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Abstract 48 

Neurotransmission plays an essential role in neural circuit formation in the central 49 

nervous system. Although neurotransmission has been recently clarified as a key 50 

modulator of retinal circuit development, the roles of individual synaptic transmissions 51 

are not yet fully understood. In the current study, we investigated the role of 52 

neurotransmission from photoreceptor cells to ON bipolar cells in development using 53 

mutant mouse lines of both sexes in which this transmission is abrogated. We found that 54 

deletion of the ON bipolar cation channel TRPM1 results in the abnormal contraction of 55 

rod bipolar terminals and a decreased number of their synaptic connections with 56 

amacrine cells. In contrast, these histological alterations were not caused by a disruption 57 

of total glutamate transmission due to loss of the ON bipolar glutamate receptor 58 

mGluR6 or the photoreceptor glutamate transporter VGluT1. In addition, TRPM1 59 

deficiency led to the reduction of total dendritic length, branch numbers, and cell body 60 

size in AII amacrine cells. Activated Goα, known to close the TRPM1 channel, 61 

interacted with TRPM1 and induced the contraction of rod bipolar terminals. 62 

Furthermore, overexpression of Channelrhodopsin-2 partially rescued rod bipolar cell 63 

development in the TRPM1−/− retina, whereas the rescue effect by a constitutively 64 

closed form of TRPM1 was lower than that by the native form. Our results suggest that 65 

TRPM1 channel opening is essential for rod bipolar pathway establishment in 66 

development. 67 

 68 

 69 

  70 
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Significance Statement  71 

Neurotransmission has been recognized recently as a key modulator of retinal circuit 72 

development in the central nervous system. However, the roles of individual synaptic 73 

transmissions are not yet fully understood. In the current study, we focused on 74 

neurotransmission between rod photoreceptor cells and rod bipolar cells in the retina. 75 

We employed genetically modified mouse models which abrogate each step of 76 

neurotransmission: presynaptic glutamate release, postsynaptic glutamate reception, or 77 

transduction channel function. We found that the TRPM1 transduction channel is 78 

required for the development of rod bipolar cells and their synaptic formation with 79 

subsequent neurons, independently of glutamate transmission. This study advances our 80 

understanding of neurotransmission-mediated retinal circuit refinement. 81 

 82 

 83 

84 
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Introduction 85 

A landmark study by Hubel and Wiesel showing that visual deprivation affects the 86 

visual system development pioneered investigation into the importance of synaptic 87 

transmission to the development of neural circuits in the central nervous system (CNS) 88 

(Hubel and Wiesel, 1962). In neural circuits of the brain, synaptic formation and 89 

disruption, as well as neural process outgrowth and retraction, occur continuously. It has 90 

been demonstrated that these phenomena are also necessary for neural circuit formation 91 

and are mediated by neurotransmission during brain development (Hua and Smith, 92 

2004). In the retina, the importance of synaptic transmission for retinal circuit formation 93 

was revealed by the observation that light deprivation altered the stratification of retinal 94 

ganglion cell (RGC) dendrites (Tian and Copenhagen, 2003; Xu and Tian, 2007) and 95 

reduced the number of synaptic connections between cone photoreceptors and cone 96 

bipolar cells in some types of cone bipolar cells (Dunn et al., 2013). Furthermore, 97 

analyses using genetically modified animals, in which specific synaptic transmissions 98 

are inhibited, have gradually clarified the roles of individual synaptic transmissions. 99 

Inhibition of synaptic transmission from ON bipolar cells to RGCs reduces the number 100 

of synapse connections with the ON RGCs (Kerschensteiner et al., 2009; Okawa et al., 101 

2014). Inhibition of inhibitory synaptic transmission throughout the retina influences the 102 

morphology of ON and OFF bipolar cells in a cell-type-specific manner (Hoon et al., 103 

2015). It was previously reported that 2-amino-4-phosphonobutyric acid (APB), which 104 

blocks the light response of ON bipolar cells through mGluR6 activation, disrupted the 105 

normal course of dendritic stratification in developing retinal ganglion cells 106 

(Bodnarenko and Chalupa, 1993) and that light-dependent morphological changes of 107 

rod bipolar cell axons are inhibited by mGluR6 deletion (Ishii et al., 2009). However, 108 
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the role of synaptic transmission of photoreceptors in bipolar cell development and the 109 

underlying mechanism are not fully understood. 110 

   In the mammalian retina, visual information received by photoreceptors is 111 

segregated into ON and OFF pathways that are mediated by ON and OFF bipolar cells, 112 

respectively. ON bipolar cells, which depolarize under light stimulation, develop axons 113 

that terminate in the inner half of the inner plexiform layer (IPL), sublamina b. In 114 

contrast, OFF bipolar cells hyperpolarize under light stimulation and extend axons that 115 

terminate in the outer half of the IPL, sublamina a (Ghosh et al., 2004). Bipolar cells 116 

can also be divided into two major groups, depending on whether they connect to rods 117 

or cones. Cone bipolar cells, including ON and OFF types, receive signal inputs from 118 

cone photoreceptors and directly connect to RGC dendrites in the IPL. In contrast, rod 119 

bipolar cells are only ON bipolar cells and their axonal terminals extend to the deepest 120 

region of the IPL. Rod bipolar cells rarely contact RGCs directly, rather they 121 

functionally connect to RGCs through AII and A17 amacrine cells (Kolb and Famiglietti, 122 

1974; Freed et al., 1987).  123 

   We previously reported that transient receptor potential M1 (TRPM1) is a cation 124 

channel expressed in ON bipolar cells that mediates neurotransmission between 125 

photoreceptors and ON bipolar cells (Koike et al., 2010b). Their neurotransmission 126 

mechanism is as follows: when photoreceptors are depolarized, glutamates packed in 127 

synaptic vesicles via vesicular glutamate transporter 1 (VGluT1) are released from 128 

photoreceptor terminals. The released glutamates are received by mGluR6, which is 129 

localized at the dendritic tips of ON bipolar cells. G-proteins activated by mGluR6 close 130 

the TRPM1 channel (Koike et al., 2010a; Koike et al., 2010b; Shen et al., 2012; Xu et 131 

al., 2016). In the current study, in order to reveal the role of synaptic transmission from 132 
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photoreceptors to ON bipolar cells in rod bipolar cell development, we analyzed 133 

TRPM1, mGluR6, and VGluT1 mutant mouse retinas. 134 

 135 

  136 
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Materials and Methods 137 

 138 

Animal care 139 

All procedures conformed to the Association for Research in Vision and Ophthalmology 140 

statement for the Use of Animals in Ophthalmic and Vision Research, and Guiding 141 

Principles for the Care and Use of Animals in the Field of Physiological Sciences, The 142 

Physiological Society of Japan, and these procedures were approved by the Institutional 143 

Safety Committee on Recombinant DNA Experiments (approval ID 4220), Animal 144 

Experimental Committees of the Institute for Protein Research (approval ID 29-01-0), 145 

Osaka University, and the Animal Research Committee of Saitama Medical University, 146 

and were performed in compliance with institutional guidelines. Mice were housed in a 147 

temperature-controlled room at 22°C with a 12 h light/dark cycle. Fresh water and 148 

rodent diet were available at all times.  149 

 150 

Plasmid constructs 151 

Full-length cDNA fragments of mouse TRPM1 and mGluR6 were amplified by PCR 152 

using mouse retinal cDNA, then subcloned into the pCAGGS-C-3xFlag vector. Full-153 

length cDNA fragments of mouse Goα and Goα(Q205L) were amplified by PCR using 154 

previously constructed plasmids (Koike et al., 2010b) as a template, then subcloned into 155 

the pCAGGS-N-2xHA vector. Primer sequences are as follows: for full-length TRPM1, 156 

forward, 5’-CTTATCGATGCCACCATGGGGTCCATGAGGAAGATGAGCAGC-3’ 157 

and reverse, 5’-CTTGCGGCCGCTGCACTCAGTTTCCGCGCTTCTTTTCTC-3’; 158 

full-length Grm6, forward, 5’-CTTCTCGAGGCCACCATGGGGCGGCTCCGAGTGC 159 

TGCTGCTG-3’ and reverse, 5’-CTTGCGGCCGCACTTGGCGTCCTCTGAGTTCTC 160 
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GCTCTTG-3’; full-length Goα and Goα(Q205L), forward, 5’-CTTGAATTCGATGG 161 

GATGTACGCTGAGCGCAGA-3’ and reverse, 5’-AAGCTCGAGTCAGTACAAGC 162 

CGCAGCCCCGGA-3’. Full-length cDNA fragments of mouse Goα(Q205L) were also 163 

ligated into the pCIG vector (Matsuda and Cepko, 2004) digested with EcoRI and NotI. 164 

To obtain the Grm6 enhancer element, which is well conserved between mouse and 165 

human genomes (Fig. 6A) and overlapping, but slightly shifted, from the previously 166 

reported Grm6 enhancer (Lagali et al., 2008), we amplified the element from the mouse 167 

genome using the primers 5’-TCCATGGTGCTTTCTGTAGGCTTTTAGTTAATAG-3’ 168 

and 5’-TGCTAGCGAGATGTACTTTAGCAGATTAACGATTTGG-3’ and then 169 

subcloned into the pGL3-Basic vector (Promega) and fused to a SV40 eukaryotic 170 

promoter. EGFP digested from the pEGFP-Basic vector was inserted downstream of the 171 

Grm6 enhancer-SV40 promoter, generating the pGrm6-EGFP plasmid. ChR2(C128S) 172 

was generated by site-directed mutagenesis using the pACAGW-ChR2-Venus-AAV 173 

vector (Addgene plasmid 20071) as a template. The primer sequences are 5’-174 

ACCTCTCCGGTCATTCTCATTCACCTG-3’ and 5’-GAGAAGCCACTCGGCGTAA 175 

CGCAACCA-3’. ChR2(C128S)-Venus digested from the pACAGW-ChR2(C128S)-176 

Venus-AAV vector was inserted downstream of the Grm6 enhancer-SV40 promoter, 177 

generating the pGrm6-ChR2(C128S)-Venus plasmid. Grm6 enhancer-SV40 promoter 178 

was ligated into the pCIG vector digested with KpnI and HindIII, generating the 179 

pGrm6-IRES-EGFP plasmid. A1068T mutation in TRPM1 was introduced by site-180 

directed mutagenesis. TRPM1 or TRPM1(A1068T) was ligated into the pGrm6-IRES-181 

EGFP vector digested with PmeI and NotI, generating the pGrm6-TRPM1-IRES-EGFP 182 

or pGrm6-TRPM1(A1068T)-IRES-EGFP. 183 

 184 
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Immunohistochemistry 185 

Immunohistochemistry was performed as described previously (Sanuki et al., 2015). 186 

Mouse eyecups were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered 187 

saline (PBS) for 30 min or 2 h. The tissues were then rinsed in PBS, cryoprotected with 188 

30% sucrose in PBS, embedded in TissueTec OCT compound 4583 (Sakura, Japan), 189 

frozen, and sectioned. For immunohistochemistry, frozen 16 μm sections on slides were 190 

dried for 30 min at room temperature, rehydrated in PBS for 5 min, permeabilized with 191 

0.1% Triton X-100 (wt/vol) in PBS, and then incubated in 4% normal donkey serum 192 

and 0.02% Triton X-100 in PBS for blocking. The samples were then incubated with 193 

primary antibodies at 4°C overnight. Slides were washed with PBS three times for 10 194 

min each time and incubated with secondary antibodies for 2 h at room temperature. 195 

Hoechst (Sigma) was used for nuclear staining. The specimens were observed under a 196 

laser confocal microscope (LSM700, Carl Zeiss). Primary antibodies used in this study 197 

are described as follows: anti-Calbindin (Sigma, PC253L, rabbit, 1:1000), anti-GFP 198 

(Nacalai, 04404-26, rat, 1:1000), anti-Calsenilin (Millipore, 05-756, mouse, 1:100), 199 

anti-PKCα (Sigma, P4334, rabbit, 1:10000), anti-PKCα (Upstate, 05-154, mouse, 200 

1:100), anti-CtBP2 (BD Bioscinence, 612044, mouse, 1:200), anti-PSD95 (Thermo 201 

Scientific, MA1-046, rabbit, 1:300), anti-Dab1 (Millipore, AB5840, rabbit, 1:100), and 202 

anti-Znp1 (ZIRC, ZDB-ATB-081002-25, mouse, 1:500) antibodies. We used Cy3-203 

conjugated (Jackson ImmunoResearch Laboratories, 1:500) and Alexa Fluor 488-204 

conjugated (Sigma, 1:500) secondary antibodies. 205 

 206 

Immunoprecipitation assay 207 

HEK293T cells were cotransfected with the pCAGGS-3xFLAG-TRPM1 or pCAGGS-208 
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3xFLAG-mGluR6 expression plasmids together with the pCAGGS-2xHA-Goα or 209 

pCAGGS-2xHA-Goα(Q205L) expression plasmids. Two days after transfection, the 210 

cells were lysed in PBS containing 1% Triton X-100 and Complete Protease Inhibitor 211 

Cocktail (Roche), and centrifuged for 10 min at 15,100 × g. The supernatants were 212 

incubated with an anti-FLAG M2 affinity gel (Sigma) or a monoclonal anti-HA-agarose 213 

antibody (Sigma) and then eluted with 0.1 M glycine buffer (pH 1.5). After 214 

neutralization with 1M Tris-HCl (pH 9.0), immunoprecipitated samples were analyzed 215 

by Western blotting. 216 

 217 

Western blot analysis 218 

Western blot analysis was performed as described previously (Chaya et al., 2014). 219 

Samples were separated by SDS-PAGE and transferred to PVDF membranes. We used 220 

the following primary antibodies: anti-Flag (Sigma, F1804, mouse, 1:10000) and anti-221 

HA (Roche, 11-867-423-00, rat, 1:5000) antibodies. After washing with TBS/ 0.1% 222 

Tween-20, the membrane was then incubated with a horseradish peroxidase-conjugated 223 

donkey anti-mouse IgG (1:10,000, Jackson) or donkey anti-rat IgG (1:10,000, Jackson). 224 

The bands were visually developed using Chemi-Lumi One L (Nacalai, Japan). 225 

 226 

In vivo electroporation 227 

In vivo electroporation was performed on the P0 mouse retina as described previously 228 

(Watanabe et al., 2015). Plasmids in 0.3 μl of PBS at a concentration of 5 μg/μl were 229 

injected into P0 mouse retinas followed by in vivo electroporation. The electroporated 230 

retinas were harvested at 1M, spread flat, and immunostained with antibodies against 231 

GFP and PKCα. Images were obtained using a confocal microscope LSM700 (Zeiss), 232 
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and the areas of both EGFP- and PKCα-positive axon terminals of rod bipolar cells 233 

were measured using the Metamorph software (Molecular Devices). 234 

 235 

Transmission electron microscope 236 

Transmission electron microscope analysis was carried out as described previously with 237 

some modifications (Omori et al., 2015). Eye cups were fixed with 2% glutaraldehyde, 238 

2% paraformaldehyde in 0.1 M phosphate buffer. After fixation with 1% osmium 239 

tetraoxide for 3 h, the retinas were dehydrated through a graded series of ethanol (30-240 

100%) and propylene oxide. Finally, the retinas were embedded in epoxy resin. Sections 241 

were cut on an ultramicrotome (EM UC7, Leica) and stained with uranyl acetate and 242 

lead citrate. Retinal sections were observed by transmission electron microscope (H-243 

7500; Hitachi). 244 

 245 

Slice preparation 246 

Mice of either sex at 1M were dark-adapted for > 3 h before the experiment to make it 247 

easy to isolate the retina from the pigmented epithelium. Under light conditions, the 248 

retina was isolated in an external solution containing (in mM): 120 NaCl, 3 KCl, 2.5 249 

CaCl2, 1 MgCl2, 10 glucose, and 25 NaHCO3 equilibrated with 95% O2/5% CO2 (pH 250 

7.4), and then placed on a piece of mixed cellulose ester filter paper (0.2 μm pore size; 251 

ADVANTEC, Tokyo, Japan) with the photoreceptor side up. To firmly attach each 252 

retina to the filter paper, suction was applied from the back of the filter paper. Retinal 253 

slices, 200 μm thick, were cut vertically with a custom-made tissue chopper and fixed to 254 

the glass bottom of the recording chamber (1.5 ml in volume) with a small amount of 255 

silicone grease (Dow Corning, Midland, MI, USA). All experiments were performed 256 
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under room temperature. The chamber was continuously perfused (1.5 ml/min) with 257 

external solution. 258 

 259 

Patch-clamp recording from retinal slices 260 

Whole-cell patch-clamp recordings were made from AII amacrine cells in the central 261 

retina, within 2 mm eccentricity. Recordings were performed with an Axopatch 200B 262 

amplifier (Molecular Devices, Sunnyvale, CA, USA), using pCLAMP 9.2 software 263 

(Molecular Devices). The retinal slice preparations were visualized using an upright 264 

microscope (BX50WI; Olympus, Tokyo, Japan) equipped with DIC optics and a 60x 265 

water-immersion objective. The patch pipettes (7-9 M ) were filled with an internal 266 

solution containing: 120 mM K-gluconate, 6 mM KCl, 2 mM NaCl, 1 mM CaCl2, 1 mM 267 

MgCl2, 5 mM EGTA, 10 mM HEPES, 4 mM Na2ATP, and 0.5 mM GTP (pH 7.2) for 268 

measuring membrane capacitances, or 123 mM K-gluconate, 6 mM KCl, 10 mM NaCl, 269 

1 mM CaCl2, 1 mM MgCl2, 2 mM EGTA, and 10 mM HEPES (pH 7.2) for capturing 270 

confocal images. Lucifer Yellow CH dilithium salt (LY; 0.1%) was added to the internal 271 

solutions to visualize the morphology of the cells. Z-stack images of LY-filled cells in 272 

an external solution containing: 135 mM NaCl, 3 mM KCl, 2.5 mM CaCl2, 1 mM 273 

MgCl2, 10 mM glucose and 10 mM HEPES (pH 7.4) were captured using a laser 274 

confocal microscope (LSM710, Carl Zeiss). Total dendritic length and branch numbers 275 

were calculated using the MetaMorph Neurite Outgrowth Module. Membrane 276 

capacitance was measured by reading the value for slow capacitance after optimal 277 

compensation of capacitance currents in whole-cell configuration. 278 

 279 

Identification of AII amacrine cells in retinal slices 280 



 

14 
 

We confirmed the identity of AII amacrine cells using the following morphological 281 

criteria revealed by LY injection and electrophysiological features: (i) location of the 282 

cell body at the border between the INL and the IPL but protruding slightly into the IPL; 283 

(ii) the size of the cell body ( 8 μm in diameter); (iii) a thick primary dendrite 284 

descending into sublamina a of the IPL, where it gives rise to large synaptic endings 285 

termed lobular appendages and terminates with a densely branched dendritic plexus 286 

termed the arboreal dendrite in sublamina b (Kolb and Famiglietti, 1974; Strettoi et al., 287 

1992; Wassle et al., 1995); (iv) electrophysiological ‘signature’ of an AII amacrine cell 288 

whereby depolarization steps form a holding potential of -60 mV and evoke action 289 

currents escaping from voltage-clamp, recorded after establishment of whole-cell 290 

configuration (Morkve et al., 2002; Veruki and Hartveit, 2002b); and (v) repetitive 291 

action potentials of small amplitude (5~15 mV) evoked by depolarization from a 292 

membrane potential of -60~70 mV in current-clamp mode (Veruki et al., 2003; Tamalu 293 

and Watanabe, 2007; Cembrowski et al., 2012). 294 

 295 

Experimental design and statistical analysis 296 

All animal experiments were performed on mice of both sexes. All statistical analyses 297 

were performed using GraphPad Prism version 6.04 (GraphPad Software). Single 298 

comparisons were performed using two-tailed unpaired Student’s t test, and multiple 299 

comparisons were performed using one-way ANOVA with post hoc Tukey–Kramer test. 300 

All values are presented as mean  SD. The analyzed number of samples is indicated 301 

in the figure legends.  302 

Measurement of CtBP2 puncta in rod bipolar cell axon terminals (Fig. 2E): one-way 303 

ANOVA with post hoc Tukey–Kramer test was used. Analysis of electrophysiological 304 
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and morphological characteristics of AII amacrine cells (Fig. 3A, C, D, F): one-way 305 

ANOVA with post hoc Tukey–Kramer test was performed. Measurement of axon 306 

terminal areas of rod bipolar cells (Fig. 5G, I, J, 6E, H): unpaired Student’s t test was 307 

used. 308 

309 
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Results 310 

 311 

TRPM1 is required for axon terminal formation in rod bipolar cells 312 

To investigate whether lack of visual transduction influences rod bipolar cell 313 

development, we examined TRPM1, mGluR6 and VGluT1 mutant mice, all of which 314 

have signal transduction between photoreceptors and ON bipolar cells blocked (Fig. 1). 315 

In the VGluT1−/− retina, glutamate release from photoreceptors is inhibited (Johnson et 316 

al., 2007). In the mGluR6−/− retina, ON bipolar cells do not receive glutamates released 317 

from photoreceptors (Nomura et al., 1994). In the TRPM1−/− retina, cation influx into 318 

ON bipolar cells is abrogated (Koike et al., 2010b). It was previously reported that these 319 

mutant mice exhibit a no b-wave phenotype, displaying no significant ERG b-wave, and 320 

that rod bipolar cell responses to light stimulation were completely undetectable in the 321 

TRPM1−/− and mGluR6−/− retinas (Koike et al., 2010b; Xu et al., 2012). We 322 

immunostained PKCα (a rod bipolar cell marker) in retinal sections of 1 month-old 323 

(1M) mutant mice in order to observe the morphologies of rod bipolar cells. In the 324 

TRPM1−/− retina, but not in the mGluR6−/− and VGluT1−/− retinas, PKCα signals were 325 

markedly reduced in the IPL (Fig. 2A). To observe the axon terminals of rod bipolar 326 

cells in more detail, we carried out flat-mount immunostaining of PKCα and CtBP2 (a 327 

synaptic ribbon marker) (Fig. 2B-D). Axon terminal morphologies of rod bipolar cells 328 

in the TRPM1−/− retina were markedly smaller compared with those in the control, 329 

mGluR6−/−, and VGluT1−/− retinas. Although the no b-wave phenotype is common to all 330 

mutant mice examined, the structural alterations of rod bipolar cell axon terminals were 331 

observed only in the TRPM1−/− retina. These results suggest that the TRPM1 channel is 332 

necessary for proper development of rod bipolar cell axon terminals, although glutamate 333 
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transmission between photoreceptors and rod bipolar cells is not required for that. We 334 

then measured the number of CtBP2 signals contained in an axon terminal of a rod 335 

bipolar cell as an indicator of the synaptic connection between rod bipolar cells and 336 

amacrine cells, because the number of synaptic ribbons in axon terminals of rod bipolar 337 

cells can be determined by counting the number of CtBP2-positive puncta in the 338 

terminals of rod bipolar cells identified by PKCα labeling (Wan et al., 2010). Consistent 339 

with the observation of rod bipolar axon terminals, the number of CtBP2-positive 340 

puncta significantly decreased in the TRPM1−/− retina compared with that in the control, 341 

mGluR6−/−, and VGluT1−/− retinas (Fig. 2E; F(3,41) = 55.46, p < 0.0001, ANOVA). These 342 

results suggest that the number of synaptic connections between rod bipolar cells and 343 

amacrine cells decrease in the TRPM1−/− retina. To observe whether rod bipolar cells 344 

correctly formed ribbon synapses, which contain two amacrine cell dendrites and a 345 

synaptic ribbon in a rod bipolar cell, in the IPL, we carried out a conventional electron 346 

microscopy analysis (Fig. 2F). We observed two amacrine cell dendrites in close 347 

proximity to the axon terminal of a rod bipolar cell and a synaptic ribbon contained in 348 

the axon terminal in all examined mouse lines. 349 

 350 

AII amacrine cell development is impaired in TRPM1−/− and VGluT1−/− retinas 351 

To investigate whether loss of TRPM1 influences the output neurons of rod bipolar 352 

cells, we examined the morphology and electrophysiological characteristic of AII 353 

amacrine cells in the TRPM1−/− retina. The AII amacrine cell is a key hub for 354 

information flow, linking rod- and cone-driven retinal circuits (Demb and Singer, 2012). 355 

Although AII amacrine cells provide sustained inhibition to some RGCs under daylight 356 

conditions (Manookin et al., 2008), they are principally known for transferring rod-357 
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driven signals into the cone network as a part of the rod pathway (Bloomfield and 358 

Dacheux, 2001). The axon terminals of rod bipolar cells mainly interact with AII 359 

amacrine cells in sublamina b of the IPL. The AII amacrine cells form sign-inverting 360 

synaptic interactions with axonal processes of OFF cone bipolar cells in sublamina a of 361 

the IPL and sign-preserving gap junctions with axonal processes of ON cone bipolar 362 

cells in sublamina b (Strettoi et al., 1992; Strettoi et al., 1994; Veruki and Hartveit, 363 

2002a). To examine the electrophysiological characteristic of AII amacrine cells, we 364 

measured membrane capacitance of AII amacrine cells in retinal slices at 1M (Fig. 3A). 365 

Membrane capacitance significantly decreased in the TRPM1−/− retina compared to that 366 

in the control and mGluR6−/− retinas (Fig. 3A; F(3,44) = 13.37, p < 0.0001, ANOVA). We 367 

also observed a decrease of membrane capacitance in the VGluT1−/− retina. It is known 368 

that membrane capacitance correlates with the surface area of the cell membrane (Neher 369 

and Marty, 1982). To observe AII amacrine cell dendrites, we injected Lucifer Yellow 370 

into AII amacrine cells and measured their total dendritic length and branch numbers 371 

(Fig. 3B). As expected, total dendritic length and branch numbers of AII amacrine cells 372 

in the TRPM1−/− and VGluT1−/− retinas significantly decreased (Fig. 3C; F(3,35) = 11.25, 373 

p < 0.0001, ANOVA and Fig. 3D; F(3,35) = 10.49, p < 0.0001, ANOVA, respectively). To 374 

analyze the cell body morphologies of AII amacrine cells, we carried out flat-mount 375 

immunostaining for Dab1 (an AII amacrine cell marker) (Fig. 3E). We found that cell 376 

body sizes of AII amacrine cells in the TRPM1−/− and VGluT1−/− retinas are significantly 377 

smaller compared with those in the control and mGluR6−/− retinas (Fig. 3F; F(3,92) = 378 

15.60, p < 0.0001, ANOVA). Since it is known that VGluT1 is not only expressed in 379 

photoreceptors, but also in bipolar cells (Johnson et al., 2003), alterations of AII 380 

amacrine cell morphology in the VGluT1−/− retina might be caused by the abrogation of 381 



 

19 
 

synaptic transmission from rod bipolar cells to AII amacrine cells. These results suggest 382 

that TRPM1 and VGluT1 are essential for the normal development of AII amacrine cells. 383 

 384 

Synaptic connections between photoreceptors and ON bipolar cells are normally 385 

constructed in the TRPM1−/−, mGluR6−/−, and VGluT1−/− retinas 386 

To examine why axon terminal contraction of rod bipolar cells and abnormal AII 387 

amacrine cell morphology were observed in the TRPM1−/− retina, we performed a 388 

histological analysis of the ribbon synapse structure among photoreceptors, rod bipolar 389 

cells, and horizontal cells in the outer plexiform layer (OPL) by immunostaining retinal 390 

sections with antibodies against PKCα, CtBP2, PSD95 (a photoreceptor terminal 391 

marker), and Calbindin (a horizontal cell marker) (Fig. 4A-C). Although the horseshoe-392 

shaped structures marked with CtBP2 signals were disrupted in the VGluT1−/− retina, 393 

rod bipolar cell dendrites were correctly guided to photoreceptor terminals in all 394 

examined mouse lines (Fig. 4A). In addition, invaginations of rod bipolar cell dendrites 395 

into photoreceptor terminals were observed (Fig. 4B). Horizontal cell processes were 396 

also correctly directed to photoreceptor terminals in all examined mouse lines (Fig. 4C). 397 

To observe the ultrastructure of photoreceptor ribbon synapses in these mice, we carried 398 

out conventional electron microscopy analysis (Fig. 4D). In the control retina, we 399 

observed the synaptic ribbon structure and the invagination of two ON bipolar cell 400 

dendrite terminals and horizontal cell processes. Although the VGluT1−/− retina 401 

exhibited an expansion of synaptic ribbon tips, consistent with the 402 

immunohistochemical observation, we observed correct invagination in all examined 403 

mouse lines. These results suggest that axon terminal contraction of rod bipolar cells 404 

and morphological impairment of AII amacrine cells in the TRPM1−/− retina are not 405 



 

20 
 

caused by abnormal synaptic connections among photoreceptors, rod bipolar cells, and 406 

horizontal cells. 407 

 408 

TRPM1 interacts with a constitutively active form of Goα 409 

To elucidate the mechanism underlying the axon terminal contraction of rod bipolar 410 

cells and abnormal morphology of AII amacrine cells observed in the TRPM1−/− retina, 411 

we next focused on TRPM1 channel opening and closing in all examined mouse lines. 412 

In the TRPM1−/− retina, the TRPM1 channel can be regarded as constitutively closed. 413 

On the other hand, the TRPM1 channel in the mGluR6−/− and VGluT1−/− retinas is 414 

predicted to open more frequently than that in the control retina, since its opening is 415 

negatively regulated by the mGluR6 signaling cascade. Previous electrophysiological 416 

analyses have shown that TRPM1 gating is negatively regulated by a Goα subunit 417 

coupled with mGluR6 (Koike et al., 2010b) and, moreover, that a constitutively active 418 

form of Goα, Goα(Q205L), strongly closes the TRPM1 channel compared with the 419 

native form of Goα (Koike et al., 2010b; Xu et al., 2016). To understand the TRPM1 420 

gating mechanism in more detail, we analyzed the interaction between TRPM1 and the 421 

native form of Goα or Goα(Q205L) by immunoprecipitation (Fig. 5A, B). HEK293T 422 

cells were transfected with constructs expressing Flag-tagged TRPM1 and HA-tagged 423 

Goα or Goα(Q205L). Then cell lysates were immunoprecipitated using an anti-FLAG or 424 

an anti-HA antibody. We observed that TRPM1 interacts with both forms of Goα, but 425 

that TRPM1 more strongly binds to Goα(Q205L) compared with the native form of Goα 426 

(Fig. 5A, B). We also examined the interaction between mGluR6 and the native form of 427 

Goα or Goα(Q205L) (Fig. 5C, D). Similar to TRPM1, mGluR6 interacted with both 428 

forms of Goα, but more strongly interacted with the native form of Goα compared with 429 
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Goα(Q205L) (Fig. 5C, D).  430 

 431 

Morphogenesis of rod bipolar axon terminals is regulated by TRPM1 channel 432 

functions 433 

To assess our hypothesis that developmental abnormalities in rod bipolar cells are 434 

attributed to TRPM1 channel closing, we first transfected a plasmid encoding the 435 

constitutively active form of Goα, which binds to and closes the TRPM1 channel (Fig. 436 

5A, B) (Koike et al., 2010b; Xu et al., 2016), into wild-type and mGluR6−/− retinas 437 

using in vivo electroporation at postnatal day 0 (P0) (Fig. 5E-J). The pCAGGS-IRES-438 

GFP plasmid without a cDNA insert was used as a control. We harvested the retinas at 439 

1M and carried out flat-mount immunostaining using anti-GFP and anti-PKCα 440 

antibodies (Fig. 5F, H). We measured the areas of both EGFP- and PKCα-positive rod 441 

bipolar cell axon terminals (Fig. 5G, I). Overexpression of the constitutively active form 442 

of Goα significantly reduced the axon terminal areas of rod bipolar cells in wild-type 443 

(t(107) = 2.732, p = 0.0074, unpaired Student’s t test) and mGluR6−/− retinas (t(161) = 2.007, 444 

p = 0.0464, unpaired Student’s t test). We also measured the areas of PKCα-positive 445 

cells without EGFP signals in Goα(Q205L)-transfected mGluR6−/− retinas as an 446 

additional control, and then compared with cells that were both EGFP- and PKCα-447 

positive. The areas of both EGFP- and PKCα-positive cells were significantly reduced 448 

compared with those of PKCα-positive cells without EGFP signals (Fig. 5J; t(117) = 449 

2.295, p = 0.0235, unpaired Student’s t test). We next transfected a Channelrhodopsin-2 450 

(ChR2)-encoding plasmid, which expresses ChR2 fused with Venus under the control of 451 

the 213-base pair enhancer sequence of the mouse Grm6 gene, into the TRPM1−/− retina 452 

by in vivo electroporation at P0 (Fig. 6A-E). We observed that this enhancer can induce 453 
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gene expression specifically in retinal ON bipolar cells by in vivo electroporation (Fig. 454 

6B) (Lagali et al., 2008). We carried out flat-mount immunostaining using anti-GFP and 455 

anti-PKCα antibodies and measured the areas of both EGFP- and PKCα-positive axon 456 

terminals of rod bipolar cells (Fig. 6D, E). Overexpression of ChR2 significantly 457 

increased the axon terminal areas of rod bipolar cells in the TRPM1−/− retina (Fig. 6E; 458 

t(214) = 2.109, p = 0.0361, unpaired Student’s t test). We also transfected a plasmid 459 

encoding TRPM1(A1068T), known as a constitutively closed form, into the TRPM1−/− 460 

retina (Peachey et al., 2012) (Fig. 6F). Overexpression of native TRPM1 more 461 

effectively rescued the areas of rod bipolar axon terminals than TRPM1(A1068T) (Fig. 462 

6G, H; t(129) = 2.766, p = 0.0065, unpaired Student’s t test). These results suggest that 463 

TRPM1 channel opening is essential for the proper formation of rod bipolar cell axon 464 

terminals. 465 

 466 

Effects of loss of TRPM1, mGluR6, and VGluT1 on morphologies of OFF bipolar 467 

cells 468 

To analyze whether deficiency of TRPM1, mGluR6, or VGluT1 influences OFF 469 

cone bipolar cells, we immunostained the retinal sections of wild-type control, 470 

TRPM1−/−, mGluR6−/−, and VGluT1−/−with OFF cone bipolar cell markers for type 2 471 

OFF cone bipolar cells (Znp1) and type 4 OFF cone bipolar cells (Calsenilin). There 472 

were no obvious differences in Znp1 signals in the IPL among control, TRPM1−/−, 473 

mGluR6−/−, and VGluT1−/− retinas (Fig. 7A). In contrast, the VGluT1−/− retina, but not 474 

control, TRPM1−/−, or mGluR6−/− retinas, showed a different staining pattern for 475 

Calsenilin. Although, in control, TRPM1−/−, and mGluR6−/− retinas, Calsenilin signals 476 

were divided into two layers in the IPL, in the VGluT1−/− retina, those signals exhibited 477 
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a single-layer structure in the IPL (Fig. 7B). These results suggest that TRPM1 is 478 

dispensable for OFF cone bipolar cell development.  479 
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Discussion 480 

In the current study, we found a remarkable contraction of rod bipolar cell axon 481 

terminals and a decreased number of synaptic connections between rod bipolar and 482 

amacrine cells in the TRPM1−/− retina, but not in the mGluR6−/− or VGluT1−/− retinas 483 

(Fig. 2A-E, 8). Why did these no b-wave mouse lines show these phenotypic 484 

differences? We observed that there are no obvious defects in the synaptic connections 485 

constructed by photoreceptor, rod bipolar, and horizontal cells in the OPL among these 486 

mice by immunohistochemical and electron microscopic analyses (Fig. 4). Therefore, 487 

the results suggest that the defects in rod bipolar cell development observed in the 488 

TRPM1−/− retina are not caused by abnormal synaptic connections among photoreceptor, 489 

rod bipolar, and horizontal cells in the OPL. Although it was previously reported that 490 

the number of invaginations of ON bipolar cell dendrites into photoreceptor terminals is 491 

reduced in the nob4 mouse retina, in which mGluR6 does not localize to the tips of ON 492 

bipolar cell dendrites, by electron microscopy (Cao et al., 2009), we did not observe 493 

those changes. Our results support a previous report showing that the number of 494 

invaginations of ON bipolar cells is unaltered in the mGluR6−/− retina (Tsukamoto and 495 

Omi, 2014). This discrepancy might be due to the differences in mouse strains. We next 496 

focused on the TRPM1 channel opening and closing in all examined mouse lines. In 497 

contrast to the mGluR6−/− or VGluT1−/− retina, in the TRPM1−/− retina, the TRPM1 498 

channel can be regarded as being constitutively closed. To investigate the role of 499 

TRPM1 channel function in axon terminal formation of rod bipolar cells, we transfected 500 

a construct expressing Goα(Q205L), which closes the TRPM1 channel (Koike et al., 501 

2010b; Xu et al., 2016), into wild-type and mGluR6−/− retinas by in vivo electroporation 502 

(Fig. 5E-J). Goα(Q205L) induced significant contraction of rod bipolar axon terminals 503 
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in the wild-type retina as well as in the mGluR6−/− retina, where the TRPM1 channel is 504 

predicted to open more frequently than in the wild-type retina. In addition, we 505 

transfected the construct expressing ChR2 as a substitute for the TRPM1 channel into 506 

the TRPM1−/− retina (Fig. 6C-E). It was previously reported that transduction of ChR2 507 

in the retina lacking light perception rescues light-aversion behavior in mice under 508 

daylight conditions (Semo et al., 2010). We therefore suspected that ChR2 can function 509 

to some extent in ON bipolar cells of the TRPM1−/− retina. To achieve efficient channel 510 

opening, we used ChR2(C128S), which has a 300-fold stronger light sensitivity than 511 

native ChR2 (Berndt et al., 2009). ChR2 significantly rescued the abnormal axon 512 

terminal morphologies of rod bipolar cells in the TRPM1−/− retina. We also found that 513 

overexpression of native TRPM1 significantly rescues the areas of rod bipolar axon 514 

terminals when compared with TRPM1(A1068T) in the TRPM1−/− retina (Fig. 6F-G). 515 

Taken together, these results suggest that TRPM1 channel opening is essential for 516 

synapse formation between rod bipolar and amacrine cells as well as axon terminal 517 

formation of rod bipolar cells.  518 

We observed the morphologies of rod bipolar cells using an anti-PKCα antibody by 519 

immunohistochemical analysis (Figs. 2A-C, 4A, B, 5F, H, 6B, D). PKCα, a calcium-520 

dependent serine-threonine kinase, is specifically expressed in rod bipolar cells and a 521 

subset of amacrine cells in the retina (Negishi et al., 1988; Greferath et al., 1990). The 522 

observed contraction of rod bipolar cell axon terminals in the TRPM1−/− retina might be 523 

caused by subcellular localization changes of PKCα proteins. However, when we 524 

transfected a construct expressing GFP into the TRPM1−/− retina (Fig. 6D), the size of 525 

GFP and PKCα signals in rod bipolar axon terminals was almost the same. Because 526 

GFP generally diffuses throughout a cell, it is strongly suggested that PKCα signals in 527 
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the rod bipolar axon terminal reflected the axon terminal morphology of rod bipolar 528 

cells. 529 

We found that the membrane capacitance of AII amacrine cells in the TRPM1−/− 530 

retina is significantly reduced compared with that of control and mGluR6−/− retinas (Fig. 531 

3A). This result suggests that the cell membrane area of AII amacrine cells in the 532 

TRPM1−/− retina is reduced compared with that of control and mGluR6−/− retinas. Indeed, 533 

the total dendritic length, branch numbers, and cell body size of AII amacrine cells 534 

decreased in the TRPM1−/− retina (Fig. 3B-F). Because inhibition of presynaptic 535 

glutamate release can change the morphology of postsynaptic neurons in the brain (De 536 

Marco Garcia et al., 2015), we hypothesized that abnormal morphology of AII amacrine 537 

cells in the TRPM1−/− retina results from a decrease in absolute quantities of released 538 

glutamates through the decreased number of synaptic connections between rod bipolar 539 

and AII amacrine cells (Fig. 8). On the other hand, AII amacrine cells in the VGluT1−/− 540 

retina showed impaired morphology regardless of the correct formation of rod bipolar 541 

cell axon terminals. It is known that VGluT1 is expressed not only in photoreceptors, 542 

but also in bipolar cells (Johnson et al., 2003). Although all VGluT proteins, VGluT1, 2, 543 

and 3, are expressed in the retina, VGluT2 and 3 expression in bipolar cells has not been 544 

detected (Sherry et al., 2003). Accordingly, it is strongly suggested that there is no 545 

glutamate release from rod bipolar cells in the VGluT1−/− retina. Our observations in the 546 

VGluT1−/− retina support the hypothesis that abnormal morphology of AII amacrine 547 

cells in the TRPM1−/− retina is dependent on a decrease in glutamate release from rod 548 

bipolar cells. 549 

   We examined the morphologies of OFF cone bipolar cells among control, TRPM1−/−, 550 

mGluR6−/−, and VGluT1−/− mice by immunostaining using anti-Znp1 and anti-Calsenilin 551 
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antibodies (Fig. 7A, B), because OFF cone bipolar cells receive glycinergic inputs from 552 

AII amacrine cells (Wassle, 2004). There were no obvious differences in morphologies 553 

of OFF cone bipolar cells among the control, TRPM1−/− and mGluR6−/− retinas. On the 554 

other hand, axonal projection abnormalities of type 4 OFF cone bipolar cells were 555 

observed in the VGluT1−/− retina. Because these alterations were not observed in the 556 

TRPM1−/− retina, which showed impaired AII amacrine cell morphology similar to the 557 

VGluT1−/− retina (Fig. 3B-F), we speculated that axonal projection abnormalities of type 558 

4 OFF cone bipolar cells in the VGluT1−/− retina are attributed to inhibition of synaptic 559 

transmissions between photoreceptors and OFF bipolar cells rather than to 560 

abnormalities in AII amacrine cells.  561 
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Figure Legends 706 

 707 

Figure 1. A schematic model of synapses between photoreceptors and ON bipolar 708 

cells in the control, TRPM1−/−, mGluR6−/−, and VGluT1−/− retinas. 709 

TRPM1 deficiency abrogates cation influx into ON bipolar cells. In the mGluR6−/− 710 

retina, ON bipolar cells cannot receive glutamates released from photoreceptors. In the 711 

VGluT1−/− retina, glutamates are not packed into synaptic vesicles, resulting in an 712 

inhibition of glutamate release from photoreceptors. Glu, glutamate. 713 

 714 

Figure 2. Axon terminus of rod bipolar cells in TRPM1−/−, mGluR6−/−, and 715 

VGluT1−/− retinas.  716 

(A) Immunohistochemical analysis of the 1M control, TRPM1−/−, mGluR6−/−, and 717 

VGluT1−/− mouse retinas. Retinal sections were immunostained with an antibody against 718 

rod bipolar cell marker, PKCα (red). Arrows indicate the axon terminal of rod bipolar 719 

cells. OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; 720 

GCL, ganglion cell layer. (B-D) Flat-mount immunostaining of the control, TRPM1−/−, 721 

mGluR6−/−, and VGluT1−/− retinas using antibodies against PKCα (green) and CtBP2 (a 722 

synaptic ribbon marker, magenta). Axon terminal morphologies of rod bipolar cells are 723 

represented. Magnified images of rod bipolar cell axon terminals are shown in (C) and 724 

(D). (E) The number of CtBP2 signals contained in an axon terminal of a rod bipolar 725 

cell immunostained with the anti-PKCα antibody in control, TRPM1−/−, mGluR6−/−, and 726 

VGluT1−/− retinas was quantified. ***p<0.001 by one-way ANOVA, post-hoc Tukey–727 

Kramer test. Error bars represent  SD from the means of n = 10, 12, 11, or 12 728 

(control, TRPM1−/−, mGluR6−/−, or VGluT1−/−, respectively) rod bipolar axon terminals 729 



 

33 
 

collected from individual animals (n = 3 per genotype). (F) Ultrastructural analysis of 730 

rod bipolar cell ribbon synapses in the IPL of control, TRPM1−/−, mGluR6−/− and 731 

VGluT1−/− mouse retinas at 1M using electron microscopy. Arrowheads indicate the 732 

synaptic ribbons. Bipolar cell axon terminals are tinted blue. Amacrine cell dendrites are 733 

tinted green. 734 

 735 

Figure 3. Morphologies of AII amacrine cells in TRPM1−/−, mGluR6−/−, and 736 

VGluT1−/− retinas.  737 

(A) Membrane capacitances of AII amacrine cells in control, TRPM1−/−, mGluR6−/−, and 738 

VGluT1−/− mouse retinas at 1M are shown. *p<0.05, **p<0.01 and ***p<0.001 by one-739 

way ANOVA, post-hoc Tukey–Kramer test. Error bars represent  SD from the means 740 

of n = 15, 7, 18, or 8 (control, TRPM1−/−, mGluR6−/− or VGluT1−/−, respectively) AII 741 

amacrine cells collected from individual animals (n = 3 per genotype). (B-D) 742 

Intracellular microinjection of Lucifer Yellow was used to observe AII amacrine cell 743 

dendrites in control, TRPM1−/−, mGluR6−/−, and VGluT1−/− retinas. Total dendritic length 744 

and branch numbers of AII amacrine cells are shown in (C) and (D), respectively. 745 

*p<0.05 and ***p<0.001 by one-way ANOVA, post-hoc Tukey–Kramer test. Error bars 746 

represent  SD from the means of n = 11, 8, 11, or 9 (control, TRPM1−/−, mGluR6−/−, 747 

or VGluT1−/−, respectively) AII amacrine cells collected from individual animals (n = 3-748 

5 per genotype). (E) Flat-mount immunostaining of control, TRPM1−/−, mGluR6−/−, and 749 

VGluT1−/− retinas using an antibody against Dab1 (an AII amacrine cell marker, green). 750 

Cell body morphologies of AII amacrine cells are represented. Nuclei were stained with 751 

Hoechst (blue). (F) Cell body areas of AII amacrine cells in control, TRPM1−/−, 752 

mGluR6−/−, and VGluT1−/− mouse retinas at 1M are shown. **p<0.01 and ***p<0.001 by 753 
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one-way ANOVA, post-hoc Tukey-Kramer test. Error bars represent  SD from the 754 

means of n = 24 AII amacrine cells collected from individual animals (n = 3 per 755 

genotype). 756 

 757 

Figure 4. Synaptic connections in the OPL are maintained in TRPM1−/−, mGluR6−/−, 758 

and VGluT1−/− retinas. 759 

(A-C) Immunohistochemical analysis of the 1M control, TRPM1−/−, mGluR6−/−, and 760 

VGluT1−/− mouse retinas using retinal cell marker antibodies as follows: PKCα (green) 761 

and CtBP2 (magenta) (A); PKCα (green) and PSD95 (photoreceptor terminal, magenta) 762 

(B); Calbindin (horizontal cell, green) and CtBP2 (magenta) (C). Nuclei were stained 763 

with Hoechst (blue). Arrowheads in A and C indicate rod bipolar dendrites (A) or 764 

horizontal cell processes (C) in the vicinity of photoreceptor ribbons. Arrowheads in B 765 

indicate invaginations of rod bipolar cells into photoreceptor terminals (B). ONL, outer 766 

nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Insets represent 767 

OPL region at high magnification. (D) Ultrastructural analysis of photoreceptor ribbon 768 

synapses in the OPL of control, TRPM1−/−, mGluR6−/−, and VGluT1−/− mouse retinas at 769 

1M by electron microscopy. Arrowheads indicate synaptic ribbons. Photoreceptors are 770 

tinted orange. Horizontal cell processes are tinted pink. Bipolar cell dendritic terminals 771 

are tinted blue. 772 

 773 

Figure 5. Effect of Goα overexpression on axon terminal formation of rod bipolar 774 

cells.  775 

(A, B) Interaction of TRPM1 with the Goα subunit. The FLAG-tagged TRPM1 776 

expression plasmid was transfected with HA-tagged Goα or HA-tagged Goα(Q205L) 777 
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expression plasmids into HEK293T cells (A, B). The cell lysates were subjected to 778 

immunoprecipitation with either an anti-FLAG (A) or an anti-HA antibody (B). 779 

Immunoprecipitated proteins were analyzed by Western blotting with anti-FLAG and 780 

anti-HA antibodies. (C, D) Interaction of mGluR6 with the Goα subunit. The FLAG-781 

tagged mGluR6 expression plasmid was transfected with HA-tagged Goα or HA-tagged 782 

Goα(Q205L) expression plasmids into HEK293T cells (C, D). The cell lysates were 783 

subjected to immunoprecipitation with either an anti-FLAG (C) or an anti-HA antibody 784 

(D). (E) Schematic representation of the expression construct of Goα(Q205L) (pCIG-785 

Goα(Q205L)) used for in vivo electroporation into P0 wild-type and mGluR6−/− mouse 786 

retinas. (F) The pCIG (empty vector) or pCIG-Goα(Q205L) plasmids were 787 

electroporated into P0 wild-type mouse retinas. The retinas were harvested at 1M, 788 

spread flat, and immunostained with antibodies against GFP (green) and PKCα 789 

(magenta). The electroporated cells express EGFP mediated by the IRES sequence. (G) 790 

Axon terminal areas of both EGFP- and PKCα-positive cells were measured. **p<0.01 791 

by unpaired Student’s t test. Error bars represent  SD from the means of n = 52 or 57 792 

(control or Goα(Q205L), respectively) rod bipolar axon terminals collected from 793 

individual animals (n = 3). (H) The pCIG (empty vector) or pCIG-Goα(Q205L) 794 

plasmids were electroporated into P0 mGluR6−/− mouse retinas. (I) Axon terminal areas 795 

of both EGFP- and PKCα-positive cells were measured. *p<0.05 by unpaired Student’s t 796 

test. Error bars represent  SD from the means of n = 67 or 96 (control or 797 

Goα(Q205L), respectively) rod bipolar axon terminals collected from individual 798 

animals (n = 3). (J) Axon terminal areas of cells that were both EGFP- and PKCα-799 

positive are compared with axon terminal areas of PKCα-positive cells without EGFP 800 

signals in Goα(Q205L) transfected retinas. *p<0.05 by unpaired Student’s t test. Error 801 
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bars represent  SD from the means of n = 60 or 59 (EGFP-negative or EGFP- 802 

positive, respectively) rod bipolar axon terminals collected from individual animals (n = 803 

3). GoαQL, Goα(Q205L). 804 

 805 

Figure 6. Effect of channel opening on axon terminal formation of rod bipolar cells. 806 

(A) The 213-base pair mouse genomic sequence used as a Grm6 enhancer was aligned 807 

to the corresponding region in human genome. The numbers indicate nucleotide 808 

positions relative to the ATG start codon of the mouse Grm6 or the human GRM6 gene. 809 

Asterisks show identical sequences. (B) pGrm6-EGFP plasmids were electroporated 810 

into P0 wild-type mouse retinas. The electroporated retinas were harvested at 1M and 811 

immunostained with antibodies against GFP (green) and PKCα (magenta). The 812 

electroporated cells were marked with green fluorescence. Nuclei were stained with 813 

Hoechst (blue). Asterisks indicate PKCα-positive amacrine cells. Arrowheads indicate 814 

rod bipolar cells. Arrows indicate GFP-positive rod bipolar cells. (C) Schematic 815 

representation of the expression construct of ChR2 (pGrm6-ChR2+Venus) used for in 816 

vivo electroporation into P0 TRPM1−/− mouse retinas. (D) The pGrm6-EGFP (empty 817 

vector) or pGrm6-ChR2+Venus plasmids were electroporated into P0 TRPM1−/− mouse 818 

retinas. The retinas were harvested at 1M, spread flat, and immunostained with 819 

antibodies against GFP (green) and PKCα (magenta). The electroporated cells were 820 

marked with green fluorescence. (E) Axon terminal areas of both green fluorescence- 821 

and PKCα-positive cells were measured. *p<0.05 by unpaired Student’s t test. Error bars 822 

represent  SD from the means of n = 106 or 110 (control or ChR2, respectively) rod 823 

bipolar axon terminals collected from individual animals (n = 3-4). (F) Schematic 824 

representation of the expression construct of native TRPM1 or a constitutively closed 825 
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form of TRPM1, TRPM1(A1068T), used for in vivo electroporation into P0 TRPM1−/− 826 

mouse retinas. (G) The pGrm6-TRPM1-IRES-EGFP or pGrm6-TRPM1(A1068T)-827 

IRES-EGFP plasmids were electroporated into P0 TRPM1−/− mouse retinas. The retinas 828 

were harvested at 1M, spread flat, and immunostained with antibodies against GFP 829 

(green) and PKCα (magenta). The electroporated cells were marked with green 830 

fluorescence. (H) Axon terminal areas of both green fluorescence- and PKCα-positive 831 

cells were measured. **p<0.01 by unpaired Student’s t test. Error bars represent  SD 832 

from the means of n = 50 or 81 (TRPM1 or TRPM1(A1068T), respectively) rod bipolar 833 

axon terminals collected from individual animals (n = 3). 834 

 835 

Figure 7. Immunohistochemical analysis of OFF cone bipolar cells in TRPM1 / , 836 

mGluR6 / , and VGluT1 /  retinas.  837 

(A, B) Retinal sections obtained from 1M control, TRPM1−/−, mGluR6−/− and VGluT1−/− 838 

mice were immunostained with an anti-Znp1 (a type 2 OFF bipolar cell marker, green, 839 

A) or an anti-Calsenilin antibody (a type 4 OFF bipolar cell marker, magenta, B). Nuclei 840 

were stained with Hoechst (blue). OPL, outer plexiform layer; INL, inner nuclear layer; 841 

IPL, inner plexiform layer; GCL, ganglion cell layer. Arrows indicate axon terminal 842 

layers immunostained by the anti-Calsenilin antibody.  843 

 844 

Figure 8. Schematic representation of rod bipolar cells and AII amacrine cells in 845 

the control, TRPM1−/−, mGluR6−/−, and VGluT1−/− retinas. 846 

In rod bipolar cells of the TRPM1−/− retina, axon terminal areas and numbers of 847 

synaptic connections with amacrine cells are reduced. In AII amacrine cells of 848 

TRPM1−/− and VGluT1−/− retinas, total dendritic length, branch numbers, and cell body 849 
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size are reduced. B, rod bipolar cell; A, AII amacrine cell. Arrowheads indicate synapses 850 

with AII amacrine cells. Asterisks indicate axon terminals of rod bipolar cells. 851 


















