM 
MgSO4, 30 mM HEPES, 0.01 % ascorbic acid and 1 μg/ml insulin. pH 
was adjusted to 7.3 and osmolality to 300–320 mOsm/kg. Slices were 

biolistically transfected (BioRad) after 5–7 days in vitro (DIV) with 
plasmids expressing GCaMP6s (Addgene) under the CMV promoter, and 
DsRed2 under the CAG promoter, as described [71,108].

TCP9 conjugation in organotypic slice cultures. Hippocampal 
slice cultures were incubated in 250 μM TCP9 for 15 min at r.t. in 
darkness in modified artificial cerebrospinal fluid (ACSF: 119 mM NaCl, 
2.5 mM KCl, 3 mM CaCl2, 0.2 mM MgCl2, 26.2 mM NaHCO3, 1 mM 
NaH2PO4 and 11 mM glucose, pH 7.4), equilibrated with carbogen (5 % 
CO2/95 % O2). After 3 washouts (lasting 1, 5, and 5 min), slices were 
placed on the microscope recording chamber.

Photostimulation and calcium imaging in organotypic slices. 
Time-lapse fluorescence imaging was carried out in the Advanced Dig
ital Microscopy Core Facility of IRB (Barcelona Research Institute) using 
a SP5 spectral confocal multiphoton microscope (Leica) equipped with a 
405 nm CW diode laser, and an Argon laser (488 and 514 nm). We used a 
40x/1.25–0.75-NA Oil objective (HCX PL APO, Leica). Imaging was 
performed at 8–15 DIV. After TCP9 conjugation, hippocampal slices 
were maintained in the microscope recording chamber at r.t. in a 
continuous perfusion (at 2–3 ml/min) of carbogenated ACSF. Slices with 
pyramidal neurons co-expressing GCaMP6s and DsRed2, healthy 
morphology and no signs of fluorescent aggregates were selected. In 
whole-field imaging experiments, green and red fluorescent proteins 
were simultaneously excited at 488 nm using a bidirectional laser 
scanning at 400 Hz in a single focused plane. Images were recorded with 
a resolution of 512 × 512, at 343 ms per image, with an imaging interval 
of 4 s. Green fluorescence emission was detected in the 500–550 nm 
range, and red fluorescence in the 569–648 nm range. Pinhole aperture 
was set at maximum (600 μm). Whole-field TCP photostimulation was 
carried out in periods of 1 min of sequential illumination with the 405 
nm (0.81 mW μm− 2) and the 514 nm (0.35 mW μm− 2) lasers at 256 ×
256 resolution with bidirectional laser scan, intermixed between image 
acquisition to keep the 4 s imaging interval. In single-cell stimulation 
experiments, photostimulation was performed by scanning a region of 
interest (ROI) containing the soma of the neuron with the 405 nm laser 
for 10–20 s, intermixed with the image acquisition every 2 s. Since the 
488 nm laser is more focused and intense in these experiments, the green 
light is not required to switch off TCP9. In single-spine experiments, 
imaging was similarly performed, using a 63x/1.4-NA Oil Lbd BL 
objective (HCX PL APO, Leica) and higher digital zoom, and photo
stimulation was performed with 1 s flashes of the 405 nm laser focused 
in one spotlight close to the tip of the spine (0.25 mW μm− 2), using the 
Flymode FRAP module of the SP5 Leica software. At the end of each 
experiment, we confirmed that the neuron kept its healthy morphology.

Xenopus laevis embryo maintenance. Xenopus laevis embryos ob
tained from in vitro fertilization were raised in 0.1X Modified Barth’s 
saline (MBS; 8.8 mM NaCl, 0.1 mM KCl, 82 μM MgSO4, 0.24 mM 
NaHCO3, 0.1 mM HEPES, 33 μM Ca(NO3)2, 41 μM CaCl2, pH 7.6) at 
14–22 ◦C, and staged according to the table of Nieuwkoop and Faber 
[109]. This research has been regulated under the Animals (Scientific 
Procedures) Act 1986 Amendment Regulations 2012 following ethical 
review by the University of Cambridge Animal Welfare and Ethical 
Review Body (AWERB).

Electroporation of Xenopus embryos. Olfactory bulb electropora
tion procedure was modified from [55,56]. Stage 28 embryos were 
anaesthetized in 0.4 mg/ml MS222 in 1X MBS. The central ventricle 
between olfactory bulbs was injected with the electroporation mixture 
(1 μg/μl of GCaMP6s:mRFP; 2:1), followed by 8 squared electric pulses 
of 50 ms duration at 1000 ms intervals, delivered at 18 V. The embryos 
were recovered and raised in 0.1X MBS until the desired embryonic 
stage.

TCP9 conjugation in Xenopus embryos. Around 5–8 days after 
electroporation, embryos were anaesthetized with 0.4 mg/ml MS222 in 
1X MBS. The surface of the tadpole brain was exposed by removal of the 
overlying epidermis. The tadpole was incubated in 250 μM TCP in 1X 
MBS, pH 7.6, for 15 min at r.t. and washed out 2 times, before the im
aging session.
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In vivo photostimulation and calcium imaging. Xenopus embryos 
were mounted in an oxygenated chamber created with Permanox slides 
(Sigma-Aldrich) and Gene Frame (ThermoFisher) and bathed in 1X MBS 
with 0.1 mg/ml MS222. Detection of the electroporated OB cells was 
performed with a Plan Fluor 20X (NA 0.5) objective in a Nikon Eclipse 
TE2000-U inverted microscope equipped with an EM-CCD camera 
(Hamamatsu Image Flash 4.0V2 C11440). Real-time calcium imaging 
was performed using a 60X UPLSAPO objective (NA 1.3) in a Perki
nElmer Spinning Disk UltraVIEW ERS, Olympus IX81 inverted spinning 
disk confocal microscope. Z-stack images (1–2 μm apart) were acquired 
with Volocity (PerkinElmer) at a resolution of 1024 × 1024, with 561 
nm laser (Cobolt Jive) for excitation of mRFP in combination with a 
600/37 emission filter (Semrock). Exposure time and 561 nm laser 
power (0.95–2 mW) were set to obtain the optimal signal-to-noise ratio 
(SNR). GCaMP6s was excited with 488 nm-laser (Coherent Sapphire) in 
combination with a 525/45 emission filter (Semrock). Exposure time 
was set to 200 ms and laser power was adjusted to the optimal SNR 
(0.9–1.72 mW). GCaMP6s and mRFP fluorescence were acquired using 
the same dichroic beam splitter (Chroma ZT405/488/561/640rpc). 
Both laser beams were circularly polarized via a quarter wave plate 
(Thorlabs AQWP05) to excite fluorescent proteins homogeneously 
regardless of their orientation.

Whole-field photostimulation of TCP9 was performed by scanning 
the 405 nm laser at 1024 × 1024 resolution for 50 ms (1.29 mW). Single- 
cell photostimulation was performed by spotlight on the cell soma for 
500 ms (0.37 mW) and single-spine photostimulation by flashing the 
405 nm laser at one spotlight next to the tip of the spine for 500 ms (0.37 
mW). The parameters for spotlight activation of TCP9 were set in the 
PhotoKinesis control Unit for FRAP as: 2″ for PK cycles; ‘‘1″ for PK step 
size; ‘‘500 ms’’ for PK spot period; ‘‘30″ for PK spot cycles; ‘‘Small’’ for 
PK spot size; ‘‘None’’ for PK attenuation. Images for GCaMP6s and mRFP 
were captured immediately before and after FRAP photostimulation for 
15 s intervals pre- and post-photostimulation. Exposure time (139–800 
ms) and laser power (0.9–1.72 mW) were adjusted to the optimal SNR.

Data analysis and statistics. Amplitude of photocurrents was 
analyzed using IgorPro (Wavemetrics), Microsoft Excel (Microsoft), and 
Origin. Time-lapse images from organotypic slices and in vivo Xenopus 
experiments were analyzed using Fiji/ImageJ [110]. A ROI was outlined 
around the soma of each cell and the total fluorescence values for the 
green and the red channels were measured at each time point. In the case 
of single-spine experiments, the ROI was outlined around the dendritic 
spine, including half of the neck. Fluorescence values (F) were 
normalized with respect to baseline by dividing each time point by the 
average of all values before any stimulation (F0). “Average F/F0“ values 
were obtained by averaging normalized values of each cell (or spine) 
from different slices. All values are expressed as mean ± SEM (standard 
error of the mean). Cells were considered photoresponsive if at least one 
time point of the GCaMP6s fluorescence signal in the soma increased 
>50 % over baseline after violet illumination. The area under the curve 
(AUC) of the integrated GCaMP6 fluorescence intensity signal was 
measured from the onset of the violet illumination until the end of the 
green illumination, in whole-field stimulation experiments. AUC was 
measured during the first 2 min after violet light onset in single-cell 
experiments, and during the first 15 s after violet light pulse in 
single-spine experiments. Statistical significance was set at the 95 % 
confidence level (two tailed) and calculated using GraphPad Prism. 
Normality was analyzed using Shapiro-Wilk test. Kruskal-Wallis test 
with Dunn’s multiple comparison test was used to compare the phar
macological groups with respect to vehicle in Fig. 3. Student’s paired 
t-test was used to calculate differences in amplitude photoresponses 
between the last 60 min period (85′-125′) and the 60 min baseline period 
before LTD induction in Fig. 4. In Fig. 7, calcium response AUC was 
analyzed by Mann-Whitney test, and peak amplitude by unpaired t-test 
with Welch’s correction. In supplementary figures, spike probability and 
amplitude was analyzed by Mann-Whitney test (Fig. S1); photocurrent 
amplitudes by paired t-test (Fig. S2); ex vivo single cells and single spines 

parameters by ANOVA with Tukey’s multiple comparison test and 
Kruskal-Wallis test with Dunn’s multiple comparison (Fig. S5); ex vivo 
glutamate comparison by Mann-Whitney test (Fig. S8).

In Fig. 3, pharmacological treatments and vehicle experiments were 
performed in an interleaved way, each one in a different slice but within 
the same experimental day. Similarly, we did control experiments 
without TCP conjugation but with the same duration and intensity of 
photostimulation in an interleaved way with those with TCP conjuga
tion. The order of control and experimental conditions were randomly 
swapped.
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