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Detailed Materials and Methods 

1. DNA and viral constructs 

All opsin versions were cloned into a pIRES2_melanopsin-mGluR6_TurboFP635 plasmid1 that 

was modified to contain the fluorescent protein mKate2 in place of the IRES-TurboFP635 

sequence. To create the plasmids of the human melanopsin and human middle-wave opsin 

chimeras with mGluR6, the intracellular loops and C-termini from human mGluR6 were 

synthesized and introduced using overlap extension PCR described in detail elsewhere 1. Only 

the overhang primers for exchanging the C-terminus in pIRES_Mela(CTmGluR6) are given 

here, for other chimeric variants the overlap primers were adapted accordingly: 

CACCTGCCCTGCCTGTTCCATCCAGAGCAGAATGTGC (R1) and 

ATCATTTACGCCATCACCCACCCCAAGTACAGGGTGGCC (F2).  The Kir2.1 

membrane trafficking signal (TS, KSRITSEGEYIPLDQIDINV) as well as the rhodopsin 

trafficking sequence (TETSQVAPA, 1D4 epitope) were added to all parent opsins and opsin-

mGluR6 chimeras. The opsin-mGluR6-TS-1D4 variants were then recloned into the pAAV-

770En_454P(hGRM6)-Opn1mw-CTmGluR6-TS-1D4-IRES2-TurboFP635-WPRE-BGHpA 

plasmid2, where an additional NotI site had been inserted after the promoter 

770En_454P(hGRM6).  

Viral vectors were produced in HEK293 cells by the triple plasmid co-transfection method 

using the pXX80 helper plasmid and the rep-cap plasmid encoding AAV2(7m8)3 .Titers were 

all between 1x1012 to 5x1013 genome copies per ml.  

 



2. HEK293-GIRK whole-cell patch-clamp experiments 

  

A stable HEK293-GIRK1/2 cell line (kind gift from Olivia Masseck) was transiently transfected 

with opsin constructs. After 24h, whole-cell patch-clamp experiments were performed in a high 

potassium extracellular solution containing 60mM KCl, 89mM NaCl, 1mM MgCl2, 2mM 

CaCl2 and 10mM HEPES, pH 7.4. Patch pipettes had a resistance of about 6MΩ and were filled 

with an intracellular solution containing 140mM KCl, 10mM HEPES, 3mM Na2ATP, 0.2mM 

Na2GTP, 5mM EGTA and 3mM MgCl2 (pH 7.4). Cells were voltage clamped at –70mV while 

recording GIRK responses to various light stimuli using a HEKA EPC10 amplifier with 

PatchMaster software. Light stimuli were generated by a pE-4000 system (CoolLED, Andover, 

United Kingdom) and projected through a 20 water immersion objective onto the recorded 

cell. The stimulus period was triggered directly by the PatchMaster software. Stimulus intensity 

was controlled using the pE-4000 system and neutral density filters in the light path. The 

background light intensity was kept near zero. Traces were analyzed offline using Igor Pro 

software (Wave Metrics). TauON and TauOFF values were obtained by a single exponential 

fit. Current amplitudes were normalized to cell size (pA/pF).  

 

 

3. Animals: AAV transduction, maintenance and euthanasia  

The experiments were performed on C3H/HeOuJ mice with retinal degeneration (rd1) and on 

C57BL/6 wild-type mice. Animal experiments and procedures were in accordance with the 

Swiss Federal Animal Protection Act and approved by the animal research committee of Bern 

(approval number BE99/19). Animals were maintained under a standard 12h light-dark cycle. 

Mice were intravitreally injected at 6-8 weeks of age. For this, they were anesthetized by 

intraperitoneal injection of 100mg/kg ketamine and 10mg/kg xylazine. The pupil of the right 

eye was dilated with a drop of 10 mg/ml atropine sulphate (Théa Pharma). We then punctured 

the dorsal sclera approximately 1mm from the corneal limbus using an insulin needle. The 

insulin needle was removed and a 33G blunt needle was maneuvered through the pre-made hole 

to the back of the eye (RPE injection kit from World Precision Instruments). We then injected 

2.5μl of the rAAV vector solution and waited for 2min before retracting the injection needle 

form the eye. The second eye was subsequently injected using the same procedure. Following 

surgery, an antibiotic eye lotion (Isathal from Dechra Veterinary Products) was applied to the 

eyes to prevent infection and drying of the cornea. Injected mice were kept under enhanced 

lighting provided by a Philips HF3319 daylight lamp (10,000lux) positioned 50cm from the 

cage to guarantee sufficient light levels for activation of ectopic opsins.  

For rd1 mice, injected and control littermates were physiologically tested at ≥ p168 (specific 

ages given in Suppl. Fig. S6) 1,4, except for recordings from V1, which were conducted at ≥p280 
1. For patch-clamp and multi-electrode array recordings, mice were dark adapted for 60min and 

subsequently sacrificed using isoflurane and cervical dislocation. Following enucleation, eyes 

were dissected under dim red light conditions in Ames medium (Sigma-Aldrich) that had been 

oxygenated for at least 60min prior the procedure with carbogen (95% O2/ 5% CO2). After 

cortical recordings, animals were also sacrificed using isoflurane and cervical dislocation. 

 

 



4. Patch-clamp recordings from bipolar cells  

Bipolar cells were patch-clamped using the perforated, cell-attached method. Cells were 

patched either in whole mount retinas (rd1), in slices, or after acute dissociation. Slices were 

made by imbedding the retina in 1% low-melting agar in HEPES buffered Ames medium at 

40°C before immediately cooling the agar on an ice block. The solidified agar was then 

sectioned at a thickness of 250μm on a Camden instruments vibratome. Isolated cells were 

prepared by incubating the retina for 45min at 37°C in Earle's Balanced Salt Solution 

supplemented with 40units/ml papain (lyophilized, Worthington), 5mM L-cysteine and 0.02% 

BSA. Papain digestion was followed by gentle titration with a glass pipette before plating cells 

on Poly-L-Ornithine coated coverslips. All preparations were patched-clamped in a recording 

chamber perfused with Ames medium (Sigma-Aldrich) at 34–36°C. Patch electrodes were 

pulled from borosilicate glass to a final resistance of 8–10MΩ. The intracellular solution 

contained (in mM): KCL 110, NaCl 10, MgCl2 1, EGTA 5, CaCl2 0.5, HEPES 10, GTP 1, 

cGMP 0.1, ATP 1, and cAMP 0.05. Directly before the experiment, a saturated solution of 

Amphotericin B in DMSO was added to the intracellular solution at a 1:200 dilution. After 

adding the Amphotericin B, the solution was vortexed for 1min and filtered before use. 

Transfected bipolar cells were identified using a fluorescent reporter (TurboFP635) and 

targeted for recording under vision control using IR-DIC optics. Light stimuli were generated 

similar to that described for the HEK-GIRK recordings above. Current recordings were made 

using a HEKA EPC10 amplifier with PatchMaster software. Traces were analyzed offline using 

Igor Pro software (Wave Metrics). TauON and TauOFF values were obtained by a single 

exponential fit.  

 

5. Cell-attached patch-clamp recordings from ganglion cells and biocytin injection  

The methods for recoding cell-attached light responses from RGCs have been described in 

detail previously1. Electrodes were pulled from borosilicate glass to a final resistance of 5 - 

8MΩ and filled with Ames medium. RGCs were targeted and approached under visual control 

using IR-DIC optics until spontaneous action potentials were observed in the voltage recording. 

Light stimuli were generated similar to that described for the HEK-GIRK recordings above. 

Voltage recordings were made using a HEKA EPC10 amplifier with PatchMaster software. To 

label RGCs, we patched cells in the whole-cell configuration using the same intracellular 

solution described for the HEK-GIRK cells above but supplemented with 0.2% biocytin 

(Sigma). The retina was subsequently fixed in 4% paraformaldehyde in 0.1M phosphate buffer 

(pH 7.4) for 20min. Alexa 488 conjugated to streptavidin was used to visualize biocytin-

labelled cells (1:400; Invitrogen; S-11223).  

Immunohistochemistry  

At the end of the terminal experiment, mice were euthanized and retinas extracted for 

subsequent immunohistochemistry to confirm retinal expression patterns of the optogenes. 

Immunohistochemistry of cryosections were similar to that described previously4. In brief, 

retinas or eyecups were fixed in 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4) for 

30 min. Antibodies were diluted in a blocking solution containing 1% Triton-X and 2% donkey 

serum. Sections were incubated overnight at 4°C in primary antibody and 2h in secondary 



antibody at room temperature. The following primary antibodies were used: rabbit anti-tRFP 

(1:1000; Evrogen; AB234), goat anti-melanopsin (1:1000; Advanced Targeting Systems; AB-

N39), goat anti-ChAT (1:100; Millipore; AB144P) and mouse anti-Goα (1:1000; Millipore; 

mab3073). Secondary antibodies were always from donkey and either conjugated to Alexa 488 

or Alexa 594 (1:400; Invitrogen). Alexa 488 conjugated to streptavidin was used to visualize 

cells injected with biocytin during patch-clamp experiments (1:400; Invitrogen; S-11223). 

Nuclei were stained with 10μg/ml DAPI (Roche). Micrographs were taken on a Zeiss LSM 880. 

Processing of image stacks was done using ImageJ (Rasband WS, United States National 

Institutes of Health, Bethesda, Maryland, US). 

 

6. Multi-electrode Array recordings  

The retinae were placed on multi-electrode arrays (60MEA200/30iR-Ti; Multi Channel 

Systems MCS GmbH) coated with Corning™ Cell-Tak Cell and Tissue Adhesive (Corning) 

with the ganglion cells facing towards the electrodes. The MEA was placed into the MEA 

recording device (MEA2100-System; Multi Channel Systems MCS GmbH) positioned on 

a stage of a Zeiss Axioskop coupled to a pE2 light stimulator (precisExcite, CoolLED, Andover, 

United Kingdom) connected to an oscilloscope (Tektronix TDS210) and signal generator (ELV 

TIG7000). Perfusion with oxygenated Amesˈ medium (Sigma-Aldrich) was maintained at 5 ml 

x min-1 Temperature was maintained at 34°C. After placement of the MEA into the recording 

device, the retina was perfused with oxygenated Ames medium for 30 minutes in darkness. 

Light stimulation (unless stated otherwise: 465 nm, 5 x 1014 photons.cm-2 s-1) was delivered 

through a 5x objective positioned above the MEA recording device.  Recorded signals were 

collected, amplified, and digitized at 25 kHz using MCRack software (Multi Channel Systems 

MCS GmbH). Filtering was done using a 2nd order Butterworth high-pass filter with a cut-off 

frequency of 200 Hz. Action potentials were defined as electrical activity bellow 3.5-5 SDs of 

baseline activity and set automatically for each recording electrode based on the baseline noise. 

Subsequently, spike cutouts recorded by each electrode were sorted into single cell traces using 

Offline Sorter (Plexon). Time points of single cell spike occurrences were extracted from the 

software for offline analysis using Matlab (MathWorks). 

 

Analysis & Response clustering: 

Each recording, unless stated otherwise, consisted of 5 consecutive light stimulations. Time 

points of spike occurrences were extracted around stimulation periods, time binned and 

averaged. Cells were defined as light responsive using two parameters, with the requirement of 

fulfilling both: (i) Treshold (TR) defined as a change in firing rate (baseline + 5*SD), or at least 

40 Hz in case of cells with no basal activity, between the average frequency prior to light 

stimulation and at least 1 time bin during or after the light flash (adopted and modified from 5) 

and (ii) using light response index (LRI)6,7. We defined as LRI = (maximal firing rate 

during/after stimulus − average firing rate before light stimulus)/(maximal firing rate 

during/after stimulus  +  average firing rate before light stimulus). Only cells with the respective 

LRI >0.2 and TR crossing were considered light responsive. Parameters of response properties 

of light responsive cells (onset of spiking, peak of response, response bias (difference in spiking 

during and after light stimulation), duration of undisturbed response (number of consecutive 

time bins above TR from the onset of the response) and time difference between onset of 



response and its peak) were used for spectral clustering. Number of clusters was determined via 

inspection of the Eigengap property and inbuild Davies-Bouldin evaluation. Given the fact that 

spontaneous firing is higher in rd1 mice as well as potentially contaminated by upregulation of 

slow ipRGC M1-type responses, spiking frequencies bellow TR were fixed at TR value in the 

heat map figures.  

 

Dose response curves: 

Enucleation of dark-adapted animals was done in dim-red light conditions. Isolated retinas were 

subsequently kept in complete darkness for 20 min and then tested in a series of brief (500 ms) 

flashes of blue light (470nm) at 120-s intervals and over a range of intensities. Retinas were 

then adapted for 15 min to a moderate indoor light level (light-adapted; white light, 100 μW 

cm−2) and retested as described above. Dose response curve analysis was performed similarly 

to the response clustering analysis described above. To accommodate for the absence of 

possibility of averaging (as each light intensity in given state was presented only once) the TR 

metric was adjusted to: baseline + 3*SD, or 40Hz in cells without basal activity. Cells were 

considered light responsive when response were observed at the 3 highest light intensities in 

dark adapted cells. This way we compensated for possible false-positive responses.  

A response was defined as:  

[mean firing rate after light stimulation] – [mean firing rate before stimulation ] 

(in case of negative values this number was fixed at 0).  

Subsequently responses for each light intensity were normalized and plotted as normalized 

averages ± s.e.m. Half-saturations (IC50) were calculated using Prism (GraphPad).  

 

7. In vivo electrophysiological recordings from the visual cortex V1  

Mice were anesthetized by an intraperitoneal (IP) injection of ketamine and xylazine and 

subsequently mounted in a stereotaxic device (David Kopf, USA). The pupil of the stimulated 

eye was dilated with a drop of 10 mg/ml atropine sulphate (Théa Pharma). Subsequently, a thin 

layer VISCOTEARS eye gel (Bausch & Lomb Swiss AG) was applied to the eyes to prevent 

drying and allowing clear optical transmission. After a scalp incision, the fascia was removed 

from the surface of the skull and a craniotomy ~ 1mm in diameter was made over the left 

occipital cortex. The electrode was inserted 1.5-2.5 mm lateral and 0.1-0.5 mm rostral to lambda 

into V1. The depth of the tungsten electrode was zeroed at the pial surface after penetrating the 

dura. The tungsten microelectrodes (WE3PT30.01A5, Microprobes) had an impedance of 9-15 

kΩ and were guided diagonally through the V1 to reach layer 4 using a micromanipulator and 

stereomicroscope (Amscope). The temperature of the animal was maintained at 37.5°C by an 

animal temperature controller (ATC 2000, World Precision Instruments, Germany). After 

insertion of the electrode, mice were dark adapted for 30 minutes. The right eye of the mouse 

was stimulated, left eye was covered to minimize its stimulation. For the light stimulation 

paradigms we used Samsung Sync master 940b LCD display (60 Hz refresh rate, luminance 5 

x 1013 photons cm2 s-1) located 20 cm away from the eye. In our stimulation paradigms we used 

500ms flashes of light. 

Signals were acquired, amplified and digitized at 20 kHz with the RHD 2000 system from Intan 

Technologies. Recordings were analyzed offline using Matlab. Visually evoked potentials 

(VEPs) were extracted by down-sampling the raw signal to 1 kHz. Signals were averaged and 



overlayed for different experimental groups, with the selection of only VEP-exhibiting traces. 

Light-adapted experiments had the periods of darkness between stimulations exchanged for 

periods of light stimulation (white light at 100 μW cm−2). Bar plots are shown as means ± SD, 

exemplar traces as means ± s.e.m. 

 

8. Optomotor reflex measurements 

Prior to treatment, rd1 litters were randomly divided into treatment and control groups. 

Experiments were performed in rd1 mice >p168 of age, when no OMR responses were 

remaining1,8. We employed Striatech’s LCD monitor-based virtual automated optomotor 

system to assess the spatial frequency and contrast thresholds of a specific optomotor behavior 

in awake, unrestrained mice sitting on an elevated platform (9-cm diameter, 10-cm height). The 

brightness of the screens was adjusted to 5 x 1013 photons cm−2 s−1.  Head movements of in 

response to horizontally moving (clockwise and counterclockwise) sinusoidal gratings were 

tracked from above by an infrared-sensitive digital camera and scored using the OptoDrum 

software (Striatech, v.1.2.8). The rotation speed was kept constant at 12°/s, which was shown 

to elicit an optimum response under photopic conditions 9. Visual acuity was examined with a 

stair-step protocol of increasing spatial frequencies (100% contrast, speed 12 °/sec) and 

threshold defined as the highest grating frequency that can evoke animal head tracking 10,11. 

Contrast sensitivity, the inverse of the Michelson contrast [C = (I max − I min)/(I max + I min)] 

was determined analogously at 0.125 c/deg special frequency, where injected rd1 mice 

performed best (Suppl. Fig. 2). A mouse, which was not able to perform at 100% Michelson 

contrast was considered blind. Experimental data was obtained by three independent 

experimenters. All mice were tested on 6-8 days over a 3 week period for both, spatial acuity 

and contrast sensitivity.  

 

9. Open-field box experiments  

Prior to treatment, rd1 litters were randomly divided into treatment and control groups. 

Experiments were performed in rd1 mice >p280 of age, when no cortical responses to pattern 

stimuli can be observed1. We used a custom-made, two-compartment Plexiglass shuttle-box, 

each compartment measuring 27.5 cm x 30.5 cm x 35 cm and connected by a 6 x 5.5 cm gate 

(Fig. 7A). The floors were equipped with removable shock grids (Med Associates Inc, Model 

VFC-005A) to administer electric foot shocks during cued fear conditioning on days 2-4 (Fig. 

7A). At the two opposite short walls of the setup, computer screens (SAMSUNG SyncMaster 

940B, Type: GH19PS, width: 38 cm, height: 30.5 cm) were mounted run by a script on Noldus 

software (EthoVision XT, Version 11), providing equiluminescent gray or moving gratings of 

0.35 cyc/deg spatial frequency when seen from the center of each compartment (100% contrast, 

speed 12 deg/s). The other sides of the compartments were covered with reflective foil to 

display reflections of the displayed stimulus. Under the boxes, an IR-illumination pad (Noldus) 

was placed to homogeneously illuminate the setup from below. Behavior was measured by 

video recordings with an IR-sensitive BASLER camera (Model acA1300-80GMnir) installed 

above the shuttle-box and by using automated routines that track animal position (EthoVison, 

Noldus).  



The experiment consisted of four sessions on four consecutive days (see Fig. 7A) during the 

same time of day (8:00-12:00 am). Day 1 (Habituation): Prior to the experiment, the setup was 

cleaned with 70% ethanol. Both screens were set to equiluminescent gray and the mouse left to 

explore for 30 min. If a mouse failed to explore, e.g. to spend approximately equal time on each 

side of the shuttle box, it was excluded from the experiment. Days 2 and 3 (conditioning): Prior 

to the experiment, the setup was cleaned with 70% ethanol. Both screens were set to present 

equiluminescent gray. The mouse was randomly placed into either side of the shuttle-box 

(decision made by flipping a coin) and left to explore for 5 min to habituate. At 5 min into the 

experiment, on the side of the setup where the mouse resided at that time the screen was set to 

present the moving stripe pattern for 1 minute paired with foot shocks of 0.6 mA (500 ms every 

5 seconds). Three visual cue sessions paired with foot shocks were performed over a 15 minute 

conditioning period, each followed by 4 minutes in which both screens displayed 

equiluminescent gray and no shocks were administered. Day 4 (Evaluation): Prior to the 

experiment, the setup was cleaned with isopropanol and the shock grids covered with Plexiglass 

sheets to prevent environmental cues. After a 5 min habituation period, the screen on the side 

where the mouse was located at the time switched to the stripe pattern, while the other screen 

in the second compartment continued to display equiluminescent grey. Aversive behavior was 

manually scored from the recorded videos by two independent experimenters blinded to the 

treatment. Aversive scores were made by cumulative time in freezing, residing in the opposite 

compartment, jumping and tail rattling for 1 minute before the onset of the patterned stimulus 

(baseline) and during 1 minute of stimulus display (response).  

10. Statistics  

For patch-clamp recordings Student`s t-tests was used. For MEA and cortical responses, either 

unpaired 2-tailed Student’s t-test or 2-tailed Kolmogorov-Smirnov test with Bonferroni 

correction was used. If not stated otherwise, mean ± SD are given.  

Behavioral data was analyzed with a one-way ANOVA for multiple comparisons with post hoc 

analysis with Tukey’s honestly significant difference (HSD) of means in R v.3.6.0. 

Assumptions of normality were not rejected by the Shapiro-Wilk normality test and 

homogeneity of variance was tested with the Levene’s or the Bartlett test. Data is depicted as 

boxplots indicating the median ± standard deviation.  

In graphs, the significance levels are indicated as p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001.  
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Fig. S1: Recovering photoactivatable Mela(CTmGluR6) by orange light. Two light responses

recorded from the same HEK-GIRK cell to a blue light stimulus (475nm; 5 x 1013

photons/sec/cm2) with (black trace) and without (grey trace) a subsequent orange light stimulus

(595nm; 5 x 1015 photons/sec/cm2) clearly demonstrates the bi-stability of Mela(CTmGluR6).
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Figure S2: Dependency of the restored contrast resolution on the spatial grating

frequencies in treated rd1 mice. rd1 mice were treated with an ON-bipolar cell targeted

Mela(CTmGluR6) gene therapy. Three treated rd1 mice were tested on three consecutive days at

the three indicated spatial frequencies. The rotation speed of the optokinetic drum was fixed to

12°/sec. As obvious from the bar graph, a spatial frequency of 0.125 cyc/deg resulted in best

contrast resolution, although differences were not significant (p ≥ 0.4; Student’s t-test). The spatial

frequency setting was therefore in all contrast measurements fixed to 0.125 cycles per degree.

Shown are means ± SD.
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Fig. S3: Subcellular targeting of mMela(CTmGluR6) in OBCs. (A&B) Using the mouse version of

Mela-mGluR6 (CT), allowed staining against the N-terminus of mouse melanopsin. We observed

clear melanopsin staining (green) only in transfected, TurboFP635 positive cells (red; A), which are

also positive for Gɑo (B; magenta). Arrows in A indicates the processes of ipRGCs. Scale bar = 50

µm.
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Fig. S4: Subcellular targeting of mMela(CTmGluR6) in relation to TRPM1. (A)

mMela(CTmGluR6) staining (green) largely colocalised with the TRPM1 signal (red) in degenerated

rd1 retinas, where TRPM1 is known to target predominantly to the membrane of the OBC cell bodies.

(B&C) Higher magnification images of the mMela(CTmGluR6) (green; B) and TRPM1 (red; C)

channels from the insert in panel A. Scale bar = 50 µm.
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Figure S5: Illustration of the sign inversion of the light signal when OBCs are activated through opsin-mGluR6 chimeras. 
There are two classes of bipolar cells in the retina, ON- and OFF-bipolar cells, which provide parallel information channels responding 
to increases and decreases in light intensity, respectively. Whilst cone bipolar cells (receiving input from cones) are divided into ON and 
OFF type (Cone ON-BC and Cone OFF-BC), rod bipolar cells, receiving input from rods, are all of the ON type (Rod ON-BC). Since rod 
bipolar cells are by far the most numerous ON-bipolar cells in mice, the majority of opsin-mGluR6 expressing cells will be rod bipolar 
cells. (A) illustrates the intact rod and cone pathways: upon illumination, the rod bipolar cell is depolarized, which subsequently depo-
larizes the AII amacrine cell (AII AC, purple). In turn the cone ON-bipolar cell is also depolarized through a sign-conserving electrical 
synapse, while the cone OFF-bipolar cell is hyperpolarized through a sign-inverting glycinergic synapse. Finally, ON ganglion cells 
(ON-RGC, pink) are depolarized and OFF ganglion cells (OFF-RGC, grey) are hyperpolarized by light. (B) illustrates the degenerated 
pathway recovered through opsin-mGluR6 (red dots) expressed in ON-bipolar cells: upon illumination, rod bipolar cells and subse-
quently AII amacrine cells are hyperpolarized. The cone ON-bipolar cells are also hyperpolarized, directly by light and indirectly by the 
AII amacrine cells, and the cone OFF-bipolar cells are depolarized through the sign-inverting glycinergic synapse from AII cells. There-
fore, native ON-RGCs (orange) are now hyperpolarized (now OFF-RGCs), and native OFF-RGCs (grey) are now depolarized (now 
ON-RGCs). 
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Figure S6: Gene therapy in rd1 mice remains effective long after photoreceptor

degeneration. A scatter dot plot sowing the age (in weeks) of all rd1 mice used for

electrophysiological recording. Ages ranged from 24 to 76 weeks with an average age of 43.4

weeks. (B) Example extracellular light responses recorded from five of the oldest mice in A (filled

circles). Older mice had robust light responses with an equal variety of light response types and

no apparent differences were observed between different ages. Treated mice were injected a

minimum of three weeks prior to experiments but also showed reporter gene expression and

light responses up to 42 weeks after treatment, the longest treatment interval tested.
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Figure S7: Overview of MEA recordings. (A) Distributions of response types in Mela(CTmGluR6) treated rd1 retinas (N=24 retinal pieces). We 
observed approximately 65% of ON responses (light blue; 64.68±16.18%) and 35% of OFF responses (light red; 35.32±16.18%). Dark points 
represent individual percentages per retinal piece. (B) Comparison of Tau-ONs between ON-responses in C57BL/6 animals (197.75±157.88 ms; 
n=47 cells), ON-responses derived from Mela(CTmGluR6) treated rd1 animals (552.35±253.63ms; n=107 cells), ipRGC-like responses from the 
same animals (1546.49±262.88; n=162 cells) and ipRGC-like responses from untreated rd1 controls (1433.63±418.29; n=53 cells). Most promi-
nent observation was the non-significant difference between ipRGC-like responses derived from Mela(CTmGluR6) treated rd1 animals and rd1 
untreated controls (p=0.0778; α=0.0083 after Bonferroni correction; 2-tailed Kolmogorov–Smirnov test). Other comparisons yielded significant 
differences (p=<0.000001). Dashed red line marks the time point of 300ms – 82.98% of healthy C57BL/6 and 31.78% of ON-responses derived 
from Mela(CTmGluR6) treated rd1 animals has its Tau-ON bellow this point. In comparison 0% of both ipRGC-like cells exhibit fast Tau-ON. (C) 
Averaged traces of different functional RGC categories in healthy C57BL/6 animals (N=6 retinal pieces; n= 84 cells) and (D) untreated rd1 con-
trols (N=7 retinal pieces; n= 53 cells). Dark lines show the averaged trace, shaded area denotes SEM. Light stimulation start and end depicted 
as dashed blue lines. (E) Comparison of peak firing rates in C57BL/6 animals (95.48±46.55 Hz; n=84 cells; 1000ms light flash, 470 nm, 5 x 1014 
photons/cm²/S), Mela(CTmGluR6) treated rd1 animals (76.45±29.6 Hz; n=107 cells) and untreated rd1 controls (55.28±24.07 Hz; n=53 cells). 
There was no significant difference between C57BL/6 animals and treated rd1 animals (p=0.0335; α=0.0166 after Bonferroni correction; 2-tailed 
Kolmogorov–Smirnov test), however responses observed in treated animals were significantly higher than in untreated negative controls 
(p=<0.00007). Only ON-responses were used. (F) Comparison of peak firing rates of all light responsive cells in treated mice aged bellow 60 
weeks of age at the time of experiment (73.45±31.26; n=307 cells) and mice older than 60 weeks at the time of experiment (70.87±41.10; n=104 
cells). We did not observe significant differences between these groups (p=0.117; α=0.05; 2-tailed Kolmogorov–Smirnov test). Dark spots repre-
sent individual cells. (G) Peak firing rates of light-responsive cells using different light intensities (n=23 cells; 470 nm; 500ms light flash). We ob-
served significantly lower peak firing rates at 5 x  1013 photons/cm²/S in comparison to all other tested light intensities (2-tailed Kolmogor-
ov–Smirnov test; α=0.0034 after Bonferroni correction; *=<0.0033, **=<0.000667, ***=<0.000066, ****=<0.000006). Data shown as means ± SD.
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Table S1: OMR thresholds for some selected aged mice. All mice shown here

are rd1 (C3H/HeOuJ) injected at 4 weeks of age with AAV2(7m8) containing the

transgene E01P02-Mela(CTmGluR6)-IRES-TurboFP635. They were functionally

tested in late degeneration at 7-12 months of age and achieved excellent visual

acuity and contrast sensitivity values not significantly different to those of mice

tested at 6 months of age.

ID 

rd1_Mela(CTmGluR6)

Age at OMR test

(months)

Visual Acuity 

(cyc/deg)

Michelson 

Contrast % 

Mouse 1 8 0.51 2.85

Mouse 2 7 0.42 14.3

Mouse 3 10 0.41 1.14

Mouse 4 12 0.44 6.35



ID Physiology Anatomy Response

1 ON OFF Transient

2 ON OFF Transient

3 OFF OFF Sustained

4 ON OFF Transient

5 OFF OFF Sustained

6 ON ON Sustained

7 ON OFF Transient

8 OFF OFF Sustained

9 ON ON Transient

10 ON-OFF ON-OFF Transient

11 ON ON Sustained

12 ON OFF Transient

13 OFF OFF Transient

14 ON OFF Transient

Table S2: Overview of cell-attached patch-clamp recordings from RGCs combined with subsequent

intracellular dye labelling in the treated rd1 retina. Comparing the light responses and corresponding

anatomy of 14 dye-labelled RGCs from Mela(CTmGluR6) treated rd1 retinas show that some native OFF RGCs

(n=6) have inverted light responses (red numbering; now respond at the onset of light). In many cells, the light

response did not invert. This asymmetry infer synaptic rewiring in the inner retina that differentially affect RGC

subtypes after photoreceptor loss.
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