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Abstract 32 

RIM (RAB3A-interacting molecule) proteins are important regulators of transmitter 33 

release from active zones. At conventional chemical synapses, RIMs contribute 34 

substantially to vesicle priming and docking, and their loss reduces the readily 35 

releasable pool of synaptic vesicles by up to 75 %. The priming function of RIMs is 36 

mediated via the formation of a tripartite complex with Munc13 and RAB3A, which 37 

brings synaptic vesicles in close proximity to Ca2+ channels and the fusion site, and 38 

activates Munc13. We reported previously that at mouse photoreceptor ribbon 39 

synapses vesicle priming is Munc13-independent. In this study, we examined RIM 40 

expression, distribution and function at male and female mouse photoreceptor ribbon 41 

synapses. We provide evidence that RIM1α and β are highly likely absent from 42 

mouse photoreceptors, and that RIM2α is the major large RIM isoform present at 43 

photoreceptor ribbon synapses. We show that mouse photoreceptors predominantly 44 

express RIM2 variants which lack the interaction domain for Munc13. Loss of full-45 

length RIM2α in a RIM2α mutant mouse only marginally perturbs photoreceptor 46 

synaptic transmission. Our findings therefore strongly argue for a priming mechanism 47 

at the photoreceptor ribbon synapse that is independent of the formation of a RIM-48 

Munc13-RAB3A complex, and thus provide further evidence for a fundamental 49 

difference between photoreceptor ribbon synapses and conventional chemical 50 

synapses in synaptic vesicle exocytosis.  51 
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Significance Statement 52 

RIM1/2 are essential regulators of exocytosis. At conventional chemical synapses, 53 

their function involves Ca2+ channel clustering, and synaptic vesicle priming and 54 

docking through interactions with Munc13 and RAB3A, respectively. Examining wild-55 

type and RIM2 mutant mice we show here that the sensory photoreceptor ribbon 56 

synapses most likely lack RIM1 and predominantly express RIM2 variants that lack 57 

the interaction domain for Munc13. Our findings demonstrate that the photoreceptor-58 

specific RIM variants are not essential for synaptic vesicle priming at photoreceptor 59 

ribbon synapses, which represents a fundamental difference between photoreceptor 60 

ribbon synapses and conventional chemical synapses with respect to synaptic 61 

vesicle priming mechanisms.  62 
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Introduction 63 

RIM (RAB3A-interacting molecule) proteins are important regulators of synaptic 64 

vesicle exocytosis (Wang et al., 1997; Schoch et al., 2002; Calakos et al., 2004). The 65 

vertebrate RIM protein family is encoded by four genes and consists of seven 66 

members (RIM1α/β, RIM2α/β/γ, RIM3γ, RIM4γ), which contain a set of conserved 67 

protein interaction domains and are capable of interacting with a variety of other 68 

synaptic proteins (Wang and Südhof, 2003; Mittelstaedt et al., 2010). One important 69 

role of RIMs is the regulation of Ca2+ channel clustering and function (Han et al., 70 

2011; Kaeser et al., 2011; Grabner et al., 2015; Jung and Oshima-Takago et al., 71 

2015). Moreover, α-RIMs coordinate key functions in neurotransmitter release, i.e. 72 

vesicle docking presumably via interaction with the vesicle associated protein 73 

RAB3A, and vesicle priming through activation of the priming factor Munc13, 74 

resulting in the assembly of the trans-SNARE complex (Wang et al., 1997; Betz et 75 

al., 2001; Kaeser et al., 2008; Deng et al., 2011; Ma et al., 2011; Südhof 2013; Yang 76 

et al., 2015). In the absence of α-RIMs, most chemical synapses exhibit a severe 77 

reduction in the readily releasable vesicle pool and impaired transmission (Schoch et 78 

al., 2002; 2006; Calakos et al., 2004). 79 

At the tonically releasing photoreceptor ribbon synapses, the presence of the 80 

two large RIM1 and RIM2 (tom Dieck et al., 2005), and two short RIM3  and RIM4  81 

(Alvarez-Baron et al., 2013) isoforms has been reported. A distinctive localization of 82 

RIM1 and RIM2 at the photoreceptor ribbon synaptic compartment and the arciform 83 

density compartment was suggested, leading to the hypothesis that RIM1 and RIM2 84 

may fulfill separate functions at the photoreceptor ribbon synapse (tom Dieck et al., 85 

2005; Tian et al., 2012; Hallermann and Silver, 2013). However, their functions 86 

remained elusive, and only recently it was shown that the absence of both RIM1 and 87 
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RIM2 reduces Ca2+ influx into rod photoreceptor terminals through direct or indirect 88 

modulation of the Cav1.4 channel, whereas Ca2+ channel expression and clustering 89 

was not impaired in the RIM1/2 double knockout (Grabner et al., 2015). The latter 90 

study did not discriminate between a potentially different contribution of RIM1 and 91 

RIM2 to Ca2+ channel function. 92 

In the present study, we re-examined the expression and localization of RIM1 93 

and RIM2 at mouse photoreceptor ribbon synapses. We show that RIM2α is the 94 

prevalent large RIM isoform present at mouse photoreceptor ribbon synapses, and 95 

that the previously reported association of RIM1 with the synaptic ribbon 96 

compartment (tom Dieck et al., 2005; Regus-Leidig et al., 2009; 2010) may be 97 

explained by cross-reactivity of the used anti-RIM1 antibody with the ribbon-98 

associated protein Piccolino (Regus-Leidig et al., 2013). We characterized the 99 

photoreceptor-RIM2α in more detail, and analyzed the importance of the RIM-100 

Munc13-RAB3A interaction for photoreceptor ribbon synaptic transmission. Our 101 

results strongly support an unconventional, RIM- and Munc13-independent, synaptic 102 

vesicle priming mechanism at the photoreceptor ribbon synapses.  103 
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Materials and Methods 104 

Ethics statement. All experiments were performed in compliance with the guidelines 105 

for the welfare of experimental animals issued by the Federal Government of 106 

Germany, and the University of Erlangen-Nürnberg. 107 

 108 

Animals. Adult (2-3 months) male and female C57BL/6 mice, RIM1α mutant 109 

(RIM1αmt; Schoch et al., 2002), RIM2α mutant mice (RIM2αmt; Schoch et al., 2006), 110 

and RIM2α/Rac3-eGFP mice, generated by crossing the RIM2αmt mice with 111 

Tg(Rac3-eGFP)JZ58Gsat/Mmcd (Rac3-eGFP) mice, were used in the study. Rac3-112 

eGFP mice expressing eGFP in cone photoreceptors (Regus-Leidig et al., 2013) 113 

were obtained from the Mutant Mouse Regional Resource Center, a NCRR-NIH 114 

funded strain repository, and were donated to the MMRRC by the NINDS funded 115 

GENSAT BAC transgenic project. Mice were kept in a 12 h/12 h light/dark cycle with 116 

light on at 6:00 am. 117 

 118 

Fluorescence-activated cell sorting (FACS) and Laser microdissection. For sorting of 119 

eGFP positive cone photoreceptors, RIM2αwt/Rac3-eGFP retinae were dissociated 120 

using 20 U/ml papain, and re-suspended in FACS buffer (2 % FCS, 2 mM EDTA in 121 

0.1 M PBS, pH 7.4). Cells were sorted with a FACSAriaTM III Cell Sorter (BD 122 

Biosciences, Heidelberg, Germany) and collected in RLT buffer (Qiagen, Hilden, 123 

Germany) containing 1 % β-Mercaptoethanol. Outer nuclear layer samples were 124 

collected from 70 μm vertical cryostat sections by laser microdissection. The sections 125 

were collected on membrane covered slides (FrameSlide 1.4 μm PET, Leica), and 126 

fixed for 2 min in −20°C cooled 70 % ethanol and washed in ultra-pure water at room 127 

temperature (RT). Sections were stained with 1 % cresyl violet in 50 % ethanol for 20 128 
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sec at RT and finally washed in 70 % ethanol at RT. Dried sections were dissected 129 

immediately with the Leica LMD7 system (Leica Microsystems, Wetzlar, Germany) 130 

equipped with a UV laser (349 nm). The dissected samples were collected in RLT 131 

buffer (Qiagen) containing 1 % β-Mercaptoethanol. 132 

 133 

RNA isolation and RT-PCR. Total RNA was isolated using the RNeasy Mini Kit 134 

(whole tissue) or the RNeasy Micro Kit (sorted cells, microdissected tissue) (Qiagen). 135 

Isolated RNA was reverse transcribed using random hexamers, M-MLV reverse 136 

transcriptase, 5x RT-buffer, a mixture of dNTPs, RNAsin (Promega, Mannheim, 137 

Germany) and 1 μg of total RNA (whole retina and cortex), 0.5 μg of total RNA (organ 138 

of Corti), complete RNA sample (microdissected tissue), and the complete RNA 139 

sample from 20,000 cones in a final volume of 25 μl. For the polymerase chain 140 

reaction (PCR) 1 μl (retina and cortex), 1.5 μl (organ of Corti), or 2 μl (microdissected 141 

tissue, sorted cells) of cDNA were amplified in a final volume of 25 μl with 0.75 U of 142 

Taq DNA polymerase (Qiagen) and 10 pmol of each primer. Cycling conditions were: 143 

35 cycles at 94°C for 30 sec, 59°C for 45 sec, and 72°C for 1 min followed by a final 144 

72°C extension step for 10 min. Amplicon sizes were determined on 1.5 % agarose 145 

gels stained with EtBr (Roth, Karlsruhe, Germany) and photographed using a 146 

computer assisted gel documentation system (DeVision G, Decon Science Tec, 147 

Hohengandern, Germany). Negative controls were treated as above without adding 148 

template. The identity of the PCR products was verified by DNA sequencing 149 

(Eurofins Genomics, Ebersberg, Germany). Nucleotide alignments were generated 150 

with CLC Sequence Viewer 6 (CLC bio LLC, Cambridge, MA, USA). 151 

The following primers specific for RIM1α/β (Rims1-204: 152 

ENSMUST00000097811; RIM1β Exon 1: GenBank: FJ472653.1), RIM2α/β (RIM2-153 
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202: ENSMUST00000082054), RIM3γ (Rims3-001: ENSMUST00000071093), 154 

RIM4γ (Rims4-001: ENSMUST00000044734), β-Actin (Actb-001: 155 

ENSMUST00000100497), and Complexin2 (Cplx2-001: ENSMUST00000026985) 156 

were used for RT-PCR, and sequencing: 157 

RIM1α Forward primer (FW): 5′-CTCCCCCTATGCAAGAACTG-3′; RIM1β FW: 5′-158 

CTGTCCCATTTTCCTCTCCA-3′; RIM1α/β Reverse primer (RV): 5′- 159 

AGGACCACTTCCGAAGAACC-3′; RIM2α FW: 5′- GCTGTCATGGATCGTCAGAA-3′; 160 

RIM2β FW: 5′- TCTCATTTCCATGGGGTTTT-3′; RIM2α/β RV: 5′- 161 

CTTTGGAATGTCTATGGCCTC-3′; RIM2αEx1/6 FW: 5′- 162 

CCGTGCTCAAAAAACGAAGT-3′; RIM3γ FW: 5′- GGAGCACAGAGACTGGCATT-3′; 163 

RIM3γ RV: 5′- CCATACCCATGAAGCACTTG-3′; RIM4γ FW: 5′- 164 

TGACTTCCTGGGGAGTATGG-3′; RIM4γ RV: 5′- GGTCAAGTCCAGTTCCTCCA-3′; 165 

β-Actin (FW: 5′-TTCCTCCCTGGAGAAGAG-3′; RV: 5′-CACTGTGTTGGCATAGAG-166 

3′); Complexin2 (FW: 5′- AGTGGCTTAGACGGTTG-3′; RV: 5′- 167 

TGCAGGCTTTGGTTAATG-3′). 168 

 169 

DNA constructs and cell culture. Generation of the RIM1α expression vector was 170 

described previously (Lonart et al., 2003), RIM2α and RIM2β expression vectors 171 

were a kind gift of Thomas Südhof (Kaeser et al., 2012). Fragments of Piccolo (aa1–172 

241; Pclo-201: ENSMUST00000030691), ubMunc13-2 (aa 1–315; Unc13b-012: 173 

ENSMUST00000107952) and RIM2α (RIM2αΔEX2/3; aa 16-444 without aa 60-99; 174 

RIM2αΔEx2-5; aa 16-444 without aa 60-273) and full-length RAB3A (aa 1-220; RAB3A-175 

001: ENSMUST00000034301.11) were amplified from C57Bl/6JRj mouse retinal 176 

cDNA by PCR and ligated into pCR8/GW/TOPO vector (Life Technologies, 177 

Darmstadt, Germany). The eYFP-tagged fragment of Pclo-aa 1–241 was generated 178 
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by subcloning into the destination vector eYFP/Dest N-Term Erl.5.6 via LR-reaction 179 

(Life Technologies), the ubMunc13-2 and RAB3A fragments were subcloned into the 180 

destination vector pcDNA3native_Dest, and the RIM2α fragments into the destination 181 

vector pDest 27 (Life Technologies). 182 

HEK293T and NIH 3T3 cells were transfected with TransIT-Pro transfection 183 

reagent (Mirus, Madison, WI, USA), according to the manufacturer´s 184 

recommendations, or with Polyethylenimin (PEI; Polysciences, Eppelheim, 185 

Germany).  186 

 187 

GST pulldown. Supernatants of HEK293T lysates expressing the GST fusion 188 

proteins were diluted 1:1 in HNTG buffer (10 % Glycerol, 20 mM HEPES, 120 mM 189 

NaCl, 0.3 % Triton X-100, pH 7.3) before loading onto Glutathion Sepharose 4B 190 

beads (GE Healthcare, Freiburg, Germany). After a 2 h-incubation step in an 191 

overhead shaker, the beads were washed three times in HNTG buffer. Subsequently, 192 

cell lysates containing the prey protein were added to the beads and incubated 193 

overnight in an overhead shaker. 1 μM final concentration of GTPγS (Sigma Aldrich) 194 

was added to keep RAB3A in the active GTP-bound state. Pulldowns were washed 195 

three times in HNTG-buffer before elution in SDS-sample buffer (10 % Glycerol, 250 196 

mM Tris, 0.5 mM EDTA, 2 % SDS, 0.001 % Bromphenol blue, 195 mM Dithiothreitol) 197 

at 95°C followed by SDS gel electrophoresis and Western blotting. 198 

 199 

Western blot analysis. For the antibody specificity test, transfected cells were lysed in 200 

lysis buffer (50 mM Tris-HCL pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 % Triton X-100), 201 

samples were sonicated and centrifuged at 20,000 x g for 15 min. The supernatants 202 

were diluted in 5x Lämmli-buffer (50 % Glycerol, 5 mM EDTA, 4 % SDS, 250 mM 203 
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Dithiothreitol, 0.1 % Bromphenol blue). Proteins were separated by SDS-PAGE using 204 

10% polyacrylamide gels and transferred to PVDF membranes (Immobilon®-P, 205 

Merck Millipore) by semidry blotting (Trans Blot Turbo, Bio-Rad Laboratories, Munich, 206 

Germany).   207 

Retinal tissue was homogenized in lysis buffer (320 mM Saccharose, 4 mM 208 

HEPES, pH 7.5) and centrifuged at 1,000 x g for 10 min. The supernatant (S1) was 209 

centrifuged at 20,000 x g for 20 min. Pellets (P2) were dissolved in SDS-sample 210 

buffer (10 % Glycerol, 250 mM Tris, 0.5 mM EDTA, 2 % SDS, 0.001 % Bromphenol 211 

blue, 195 mM Dithiothreitol). Proteins were separated by SDS-PAGE using 5 % 212 

Polyacrylamid gels (20 μg/lane), and transferred to PVDF membranes by tank 213 

blotting (Trans-Blot Cell, Bio-Rad Laboratories).  214 

For immunodetection, membranes were blocked in blocking solution (10 mM 215 

Tris, 150 mM NaCl, 0.2 % Blocking reagent; AppliChem, Darmstadt, Germany) or 216 

skimmed milk powder, and primary antibodies were applied overnight at 4°C. HRP-217 

conjugated secondary antibodies were visualized by chemiluminescent detection 218 

(LuminataTM Forte, Millipore, Schwalbach/Ts, Germany). Images were obtained with 219 

a molecular imager (ChemiDoc XRS, Bio-Rad Laboratories), and adjusted for 220 

contrast and brightness using Adobe Photoshop CS (Adobe). 221 

 222 

Antibodies. The following primary antibodies were used for immunocytochemistry 223 

(ICC), and Western blotting (WB): Monoclonal mouse anti-CtBP2/RIBEYE (ICC 224 

1:10,000; BD Biosciences, Heidelberg, Germany), mouse anti-RAB3A (WB 1:5,000, 225 

Synaptic Systems, Göttingen, Germany), polyclonal goat anti-GST (WB 1: 10,000; 226 

GE Healthcare), polyclonal rabbit anti-Pclo 4 (ICC 1:1,000; WB 1:4,000; Regus-227 

Leidig et al., 2013), rabbit anti-RIM1ab1 (ICC/WB 1:1,000 – 1:2,000; #140 003, 228 
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Synaptic Systems), rabbit anti-RIM1ab2 (ICC/WB 1:1,000 – 1:2,000; #140 013, 229 

Synaptic Systems), rabbit anti-RIM1ab3 (ICC/WB 1:1,000 – 1:2,000; #140 023, 230 

Synaptic Systems), rabbit anti-RIM2ab1 (ICC/WB 1:1,000 – 1:2,000; #140 103, 231 

Synaptic Systems), rabbit anti-RIM2ab2 (ICC/WB 1:1,000 – 1:2,000; #364 003, 232 

Synaptic Systems), rabbit anti-RIM2ab2depl (ICC/WB 1:1,000 – 1:2,000; #140 203, 233 

Synaptic Systems), rabbit anti-RIM2ab3 (ICC/WB 1:1,000 – 1:2,000; #140 303, 234 

Synaptic Systems), rabbit anti-ubMunc13-2 (WB 1:1,000; Cooper et al., 2012). Nuclei 235 

were stained with 4,6-diamidino-2-phenylindole (DAPI; 1:50,000; Sigma-Aldrich, St. 236 

Louis, MO, USA).  237 

The antibody RIM2ab2depl was obtained as follows: 1 mg of synthetic peptide 238 

(CDLSQLSEEERRQIAAVMSR) corresponding to aa 41–59 of mouse Piccolo (Pclo-239 

201: ENSMUST00000030691) were coupled to SulfoLink agarose (Thermo Fisher, 240 

Schwerte, Germany) according to the manufacturer’s instructions. 5 ml of rabbit 241 

serum raised against recombinant aa 1–466 of rat Rim2 (RIM2ab2) was passed over 242 

this column to remove antibodies cross-reactive to this epitope. Bound antibodies 243 

were eluted and collected for further characterization. The flow through was further 244 

affinity-purified with recombinant rat Rim2 (aa 1–466) coupled to cyanogen bromide-245 

activated Sepharose 4B (GE Healthcare). This antibody is referred to as RIM2ab2depl 246 

in this publication. 247 

The following secondary antibodies were used: AlexaTM 488/594-conjugated 248 

goat anti-mouse and goat anti-rabbit IgG (ICC 1:500; WM 1:250; Molecular Probes, 249 

Eugene, OR), Cy3/Cy5-conjugated goat anti-mouse and goat anti-rabbit IgG (1:100-250 

1:200; Dianova, Hamburg, Germany; Jackson Immunoresearch, Suffolk, UK), HRP-251 

conjugated goat anti-mouse/rabbit IgG (1:10,000; Sigma-Aldrich). 252 

 253 
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Tissue preparation and light microscopic immunocytochemistry. Preparation of retinal 254 

tissue and antibody incubation for light microscopic immunocytochemistry were done 255 

as described previously (Dick et al., 2001). Briefly, the eyes were opened and retinae 256 

were immersion fixed in the eyecup for 15 min in 4 % paraformaldehyde in 257 

phosphate buffer (PB; 0.1 M, pH 7.4). The retinae were mounted in freezing medium 258 

(Reichert-Jung, Bensheim, Germany), and 12 μm thick horizontal sections were cut 259 

with a cryostat (Leica CM3050 S; Leica, Wetzlar, Germany). Primary antibody 260 

incubation was carried out overnight at room temperature (RT), secondary antibody 261 

incubation for 1 h. Labeled sections were examined with a Zeiss Axio Imager Z1 262 

equipped with an ApoTome, or a confocal laser scanning microscope LSM 710 (both 263 

Zeiss, Oberkochen, Germany). Images were adjusted for contrast and brightness 264 

using Adobe Photoshop CS (Adobe, San Jose, CA, USA). 265 

For comparison of RIM2αmt and RIM2αwt stainings, retinal slices of the two 266 

genotypes were processed in parallel, and images were acquired using the same 267 

camera, laser and photo-multiplier tube settings. For the comparative fluorescence 268 

intensity analysis, 3D reconstructions from confocal z-stacks were generated with 269 

Imaris software (Bitplane, Zurich, Switzerland), using the same threshold for 270 

reconstruction of single synaptic ribbons. 271 

For immunocytochemical stainings of transfected cells, the cells were fixed 24 272 

h after transfection for 15–20 min in 4 % PFA in phosphate buffer (PB; 0.1 M, pH 7.4) 273 

and subjected to immunocytochemistry as described above. 274 

 275 

Electrophysiology. Preparation of retinal slices and experiments were performed 276 

under dim red light. Vertical slices: Adult mice (1–3 months old) were anaesthetized 277 

with isoflurane and sacrificed by cervical dislocation. After enucleation and isolation 278 
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of the retina, the tissue was cut into several large pieces. Each retinal piece was 279 

placed vitreal side down on a filter paper (0.8 μm pores; Millipore, Bedford, MA, 280 

USA). Vertical retinal slices of 125 μm thickness were cut in saline solution with a 281 

razor blade tissue chopper (Stoelting, Wood Dale, IL, USA) and positioned in the 282 

recording chamber on an upright fixed stage microscope and observed with a 63/1.0 283 

W Plan Apochromat objective (Examiner D1, Zeiss, Jena, Germany, Filter set 38HE 284 

and 63HE). Slices were kept at room temperature in a bicarbonate-buffered 285 

extracellular solution containing (in mM): 119 NaCl, 25 NaHCO3, 1.25 NaH2CO3, 2.5 286 

KCl, 2 CaCl2, 1 MgCl2, 10 glucose, 2 Na-pyruvate, and 0.4 ascorbic acid (pH 7.2), 287 

when oxygenated with 95 % O2/5 % CO2. The preparation of horizontal slices was 288 

described in detail in a previous study (Feigenspan and Babai, 2017). Briefly, after 289 

isolation of the retina, the tissue was cut into 4–6 pieces and embedded in 1.8 % low 290 

gelling agarose (Sigma-Aldrich, Munich, Germany). Horizontal slices of 160–200 μm 291 

thickness were cut with a vibratome (Leica Microsystems, Wetzlar, Germany) at room 292 

temperature. During recordings, retinal slices were perfused with oxygenated 293 

extracellular solution at a speed of ~1 ml/min. 294 

Whole cell recordings were obtained using 8–15 MΩ patch electrodes 295 

fabricated from borosilicate glass (1.5 mm OD, 0.86 mm ID, Sutter Instruments, 296 

Novato, CA, USA) on a P-97 micropipette puller (Sutter Instruments). The pipette 297 

solution contained (in mM): 136.6 cesium gluconate, 13 TEACl, 4 MgATP, 0.4 298 

NaGTP, 5 EGTA, 15 HEPES (pH 7.2). Patch-clamp recordings were carried out with 299 

an EPC-10 patch-clamp amplifier (HEKA Elektronik Dr. Schulze GmbH, Lambrecht, 300 

Germany) controlled by the Patchmaster software package (HEKA). Currents 301 

through voltage-gated calcium channels were obtained using a ramp voltage protocol 302 

(−60 to +50 mV, 0.11 mV/ms) applied from a steady holding potential of −60 mV. 303 
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Passive membrane resistances were measured between −60 and −50 mV and 304 

subtracted post hoc. 305 

Mouse cone photoreceptors were identified by using specific mouse line 306 

where all the cones were fluorescently labeled with green fluorescent protein 307 

(RIM2 /Rac3-eGFP). In some cases, 100 μM Alexa 568 (Life Technologies, 308 

Darmstadt, Germany) dissolved in intracellular solution was injected to visualize cone 309 

photoreceptors during or after whole-cell recording (Figure 7H). Photoreceptors were 310 

stimulated with attenuated full-field flashes of 130 W/cm2 band pass-filtered light 311 

(470±40 nm) (corresponding to 3.075×1012 photons/s/μm2) using the xenon arc lamp 312 

of the Lambda DG 4 illumination system (Sutter Instruments, Novato, CA, USA). The 313 

relatively dark-adapted condition refers to sustained exposure to dim red light (620–314 

645 nm, ~1mW/m2). Rise time values of light responses refer to the 20–80 % rising 315 

phase of the light evoked outward current. 316 

Current traces were analyzed with Fitmaster, Patchmaster (both HEKA) and 317 

IgorPro 6.2 (WaveMetrics) software. The region fitted with the Boltzmann function 318 

extended from baseline to just beyond the maximum Ca2+ current to avoid influences 319 

from outward K+ currents activated at more positive membrane potentials. 320 

Parameters obtained from the fit were peak amplitude, half-maximal activation (V50) 321 

and slope (k) of the current. All data are reported as mean ± SEM. For illustration 322 

purposes, current traces were low-pass filtered at 1 kHz. 323 

 324 

Electroretinography. The detailed procedure of measuring the ERG in mice has been 325 

described elsewhere (Harazny et al., 2009). Briefly, the animals were dark adapted 326 

overnight and all further handling was performed under deep red illumination. The 327 

mice were anesthetized by an intramuscular injection of 50 mg/kg ketamine 328 
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(Ketavet®, Pfizer, Berlin, Germany) and 10 mg/kg xylazine (Rompun® 2 %, Bayer, 329 

Leverkusen, Germany). A subcutaneous injection of saline solution (10 ml/kg, 0.9 %) 330 

was administered to prevent desiccation. The pupils were dilated with a drop of 331 

tropicamide (Mydriaticum Stulln®, 5 mg/ml, Pharma Stulln, Stulln, Germany) and 332 

phenylephrine hydrochloride (Neosynephrin POS® 5 %, Ursapharm, Saarbrücken, 333 

Germany). To measure the ERG, the active contact lens electrodes (Mayo 334 

Corporation, Inazawa, Japan), internally covered with Corneregel® (Dr. Mann 335 

Pharma, Berlin, Germany), were placed on the cornea of each eye. A gold needle 336 

electrode was placed subcutaneously at the base of the tail and served as ground. 337 

Reference electrodes were gold needles positioned subcutaneously next to the 338 

ipsilateral ears. To deliver the stimuli, a Ganzfeld Stimulator (Q450 SC, Roland 339 

Consult, Brandenburg, Germany) was used. Stimulation and data recording were 340 

controlled using the RetiPort system (Roland Consult). Initially, the dark-adapted 341 

(scotopic) flash ERG was measured. The flash strength increased in eight steps 342 

(0.0002, 0.002, 0.0063, 0.02, 0.063, 0.2, 0.63, and 6.3 cd.s/m2) and, depending on 343 

flash strength, 8 to 12 flashes were averaged. Inter-flash intervals varied between 5 s 344 

at the lowest flash strength to 14 s at 6.3 cd.s/m². Flash duration varied between 5 μs 345 

and 5 ms. After the scotopic ERGs were recorded and prior to photopic flash ERG 346 

measurements, the animals were adapted to 25 cd/m2 steady white background light 347 

for five minutes. Photopic flash ERGs were obtained by delivering flash 348 

superimposed on the background. Five different strengths (0.063, 0.2, 0.63, 2, and 349 

6.3 cd.s/m2) were used. At each flash strength, 20 responses were averaged. Off-line 350 

analyses of the responses were performed using custom-designed Matlab® 351 

(Mathworks, Ismaning, Germany) routines and Excel (Microsoft, Redmond, WA, 352 

USA) spreadsheets. From the scotopic flash ERG responses, the oscillatory 353 
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potentials were extracted by using a variable filter procedure as described by 354 

Harazny et al. (2009). Briefly, after Fourier transform of the ERG signal into the 355 

frequency domain, the OPs were identified as the signal in a frequency region above 356 

an amplitude minimum that was generally found between 40 and 70 Hz. The 357 

amplitude of the OPs was defined as the amplitude maximum at frequencies 358 

between the minimum and 200Hz. The maximum typically occurred at frequencies 359 

between 80 and 120 Hz. To obtain the conventional ERG without OPs, the 360 

amplitudes above the minimum were set to zero and the signal was inverse Fourier 361 

transformed. Please observe that the phase plot was not altered by this procedure 362 

and the filter procedure cannot be compared with a hardware filter. The amplitudes 363 

and implicit times of the a- and b-waves were measured in the ERGs without OPs. 364 

The a-wave amplitude was defined as the difference between the baseline level 365 

before stimulus onset and the minimum of the a-wave. The b-wave amplitude was 366 

defined as the difference between the a-wave minimum and the b-wave maximum. 367 

Implicit times were defined as the time between stimulus onset and the minimum or 368 

maximum, respectively. The b-wave amplitude and implicit time of the photopic flash 369 

ERGs was measured in an analogous manner. Flicker ERGs were measured to 370 

sinusoidal stimulation around a mean luminance of 25 cd/m². Michelson contrast was 371 

100 %. The measurements were repeated at four different temporal frequencies: 12, 372 

18, 24 and 30 Hz. The response amplitudes and phases of the fundamental 373 

components after Fourier transform of the recorded responses were used. 374 

 375 

Experimental Design and Statistical Analysis. A total of 3 RIM1αwt, 3 RIM1αmt, 3 376 

RIM2αwt, and 4 RIM2αmt mice was used for patch-clamp recordings. The age of the 377 

animals ranged from 8 to 16 weeks, and males and females were represented in 378 
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equal proportions. For each experiment, 9 to 13 different cells from at least 3 mice of 379 

each genotype were recorded. All values obtained were tested for statistical 380 

significance. The comparison of means for two independent distributions was carried 381 

out with the two-sample t-test, given the data were normally distributed. Normal 382 

distribution was tested with Shapiro-Wilk, whereas Levene`s test was used for 383 

detecting differences in variances. Welch correction of the t-test was carried out in 384 

those cases, where two groups displayed significantly different variances. Mann-385 

Whitney U-test was used for comparison of data that could not be described by a 386 

normal distribution. Exact p-values, test statistics of experiments, and the number of 387 

animals and/or neurons are given in the respective figure legends. In all cases, 388 

statistical significance was accepted at the p < 0.05 level.  389 

For the ERG recordings, statistical differences between RIM1αmt/RIM2αmt mice 390 

(RIM1αmt: n = 6, both sexes; RIM2αmt: n = 6, both sexes) and age-matched wild-type 391 

mice (RIM1αwt: n = 4, both sexes; RIM2αwt: n = 5, both sexes were used as one 392 

control group) were tested using unpaired t-test or Mann-Whitney U-test (SPSS 393 

version 21; IBM). Both eyes of each animal were used for evaluation. An α-value of p 394 

< 0.05 was adopted as the threshold for significance, but due to multiple testing, the 395 

significance level was Bonferroni-corrected for the analysis of each protocol (scotopic 396 

flash ERG: αBonferroni = 0.0063; photopic flash ERG: αBonferroni = 0.01; photopic flicker 397 

ERG: αBonferroni = 0.025). 398 

All other experiments that were not statistically analyzed were independently 399 

repeated 3 or more times to ensure consistency and reproducibility. 400 

  401 
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Results 402 

RIM2α is the prevalent large RIM isoform present at mouse photoreceptor 403 

ribbon synapses 404 

In a first set of experiments, we re-examined the expression and distribution of RIM1 405 

and RIM2 in the mouse retina with RT-PCR and immunocytochemistry (Fig. 1). RT-406 

PCR was performed with specific primer pairs for the different RIM isoforms and with 407 

cDNA from laser micro-dissected outer nuclear layer (ONL) and FACS-sorted cone 408 

photoreceptors (Fig. 1A). Samples from cortex and organ of Corti served as positive 409 

controls (Jung et al., 2015). Complexin2 (Cplx2), which is not present in 410 

photoreceptors (Reim et al., 2005), was used as negative control to judge the purity 411 

of the photoreceptor samples for RT-PCR. Despite a weak contamination with Cplx2 412 

expressing cells, the only consistently detectable large RIM isoform in the 413 

photoreceptor samples (ONL, cones) was RIM2α (Fig. 1A). We also detected RIM3γ 414 

in the ONL and cone sample, and a weak RIM4γ band in the ONL sample (Fig. 1A). 415 

These findings agree with previously published immunocytochemical data showing 416 

the presence of the short RIM3γ and RIM4γ isoforms in photoreceptor terminals 417 

(Alvarez-Baron and Michel et al., 2013). For the immunocytochemical experiments, 418 

six antibodies directed against different epitopes of RIM1 and RIM2 were used (Fig. 419 

1B). We tested antibody specificity on Western blots of overexpressed RIM1α, 420 

RIM2α, and RIM2β (Fig. 1B, right panel). Only RIM1ab2 and RIM1ab3 were isoform-421 

specific. Of the tested RIM2 antibodies, RIM2ab3 was the antibody with the highest 422 

RIM2-specificity, as it stained RIM1 only weakly (Fig. 1B). Immunocytochemical 423 

stainings of RIM1 in vertical cryostat sections of C57BL/6 mouse retina with the two 424 

RIM1-specific antibodies (RIM1ab2 and RIM1ab3; Fig. 1C) support an absence of 425 

RIM1 protein from photoreceptors and their ribbon synapses in the outer plexiform 426 
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layer (OPL). As the two RIM1-specific antibodies do not show any staining in the 427 

OPL, we interpret the arciform density staining in rod photoreceptors with RIM1ab3 to 428 

result from cross-reactivity with RIM2 (Fig. 1C). In contrast to RIM1, RIM2 (RIM2ab1 429 

and RIM2ab3) staining was present at photoreceptor ribbon synapses, and double 430 

labeling experiments with the synaptic ribbon marker RIBEYE demonstrated its 431 

localization at the arciform density in rod photoreceptor synapses (Fig. 1C). This 432 

finding agrees well with previously published data (tom Dieck et al., 2005; Regus-433 

Leidig et al., 2010). 434 

The antibody RIM2ab2 produced a staining that overlapped with the RIBEYE 435 

staining in rod photoreceptor synapses (Fig. 1C). As RIM2 had never been reported 436 

at synaptic ribbons so far, and RIM1/2α, and Piccolo share an 18 amino acid 437 

homology region in their first exon (Fig. 2A), we tested for a possible cross-reactivity 438 

of RIM2ab2 with the synaptic ribbon-associated Piccolo variant Piccolino (Wang et 439 

al., 2001; Regus-Leidig et al., 2013). Piccolo aa1–241 N-terminally fused to eYFP 440 

(eYFP-Pclo-aa1–241) was expressed in HEK293T cells and labeled with the 441 

antibodies Pclo4 (directed against the N-terminus of Piccolo/Piccolino) and RIM2ab2 442 

(Fig. 2B). eYFP-Pclo-aa1–241 (green) was diffusely distributed in transfected 443 

HEK293T cells including the nucleus, and it was detected by both Pclo4 (red; Fig. 2B 444 

upper panel) and RIM2ab2 (red; Fig. 2B lower panel). On western blots of wild-type 445 

mouse retina P2 fractions, RIM2ab2 detected in addition to RIM1 and RIM2 two high 446 

molecular weight bands (> 300 kDa). These two bands are of comparable size to 447 

Piccolo/Piccolino detected by Pclo4 (Fig. 2C). The cross-reactivity of RIM2ab2 was 448 

abolished by purification against the N-terminal RIM homology region of 449 

Piccolo/Piccolino (aa41–aa59: DLSQLSEEERRQIAAVMSR; RIM2ab2depl; Fig. 2D,E). 450 

Finally, immunocytochemical double labeling of the OPL with the purified RIM2ab2depl 451 
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(green) and an antibody against RIBEYE (magenta) proved the absence of ribbon 452 

labeling in rod photoreceptor synapses (Fig. 1C, 2F). Instead, RIM2ab2depl labeled 453 

the rod photoreceptor arciform density, now being in line with the RIM2ab1 and 454 

RIM2ab3 staining pattern (Fig. 2F). 455 

The lack of RIM1 labeling at mouse photoreceptor ribbon synapses contradicts 456 

our previous findings (tom Dieck et al., 2005; Regus-Leidig et al., 2009; 2010). In 457 

order to analyze the contribution of RIM1α to photoreceptor synaptic transmission, 458 

we measured electroretinograms (ERGs) from RIM1α-deficient mice (RIM1αmt, Fig. 459 

3A-F; Schoch et al., 2002). The amplitudes of the a-waves, b-waves and oscillatory 460 

potentials (OPs) as well as the a-wave delay of the scotopic flash ERG revealed no 461 

differences between wild-type and RIM1αmt mice (Fig. 3A-C, Fig. 3-1); merely the b-462 

wave implicit time was slightly smaller in the RIM1αmt mice at medium flash 463 

intensities (Fig. 3B, Fig. 3-1). The photopic flash ERG recordings showed similar b-464 

wave amplitudes for both groups and a slightly larger b-wave delay for the RIM1αmt 465 

mice at higher stimulus intensities (Fig. 3D, Fig. 3-2). Photopic a-waves and photopic 466 

negative responses (PhNRs) were small at all measured intensities and are therefore 467 

not shown. In addition to the flash ERGs we performed photopic flicker ERG 468 

measurements and analyzed amplitudes and phases of the first harmonic 469 

(fundamental) response components (Fig. 3 E,F, Fig. 3-3). While the amplitude of the 470 

first harmonic component was slightly smaller in RIM1αmt mice for all recorded 471 

stimulus frequencies (Fig. 3E), the phase was similar in the two genotypes (Fig. 3F). 472 

To investigate a possible contribution of RIM1α to exocytosis at the cone 473 

photoreceptor ribbon synapse in more detail, we recorded from horizontal cells of 474 

RIM1αmt mice and measured the tonic release rate at a holding potential of –60 mV 475 

(Fig. 4A) (Feigenspan and Babai, 2015; Babai et al., 2016). Peak amplitude and 476 
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inter-event interval distributions showed no significant differences (Fig. 4B). Current 477 

amplitudes evoked by a full-field stimulation (5 s duration, 130 W/cm2), 20 – 80 % 478 

rise times, and charge transfer values of the off light response revealed no 479 

statistically significant differences between RIM1αwt and RIM1αmt mice (Fig. 4C,D). 480 

Finally, current responses evoked by trains of light stimuli (500 ms, 1 Hz) also 481 

showed no significant differences with respect to amplitude and Off response charge 482 

transfer (Fig. 4E,F). Peak light responses and Off responses from wild-type and 483 

RIM1αmt mice also showed no significant adaptation during the train of 10 stimuli. 484 

These findings demonstrate that RIM1α does not contribute to the regulation of 485 

exocytosis at the cone photoreceptor ribbon synapse. 486 

Together with the RT-PCR and immunocytochemical results, the 487 

electrophysiological data indicate that RIM1α levels and their contribution to 488 

photoreceptor synaptic transmission in mouse photoreceptors are negligible, and that 489 

RIM2, presumably RIM2α, is the major large RIM variant at mouse photoreceptor 490 

ribbon synapses.  491 

 492 

Photoreceptors primarily express RIM2 variants, which lack the N-terminal zinc 493 

finger domain 494 

To characterize the photoreceptor-RIM2 protein in more detail, we labeled vertical 495 

cryostat sections of the mouse retina with the three RIM2 antibodies: the newly 496 

generated RIM2ab2depl directed against the N-terminal part of RIM2, RIM2ab1 497 

directed against the central part of RIM2, and RIM2ab3 directed against the C-498 

terminus of RIM2. Staining intensities were compared by taking pictures with the 499 

same exposure time (Fig. 5A). The intensity of the RIM2ab2depl staining was much 500 

weaker than the RIM2ab1 and the RIM2ab3 staining. To us, this indicated that only a 501 
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minor fraction of RIM2 in mouse photoreceptor ribbon synapses is full-length RIM2α, 502 

while the majority of RIM2 might represent alternatively spliced RIM2α and/or RIM2β; 503 

note, however, that we were not able to amplify RIM2β transcript from photoreceptors 504 

(Fig. 1A). 505 

To support our hypothesis of a prevalence of alternatively spliced 506 

RIM2α/RIM2β in mouse photoreceptors, we next analyzed a RIM2αmt mouse line with 507 

a genetic deletion of RIM2 exon 5. This deletion leads to the complete absence of 508 

RIM2α staining in the brain (Schoch et al., 2006). However, as the majority of RIM2 509 

variants in wild-type photoreceptors should lack exon 5 per se (Fig. 5B), we assumed 510 

that the genetic deletion of RIM2 exon 5 would not have a great impact on overall 511 

RIM2 levels in photoreceptors. To test this, we immunocytochemically stained 512 

photoreceptor ribbon synapses of RIM2αwt and RIM2αmt mice with the three RIM2 513 

antibodies (Fig. 5C-E). As expected, the antibody RIM2ab2depl produced an arciform 514 

density staining in rod photoreceptors, which was weak in the RIM2αwt and barely 515 

detectable in the RIM2αmt (Fig. 5C), while both the RIM2ab1 (Fig. 5D) and the 516 

RIM2ab3 (Fig. 5E) produced a staining of the arciform density comparable in 517 

intensity to the RIM2αwt. Intensity measurements of individual 3D reconstructed 518 

horseshoe shaped RIM2ab3 stainings in RIM2αwt and RIM2αmt rod photoreceptor 519 

terminals revealed only a slight, albeit significant, 6 % decrease in overall RIM2 520 

protein levels in the RIM2αmt retina (RIM2αwt: 100 ± 30 % SD; RIM2αmt: 94 ± 20 % 521 

SD; p<0.001; Kruskal-Wallis-test; n: RIM2αwt = 876 active zones from 3 animals, 522 

RIM2αmt = 1270 active zones from 3 animals). These results support our assumption 523 

that only a minor fraction of full-length RIM2α is abolished in the RIM2αmt 524 

photoreceptors, while the majority of RIM2 stays unaffected.  525 
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To test for the expression of alternative RIM2α transcripts in the retina that 526 

lack larger parts of the RIM2α N-terminus-encoding exons, we performed an RT-PCR 527 

analysis with primers that cover the RIM2ab2depl epitope-encoding region (RIM2 exon 528 

1α–6; Fig. 5B, 6A). This analysis showed the presence of two major RIM2α splice 529 

transcripts in cortex and retina samples, corresponding to a RIM2α variant containing 530 

the full complement of exons 1α–6 (RIM2α, Fig. 6B), and a variant lacking exons 2 531 

and 3 (RIM2αΔEx2/3; Fig. 6B), representing the major splice variant in the brain 532 

(Fukuda, 2003; Wang and Südhof, 2003). Additionally, we detected a weak band of 533 

271 bp in both samples, representing an in-frame RIM2α transcript with exon 1α 534 

directly spliced to exon 6 (RIM2αΔEx2–5, Fig. 6B, arrowhead). The resulting 535 

translational product would lead to a RIM2α variant lacking a major part of the N-536 

terminus (Fig. 6C). RT-PCR with exon 1/6 overlapping primers (RIM2 exon 1/6–6; 537 

Fig. 6B) verified the existence of this alternative transcript in all samples (RIM2αΔEx2–538 

5; Fig. 6B). At this point, we cannot say whether the RIM2αΔEx2–5 transcript is the only 539 

transcript leading to the large fraction of N-terminally truncated RIM2α variants in 540 

mouse photoreceptors. However, RT-PCR analysis using different combinations of 541 

multiple forward and reverse primers covering the first 10 RIM2 exons (not shown) 542 

did not reveal the presence of any other alternative RIM2α transcript than the one we 543 

show here. 544 

 Both the antibody experiments (Fig. 5) and the identification of an alternative 545 

RIM2αΔEx2–5 transcript (Fig. 6A,B) indicate that the majority of RIM2 in photoreceptors 546 

lacks the Zn domain (blue) and part of the RAB3A binding domain (green; composed 547 

of the α1 and α2 domain), which are responsible for binding of Munc13-1/ubMunc13-548 

2 and RAB3A, respectively (Fig. 6C) (Wang et al., 1997; Betz et al., 2001; Fukuda, 549 

2003; Andrews-Zwilling et al., 2006). The alternatively spliced RIM2α would therefore 550 
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be structurally comparable to RIM2β (Fig. 6C), which lacks the ability to interact with 551 

the photoreceptor-specific ubMunc13-2 and RAB3A (Cooper et al., 2012). However, 552 

in contrast to the complete lack of the RAB3A binding domain in RIM2β, part of this 553 

binding domain is still present in any alternatively spliced RIM2α, due to the fact that 554 

the α1-domain of the RAB3A binding domain is encoded in RIM2α exon 1 (Fig. 6C). 555 

Thus, we examined the ability of RAB3A binding to RIM2αΔEx2-5 with a GST pulldown 556 

assay (Fig. 6D). GST fusion proteins containing the RIM2α N-terminus but lacking 557 

either exons 2 and 3 (GST-RIM2αΔ2/3) or exons 2-5 (RIM2αΔEx2–5) were used as 558 

immobilized bait proteins; GST alone served as negative control. Overexpressed 559 

RAB3A was used as soluble prey protein. Since the binding of RAB3A to RIM occurs 560 

only in its activated form, the pulldown experiments were performed in the presence 561 

of GTPγS. Both GST- RIM2αΔ2/3 and GST-RIM2αΔEx2–5, but not GST alone, were able 562 

to pull down RAB3A-GTPγS (Fig. 6D). In two out of four independent experiments, 563 

binding of RAB3A-GTPγS to GST-RIM2αΔEx2–5, however, seemed less efficient than 564 

to GST-RIM2αΔ2/3, as judged by a weaker RAB3A staining (lanes 5,6; Fig. 6D). We 565 

also confirmed the lack of ubMunc13-2-binding to RIM2αΔEx2–5 in the absence of the 566 

Zinc finger (not shown). 567 

 From these findings, we conclude that the prevalent RIM2 in mouse 568 

photoreceptors is unable to bind ubMunc13-2, and that binding of RAB3A-GTPγS is 569 

probably either weak (RIM2α splice variant) or not possible (RIM2β). 570 

 571 

Photoreceptor synaptic transmission does not depend on full-length RIM2α 572 

Next, we examined with electrophysiology RIM2αmt photoreceptors, which only lack 573 

full-length RIM2α. A recent study on the function of RIMs at photoreceptor ribbon 574 

synapses examined a conditional double knock-out of RIM1 and RIM2 from rod 575 
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photoreceptors (Grabner et al., 2015). The results of this study showed that RIM1/2 576 

facilitate Ca2+ entry into rod photoreceptor terminals and in turn Ca2+ evoked release 577 

by modulating Ca2+ channel openings (Grabner et al., 2015). 578 

To test whether the slight reduction in overall RIM2 levels in the OPL has any 579 

influence on Ca2+ channel function in photoreceptors, we recorded Ca2+ currents 580 

from fluorescently labeled cone photoreceptors of RIM2αwt/Rac3-eGFP and 581 

RIM2αmt/Rac3-eGFP mice in a vertical slice preparation (Fig. 7A,B). During 582 

recording, cone photoreceptors were filled with Alexa 568 (100 μM) to confirm their 583 

identity (Fig. 7C). Voltage-dependent Ca2+ currents were measured with a voltage 584 

ramp protocol running from −60 to +50 mV (0.11 mV ms−1). The corresponding 585 

current-voltage relations were plotted for RIM2αwt and RIM2αmt mice in Figure 7D 586 

and - E, respectively. Currents were fitted with a Boltzmann distribution (see Material 587 

and Methods), and parameters of the fit were not significantly different between the 588 

two genotypes (Fig. 7F). The peak current amplitude showed a tendency to be 589 

reduced in RIM2αmt mice, albeit without statistical significance. Furthermore, 590 

fundamental biophysical parameters, i.e. membrane capacitance, input resistance, 591 

and access resistance, did not differ between RIM2αwt and RIM2αmt cone 592 

photoreceptors (Table 1). 593 

Next, we performed ERG recordings as a readout of retinal function and 594 

photoreceptor synaptic transmission. Figure 8A-C shows a comparison of the mean 595 

amplitudes and delays of the scotopic a-wave, b-wave and oscillatory potentials 596 

(OPs) of the wild-type and RIM2αmt mice. In both groups, the a-wave amplitudes 597 

were similar over all measured light intensities; the b-wave amplitudes were slightly 598 

reduced in the RIM2αmt mice (Fig. 8A, Fig. 8-1). The delay of the scotopic a- and b-599 

wave was slightly increased in the RIM2αmt compared to the wild-type mice at lower 600 
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flash strengths (Fig. 8B, Fig. 8-1). The amplitudes of the OPs were consistently 601 

smaller in the RIM2αmt than in the wild-type mice (Fig. 8C, Fig. 8-1). Figure 8D 602 

summarizes the amplitudes and delays of the cone-driven photopic flash ERG (flash 603 

strength 6.3 cd.s/m2). While the amplitude of the photopic b-wave did not differ 604 

between the wild-type and RIM2αmt mice, the b-wave delay was significantly larger 605 

for RIM2αmt mice at higher flash intensities (Fig. 8-2). We also measured the photopic 606 

flicker ERG, which is characterized by its amplitude and phase as a function of 607 

stimulus frequency (Fig. 8E,F). The amplitudes were similar in the two groups (Fig. 608 

8E, Fig. 8-3), the phase was consistently larger in the RIM2αmt than in the wild-type 609 

mice (Fig. 8F, Fig. 8-3). Taken together, the results from the ERG recordings suggest 610 

that RIM2α deficiency results in a moderate change of the physiology of the 611 

photoreceptor ribbon synapse. Assuming that OPs mainly originate from amacrine 612 

cell activity (Frishman 2006), the data suggest that the physiology of these cells is 613 

affected in the RIM2αmt mice. 614 

In a final set of experiments, we investigated synaptic release from cone 615 

photoreceptor synapses in RIM2αwt and RIM2αmt mice by recording from 616 

postsynaptic horizontal cells in a horizontal slice preparation of the retina at a holding 617 

potential of –60 mV. Under relatively dark-adapted conditions, horizontal cells in both 618 

RIM2αwt and RIM2αmt mice showed tonic synaptic activity (Fig. 9A), which was 619 

caused by the continuous release of glutamate from cone photoreceptors in the dark. 620 

Amplitudes of synaptic events, as determined from the respective amplitude 621 

distributions, were not significantly different between RIM2αwt and RIM2αmt mice (Fig. 622 

9B). The frequency of tonic EPSCs, as determined from inter-event interval 623 

histogram, also showed no significant difference between RIM2αwt and RIM2αmt mice 624 

(Fig. 9B). 625 
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To determine whether the horizontal cell light response was affected in 626 

RIM2αmt mice, we used a full-field light flash (5 s duration, 130 W/cm2). As a 627 

response to the onset of light, release of glutamate was reduced in both RIM2αwt and 628 

RIM2αmt mice, resulting (1) in a reduction of tonic inward current (appearing as an 629 

outward current), and (2) an almost complete cessation of synaptic events (Fig. 9C). 630 

Amplitude and 20–80% rise time of the light response showed no significant 631 

differences between RIM2αwt and RIM2αmt mice (Fig. 9D). However, charge transfer 632 

values of the responses to light offset, which possibly represent evoked vesicle 633 

release from photoreceptors (Jackman et al., 2009), were significantly smaller in 634 

mutant mice. We have also used a train of full-field light stimuli switched on and off 635 

for 500 ms to investigate whether horizontal cell light responses undergo adaptation 636 

during repetitive stimulation. Light response amplitudes in both RIM2αwt and RIM2αmt 637 

mice showed no decline after 10 stimuli, but charge transfer values of Off light 638 

responses revealed a tendency to be smaller during the 10 stimuli, although they did 639 

not reach statistical significance in our measurements (Fig. 9E,F). 640 

The findings from the ERG and, especially, the voltage-clamp recordings 641 

strongly argue for a mechanism of synaptic vesicle exocytosis from photoreceptor 642 

ribbon synapses that does not involve a RIM-Munc13-RAB3A complex, verifying an 643 

earlier study showing Munc13-independent vesicle priming at photoreceptor ribbon 644 

synapses (Cooper et al., 2012).  645 
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Discussion 646 

RIM proteins are highly conserved active zone components of chemical synapses. 647 

Due to their interactions with various other proteins, they play important roles in the 648 

vesicle docking and/or priming process and in the synchronization of release during 649 

exocytosis by clustering and modulation of Ca2+ channels. In the present study, we 650 

examined the expression, localization, and function of RIMs at the specialized 651 

sensory photoreceptor ribbon synapse. As discussed below, our data provide 652 

important information for the current understanding of photoreceptor ribbon synaptic 653 

function. 654 

 655 

Absence of RIM1 from mouse photoreceptor ribbon synapses? 656 

In a preceding study, we reported the presence of both RIM1 and RIM2 at 657 

photoreceptor ribbon synapses, with RIM1 associated with the presynaptic ribbon 658 

and RIM2 with the arciform density of rod photoreceptors (tom Dieck et al., 2005). In 659 

the present study, we show that (1) RIM1 is most likely absent from photoreceptor 660 

ribbon synapses, and (2) RIM2 is the major large RIM isoform present at 661 

photoreceptor ribbon synapses. As we demonstrate, the most likely explanation for 662 

the discrepancy in the results of the two studies is that the antibodies against RIM1 663 

used in the study by tom Dieck and colleagues (2005) cross-reacted with 664 

Piccolo/Piccolino. 665 

The likely absence of RIM1 from photoreceptors at the protein and transcript 666 

level decisively influences our current thinking concerning vesicle tethering and 667 

priming at photoreceptor ribbon synapses. One hypothesized role of synaptic ribbons 668 

in sensory neurons is the recruitment and/or priming of synaptic vesicles via 669 

filamentous tethers to support high continuous release rates (Heidelberger, 2007; 670 
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Frank et al., 2010; Matthews and Fuchs, 2010; Snellman et al., 2011; Hallermann 671 

and Silver, 2013). Up to date, the molecular identity of these tethers and the potential 672 

priming machinery at the synaptic ribbon are unknown. RIM1 has been discussed as 673 

the most likely candidate, as it possesses the ability to interact with the vesicle-674 

associated protein RAB3A, and it has been reported to be located at the 675 

photoreceptor synaptic ribbon (Wang et al., 1997; Wang et al., 2001; tom Dieck et al., 676 

2005; Limbach et al., 2011; Snellman et al., 2011; Tian et al., 2012, Hallermann and 677 

Silver, 2013). Moreover, cryo-electron tomographical experiments revealed 678 

reductions in vesicle tethering and vesicle numbers at RIM1α-deficient active zones 679 

of cerebrocortical synapses (Fernández-Busnadiego et al., 2013). 680 

As we now show that RIM1 is probably not available as a vesicle tether at the 681 

photoreceptor synaptic ribbon, the question, which protein tethers synaptic vesicles 682 

to the photoreceptor synaptic ribbon, is still open. 683 

 684 

Mouse photoreceptors predominantly express alternatively spliced RIM2α and/or 685 

RIM2β 686 

We found that RIM2, which localizes to the arciform density of the rod photoreceptor 687 

active zone (tom Dieck et al., 2005; Regus-Leidig et al., 2010; this study), is the 688 

major large RIM isoform expressed in mouse photoreceptors. Using antibodies 689 

against different epitopes of RIM2 in combination with transcript analyses, we show 690 

that the majority of RIM2 in mouse photoreceptors lacks the N-terminal zinc finger 691 

domain and (part of) the RAB3A binding domain. The analysis of a RIM2αmt mouse 692 

line with a genetic deletion of RIM2 exon 5 supports this finding. This mutant mouse 693 

lacks RIM2α in all tested brain regions (Schoch et al., 2006) but in photoreceptors, 694 
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RIM2 protein levels were hardly affected, indicating that the prevalent RIM2 transcript 695 

in photoreceptors lacks this exon. 696 

 697 

Interaction of photoreceptor-RIM2 with ubMunc13-2 is functionally not essential in 698 

photoreceptor synaptic transmission 699 

At conventional chemical synapses, RIM-Munc13-RAB3A-interactions mediate 700 

docking/priming (Betz et al., 2001; Deng et al., 2011; Südhof, 2013). Characterization 701 

of the translation product of RIM2αΔEx2-5, representing the entirety of RIM2 in wild-702 

type mouse photoreceptors, revealed its inability to interact with the ribbon synapse-703 

specific ubMunc13-2 for vesicle priming, and a weaker RAB3A binding than in the 704 

full-length RIM2α. To analyze the contribution of full-length RIM2α to synaptic vesicle 705 

exocytosis at photoreceptor ribbon synapses, we characterized photoreceptor 706 

synaptic transmission in the absence of full-length RIM2α in the RIM2αmt retina. 707 

Since our voltage-clamp recordings from postsynaptic horizontal cells of RIM2αwt and 708 

RIM2αmt retinae did not reveal any significant functional differences between the 709 

cone photoreceptor ribbon synapses of the two genotypes, we conclude that the 710 

RIM-Munc13-RAB3A tripartite complex is not essential for synaptic vesicle 711 

exocytosis at photoreceptor ribbon synapses. The results from a previous study, 712 

demonstrating that the absence of ubMunc13-2 does not significantly impair vesicle 713 

priming and photoreceptor ribbon synaptic transmission, supports our hypothesis 714 

(Cooper et al., 2012). 715 

 716 

In summary, our study shows that RIM2 is the prevalent large RIM isoform 717 

present at photoreceptor ribbon synapses. The majority of photoreceptor-RIM2 lacks 718 

the N-terminal zinc finger and (part of) the RAB3A binding domain, which leads to its 719 
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inability to interact with ubMunc13-2, and to decreased or absence of RAB3A 720 

binding. From our results and the results from a recent study on the function of RIMs 721 

at photoreceptor ribbon synapses (Grabner et al., 2015), we conclude that the role of 722 

RIM2 at photoreceptor ribbon synapses is different from RIM function in most other 723 

types of chemical synapses (Mittelstaedt et al., 2010; Jung et al., 2015). At the 724 

photoreceptor ribbon synaptic active zone, RIM2 is not essential (1) for vesicle 725 

priming (this study), and (2) for Ca2+ channel clustering, but it (3) acts as a Ca2+ 726 

channel modulator (Grabner et al., 2015).  727 
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Figure Legends 728 

 729 

Figure 1. Expression and distribution of RIM family members at photoreceptor 730 

ribbon synapses. 731 

A: RT-PCR of cDNA from cortex, whole retina, outer nuclear layer (ONL), isolated 732 

cone photoreceptors (Cones) and organ of Corti with specific primers for the different 733 

RIM isoforms. As control for the purity of the photoreceptor samples, primers for 734 

Complexin2 (Cplx2) were used, whereas RT-PCR with β-Actin primers served as 735 

loading control. B: Left panel: schematic representation of RIM1α/β and RIM2α/β and 736 

epitope locations of the used antibodies. Right panel: Western blots of 737 

overexpressed RIM1α, RIM2α, and RIM2β stained with the different RIM antibodies 738 

to test for antibody specificity. C: Left panel: Images of vertical sections through the 739 

C57BL/6 mouse retina stained with the different RIM antibodies. Right panel: 740 

immunocytochemical double staining of the outer plexiform layer (OPL) with the 741 

different RIM antibodies (green), and with an antibody against RIBEYE (magenta). 742 

α1/α2, RAB3A binding domains; ad, arciform density; bp, base pairs; C2, C2 domain; 743 

ONL, outer nuclear layer; PDZ, PDZ domain; Q, glutamine-rich heptad repeat; sr, 744 

synaptic ribbon; Zn, zinc finger. Scale bar in C: 5 μm. 745 

 746 

Figure 2. A Piccolo-RIM homology region results in antibody cross-reactivity. 747 

A: Amino acid sequence comparison shows a homology region between RIM1α, 748 

RIM2α and Piccolo (Pclo) in the RIM2ab2 binding site. Conserved residues are 749 

depicted in black. B: Transfection of HEK293T cells with Piccolo aa1–241 N-750 

terminally fused to eYFP (eYFP-Pclo-aa1–241; green), labeled with an antibody 751 

against the Pclo N-terminus (Pclo4; magenta; upper panel), and with RIM2ab2 752 
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(magenta; lower panel). C: Cross-reactivity of RIM2ab2 with Pclo and Piccolino 753 

(Pclino) verified in Western Blot analysis with mouse retinal synaptosomal fractions. 754 

D: Transfection of NIH 3T3 mouse fibroblasts with eYFP-Pclo-aa1–241, labeled with 755 

the eluted RIM2ab2 fraction after binding to the Pclo aa41-aa59 peptide (RIM2ab2 756 

eluate; magenta; upper panel), and with the depleted antibody RIM2ab2depl (magenta; 757 

lower panel). E: Successful abolishment of RIM2ab2depl cross-reactivity with Pclo and 758 

Pclino verified in Western Blot analysis with mouse retinal synaptosomal fractions. F: 759 

Immunocytochemical double staining of the outer plexiform layer (OPL) of C57BL/6 760 

mice with RIM2ab2depl (green), and with an antibody against RIBEYE (magenta). 761 

kDa, kilo-Dalton. Scale bar in A,D,E: 5 μm. 762 

 763 

Figure 3. Scotopic and photopic flash and photopic flicker ERGs of wild-type 764 

and RIM1αmt mice. 765 

A: Averaged amplitudes of the scotopic a- and b-wave (mean ± SD) of wild-type 766 

(range in gray) and RIM1αmt mice (black circles) as a function of stimulus intensity. 767 

The a-wave is shown as negative values. B: Averaged delays (mean ± SD) of 768 

scotopic a- and b-wave of wild-type (range in gray) and RIM1αmt mice (black circles) 769 

as a function of flash strength. A-wave delay is only shown for flash intensities where 770 

the recordings exhibit a noticeable a-wave. C: Averaged amplitude (mean ± SD) of 771 

the oscillatory potentials of the scotopic flash ERG of wild-type (range in gray) and 772 

RIM1αmt mice (black circles) as a function of stimulus intensity. D: Averaged 773 

amplitude and delay (mean ± SD) of the photopic b-wave of wild-type (range in gray) 774 

and RIM1αmt mice (black circles) as a function of flash strength. E: Averaged 775 

amplitudes (mean ± SD) of the fundamental’s amplitude of the photopic flicker ERG 776 

of wild-type (white squares) and RIM1αmt mice (black circles) as a function of 777 
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stimulus frequency. F: Averaged phases (mean ± SD) of the fundamental’s amplitude 778 

of the photopic flicker ERG of wild-type (white squares) and RIM1αmt mice (black 779 

circles) as a function of stimulus frequency. A-F: Statistical differences are indicated 780 

by asterisks; *p < 0.05, **p < 0.005, ***p < 0.001. For detailed statistics see Fig. 3-1, 781 

3-2, and 3-3. 782 

 783 

Figure 4. Tonic synaptic activity and light and dark responses in horizontal 784 

cells of RIM1αwt and RIM1αmt mice. 785 

A,B: Spontaneous events recorded at –60 mV holding potential from a horizontal cell 786 

body in a horizontal slice preparation of a RIM1αwt (black trace) and a RIM1αmt (red 787 

trace) mouse retina. B: Amplitude histograms of tonic synaptic events as shown in A 788 

and B were constructed from RIM1αwt (black trace) and RIM1αmt (red trace) retina 789 

(bin width: 1 pA) and inter-event interval histograms of EPSCs recorded from 790 

RIM1αwt (black trace) and RIM1αmt (red trace) retina (bin width: 0.5 ms). RIM1αmt 791 

showed no significant difference in the distribution of EPSC amplitudes (p= 0.67; 792 

Levene`s test) and inter-event intervals (p = 0.70; Mann-Whitney U-test) C: A 793 

relatively dark-adapted horizontal slice from RIM1αwt (black trace) and RIM1αmt (red 794 

trace) retina stimulated with a 5 s full-field-light flash. Current changes in response to 795 

the light stimulus recorded from horizontal cell bodies at –60 mV holding potential. D: 796 

Light response amplitude, rise time and charge transfer of off light response values 797 

were not significantly different between the two genotypes (light response amplitude: 798 

p = 0.49; rise time: p = 0.21; charge values of off light responses p = 0.37; unpaired t-799 

test). E: Horizontal slice from RIM1αwt (black trace) and RIM1αmt (red trace) retina 800 

stimulated with a 1 Hz (500 ms duration) full field light stimulus (10 stimuli). Current 801 

changes in response to the train recorded from horizontal cell bodies at –60 mV 802 
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holding potential. F: Peak light responses and Off responses did not show significant 803 

adaptation during the course of stimulation as determined by fitting a linear 804 

regression line to the data points. Slope values for peak light responses were 0.431  805 

0.113 and 0.275  0.181 for RIM1αwt and RIM1αmt, respectively (p = 0.4752; unpaired 806 

t-test). Slope values for corresponding Off responses were 0.009  0.032 and –0.013 807 

 0.027 (p = 0.5982; unpaired t-test). n = 11 cells from 3 animals/genotype. 808 

 809 

Figure 5. Genetic deletion of RIM2 exon 5 hardly affects photoreceptor RIM2. 810 

A: Images of vertical sections through the outer plexifom layer (OPL) of the C57BL/6 811 

mouse retina stained with the three different RIM2 antibodies (RIM2ab2depl, RIM2ab1, 812 

RIM2ab3). B: Structure of RIM2α with binding sites for RIM2ab2depl, RIM2ab1, and 813 

RIM2ab3. Exon structure of the RIM2ab2depl epitope region is displayed; exon 5 is 814 

genetically deleted in the RIM2αmt mouse (red cross). C: Photoreceptor synaptic 815 

ribbons in the OPL of the RIM2αwt and RIM2αmt retina double labeled for RIM2 816 

(RIM2ab2depl; green) and RIBEYE (magenta). D: Photoreceptor synaptic ribbons in 817 

the OPL of the RIM2αwt and RIM2αmt retina double labeled for RIM2 (RIM2ab1; 818 

green) and RIBEYE (magenta). E: Photoreceptor synaptic ribbons in the OPL of the 819 

RIM2αwt and RIM2αmt retina double labeled for RIM2 (RIM2ab3; green) and RIBEYE 820 

(magenta). ad, arciform density; sr, synaptic ribbon. Scale bar in A: 10 μm, in C-E: 1 821 

μm. 822 

 823 

Figure 6. Identification of an alternative RIM2α transcript lacking exons 2-5 824 

(RIM2αΔEx2-5). 825 

A: Exon structure of the full-length RIM2α transcript and an alternative RIM2α 826 

transcript without exons 2-5. Arrows indicate the primer pairs used in (B). B: RT-PCR 827 
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of cDNA from RIM2αwt cortex, whole retina, outer nuclear layer (ONL), cone 828 

photoreceptors (Cones) and organ of Corti. Primers spanning RIM2 exons 1α-6 829 

amplified the full-length RIM2α transcript, a splice variant lacking exons 2 and 3 830 

(RIM2αΔEx2/3) and a shorter amplicon (arrowhead) corresponding to a splice variant 831 

without exons 2-5 (RIM2αΔEx2-5). RT-PCR with a forward primer designed to bridge 832 

the exon border 1/6 verified the presence of the RIM2αΔEx2-5 transcript. As loading 833 

control, β-Actin primers were used. C: Schematic representation of the prevalent 834 

RIM2α protein variant in the brain (transcript RIM2αΔEx2/3), the newly identified RIM2α 835 

variant (transcript RIM2αΔEx2-5), and RIM2β with their interaction domains and known 836 

binding partners. The inset depicts the exon structure of both RIM2α transcripts; 837 

coding regions for the two α-helices of the RAB3A binding domain (α1 and α2; green) 838 

and for the zinc finger domain (Zn; blue) with its conserved cysteine residues are 839 

shown. D: Pull-downs of GST-tagged N-terminal regions of RIM2α (GST-RIM2αΔEx2/3 840 

and GST-RIM2αΔEx2-5) with RAB3A in the presence of GTP. Samples were analyzed 841 

by immunoblotting with antibodies against GST and RAB3A. α1 and α2, RAB3A 842 

binding domains; bp, base pairs; mt, mutant; wt, wild-type; Zn, zinc finger. 843 

 844 

Figure 7. Whole-cell Ca2+ current measurements from RIM2αwt and RIM2αmt 845 

mice. 846 

A: Outer nuclear layer (ONL) in a vertical slice from a RIM2αwt/Rac3-eGFP retina 847 

visualized with Dodt contrast optics. B: Corresponding fluorescence image revealing 848 

eGFP-labeled cone photoreceptors. C: Individual cone photoreceptor injected with 849 

100 μM Alexa 568 during the patch-clamp recording. The electrode is attached to the 850 

cell body of the cone photoreceptor; the arrow indicates its synaptic terminal in the 851 

outer plexiform layer (OPL). D,E: Voltage-dependent Ca2+ currents induced by a 852 
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voltage ramp protocol (−60 to +50 mV, 0.11 mV ms−1) recorded from cone 853 

photoreceptor cell bodies in the RIM2αwt/Rac3-eGFP retina and in the RIM2αmt/Rac3-854 

eGFP retina. F: Parameters obtained by fitting a Boltzmann distribution to the 855 

voltage-dependent activation of Ca2+ channels in RIM2αwt and RIM2αmt cone 856 

photoreceptors. Values were not significantly different (peak current: p = 0.064; V50: p 857 

= 0.39; k: p = 0.92; unpaired t-test). n = 9 cells from 3 RIM2αwt animals and 14 cells 858 

from 4 RIM2αmt animals. Scale bar in B,F: 20 μm. 859 

 860 

Figure 8. Scotopic and photopic flash and photopic flicker ERGs of wild-type 861 

and RIM2αmt mice. 862 

A: Averaged amplitudes (mean ± SD) of the scotopic a- and b-wave of wild-type 863 

(range in gray) and RIM2αmt mice (black circles) as a function of flash strength. The 864 

a-wave amplitude is given as negative values. B: Averaged delays (mean ± SD) of 865 

the scotopic a- (bottom) and b-wave (top) of wild-type (range in gray) and RIM2αmt 866 

mice (black circles) as a function of flash strength. A-wave delays are only shown at 867 

the four highest flash strengths, where a prominent a-wave is present. C: Averaged 868 

amplitudes (mean ± SD) of the oscillatory potentials of the scotopic flash ERG of 869 

wild-type (range in gray) and RIM2αmt mice (black circles) as a function of flash 870 

strength. D: Averaged amplitudes (mean ± SD) and delays (mean ± SD) of the a- and 871 

b-wave of the photopic flash ERG at a flash strength of 6.3 cd.s/m2 of wild-type (black 872 

columns) and RIM2αmt mice (gray columns).The y-axis either shows the delay in 873 

seconds or the amplitude in millivolts. E: Averaged amplitudes (mean ± SD) of the 874 

photopic flicker ERG of wild-type (white squares) RIM2αmt mice (black circles) as a 875 

function of stimulus frequency. F: Averaged phases (mean ± SD) of the photopic 876 

flicker ERG of wild-type (white squares) RIM2αmt mice (black circles) as a function of 877 
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stimulus frequency. A-F: Statistical differences are indicated by asterisks; *p < 0.05, 878 

**p < 0.01, ***p < 0.001. For detailed statistics see Fig. 8-1, 8-2, and 8-3. 879 

 880 

Figure 9. Tonic synaptic activity and light and dark responses in horizontal 881 

cells of RIM2αwt and RIM2αmt mice. 882 

A,B: Tonic synaptic events recorded at –60 mV holding potential from a horizontal 883 

cell body in a horizontal slice preparation of a RIM2αwt (black trace) and a RIM2αmt 884 

(red trace) mouse retina. B: Amplitude histograms of tonic synaptic events as shown 885 

in A and B were constructed from RIM2αwt (black trace) and RIM2αmt (red trace) 886 

retina (bin width: 1 pA) and inter-event interval histograms of EPSCs recorded from 887 

RIM2αwt (black trace) and RIM2αmt (red trace) retina (bin width: 0.5 ms). RIM2αmt 888 

showed no significant difference in the distribution of EPSC amplitudes (p= 0.87; 889 

Levene`s test) and inter-event intervals (p = 0.80; Mann-Whitney U-test) C: A 890 

relatively dark-adapted horizontal slice from RIM2αwt (black trace) and RIM2αmt (red 891 

trace) retina stimulated with a 5 s full-field-light flash. Current changes in response to 892 

the light stimulus recorded from horizontal cell bodies at –60 mV holding potential. D: 893 

Light response amplitude and 20 – 80 % rise time were not significantly different 894 

between the two genotypes (light response amplitude: p = 0.65; rise time: p = 0.26; 895 

unpaired t-test), but the charge transfer during the off responses was significantly 896 

smaller in RIM2αmt (p = 0.037; unpaired t-test). n = 13 cells from 3 RIM2αwt animals 897 

and 16 cells from 3 RIM2αmt animals. E: A relatively dark-adapted horizontal slice 898 

from RIM2αwt (black trace) and RIM2αmt (red trace) retina stimulated with a 1 Hz (500 899 

ms duration) full field light stimulus (10 stimuli). Current changes in response to the 900 

train recorded from horizontal cell bodies at –60 mV holding potential. F: Peak light 901 

responses and Off responses did not show significant adaptation during the course of 902 
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stimulation as determined by fitting a linear regression line to the data points. Slope 903 

values for peak light responses were –0.022  0.116 and –0.251  0.246 for RIM1αwt 904 

and RIM1αmt, respectively (p = 0.4415; unpaired t-test). Slope values for 905 

corresponding Off responses were 0.120  0.099 and 0.098  0.104 (p = 0.8764; 906 

unpaired t-test). n = 11 cells from 3 animals/genotype. 907 

 908 

Figure 3-1. Statistical analysis of the scotopic flash ERG in RIM1αmt and wild-909 

type mice.  910 

Summary of test- and p-values for all evaluated ERG components (headline) for all 911 

recorded flash intensities (left column). A Mann-Whitney-U test was used to test on 912 

significant differences between RIM1αmt and wild-type. An α-value of 0.05 was 913 

adopted for significance. Due to multiple testing the significance level was corrected 914 

after Bonferroni. P-values smaller than the resulting αBonferroni = 0.0063 were assumed 915 

as significant and are highlighted in bold. nRIM1α
mt = 6; nwild-type = 9.     916 

 917 

Figure 3-2. Statistical analysis of the photopic b-wave in RIM1αmt and wild-type 918 

mice.  919 

Summary of test- and p-values for amplitude and latency of the photopic b-wave 920 

(headline) for all recorded flash intensities (left column). A Mann-Whitney-U test was 921 

used to test on significant differences between RIM1αmt and wild-type. An α-value of 922 

0.05 was adopted for significance. Due to multiple testing the significance level was 923 

corrected after Bonferroni. P-values smaller than the resulting αBonferroni = 0.01 were 924 

assumed as significant and are highlighted in bold. nRIM1α
mt = 6; nwild-type = 9. 925 

 926 
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Figure 3-3. Statistical analysis of the 1st harmonic of the photopic flicker ERG 927 

in RIM1αmt and wild-type mice.  928 

Summary of test- and p-values for amplitude and phase of the 1st harmonic 929 

(headline) for all recorded stimulus frequencies (left column). An unpaired t-test was 930 

used to test on significant differences between RIM1αmt and wild-type. An α-value of 931 

0.05 was adopted for significance. Due to multiple testing the significance level was 932 

corrected after Bonferroni. P-values smaller than the resulting αBonferroni = 0.025 were 933 

assumed as significant and are highlighted in bold. Degrees of freedom: df = 10. 934 

nRIM1α
mt = 6; nwild-type = 9. 935 

 936 

Figure 8-1. Statistical analysis of the scotopic flash ERG in RIM2αmt and wild-937 

type mice.  938 

Summary of test- and p-values for all evaluated ERG components (headline) for all 939 

recorded flash intensities (left column). An unpaired t-test was used to test on 940 

significant differences between RIM2αmt and wild-type. An α-value of 0.05 was 941 

adopted for significance. Due to multiple testing the significance level was corrected 942 

after Bonferroni. P-values smaller than the resulting αBonferroni = 0.0063 were assumed 943 

as significant and are highlighted in bold. Degrees of freedom for all tests (if not 944 

marked otherwise in the figure): df = 28; 1,2df = 14; 3df = 13. nRIM2α
mt = 6; nwild-type = 9. 945 

 946 

Figure 8-2. Statistical analysis of the photopic b-wave in RIM2αmt and wild-type 947 

mice.  948 

Summary of test- and p-values for amplitude and latency of the photopic b-wave 949 

(headline) for all recorded flash intensities (left column). A Mann-Whitney-U test was 950 

used to test on significant differences between RIM2αmt and wild-type. An α-value of 951 
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0.05 was adopted for significance. Due to multiple testing the significance level was 952 

corrected after Bonferroni. P-values smaller than the resulting αBonferroni = 0.01 were 953 

assumed as significant and are highlighted in bold. nRIM2α
mt = 6; nwild-type = 9. 954 

 955 

Figure 8-3. Statistical analysis of the 1st harmonic of the photopic flicker ERG 956 

in RIM2αmt and wild-type mice.  957 

Summary of test- and p-values for amplitude and phase of the 1st harmonic 958 

(headline) for all recorded stimulus frequencies (left column). An unpaired t-test was 959 

used to test on significant differences between RIM2αmt and wild-type. An α-value of 960 

0.05 was adopted for significance. Due to multiple testing the significance level was 961 

corrected after Bonferroni. P-values smaller than the resulting αBonferroni = 0.025 were 962 

assumed as significant and are highlighted in bold. Degrees of freedom: df = 8. 963 

nRIM2α
mt = 6; nwild-type = 9.  964 
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