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Extended Data Fig. 6 | Biophysical properties in autaptic neurons and 
HEK293T cells. a, Quantification of EPSC inhibition versus applied wavelengths 
for LcPPO (right) and PdCO (left) including single cell measurement data points. 
For each cell, the inhibition was normalized to the maximum inhibition. Lines 
show dose-response fits. n = 6–15. b, Wavelength sensitivity of light induced 
recovery including single cell measurement data for LcPPO (right) and PdCO 
(left). n = 4–7. c, Quantification of absolute inhibition for the first EPSC post 
sample illumination versus light flux for (from left to right) LcPPO (365 nm), 
PdCO (405 nm) and AsOPN3 (520 nm) including single cell measurement data 
points. Lines depict sigmoidal fits to calculate half maximal inhibition light flux 
(EC50) values. n = 3–17. d, Top: schematic of 2-photon (2p) recordings in HEK293T 

cells co-transfected with PdCO-mScarlet and GIRK2.1 in a 1:3 ratio. Whole-cell 
patch-clamp recordings were performed and PdCO was activated with 2p 
raster scanning. Bottom: example recordings at various 2p wavelengths while 
applying a voltage ramp from −120 to +40mV. e, Top: example recordings of 
one representative HEK293T cell at −120mV holding potential for different scan 
wavelengths as indicated. Bottom: Quantification of 2p wavelength sensitivity; 
n = 6–8. Data was fitted with a 3-parametric Weibull distribution (red line) f, Top: 
example recordings of a representative HEK293T cell at −120mV for different  
2p intensities of 800 nm. Bottom: Quantification of 2p sensitivity at 800 nm;  
n = 6–8. Data was fitted with a logistic dose response curve to determine the EC50 
value (red line). All data is shown as mean ± SEM.
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Extended Data Fig. 7 | G-protein signaling in potent inhibitory optoGPCRs. 
a, Scheme of GIRK activation and inhibition. Gβγ-complex signaling by 
photoactivated optoGPCRs activates GIRK channels, which are inhibited by 
SCH23390. b, Average current traces from cells expressing the indicating 
optoGPCRs, showing GIRK channel activation induced by light application in 
autaptic neurons. c, Quantification of maximum GIRK channel currents  
(n = 8). d, Quantification of the rise time to the half maximum current determined 
from the neurons shown in b. e, GIRK channel currents activated by light and 
inhibited by local application of SCH23390 in autaptic neurons (n = 5). f, EPSC1 
inhibition of the same neurons shown in e. Application of SCH23390 does not 
alter EPSC inhibition. g, TRUPATH assay. Activation of the optoGPCR reduces 
the bioluminescence energy transfer (BRET) between the luciferase-fused Gα 
and the GFP-fused Gβγ subunits. h, Relative -netBRET means (n = 4) for major Gα 
subtypes integrated for 0–3 min post light activation (1s 390 nm; light shaded 

area) and integrated for 17–20 min post light activation (dark shaded area).  
i, EPSC1 inhibition as measured in Fig. 2a–e in autaptic neurons (open circles) 
and pertussis toxin (PTX) treated neurons from matched neuronal cultures. 
Cells were incubated with PTX for 12–16 h (n = 6–8). j, The GloSensor assay 
for inhibition of adenylyl cyclase (AC) activity by optoGPCRs. Forskolin (FSK) 
stimulates cAMP production by ACs, which can be inhibited by Gαi signaling 
induced by optoGPCRs. Changes in cAMP levels can be detected by cAMP-
dependent Luciferase (Luc). k, Time course of cAMP response measured with 
the GloSensor assay for PdCO and LcPPO, after addition of FSK (t = 0 min; black 
arrow) and after activation of LcPPO and PdCO (purple arrow). Data is normalized 
to bioluminescence reads pre-FSK application (n = 6). l, Normalized cAMP 
changes after light application, calculated by division of minimum response post 
illumination by maximum pre-illumination response of data as shown in k (n = 6). 
All data is shown as mean ± SEM.
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Extended Data Fig. 8 | TRUPATH assay and pertussis toxin treatment in 
autaptic cultures. a, TRUPATH netBRET data for all G-protein classes integrated 
over 3 minutes post optoGPCR activation (light colors) and 17–20 minutes post 
activation (saturated colors). n = 4. b, EPSC recordings in autaptic neurons as 

described for initial benchmark of optoGPCRs with additional pertussis toxin 
(PTX) treatment. PTX strongly reduces optoGPCR-mediated EPSC inhibition, 
and therefore indicates a Gi/o-dependent mechanism. n = 6–8. All data is shown as 
mean ± SEM.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Organotypic slices measurements and calcium 
imaging. a, Two-photon maximum-intensity projections of CA3 neurons 
expressing PdCO-mScarlet (delivered via electroporation). b, Axons (originating 
from CA3 neurons (shown in a) projecting into stratum radiatum of CA1. 
c, Experimental design, and representative current trace for bidirectional 
optogenetic control of synaptic transmission at Schaffer collateral synapses 
using somBiPOLES and PdCO. d, Quantification of absolute PSC amplitudes from 
bidirectional optogenetic experiments. n = 8-9. e, Normalized PSC amplitudes 
from control cultures expressing somBiPOLES alone, same as right panel in b.  
n = 8. f, Time course of normalized PSC amplitudes from control cultures 

expressing PdCO alone, without light stimulation. n = 4–6. g, Time course of 
normalized PSC amplitudes from control, non-expressing cultures, before and 
after light stimulation. n = 5-6. h, Voltage recording under tight-seal current-
clamp conditions. 1 nA current pulses (40 ms duration) were injected through 
the intact membrane patch at 0.2 Hz to evoke a train of action potentials. Top: 
magnified voltage recordings at selected time points. Middle: voltage recording 
of the complete experiment. Bottom: current injection. i, Top: raw ΔF/F signal 
from the neuron shown in a. Bottom: raw ΔF/F signal from a neuron in the same 
field of view recorded simultaneously. j, manually corrected ΔF/F signal as shown 
in b, top. All data is shown as mean ± SEM.
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Extended Data Fig. 10 | Histology and control pupil experiments. a, Coronal 
brain section of the locus coeruleus (LC) injection site. Left: Bright field image. 
Center: confocal single-channel fluorescence of PdCO-mScarlet at the LC. Right: 
confocal single-channel fluorescence image of norepinephrine transporter 
(NET) at the LC. b, Coronal brain section of the Edinger-Westphal (EW) projection 
site. Left: Bright field image including fiber placement (F). Right: confocal 
fluorescence expression of PdCO-mScarlet stained with anti-RFP at the EW.  

All fluorescence micrographs are gamma-enhanced (1.25). c, Time course of 
mean (bold lines) ipsilateral pupillometry traces for PdCO expressing mice  
(n = 6) illuminated at the basal forebrain (BF, gray) or the EW (blue), compared 
to mCherry expressing control animals (n = 5) illuminated at the EW (green) at 
different laser stimulation frequencies as indicated (vertical blue shaded area). 
Thin traces denote individual mice.
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