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Abstract  26 

Glaucoma is characterized by a progressive loss of retinal ganglion cells (RGCs) in the eye, which 27 

ultimately results in visual impairment or even blindness. As current therapies often fail to halt 28 

disease progression, there is an unmet need for novel neuroprotective therapies to support RGC 29 

survival. Various research lines suggest that visual target centers in the brain support RGC 30 

functioning and survival. We explored whether increasing neuronal activity in one of these projection 31 

areas could improve survival of RGCs in a mouse glaucoma model. Prolonged activation of an 32 

important murine RGC target area, the superior colliculus (SC), was established via a novel 33 

optogenetic stimulation paradigm. By leveraging the unique channel kinetics of the stabilized step 34 

function opsin (SSFO), protracted stimulation of the SC was achieved with only a brief light pulse. 35 

SSFO-mediated collicular stimulation was confirmed by immunohistochemistry for the immediate-36 

early gene c-Fos and behavioral tracking, which both demonstrated consistent neuronal activity upon 37 

repeated stimulation. Finally, the neuroprotective potential of optogenetic collicular stimulation was 38 

investigated in mice of either sex subjected to a glaucoma model, and a 63% reduction in RGC loss 39 

was found. Together, this work describes a new paradigm for optogenetic collicular stimulation and a 40 

first demonstration that increasing target neuron activity can increase survival of the projecting 41 

neurons. 42 

Significance statement 43 

Despite glaucoma being a leading cause of blindness and visual impairment worldwide, no curative 44 

therapies exist. This study describes a novel paradigm to reduce retinal ganglion cell (RGC) 45 

degeneration underlying glaucoma. Building on previous observations that RGC survival is supported 46 

by the target neurons to which they project, and employing an innovative optogenetic approach, we 47 

increased neuronal activity in the mouse superior colliculus, i.e. a main projection target of rodent 48 

RGCs. This proved to be efficient in reducing RGC loss in a glaucoma model. Our findings establish a 49 

new optogenetic paradigm for target stimulation and encourage further exploration of the molecular 50 

signaling pathways mediating retrograde neuroprotective communication. 51 
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Introduction 52 

Glaucoma is a group of age-related neurodegenerative eye diseases characterized by a progressive 53 

degeneration of retinal ganglion cells (RGCs) and involves an early decrease in axonal transport, axon 54 

loss, dendritic remodeling and finally apoptosis of the cell body (Calkins, 2012; Quigley, 2016; Jonas 55 

et al., 2017). As RGCs convey visual information from the eye to different visual centers in the brain, 56 

glaucomatous damage results in irreversible vision impairment and eventually culminates in 57 

blindness. Current therapies aim at lowering the intraocular eye pressure (IOP), the most recognized 58 

risk factor for glaucoma, and while this indeed reduces the risk of disease progression, visual 59 

impairment still occurs in a subset of patients (Heijl et al., 2002; Johnson et al., 2009; Heijl, 2013; 60 

Cohen and Pasquale, 2014). As such, new treatments to halt or prevent RGC degeneration are being 61 

actively investigated (Almasieh and Levin, 2017). One approach is ocular supplementation of 62 

neurotrophic factors, which are well-known to promote neuronal survival, growth and differentiation 63 

(Reichardt, 2006). Studies in different animal models of glaucoma repeatedly demonstrated that 64 

retinal neurotrophic supplementation results in a temporary neuroprotective effect, but falls short to 65 

promote sustained RGC survival (Di Polo et al., 1998; Martin et al., 2003; Johnson et al., 2010; 66 

Dekeyster et al., 2015; Sanchez-Migallon et al., 2016). Alternatively, RGC survival can also be 67 

improved by retrograde neurotrophin supplementation from retinal brain target regions (Weber et 68 

al., 2010). Interestingly, it has been suggested that these target-derived neurotrophins can induce 69 

distinct signalling pathways, in comparison to neurotrophins produced locally in the retina, 70 

highlighting this approach as a potential novel strategy for achieving long-term RGC protection 71 

(Matusica and Coulson, 2014; van Oterendorp et al., 2014). In previous work, we showed that 72 

continuous vector-based overexpression of brain-derived neurotrophic factor (BDNF) in the superior 73 

colliculus (SC), a midbrain structure known to receive projections of 85-90% of all murine RGCs, had 74 

no neuroprotective effect on RGCs in a mouse glaucoma model (Dekeyster et al., 2015; Ellis et al., 75 

2016). We attributed this lack of efficacy to decreased neurotrophin responsiveness of the RGC 76 

terminals in the SC due to a parallel reduction in receptor expression. These findings argued for a 77 
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different approach; instead of continuous overproduction of a single neurotrophic factor at (too) 78 

high levels, we hypothesized that controlled stimulation of neuronal activity in the SC might result in 79 

a balanced, physiologically relevant increase in a panel of molecules that may confer RGC 80 

neuroprotection upon retrograde transport. Indeed, the production of most neurotrophins is closely 81 

linked to neuronal activity (West et al., 2014). Specifically, both Bdnf and Ngf expression and release 82 

are well-known to be upregulated by various activating stimuli, such as electrical stimulation, 83 

excitatory neurotransmitters and physiological activity of various brain regions (Zafra et al., 1990; 84 

Balkowiec and Katz, 2000; Hall et al., 2000; Li et al., 2000; Nanda and Mack, 2000; Rattiner et al., 85 

2004). 86 

Within this work, we sought to explore the potential of optogenetics for a controllable, prolonged 87 

induction of neuronal activity in SC and thereby enhance RGC survival in a mouse glaucoma model. 88 

To achieve protracted stimulation, we used the stabilized step function opsin (SSFO), a 89 

channelrhodopsin-2 (ChR2) mutant with a closing time constant of around 30 minutes (Yizhar et al., 90 

2011). To maximize exposure of RGCs to target stimulation, the SSFO was introduced in the SC, a 91 

midbrain region to which most of the RGCs project (Ellis et al., 2016). Next, ocular hypertension and 92 

glaucomatous RGC death was induced via laser photocoagulation (LP) of the perilimbal and episcleral 93 

vessels of the mouse eye, a well-established glaucoma model in rodents (Vidal-Sanz et al., 2012). 94 

Using this protocol, we here provide a proof of concept that increasing neuronal activity in the SC is 95 

neuroprotective for RGCs subjected to glaucomatous injury. Further investigation of the molecular 96 

signaling pathways mediating this neuroprotective effect could lead to the identification of novel 97 

therapeutic targets for glaucoma. 98 

Materials & methods 99 

Animals 100 

This study was conducted in compliance with the European Communities Council Directive of 22 101 

September 2010 (2010/63/EU) and the Belgian legislation (KB of 29 May 2013), and was approved by 102 
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the KU Leuven institutional ethical committee (P193/2015). C57BL/6J mice (B6) of both sexes (JAX™ 103 

Mice Strain, stocknr. 000664, acquired via Charles River Laboratories, RRID:IMSR_JAX:000664) of 2-3 104 

months old were obtained from the university breeding colony. All animals were kept under a 14/10 105 

light-dark cycle, with ad libitum access to food and water. 106 

Viral vectors 107 

To enable prolonged stimulation of the SC, two adeno-associated virus (AAV)-based vectors encoding 108 

the SSFO were tested: AAV2/1-CMV-intron-SSFO-mCherry (hereafter referred to as AAV2/1-CMV-109 

SSFO) and AAV2/7- CamKII0.4-intron-SSFO-mCherry (AAV2/7-CaMKII-SSFO). The SSFO is the 110 

C128S/D156A mutant of ChR2 (sequence info at 111 

https://web.stanford.edu/group/dlab/optogenetics/sequence_info.html#ssfo), and was fused to a 112 

red fluorescent protein (RFP) reporter (mCherry) to allow easy visualization. All viral vectors were 113 

produced at the Leuven Viral Vector Core and vector titers were determined as genomic copies per 114 

ml (GC/ml) as previously described (Van der Perren et al., 2011). The vectors were based on the 115 

AAV2 inverted terminal repeats and transpackaged in the AAV1 and AAV7 capsid, of which 116 

preliminary tests had shown these were suitable for SC transduction. The AAV2/1-CMV-SSFO vector, 117 

in which SSFO was under the control of the cytomegalovirus (CMV) promoter, had a genomic titer of 118 

7.11E+11 GC/ml. The AAV2/7-CaMKII-SSFO, containing a shortened Ca2+/calmodulin-dependent 119 

protein kinase II (CaMKII) promoter, CaMKII0.4, had a titer of 1.62E+12 GC/ml (Gerits et al., 2015; 120 

Scheyltjens et al., 2015). As control vector, an AAV2/1 vector with CMV promotor driving expression 121 

of mCherry only (AAV2/1-CMV-mCherry, 9.82E+11 GC/ml) was used.  122 

Surgical procedures 123 

Viral vectors were injected into the right SC. Animals were anesthetized with medetomidine and 124 

ketamine (1 mg/kg body weight, Domitor, Pfizer and 75 mg/kg, Anesketin, Eurovet). The scalp of the 125 

animal was shaved and local anesthetic was applied (Xylocaine, Lidocain 5%, AstraZeneca B.V.). A 126 

craniotomy was performed between Bregma -3.60 and -3.80 mm (Lambda) and 0.5 - 0.7 mm to the 127 

right of the midline. For the injection, a glass capillary was mounted on a Nanoject II micro-injector 128 
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(Drummond scientific company) and inserted to a depth of 1.3 mm below the pia mater. The vector 129 

was infused at a rate of 100 nl/ minute for a total volume of 200 nl. After suturing and disinfecting 130 

the wound, anesthesia was reversed with 1 mg/kg atimapezol (Antisedan, Pfizer). Animals were given 131 

5 mg/kg meloxicam subcutaneously (Metacam, Boehringer-Ingelheim) when necessary for post-132 

operative pain relief. 133 

To allow for optogenetic activation, an optic fiber with a diameter of 200 μm, contained in a metal 134 

casing with a magnet to facilitate coupling with a patch cord (MFC_200/245-0.37_1.9mm_SMR_A60, 135 

Doric Lenses), was implanted through the cortex just above the right SC. At least three weeks after 136 

viral vector injection, animals were anesthetized with isoflurane (Iso-Vet 1000 mg/g, Eurovet; 4% for 137 

induction, 1–1.5% for maintenance). The skull was re-exposed and a UV-curable layer (Optibond FL 138 

primer – adhesive, Kerr) was applied to improve implant adhesion. The fiber tip was placed at a 139 

depth of 1.1 mm at the location of the viral vector injection. After filling the hole in the skull with 140 

elastomer (Kwik-cast, World Precision Instruments), the fiber casing was fixed to the skull using 141 

dental cement (Unifast TRAD, GC Europe). Finally, the skin was sutured and aRnimals were given 5 142 

mg/kg meloxicam subcutaneously (Metacam, Boehringer-Ingelheim) for post-operative pain relief. 143 

The laser photocoagulation (LP) glaucoma model was performed as described previously (Valiente-144 

Soriano et al., 2015; De Groef et al., 2016). Briefly, animals were anesthetized with a mixture of 145 

xylazine and ketamine (10 mg/kg body weight, XYL-M 2%, VMD vetsupport, and 100 mg/kg, 146 

Anesketin, Eurovet), and pupils were dilated with 1% tropicamide (Alcon). In a single session, a 532 147 

nm laser (Vitra, Quantel Medical) was used to deliver approximately 140 spots to the perilimbal and 148 

episcleral vessels of the left eye. Laser power and duration were 100 mW and 0.05 s, respectively. 149 

The right eye served as internal control. After the procedure, antibiotic ointment (Tobramicine 3 150 

mg/g, Tobrex, Alcon) was applied to both eyes.  151 
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IOP measurements 152 

The IOP was measured with a calibrated rebound tonometer (Tono-lab, iCare) in awake animals as 153 

previously described (De Groef et al., 2016). IOP was assessed before LP and for 7 consecutive days 154 

following LP. Measurements were always made around 9 am. Ten independent IOP readings were 155 

collected per session, from which the two highest and lowest values were excluded to reduce 156 

variability. The mean of the remaining six values was taken as the IOP for that session. 157 

Optogenetic stimulation 158 

The implanted optic fiber was connected to a DPSS laser (473 nm, Shanghai Laser & Optics Century 159 

Co., Ltd) using a patchcord, rotary joint and optic fiber (Doric Lenses). Laser power was 2.2 mW 160 

except in a stimulation series with increasing light power, where the used powers are explicitly 161 

mentioned. Pulse duration was 2 s of continuous light, delivered using a custom-programmed 162 

Arduino chip (Arduino AG). The optic fiber had a core diameter of 200 μm with a numerical aperture 163 

of 0.37. Based on the online calculator https://web.stanford.edu/group/dlab/cgi-164 

bin/graph/chart.php, stimulation power of 2.2 mW led to a light power ranging from 39 mW/mm2 to 165 

370 μW/mm2 at depths from 0.05 to 1 mm. For the sham stimulation, animals were connected to the 166 

patchcord for 2 s, but no light pulse was given. When performing the stimulation series, the same 167 

animals were repeatedly stimulated with increasing light power, with at least 2 hours in between 168 

consecutive exposure to the increasing light pulses. For chronic stimulation, animals received a light 169 

pulse twice a day, the first stimulation was given at 10 am, the second at 5 pm. 170 

Behavioral testing 171 

Animals were placed in a 25x25 cm square arena and filmed at fixed distance from top view. Movies 172 

were recorded with a digital camcorder (DCR-SR37E, Sony) or a Basler ace GigE monochrome camera 173 

(acA1300-60gm, Basler), recording at 24 frames per second. Animal tracking and analysis was 174 

performed with Ethovision XT 12 (Noldus) software. Animal movement rate was stratified into three 175 

predefined states with the Ethovision ‘mobility state’ feature: ‘highly mobile’, representing running 176 
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behavior (more than 20% change in the detected location of the animal), ‘mobile’, representing 177 

walking (between 20% and 2% change) and ‘immobile‘ (less than 2% change), with all changes 178 

measured over an interval of 4 frames. Turning was quantified with the Ethovision ‘rotation’ feature. 179 

A turn was defined as a center-nosepoint rotation of 90 degrees with a threshold of 45 degrees in 180 

counterclockwise or clockwise direction. Behavioral trials consisted of tracking the baseline behavior 181 

of the animal for 30 minutes, followed by light stimulation and tracking the resulting behavioral 182 

changes for another 30 minutes. Data are presented as line graphs with mean ± SEM at each time 183 

point, unless otherwise indicated. 184 

Tissue sampling 185 

To reduce the normal visual activation of the SC and limit non-optogenetically induced c-Fos 186 

expression, the final light or sham stimulation before tissue sampling was done after dark adaptation. 187 

Thereto, animals were placed in a dark room overnight and were light- or sham-stimulated under 188 

dim red light. Next, 90 minutes after light or sham stimulation, animals were given an overdose of 189 

pentobarbital (Nembutal, CEVA Sante Animale) and transcardially perfused with saline and 4% 190 

paraformaldehyde (PFA) in phosphate buffered saline (PBS). Brains were dissected and fixed 191 

overnight at 4°C, while eyes were enucleated and fixed for 1 hour at room temperature, both in 4% 192 

PFA. Following dissection of the retina, the retinal flatmounts were fixated again for 1 hour in 4% 193 

PFA. 194 

Processing of the retina 195 

Retinal flatmounts were immunostained for the RGC marker brain-specific homeobox/POU domain 196 

protein 3A (Brn3a), as described (Nadal-Nicolas et al., 2009). Briefly, retinas were frozen at -80°C for 197 

15 minutes, followed by overnight incubation in PBS containing 2% Triton X-100 (PBS+2%T, VWR), 2% 198 

donkey serum and goat anti-Brn3a (1/750, sc-31984, Santa-Cruz Biotechnologies, RRID:AB_2167511) 199 

at room temperature. Secondary antibody solution (donkey anti-goat Alexa Fluor 488 (1/500, 200 

Thermo Fisher) in PBS+0.5%T) was applied for 2 hours at room temperature. Retinas were rinsed in 201 
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PBS+0.5%T in between steps, and mounted with anti-fading mounting medium (10% mowiol 4-88 202 

(Sigma-Aldrich), 40% glycerol, 0.1% 1,4-diazabicyclo-(2,2,2)-octane in 0.2 M Tris-HCl (pH 8.5)).  203 

A multiphoton laser confocal scanning microscope (FV1000-D, Olympus) was used to image the 204 

Brn3a-stained retinal flatmounts. Mosaic images were created at with a 20x objective using the 205 

fluoview 4.2 software and exported as OIB files.  206 

To quantify Brn3a-stained RGCs in flatmounts, a previously described in-house ImageJ script was 207 

used (Geeraerts et al., 2016). Briefly, after noise removal steps, blob-like features are enhanced by 208 

creating an “eigenimage” based on the largest eigenvalues of the Hessian matrix. Then RGCs are 209 

detected as local maxima, after which the user has the opportunity to outline the retinal flatmount 210 

and exclude unwanted regions, such as the optic nerve head and staining artefacts. Finally, the 211 

retinal surface area and RGC number are calculated, from which the RGC density can be derived. 212 

Results are presented in bar graphs with mean ± SEM. To allow inspection of regional fluctuations in 213 

RGC density, the script also creates a cool-warm pseudo-colored isodensity map, with retinal regions 214 

of high RGC density in yellow-white and regions with low density in cooler blueish hues. 215 

Retrograde transduction of the retina following collicular injection of the AAV2/7-CaMKII-SSFO vector 216 

was investigated by checking the retina for RFP-positive RGCs. Thereto, retinal flatmounts were 217 

double-stained for Brn3a and RFP by adding rabbit anti-RFP (1/5000, Rockland, RRID:AB_2209751) to 218 

the primary antibody mix and donkey anti-rabbit Alexa Fluor 594 (1/200, Thermo Fisher) to the 219 

secondary antibody mix of the Brn3a staining described above. RFP-positive RGCs were manually 220 

counted in the entire retina using the Fiji cell counter plugin (RRID:SCR_002285) (Schindelin et al., 221 

2012; Rueden et al., 2017). Results indicated as mean ± SEM. 222 

Processing of the SC  223 

To evaluate changes in neuronal activity in the SC, immunostainings for the immediate-early gene 224 

transcription factor c-Fos were performed. Following antigen retrieval in citrate buffer (10 mM 225 

citrate, 0.05% Tween-20, pH6) at 95°C for 20 minutes, free-floating 50 μm-thick vibratome slices 226 
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were incubated 20 min in 0.3% H2O2, and incubated overnight with rabbit anti-c-Fos, (1:7500 in 227 

PBS+1%T, in-house produced and characterized)(Van Der Gucht et al., 2000). The following day, 228 

sections were incubated with goat anti-rabbit biotinylated secondary antibody (1/300 in PBS+0.3%T, 229 

DAKO) for 20 minutes, followed by amplification and visualization using the TSATM FITC system 230 

(Perkin Elmer) according to the manufacturer’s instructions. To investigate the spread of SSFO 231 

expression, SC slices were subjected to immunohistochemical staining for RFP. Free floating 50μm 232 

sections were incubated for 1 hour in PBS+0.1%T + 20% goat serum, followed by overnight 233 

incubation with rabbit anti-RFP (1/5000 in PBS+0.1%T, Rockland, RRID:AB_2209751). The next day, 234 

the secondary antibody (goat anti-rabbit Alexa Fluor 594; 1/200, Thermo Fisher) was applied for 2 235 

hours. After both c-Fos or RFP staining, sections were incubated for 30 minutes with 4’,6-diamidino-236 

2-phenylindole (DAPI) in PBS for nuclear counterstaining and were mounted on glass slides with anti-237 

fading mounting medium. Collicular sections were imaged using a 10x objective on a Zeiss Axio 238 

Imager Z.1 (Zeiss) controlled via ZEN LE digital imaging software and exported as open microscopy 239 

environment– TIFF file. 240 

Semi-quantitative analysis of SSFO spread was assessed on coronal vibratome sections 241 

immunostained for the RFP reporter (Fig. 1). A series of 6 slices, interspersed 300 μm from each 242 

other, was found to sample most of the SC volume. For each section, the right SC was divided in 4 243 

quadrants: medial superficial, lateral superficial, medial deep and lateral deep, and expression was 244 

semi-quantitatively graded from 0 (no SSFO expression) to 5 (complete transduction of quadrant 245 

area). The result of a section series was plotted along two ‘top views’, one for the superficial and one 246 

for the deep SC, and these were averaged across animals to illustrate transduction throughout the 247 

SC. Results are shown as mean ± SEM. 248 

To investigate possible habituation effects after repeated optogenetic activation, a quantitative 249 

comparison of the density of c-Fos+ cells per mm2 transduced tissue was performed for animals 250 

receiving single or triple stimulation. c-Fos counting was done on sections below the fiber and with 251 



 

11 
 

the largest transduction area. Quantification was performed with an adapted version of the in-house 252 

ImageJ script used to count Brn3a+ RGCs in the retina and shown as mean ± SEM. 253 

Experimental design and statistics 254 

For histological results, each data point represents a sample (SC or retina) of one individual mouse, 255 

with the number of animals used indicated in the text and figure legends. For results describing 256 

animal behavior upon optogenetic stimulation, the number of mice subjected to each protocol is 257 

stated.  258 

Statistical analyses were performed with Graphpad Prism 7 (GraphPad Software). Normality and 259 

equality of variance were confirmed with the D'Agostino-Pearson omnibus K2 test and F test, 260 

respectively. To investigate whether repeated collicular activation led to a reduced density of c-Fos+ 261 

neurons compared to a single stimulation, a one-tailed unpaired t-test with (n1 + n2 – 2) degrees of 262 

freedom was used. When analyzing the IOP elevation after LP for optogenetically and sham 263 

stimulated animals, a two-way ANOVA was used, with Dunnett’s multiple comparison test to assess if 264 

there was a significant difference with the LP + sham baseline condition. RGC density between 265 

optogenetically stimulated and sham animals was compared with a two-tailed unpaired t-test with 266 

(n1 + n2 – 2) degrees of freedom. To test whether optogenetic stimulation reduces the occurrence of 267 

sectorial loss in the LP model, a one-side Fisher’s exact test was used. For correlation analysis of the 268 

number of RFP-positive RGCs versus RGC survival, a monotonic, rather than a specifically linear 269 

relation between variables was assumed, and therefore a Spearman’s non-parametric correlation 270 

was used. A probability level of less than 0.05 was considered statistically significant, with P < 0.05 271 

indicated on figures as *.  272 

Results 273 

Expression and stimulation of the SSFO in the SC 274 

The transduction efficiency of the AAV2/1-CMV-SSFO and AAV2/7-CaMKII-SSFO was assessed via 275 

immunohistochemical stainings for the RFP fusion protein on coronal sections spanning the entire SC. 276 
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(Fig. 1A). A single 200 nl injection in the right SC at a depth of 1.3 mm turned out to be sufficient to 277 

induce SSFO expression throughout the injected colliculus. While a complete anterior-posterior 278 

spread in the superficial layers of the SC was observed for both vectors, the AAV2/7-CaMKII-SSFO 279 

vector consistently showed a broader medio-lateral spreading in the superficial SC at all bregma 280 

levels, as compared to the AAV2/1-CMV-SSFO construct. In the deep SC, transduction was mostly 281 

confined to the medial area around the injection site, thus showing a much more limited anterior-282 

posterior spread, and this for both vectors. Occasionally, transduction of the underlying 283 

periaqueductal gray was observed as well. Semi-quantitative assessment of the collicular 284 

transduction patterns substantiated these qualitative observations, confirming the most widespread 285 

transduction for the AAV2/7-CaMKII-SSFO vector (Fig. 1C, D). 286 

Next, immunostainings for the immediate-early gene c-Fos were used to assess optogenetic 287 

activation of collicular neurons expressing the SSFO (Fig. 2) (Van Der Gucht et al., 2000; Yizhar et al., 288 

2011). Of note, animals were subjected to overnight dark adaptation and stimulated in dim red light 289 

to exclude any visually-driven activation of neurons in the SC. Any upregulation of c-Fos could 290 

therefore reliably be interpreted as the result of the optogenetic manipulation. A stimulation of 2 s 291 

with 2.2 mW 473 nm blue light was applied in these initial experiments (Scheyltjens et al., 2018). The 292 

experimental procedures of vector injection, optic fiber implantation and light stimulation alone did 293 

not induce c-Fos expression in the SC. Mice injected with an mCherry-only control vector showed no 294 

c-Fos expression above baseline regardless of whether they received a single light pulse or a sham 295 

stimulation (N = 4 for both light and sham stimulation). Only animals injected with either of the SSFO-296 

encoding vectors, AAV2/1-CMV-SSFO or AAV2/7-CaMKII-SSFO, showed strong induction of c-Fos 297 

upon a single light stimulation but not upon sham stimulation (N = 4 for all groups). SSFO expression 298 

can thus specifically induce neuronal activation upon blue light activation. Comparison of the c-Fos 299 

and SSFO expression on adjacent sections revealed that c-Fos expression was spatially constrained to 300 

the SSFO-transduced region of the SC (Fig. 2B). 301 
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In summary, while both AAV2/1-CMV-SSFO and AAV2/7-CaMKII-SSFO transduction allowed 302 

successful activation of neurons in the SC, the AAV2/7-CaMKII-SSFO vector was used in all further 303 

experiments to maximize transduction in the SC. 304 

Tunability of SSFO-mediated collicular stimulation 305 

As the SC is involved in orienting or averting the body in response to sensory cues, a behavioral 306 

outcome of optogenetic activation of this brain structure is to be expected. Indeed, initial 307 

experiments of SSFO-activation revealed a strong behavioral change, characterized by abnormal 308 

running and turning. To explore whether this behavioral response could serve as a read-out of 309 

successful collicular stimulation, a dose-response relation was established by stimulation with 310 

various light powers and quantifying the resulting behavioral response. Animals (N = 3) were injected 311 

with 2/7-CaMKII-SSFO and subjected to a stimulation series of 2 s 473 nm light with a power of 2.2 312 

μW up to 22 mW, with each time a tenfold increment in light power and an interstimulus interval of 313 

2 hours. A sham stimulation of 0 μW with the laser turned off was included as well. The movement 314 

and turning behavior of the animals was automatically quantified using built-in features of Ethovision 315 

XT12 software (Fig. 3A). The movement rate was stratified into three types: ‘immobile’, ‘mobile’ and 316 

‘highly mobile’, depending on the degree of body displacement by the animal per sample period of 317 

four frames. Rotation of the body-head vector of more than 90 degrees was counted as a turn (Fig. 318 

3B). In all trials, the baseline behavior of animals was tracked in the stimulation cage for 30 minutes 319 

prior to stimulation to have an internal control to which our main read-out, i.e. the behavioral 320 

change induced by optogenetic activation, could be compared.  321 

Before stimulation, SSFO-expressing animals mostly explored the cage (mobile state) or paused to 322 

rest or groom (immobile state) and spent only limited time in a highly mobile state (Fig. 3C, D, E). 323 

Animals which received a sham stimulation of 0 μW continued this behavior for the full duration of 324 

the trial. Upon light stimulation with 220 μW or more, the mice showed a brief undirected running 325 

response of about 10 seconds (Fig. 3E). When animals were stimulated with 2.2 mW, this undirected 326 
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running after stimulation was followed by an increase of immobile behavior interspersed with short 327 

bouts of running, which lasted for up to 15 minutes after stimulation. When stimulation power was 328 

increased to 22 mW, this prolonged series of short runs was abolished and instead immobile 329 

behavior increased even further (Fig. 3C, D, grey arrows). Notably, when animals showed augmented 330 

immobile behavior after stimulation with 2.2 or 22 mW, they were very alert with high body tension, 331 

suggesting this immobility is a freezing-like state rather than a relaxed rest. 332 

Turning behavior was also clearly affected by light stimulation (Fig 3F, G). Animals performed around 333 

5-10 turns in either direction per minute before stimulation and after sham stimulation. However, for 334 

all light powers used, even 2.2 μW, counterclockwise turning was notably increased up to around 60 335 

turns per minute after stimulation. Clockwise turning was reduced during this timeframe, indicating a 336 

clear bias for counterclockwise turning. For stimulations with 2.2 mW, and to a lesser extent 22 mW, 337 

counterclockwise turning peaked when animal mobility returned to normal levels after a period of 338 

freezing-like behavior, i.e. 10 – 15 minutes after the light pulse (Fig. 3G, grey arrows). This was not 339 

observed for weaker stimulations, which did not induce freezing-like immobility. There, the number 340 

of counterclockwise turns immediately peaked right after stimulation and gradually declined to 341 

baseline. 342 

In summary, SSFO-mediated optogenetic stimulation of the right SC triggered increased and biased 343 

counterclockwise turning at lower light powers, and this response was supplemented by running and 344 

freezing-like immobility at higher light powers. Furthermore, repeated light stimulation with a 345 

minimal interstimulus interval of 2 hours still resulted in a mounting response to stimulation, arguing 346 

against a habituation effect. The duration of behavioral changes observed also matched well with the 347 

reported SSFO channel kinetics, arguing in favor of a prolonged stimulation of collicular activity for up 348 

to 30 minutes following a 2 s light pulse (Yizhar et al., 2011). As specific behaviors were associated 349 

with light stimulation of a certain power, behavioral tracking could serve as confirmation of collicular 350 

stimulation in the following experiments.  351 
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Consistency of repeated SSFO-mediated collicular stimulation 352 

With the stimulation power of 2.2 mW being the weakest stimulation driving the full spectrum of 353 

inducible behaviors (running, freezing-like immobility and turning), this was chosen as the default 354 

stimulation power. To test the consistency of repeated SSFO-mediated stimulations and exclude any 355 

habituation effects, an experiment was set up where three stimulations were spread over 5 days (Fig. 356 

4A). All animals were injected with 2/7-CaMKII-SSFO vector and light stimulated on day 1 and 3 with 357 

recording of the behavioral response. On day 5, the animals either again received a light stimulation 358 

(N = 4) or were sham stimulated (N = 4) and the SC was then processed for evaluation of c-Fos 359 

expression.  360 

Immunohistochemical staining at endpoint showed that for the animals receiving light stimulation for 361 

a third time at day 5, c-Fos induction appeared similar in intensity and distribution to what was 362 

observed after a single stimulation (Fig. 4B). Quantification revealed that the density of c-Fos+ cells in 363 

the transduced SC was not significantly lower for animals stimulated three times when compared to 364 

a single stimulation (number of cells per mm2: 2409±278 after single light stimulation versus 365 

2649±218 after three stimulations, N = 4 for both groups, one tailed unpaired t-test, p = 0.26, 366 

degrees of freedom = 6, Fig. 4C). For the animals receiving sham stimulation on day 5, no such c-Fos 367 

upregulation was noticed, confirming that the c-Fos expression at day 5 in light stimulated mice was 368 

not related to a previous stimulus. Thus, neuronal activity in the SC returned to baseline between 369 

stimulations and the induced activation was consistent over multiple sessions, thereby showing that 370 

there was no habitation to optogenetic stimulation.  371 

In the behavioral trial on day 1, animal mobility showed the same pattern as before, with mostly 372 

exploratory walking before stimulation, running upon stimulation, followed by 10 minutes of 373 

increased freezing-like immobility and returning to normal movement rate by 15 minutes after 374 

stimulation (Fig. 4D). For the turns, there was no preference before stimulation, an increase in 375 

turning to both sides during the running response, followed by increased and biased 376 



 

16 
 

counterclockwise turning when mobility rate normalized. The second trial at day 3 revealed almost 377 

exactly the same pattern (Fig. 4D). 378 

Together, both the histological and the behavioral read-out indicated that repeated optogenetic SC 379 

activation did not lead to habituation effects. 380 

Optogenetic stimulation is neuroprotective in the LP glaucoma model 381 

With consistent SSFO-mediated collicular stimulation established, this stimulation paradigm was 382 

applied in a mouse glaucoma model to test its neuroprotective potential (Fig. 5A). Following vector 383 

injection and optic fiber implantation, mice were subjected to the LP glaucoma model as previously 384 

described (Valiente-Soriano et al., 2015; De Groef et al., 2016). Starting one day before LP until tissue 385 

sampling at 14 days post injury (dpi), the experimental group was light stimulated twice per day to 386 

induce chronic collicular activation (LP + stimulation group). The control group underwent identical 387 

viral vector injection, headpiece implantation, LP induction, but was sham stimulated in parallel to 388 

the experimental group (LP + sham group).  389 

The IOP profiles after LP of both groups indicated a similar induction of glaucomatous ocular 390 

hypertension, irrespective of optogenetic SC stimulation (two-way ANOVA, dpi: p< 0.0001, F(7, 248) = 391 

12.41; stimulation: p = 0.37, F(1,248) = 0.80; interaction: p = 0.84, F(7, 248) = 0.4832) (Fig. 5B). There 392 

was a significant IOP elevation for around 5 days, similar to previous reports using this model (Tukey 393 

Post Hoc test, p < 0.05) (Valiente-Soriano et al., 2015; De Groef et al., 2016). Habituation due to 394 

chronic stimulation could also be excluded for this LP + stimulation group. The effect on behavior of 395 

the second-to-last stimulation was recorded and quantified in a subset of chronically stimulated mice 396 

(N = 4), and indeed revealed that mobility and rotation patterns closely matched those of previous 397 

experiments (Fig. 5B). Corroborating these findings, c-Fos expression patterns in the SC after the final 398 

stimulation also showed strong resemblance to those observed in non-glaucomatous mice 399 

stimulated one or three times, confirming that no habituation to repeated optogenetic stimulation 400 

occurred (Fig. 5C). 401 
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Next, RGC degeneration was assessed by immunohistochemical staining on retinal flatmounts for the 402 

RGC nuclear marker Brn3a and semi-automatic quantification of the surviving RGC cell bodies at 14 403 

dpi was performed (Fig. 5D). The LP + sham group showed an average survival of 2596 ± 176 404 

RGCs/mm2 in LP eyes contralateral to the stimulated SC (N = 20). This represented an average 405 

survival rate of 74%, compared to contralateral eyes without LP. The LP + stimulation group had 406 

significantly more surviving RGCs, 3181 ± 117 RGCs/mm2 corresponding to an average survival rate of 407 

90% (N = 17, two-tailed unpaired t-test, p = 0.0114, t = 2.67, degrees of freedom = 35). As 929 408 

RGCs/mm2 were lost in the LP model at 14 dpi, compared to only 344 RGCs/mm2 after repeated 409 

optogenetic SC stimulation, RGC loss was reduced by 63%. Isodensity maps of RGC survival for LP + 410 

sham eyes often showed the increased sectorial RGC loss, associated with the model, as blueish 411 

sectors, along with a general diffuse loss shown as orange-red hues (Fig. 5F). This sectorial loss 412 

occurred in 10/20 of the LP + sham eyes, while the other retinas just showed a diffuse loss. In 413 

contrast, in the LP + stimulation group, this sectorial loss occurred significantly less frequent, 414 

occurring in 3/17 eyes, with the rest of the retinas showing diffuse loss (one-sided Fisher’s exact test, 415 

p = 0.04) (Fig. 5F). 416 

Finally, as retrograde transduction of RGCs could allow direct activation of transduced RGC terminals 417 

upon light stimulation in the SC, in contrast to the intended stimulation of the SC cells, possible 418 

confounding effects of retrograde SSFO transduction of RGCs in the retina had to be excluded. After 419 

immunostaining to enhance reporter visibility, we observed 49 to 371 transduced RGCs/retina with a 420 

mean ± SEM of 144 ± 44, representing 0.4% of the total RGC population (N = 7, Fig. 4F). Therefore, it 421 

seems unlikely that this limited population of SSFO-expressing RGCs can be responsible for the 422 

observed difference in RGC survival between stimulated and non-stimulated animals (585 423 

RGCs/mm2, corresponding to around 7605 RGCs/retina or 16% of the entire population). Importantly, 424 

further detailed evaluation disclosed that a higher number of retrogradely transduced RGCs did not 425 

result in an increased RGC survival; there was no correlation between the number of retrogradely 426 

transduced RGCs and RGC survival for light stimulated animals (Spearman r = -0.57, p = 0.2, N = 7). 427 
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The observation that maximally 2% of the protected RGCs is retrogradely transduced, together with 428 

the absence of a correlation between retrograde transduction and survival of RGCs, argues against a 429 

substantial role for such retrogradely transduced RGCs in the observed neuroprotective effect. 430 

In summary, our findings indicate that the repeated optogenetic stimulation of neuronal activity in 431 

the SC confers retinal neuroprotection in a glaucomatous mouse model. 432 

Discussion 433 

In this study, we set out to unveil whether target neuron stimulation can increase survival of 434 

projecting neurons. Following intracollicular injection of an AAV2/7-CaMKII-SSFO vector, SSFO was 435 

expressed throughout the SC and could be repeatedly activated with consistent effects. Repeated 436 

optogenetic stimulation that increased neuronal activity of the SC was then shown to reduce RGC 437 

loss by 63% at 14 dpi in an LP mouse glaucoma model. Concomitantly, there was a significant 438 

reduction in the occurrence of sectorial cell loss, an important neurodegenerative aspect of the 439 

disease model (Valiente-Soriano et al., 2015). 440 

Upon SSFO-mediated stimulation of the SC, a strong upregulation of c-Fos in the SSFO-transduced 441 

region of the SC was observed specifically after light delivery (Fig. 2B, 4B). The immediate-early gene 442 

c-Fos is a well-known transcription factor involved in coupling neuronal activity to translational 443 

changes and widely used as a histological indicator of neuronal activation, also in the context of 444 

optogenetic neurostimulation (Curran and Morgan, 1995; Kovacs, 1998; Yizhar et al., 2011). 445 

Behavioral investigation provided complementary information, unveiling that optogenetic activation 446 

recapitulated electrical and pharmacological stimulation of the SC by inducing a spectrum of running, 447 

freezing-like immobility and turning responses (Kilpatrick et al., 1982; Schmitt et al., 1985; Sahibzada 448 

et al., 1986; Coimbra and Brandao, 1993; Brandao et al., 1994). In Sahibzada et al. (1986), 449 

directionality of turning was interpreted as orientation or aversive behavior, with orientation defined 450 

as a turn towards the visual hemifield governed by the stimulated SC, while aversion was marked by 451 

a turn in the opposite direction. In our study, the right SC was stimulated, so counterclockwise turns 452 
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towards the left visual field can be interpreted as orientation behavior. Optogenetic stimulation of 453 

the right SC thus increases and biases orientation to the left hemifield. This is in partial agreement 454 

with Stubblefield et al. (2013), who report a bias and no observation of direct movement by 455 

optogenetic stimulation alone, but this could be attributed to technical factors like stimulation power 456 

and opsin. Apart from orientation behavior, defensive behaviors such as running and increased 457 

freezing-like immobility were also observed here, especially with higher stimulation powers. Our 458 

stimulation series of increasing light power suggests an interesting interplay between these 459 

defensive behaviors, with a stimulation of 2.2 mW eliciting bouts of running behavior intermixed 460 

with periods of increased freezing-like immobility, while in sessions with a higher light power, this 461 

running was superseded by a further increase in immobile freezing-like behavior. Although previous 462 

reports have disclosed that optogenetic stimulation of various subpopulations of SC neurons can 463 

mediate defensive behaviors, we cannot exclude that direct activation of the periaqueductal gray, a 464 

known neuronal substrate of defensive behaviors, might have contributed to the observed responses 465 

(Carrive, 1993; Shang et al., 2015; Wei et al., 2015; Tovote et al., 2016). Indeed, despite considerable 466 

distance between the optic fiber positioned just above the SC and the periaqueductal gray under the 467 

deep SC, the excellent light sensitivity of the SSFO might allow direct stimulation of the 468 

periaqueductal gray with higher light power, as suggested by the augmented c-Fos expression seen in 469 

this region after a 2.2 mW light pulse (Fig. 4B) (Yizhar et al., 2011). In conclusion, the behavioral 470 

responses observed after SSFO-mediated stimulation of the SC recapitulate well-known midbrain-471 

related orientation and defensive behavior, thus confirming specificity of the stimulation paradigm 472 

employed here (Dean et al., 1989; Brandao et al., 1994).  473 

Both immunohistochemical and behavioral read-outs showed highly consistent results after repeated 474 

activation, suggesting a lack of habituation to the stimulation. The stimulation series with increasing 475 

light power resulted in a mounting behavioral response, indicating that a 2 hour interstimulus 476 

interval was already enough to allow the response to reflect the stimulus parameters (Fig. 3). 477 

Furthermore, we demonstrated consistent c-Fos+ cell densities and behavioral responses to repeated 478 
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stimulations spread over five days (Fig. 4). When optogenetic stimulation was combined with the LP 479 

model and animals were stimulated twice per day for two weeks, we still observed a behavioral and 480 

histological response similar to animals stimulated for the first time (Fig. 5). Together, these 481 

observations strongly argue against habituation, indicating that SSFO-mediated optogenetic 482 

activation presents a reliable long-term stimulation strategy. 483 

The most prominent finding of this work is that this repeated optogenetic stimulation of a major RGC 484 

target site, the SC, has a neuroprotective effect in the retina. Since we excluded a major contribution 485 

of the sparse RGCs that might have been directly activated due to SSFO expression in their axon 486 

terminals within the superficial layers of the SC, the mechanism of action is likely retrograde 487 

molecular signaling. Knowledge about retrograde signaling in RGCs is scarce and focused almost 488 

exclusively on neurotrophins such as BDNF. Importantly, the signaling pathways induced in RGCs by 489 

retrogradely derived BDNF have been shown to be distinct from those induced by BDNF supplied to 490 

the RGC soma in the retina, highlighting a key role for area-specific trophic stimulation (van 491 

Oterendorp et al., 2014; Dekeyster et al., 2015). Notably, during development, supplementation of 492 

BDNF to the SC reduces developmental RGC loss (Raff et al., 1993; Frade et al., 1997; Ma et al., 1998). 493 

Furthermore, retrograde neurotrophic factor deprivation is believed to be an important aspect of 494 

glaucomatous neurodegeneration, with a failure of retrograde axonal transport and spatially 495 

coincident increase of BDNF in collicular astrocytes (Nickells, 2007; Crish et al., 2013). Additionally, 496 

transient blocking of axonal transport using retrobulbar lidocaine injections rapidly reduces pattern 497 

electroretinogram amplitude, a measure of RGC function (Chou et al., 2013). These findings all 498 

suggest an important role for the SC in RGC function and survival, and are now supplemented by an 499 

innovative and controllable approach of collicular stimulation with demonstrated neuroprotective 500 

effect.  501 

A possible limitation of the current study is its reliance on loss of Brn3a expression to assess RGC 502 

survival, as indeed glaucomatous neurodegeneration has a much broader range of pathological 503 
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features, including loss of functional antero- and retrograde axonal transport, axon degeneration and 504 

dendritic remodeling (Calkins, 2012). Here, we refrained from investigating axonal transport because 505 

the administration of fluorescent tracers entails a damaging manipulation of the retino-collicular axis, 506 

which might have acted as a confounder. Of note, Valiente-Soriano et al. (2015) describe a near-507 

perfect linear correlation between survival of Brn3a+ cells and preservation of retrograde axonal 508 

transport in the LP model applied here. Furthermore, comparisons between axon counts in the optic 509 

nerve and Brn3a+ cell numbers are lacking for the LP model, but these measurements are in 510 

excellent correspondence in the microbead model, where elevated IOP is achieved by intracameral 511 

injection of beads (Cone et al., 2010; Chen et al., 2011; Ito et al., 2016). Together, these results 512 

demonstrate that preservation of somatic Brn3a immunoreactivity is linked with other aspects of 513 

RGC integrity. There also has been some controversy on the validity of Brn3a as an RGC marker after 514 

injury because of its downregulation before actual RGC death (Nuschke et al., 2015; Mead and 515 

Tomarev, 2016). While the loss of Brn3a immunoreactivity precedes clearing of the RGC soma by 516 

phagocytosing cells, discrepancies between both measurements are only temporary and progress 517 

towards the same endpoint, indicating that Brn3a is a sensitive predictor of RGC integrity (Salinas-518 

Navarro et al., 2010; Galindo-Romero et al., 2011). Furthermore, previous literature clearly reports 519 

that loss of Brn3a staining coincides with an increase in activated caspase-3 expression after injury, 520 

indicating that the disappearance of Brn3a immunoreactivity signals the RGC entering apoptotic 521 

pathways (Sanchez-Migallon et al., 2016). Additionally, Brn3a expression is also maintained by other 522 

known neuroprotective treatments, such as intraocular BDNF administration (Sanchez-Migallon et 523 

al., 2011; Galindo-Romero et al., 2013). Thus, while this manuscript does not provide a full 524 

quantification of all aspects of glaucomatous neurodegeneration, the use of Brn3a, an established 525 

marker for RGC survival with demonstrated correlation with other degenerative features, strongly 526 

argues in favor of an increased neuronal survival by target stimulation, with retrograde axonal 527 

signaling as the only known intermediate. 528 
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The SSFO-mediated collicular stimulation developed here might serve as a tool to unveil molecular 529 

signaling pathways by which target areas in the brain can support neuroprotection. Discovery of key 530 

molecular players underlying this survival signaling could provide new targets for future 531 

neuroprotective therapies. The eye and its connection to the central brain targets can potentially 532 

spearhead this search because in mammals it lacks recurrent connections characterizing many other 533 

central brain regions. For example, in a rodent stroke model affecting the striatum and 534 

somatosensory cortex, optogenetic stimulation of the ipsilesional primary motor cortex was shown 535 

to promote functional recovery (Cheng et al., 2014). The intricate network of anterograde and 536 

retrograde connections between these brain structures, however, complicates interpretation of how 537 

optogenetic stimulation could mediate these effects (Ebrahimi et al., 1992; Petrof et al., 2015; 538 

Mohan et al., 2018). As such, the retino-collicular projection provides a unique opportunity to isolate 539 

the effect of retrograde signaling, in addition to the many advantages of the eye as a model system 540 

for neurodegenerative diseases (De Groef and Cordeiro, 2018). In summary, this work makes 541 

headway for the exploration of retrograde signaling as a route to novel neuroprotective therapies in 542 

the central nervous system.  543 
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 754 

Figure 1. Comparison of the AAV2/1-CMV-SSFO and AAV2/7-CaMKII-SSFO vector for transduction and activation of the SC. 755 
A) Transduction spread of viral vectors, visualized by immunohistochemical staining for the SSFO-coupled RFP on vibratome 756 
sections throughout the SC, spaced 300 μm apart. The AAV2/7-CaMKII-SSFO vector shows a more widespread transduction 757 
than the AAV2/1-CMV-SSFO vector, especially in the superficial SC. An outline of the superficial SC and deep SC is sketched in 758 
white. Scale bar: 500 μm. B) Theoretical example of semi-quantitative analysis method to investigate SSFO spread after viral 759 
vector injection. For each SC, 6 sections immunostained for the SSFO-fused RFP reporter were sampled at 300 μm intervals, 760 
spanning most of the colliculus (similar to those shown in the first panel). In each section, transduction was assessed in 4 761 
indicated SC quadrants (superficial, medial, lateral and deep SC) and graded on a scale from 0 to 5, with 0 representing no 762 
and 5 representing complete transduction of the quadrant area. Results are plotted along top-view illustrations of the 763 
superficial and deep SC. These were averaged across animals to obtain an overview of SSFO transduction spread for a 764 
vector. The numbers depicted in this panel are only meant to illustrate the analysis, the results are shown in panels C and D. 765 
C, D) Top view illustration of SC transduction by both vectors, created as illustrated panel B. The resulting top view-like 766 
images are displayed, with average transduction ± SEM for each position (N = 8-12). Both vectors showed good anterior-767 
posterior and lateral medial spread in the superficial SC, with a more limited expression in the deep SC. The AAV2/7-CaMKII-768 
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SSFO generally transduced more of the SC than the AAV2/1-CMV-SSFO vector. Key: SC: superior colliculus; RFP: red 769 
fluorescent protein; s: superficial SC; d: deep SC; P: periaqueductal gray; SSFO: stable step function opsin. 770 

 771 
Figure 2. Optogenetic stimulation of the SSFO-transduced SC results in neuronal activation. A) Immunostaining for c-Fos on 772 
coronal vibratome sections reveals that sham stimulation does not result in c-Fos upregulation. B) Light stimulation after 773 
injection of a mCherry control vector also fails to induce increased c-Fos expression, in contrast to light stimulation of a 774 
SSFO-transduced SC, where c-Fos is strongly upregulated in the SSFO-expressing region. This indicates that both AAV2/1-775 
CMV-SSFO and AAV2/7-CaMKII-SSFO are able to mediate optogenetic neuronal activation. N = 4 for all conditions, scale bar: 776 
500 μm, 50 μm for zoomed panels. Key: SC: superior colliculus; s: superficial SC; d: deep SC; P: periaqueductal gray; SSFO: 777 
stable step function opsin. 778 
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 779 
Figure 3. Behavioral tracking of AAV2/7-CaMKII-SSFO transduced animals (N=3) before, during and after optogenetic 780 
stimulation with various light intensities. Animal behavior was recorded for 60 minutes and light stimulation (2 s, 473 nm) of 781 
specified light intensity was given at 30 minutes, as marked on the graphs with a lightning bolt and vertical grey line. A) 782 
Example image of tracking software. The software tracked head, center and tail base of the animal (in cyan, red and purple 783 
respectively). B) Schematic overview of behavioral quantification parameters. Movement rate was stratified into three rates: 784 
‘immobile’, ‘mobile’ and ‘highly mobile’ based on the body displacement over a four frame interval. For each movement 785 
rate, a typical behavior is given. A turn was defined as a 90 degree deviation of the body-head vector, with a minimum 786 
threshold of 45 degrees. C) Graph of mean time per minute in ‘immobile’ state for each stimulation intensity. Before 787 
stimulation, animals spent 10-20 seconds per minute ‘immobile’ due to resting or grooming. Right after stimulation, time in 788 
‘immobile’ state increased for the stronger light powers for about 10 minutes (grey arrows), during which the animals were 789 
highly alert and showed a high body tension (data not shown). D) Graph depicting mean time per minute in ‘mobile’ state 790 
for each stimulation intensity. Before stimulation, animals spent around 40 seconds per minute exploring the arena, moving 791 
at a normal, exploratory speed. After stimulation, this was reduced for the two highest stimulation powers for about 10 792 
minutes (grey arrows). E) Graph depicting mean time per minute as ‘highly mobile’ per stimulation intensity. Light powers of 793 
220 μW and more triggered a running response upon stimulation. F, G) Plots of the number of clockwise and 794 
counterclockwise turns, respectively. Before stimulation, animals had no preference for clockwise or counterclockwise 795 
movement. Stimulation induced a prominent increase in counterclockwise turning for up to 30 minutes with a concomitant 796 
decrease in clockwise turning. For stimulation powers up to 220 μW, the number of counterclockwise turns steadily 797 
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decreased to baseline. For stimulations with 2.2 mW, and to a lesser extent 22 mW, the number of counterclockwise turns 798 
peaked around 15 minutes after stimulation (grey arrows), when mobile behavior returned to baseline levels. All graphs 799 
show only the mean for each time point because error bars would compromise graph readability. Arrowheads point to peaks 800 
of their respective colors where the traces overlap. 801 

 802 
Figure 4. Repeated optogenetic stimulation of the SC results in a consistent immunohistochemical and behavioral response. 803 
Stimulation consisted of a 2 s 2.2 mW 473 nm light pulse and is indicated on graphs with a blue lightning bolt. A) Overview 804 
of experimental setup. All animals were injected with AAV2/7-CaMKII-SSFO vector and light stimulated on day 1 and 3 with 805 
recording of the behavioral response. On day 5, the animals either again received a light stimulation (N=4) or were sham 806 
stimulated (N=4) and the SC was then processed for evaluation of c-Fos expression. B) The third stimulation on day 5 still 807 
elicits c-Fos activation in the transduced region, which is not the case if a sham stimulation is given on this final day (N=4 for 808 
each group). All scale bars are 500 μm. C) Quantitative comparison of the density of c-Fos+ cells in an SC section per mm2 809 
transduced tissue after single (e.g. Fig. 2B) or triple stimulation (e.g. Fig 3B). There was no significant difference (N=4 for 810 
both groups, one tailed unpaired t-test, p = 0.26, degrees of freedom = 6). D) SSFO-mediated optogenetic stimulation of the 811 
SC results in a prolonged behavioral response. Animals were tracked for 60 min and light stimulated at the 30 minute mark 812 
as indicated by gray dotted line with blue lightning bolt. Their response to the first optogenetic stimulation (day 1) is 813 
characterized by brief running upon light pulse, followed by increased immobility for 10 minutes and a preference for 814 
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counterclockwise turning for up to 30 minutes. This response was highly similar in animals that were stimulated again 48 815 
hours later on day 3. Key: SSFO: stable step function opsin; s: superficial SC; d: deep SC; P: periaqueductal gray. 816 

 817 
Figure 5. Repeated optogenetic stimulation of the SC is neuroprotective in a mouse glaucoma model. A) Experimental 818 
overview. Animals were injected with the AAV2/7-CaMKII-SSFO vector and implanted with an optic fiber three weeks later. 819 
At least one week after implantation, LP was performed. Starting one day before LP, animals were optogenetically 820 
stimulated twice a day for 14 days (LP + stimulation group). As a control group, animals were sham stimulated every time 821 
with the laser off (LP + sham group). B) Ocular hypertension profiles after LP for stimulation and sham group show a similar 822 
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and significant elevation from baseline, which returns to normal levels from 6 dpi on (two-way ANOVA with Dunnett’s 823 
multiple comparisons test versus LP + sham 0 dpi, letters indicate significance levels for each time point, with shading 824 
corresponding to the respective group). C, D) As an additional confirmation that repeated optogenetic stimulation does not 825 
lead to desensitization, behavior in response to stimulation was assessed at 13 days dpi. The behavioral response is highly 826 
similar to animals stimulated for the first time (e.g. Fig. 4D). E) The final stimulation at 14 dpi still results in upregulated c-827 
Fos expression in the SSFO transduced region, indicating that repeated stimulation produces consistent neuronal activation. 828 
Scale bar: 500 μm. F) Repeated optogenetic stimulation of the SC leads to an increased RGC survival in the LP glaucoma 829 
model at 14 dpi. Relative to contralateral right eyes, the LP + stimulation group shows significantly more survival (90%, N = 830 
17) compared to the LP + sham group (74%, N = 20) (two-tailed unpaired t-test, P = 0.0114, t = 2.67, degrees of freedom = 831 
35). G) Representative isodensity maps of retinal flatmounts. The No LP contralateral eye shows normal RGC density. LP + 832 
sham animals often have increased sectorial loss (arrowhead), although occasionally only diffuse loss is observed (arrow). 833 
For the LP + stimulation eyes, mostly diffuse loss is found. Scale bar: 2 mm. H) Limited retrograde transduction of the retina 834 
is observed after collicular vector injection. Panels in H show a representative part of the retina after double-staining for the 835 
RGC-marker Brn3a (green) and vector reporter RFP (black, artificial color for clarity). Retrogradely transduced RGCs are 836 
indicated with arrowheads and they represent less than 1% of the total RGC population. Scale bar: 50 μm. Key: LP: laser 837 
photocoagulation, glaucoma model; dpi: days post injury, days after LP. s: superficial SC; d: deep SC; P: periaqueductal gray.  838 
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