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ABSTRACT 66 
 67 
Horizontal Cells (HCs) form reciprocal synapses with rod and cone photoreceptors, an 68 

arrangement that underlies lateral inhibition in the retina. HCs send negative and positive 69 

feedback signals to photoreceptors, but how HCs initiate these signals remains unclear. 70 

Unfortunately, because HCs have no unique neurotransmitter receptors, there are no 71 

pharmacological treatments for perturbing membrane potential specifically in HCs. Here we 72 

utilize transgenic zebrafish whose HCs express alien receptors, enabling cell-type specific 73 

control by cognate alien agonists. To depolarize HCs, we used the FMRFamide-gated Na+ 74 

channel (FaNaC) activated by the invertebrate neuropeptide FMRFamide. To hyperpolarize HCs 75 

we used PSAM-GlyR, an engineered Cl--selective channel activated by a synthetic agonist. 76 

Expression of FaNaC or PSAM-GlyR was restricted to HCs with the cell-type selective promoter 77 

for connexin-55.5. We assessed HC-feedback control of photoreceptor synapses in three ways. 78 

First, we measured presynaptic exocytosis from photoreceptor terminals using the fluorescent 79 

dye FM1-43. Second, we measured the electroretinogram (ERG) b-wave, a signal generated by 80 

postsynaptic responses. Third, we used Ca2+ imaging in retinal ganglion cells (RGCs) expressing 81 

the Ca2+ indicator GCaMP6. Addition of FMRFamide significantly increased FM1-43 destaining in 82 
 83 
darkness, whereas the addition of PSAM-GlyR significantly decreased it. However, both agonists 84 

decreased the light-elicited ERG b-wave and eliminated surround inhibition of the Ca2+
 85 

response of RGCs. Taken together, our findings show that chemogenetic tools can selectively 86 

manipulate negative feedback from HCs, providing a platform for understanding its mechanism 87 

and helping to elucidate its functional roles in visual information processing at a succession of 88 

downstream stages. 89 
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SIGNIFICANCE STATEMENT 90 
 91 
Horizontal cells (HCs) are laterally projecting interneurons that share reciprocal synaptic 92 

connections with photoreceptors, an arrangement that establishes the antagonistic 93 

center/surround receptive field properties of downstream neurons in the retina and onward 94 

into the brain. HC-mediated lateral inhibition was discovered over half a century ago, yet its 95 

underlying synaptic mechanisms remain incompletely understood. This is largely because the 96 

reciprocal synapse complicates selective manipulation of HCs alone. Here, we utilize 97 

chemogenetic tools to bypass photoreceptors and directly manipulate HC membrane potential 98 

to reveal feedback effects on sequential steps in synaptic processing of visual information. 99 

 100 
 101 
 102 
INTRODUCTION 103 

 104 
Lateral inhibition in the vertebrate retina depends on reciprocal synaptic communication 105 

between rod or cone photoreceptors and horizontal cells (HCs) (Thoreson and Mangel, 2012; 106 

Kramer and Davenport, 2015). Photoreceptors have a sign-preserving excitatory synapse onto 107 

HCs, and HCs exert wide-field sign-inverting negative feedback and narrow-field positive 108 

feedback back onto the photoreceptors (Baylor et al., 1971; Jackman et al., 2011). The net 109 

effect of HC feedback is that bipolar cells, which carry the light response from the outer to the 110 

inner retina, exhibit an antagonistic center-surround receptive field, a property critical for 111 

enhancing contrast sensitivity in the visual system and enabling high-acuity vision. In cold- 112 

blooded vertebrates, HC feedback also plays critical roles in light adaptation and color 113 

information processing (Thoreson and Mangel, 2012). Despite decades of study, the 114 

mechanisms underlying HC feedback onto photoreceptors are still being unraveled, largely 115 
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because the reciprocal connection makes it difficult to restrict experimental manipulation to 116 

one specific side of the synapse or the other. Light can uniquely elicit feed-forward synaptic 117 

signals from photoreceptors, but eliciting a feedback signal specifically from the HCs has 118 

required intracellular manipulation of membrane potential with sharp electrodes or larger 119 

patch clamp pipettes. Practically speaking, these recordings can only be implemented in one or 120 

two cells at a time. 121 

 122 
 123 
 124 
Optogenetics and chemogenetics have emerged as popular methods for perturbing membrane 125 

potential in entire populations of genetically-targeted cells without requiring insertion of 126 

electrodes (Atasoy and Sternson, 2018). While the intrinsic light-sensitivity of photoreceptors 127 

complicates the use of optogenetics in the retina, chemogenetics is well-suited for 128 

manipulating specific cell types without the use of light (Drinnenberg et al., 129 

2018). Chemogenetics involves the exogenous expression of a receptor that is foreign to an 130 
 131 
organism’s nervous system, with activation of the receptor brought about by an agonist that is 132 

also foreign and selective. 133 

 134 
 135 
 136 
One such receptor is FaNaC, a rare example of a neuropeptide receptor that is not 137 

metabotropic, but an ionotropic (Na+-selective) ion channel. FaNaC, which is normally 138 

expressed in mollusks but not in vertebrates (Golubovic et al., 2007), is activated by the 139 

neuropeptide Phe-Met-Arg-Phe-amide (FMRFamide), which is also absent from the vertebrate 140 

nervous system. In the mammalian brain, application of FMRFamide onto neurons genetically 141 

targeted to express FaNaC leads to depolarization and stimulation of action potential firing 142 
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(Schanuel et al., 2008). PSAMs (pharmacologically selective actuator modules) are another type 143 

of foreign receptor. PSAMs were engineered specifically to operate orthogonally to natural 144 

chemical neurotransmission (Magnus et al., 2011). The PSAM used here was derived from a 145 

chimeric combination between the ligand-binding domain of a nicotinic acetylcholine receptor 146 

and the transmembrane domain of a Cl--conducting glycine receptor (PSAM-GlyR), yielding an 147 

engineered ligand-gated Cl- channel. 148 
 149 
 150 
 151 
 152 
Transgenic zebrafish models are well-suited for exploring neural function, especially with 153 

respect to vision. Zebrafish have a short generation time, breed in large numbers, and are easy 154 

to maintain in laboratories. Molecular strategies developed over decades enable efficient 155 

generation of transgenic lines (Niklaus and Neuhauss, 2017). The transparency of zebrafish 156 

embryos enables functional in vivo imaging of the retina, brain, and spinal cord in completely 157 

intact animals (Dreosti et al., 2009). Zebrafish larvae can also be used for high throughput 158 

behavioral screens, taking advantage of their permeability to many small molecule drugs 159 

directly from the water in which they swim (Cassar et al., 2017). 160 

 161 
 162 
 163 
Previous studies on zebrafish supported the hypothesis that a change in extracellular pH 164 

accounts for most of the negative feedback signal from HCs onto cones that underlies lateral 165 

inhibition (Wang et al., 2014; Kramer and Davenport, 2015). An as yet unidentified signal 166 

mediates positive feedback from HCs onto cones (Jackman et al., 2011), a process that amplifies 167 

lateral inhibition. Here, we utilize FMRFamide and PSAM-GlyR in transgenic zebrafish, targeted 168 

with cell-type specific promoters, to leap-frog over the photoreceptors and directly manipulate 169 
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HC membrane potential. We examine the effects of HC manipulation at progressive 170 

downstream stages in retinal signaling, first at the level of synaptic exocytosis from cone 171 

photoreceptors, second at the level of postsynaptic responses of bipolar cells, and finally at the 172 

level of center vs. surround responses in RGCs. 173 

 174 
 175 
 176 
MATERIALS AND METHODS 177 

 178 
All animal procedures were performed in accordance with the Author University Animal Care 179 

and Use Committee regulations and were conducted in adherence to the Association for 180 

Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic 181 

and Vision Research as well as the Society for Neuroscience Policies on the Use of Animals and 182 

Humans in Neuroscience Research. 183 

 184 
 185 
 186 
Animal husbandry 187 

 188 
Adult or larval zebrafish (Danio rerio) of either sex were used in all experiments. Animals were 189 

housed in a recirculating water system at a density of 5-10 adult fish per 1 L water. Animals 190 

were reared at 27-28.5° C in mixed-sex groups of the same date of birth on a 14 h light, 10 h 191 

dark cycle. The Zeitgeber time of light onset at the animal facility was 09:00, and light offset 192 

was 23:00. Fish were bred no more than once per week. Water quality was checked twice daily 193 

for pH, temperature, and conductivity, and once weekly for nitrite, nitrate, alkalinity, and 194 

general hardness. 195 
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DNA constructs and transgenic fish 196 
 197 
Transgenic zebrafish expressing FaNaC were generated as described elsewhere (Wang et al., 198 

 199 
2014) (ZFIN Cat#ZDB-ALT-140924-3, RRID:ZFIN_ZDB-ALT-140924-3) and were activated using its 200 

cognate agonist FMRFamide (Sigma Aldrich, P4898; CAS Number 64190-70-1). PSAM expressing 201 

fish were generated specifically for this study (ZFIN Cat# ZDB-ALT-181031-3, RRID:ZFIN_ZDB- 202 

ALT-181031-3). The PSAML141F,Y115F:GlyR (RRID:Addgene_32480, Magnus et al., 2011) was 203 

sub-cloned into pDONR221 to obtain pME-PSAM-GlyR. For bicistronic expression of PSAM-GlyR 204 

with the green fluorescent protein eGFP, the coding sequence of the Internal Ribosome Entry 205 

Site (IRES) viral peptide was inserted at the 5ʹ end of the eGFP coding sequence in p3E-eGFP to 206 

produce p3E-IRES:eGFP. To generate the PSAM constructs, we recombined p5E-MCS Cx55.5 207 

(Shields et al., 2007) (kindly provided by Maarten Kamermans, Netherlands Institute for 208 

Neuroscience), pME-PSAM AA0416 Y115F-L141F-GlyR, p3E- IRES:eGFP and pDestTol2CG2 from 209 

the Tol2kit#395 (RRID:Addgene_63156) for making transgenic fish. One- or two-cell-stage 210 

zebrafish (Danio rerio, AB strain) embryos were microinjected with the DNA constructs together 211 

with Tol2 mRNA for a higher germline transmission rate (Kwan et al., 2007). The transgene- 212 

positive F0 founders were selected by screening for green heart fluorescence (myl7:GFP, aka 213 

cmlc2) in embryos at 2–4 days post fertilization (Kwan et al., 2007) and raised at 28.5 °C in a 14 214 

h light, 10 h dark cycle. Adult F0 fish were inbred, and their transgene-positive progeny were 215 
 216 
screened by green heart fluorescence, raised, and used for imaging experiments and 217 

immunohistochemistry. The PSAM-GlyR is activated by its cognate agonist PSEM89S (Tocris 218 

Biosciences; IUPAC name: N-(3S)-1-Azabicyclo[2.2.2]oct-3-yl-2,5-dimethoxybenzamide 219 

trifluoroacetate , CAS number: 1336913-03-1). 220 
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 221 
 222 
 223 
Transgenic zebrafish expressing GCaMP6f under the pan-neuronal promoter HuC 224 

[Tg2(elavl3:GCaMP6f), RRID:ZFIN_ZDB-GENO-180220-2, ZFIN Cat# ZDB-FISH-180220-12] were 225 

kindly provided by the Florian Engert Lab. To generate HuC:GCaMP and FaNaC double 226 

transgenic fish or HuC:GCaMP and PSAM-GlyR double transgenic fish, the HuC:GCaMP 227 

transgenic fish line was crossed with either the FaNaC or PSAM-glyR fish line. Double transgenic 228 

expression was confirmed by screening embryos at 3 days postfertilization (dpf) for concurrent 229 

expression of a green fluorescent heart, and a green fluorescent nervous system (i.e. brain and 230 

spinal cord). 231 

 232 
 233 
 234 
Tissue preparation 235 

 236 
Fish were dark adapted for at least 30 minutes prior to dissection. Adults were killed by 237 

immersion in an overdose concentration of 400mg/L MS-222, with decapitation as a secondary 238 

means of euthanasia. Zebrafish larvae <7 dpf used for ERG recordings were killed by 239 

decapitation followed by pithing, and recordings were performed on isolated eyes. For 240 

experiments performed on isolated retinas, dark-adapted retinas were dissected and isolated 241 

from the enucleated eyes in the dark, under infrared light, using IR viewers connected to the 242 

dissection microscope. The retinal pigment epithelium was manually separated from the 243 

neurosensory retina. Retinas were maintained in darkness in bubbled bicarbonate-buffered 244 

saline. For flat-mount preparations, retinas were mounted onto a Biopore membrane 245 

(MILLIPORE) with photoreceptors facing the membrane (Koizumi et al., 2007). 246 
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For gramicidin-perforated recordings from isolated HCs, adult zebrafish retinas were dissected 247 

and prepared for HC dissociation as previously described (Nelson et al., 2008). Briefly, retinas 248 

were incubated for 1 hour at room temperature with gentle agitation in 1 ml of 0 Ca2+ saline 249 

(120 mM NaCl, 10 mM glucose, 2.5 mM KCl, 1.2 mM MgSO4, buffered to pH 7.7 with 3 mM 250 

HEPES), containing 30 units of papain (Worthington Biochemical) activated with 1 mM cysteine, 251 

and 2 mg/ml hyaluronidase (Worthington Biochemical). Retinas were washed with Ca2+ (2.2 252 

mM) saline solution containing 1% BSA to inactivate papain, and then gently triturated 3 times 253 

in saline solution and plated onto plastic coated 35 mm dishes, which served as the recording 254 

chamber. 255 

 256 
 257 
 258 
Patch clamp recording 259 

 260 
To measure responses to FMRFamide, PSEM89S, GABA and muscimol, HC cells were recorded 261 

with the perforated patch configuration using gramicidin as the perforating agent. The bathing 262 

solution contained (in mM) 120 NaCl, 2.5 KCl, 1.2 MgSO4, 2.2 CaCl2, 3.0 HEPES, pH 7.7. A stock 263 

solution of gramicidin in ethanol (5 mg/ml) was prepared and diluted into the pipet solution 264 

(130 mM KCl, 3 mM NaCl, 10 mM HEPES, pH 7.4) at a ratio of 6 μl/ml. Pipets were pulled to a 265 

resistance of approximately 10-12 MOhms using a vertical puller (PC-100, Narishige Scientific 266 

Instruments). Following seal formation, the presence of a membrane potential in the current 267 

clamp recording configuration confirmed successful perforation, usually within the first minute. 268 

PSEM89S (500 μM), GABA (1 mM) and muscimol (100 μM) were applied with 100 ms pulses of 269 

positive pressure (1-2 psi) from a second pipet positioned approximately 100 μm from the cell. 270 

FMRFamide (30 μM) was bath applied for 5 minutes prior to measuring changes in membrane 271 
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potential. FMRFamide was purchased from Sigma-Aldrich. Other agonists were purchased from 272 

Tocris Biosciences. Recordings were made using the MultiClamp 700b patch clamp amplifier , 273 

and pClamp software (Molecular Devices). All reported values were corrected for junction 274 

potentials, calculated using pClamp software. 275 

 276 
 277 
 278 
FM1-43 imaging experiments 279 

 280 
We used the fluorescent amphipathic dye FM1-43 to quantify synaptic exocytosis from cone 281 

photoreceptor terminals, as described previously (Rea et al., 2004; Choi et al., 2005). First, the 282 

isolated retina was treated with FM1-43 (30 μM) in normal saline containing (in mM) 100 NaCl, 283 

2.5 KCl, 1 MgCl2, 1 CaCl2, 0.4 ascorbic acid, 20 dextrose and 25 NaHCO3 bubbled with 5% CO2 284 

and 95% O2 at 21°C for 15 minutes in darkness. This allows dye to accumulate in recycling 285 

synaptic vesicles. The loading period was followed by a 15 min wash with 0 Ca2+, 1 mM EGTA 286 

saline to suppress premature unloading of dye by Ca2+-dependent exocytosis. Residual dye 287 

trapped in the surface membrane was removed with Advasep-7 (1 mM) (Kay et al., 1999). After 288 

the wash period , Ca2+-free saline was replaced with normal Ca2+-containing saline to allow Ca2+- 289 

dependent exocytosis of dye-loaded vesicles, leading to loss of FM1-43 fluorescence. Dye loss 290 

was visualized with 2-photon microscopy, and the decrease in fluorescence intensity over time 291 

was normalized to the initial fluorescence, before adding back Ca2+. At the end of each 292 

experiment, high K+ saline (50 mM KCl, iso-osmotically replacing NaCl) was applied for 15 min to 293 

elicit exocytosis of all releasable vesicles. Any remaining background fluorescence, attributable 294 

to dye trapped in unreleasable compartments, was normalized to zero. 295 
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Two-photon imaging was carried out with a Zeiss 510 microscope equipped with a MaiTai 296 

(Spectra Physics, Mountain View, CA) mode-locked Ti:sapphire laser (860 nm) and a 40× 297 

achroplan, 0.8 NA water-immersion objective. Images were acquired at a frame rate of 10 Hz 298 

with Zeiss LSM software and analyzed with Scion Image software. Continuous imaging of FM1- 299 

43 resulted in some degree of steady state light adaptation (Choi et al., 2005). Optical sections 300 

focused 300 nm apart were obtained to image throughout the thickness of the outer plexiform 301 

layer (OPL). Z-stacks encompassing the entire OPL were corrected for drift and summed with 302 

FiJi ImageJ to generate average intensity z-projections. 303 

 304 
 305 
 306 
Electroretinogram recordings (ERGs): 307 

 308 
Corneal ERGs were recorded from dark-adapted eyes isolated from <8 dpf zebrafish larvae in 309 

oxygenated Ringer’s solution. Animals were dark adapted for at least 12 hours prior to 310 

experiments. ERGs were recorded from isolated eyes on filter paper by using a glass pipette 311 

(G150TF-4, Warner Instruments) pulled to a diameter of 10-12 micrometers (Flaming/Brown 312 

type micropipette puller, Sutter Instruments, P-97) placed onto the central cornea with a 313 

hydraulic micromanipulator. Each pipette tip was individually examined and smoothed as 314 

needed (MF-83 microforge, Narishige Scientific Instruments). A platinum wire placed beneath 315 

the moist filter paper was used as a reference electrode. Monochromatic light was presented to 316 

eyes via a monochromator with a 150-W Xenon high stability lamp (Polychrome V, Till 317 

Photonics GmbH, Graefelfing, Germany). Three repetitive 2-second isoluminant pulses of 400 318 

nm light with 15 second interstimulus intervals were used to elicit ERG responses and were 319 

averaged for each of 8 measured time points. FMRFamide or PSEM89S was added at t=0min. The 320 
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b-wave amplitude was measured by subtracting the baseline value or the minimal value of the 321 

first negative peak to the maximal value of the first positive peak (Evers and Gouras, 1986). For 322 

comparisons between treatment groups, the ERG was normalized to the b-wave peak 323 

amplitude prior to drug application. Data were acquired and processed with a custom-written 324 

Matlab routine. Wild type (WT) AB-strain zebrafish or transgene-negative larvae of the same 325 

spawning were used for control experiments. 326 

 327 
 328 
 329 
GCL calcium imaging 330 

 331 
For 2-photon Ca2+ -imaging experiments, we used a transgenic zebrafish expressing the 332 

genetically encoded calcium indicator GCaMP6f, under the control of a pan-neuronal promoter 333 

(HuC). Whole retinas were isolated from dark-adapted adult zebrafish and flat-mounted on 334 

Biopore membrane with the RGC side facing the top of the chamber. Retinas were 335 

continuously perfused with bicarbonate-buffered solution containing (in mM) 100 NaCl, 2.5 KCl, 336 
 337 
1 MgCl2, 1 CaCl2, 0.4 ascorbic acid, 20 dextrose and 25 NaHCO3 bubbled with 5% CO2 and 95% 338 

O2. We focused on a single image plane in the ganglion cell layer and used ImageJ 339 

(rsbweb.nih.gov/ij) to define regions of interest, corresponding to individual somata. We used 340 

920 nm light for GCaMP6f 2-photon excitation. Emitted light was passed through a 530 nm 341 

barrier filter. 342 

 343 
 344 
 345 
Immunohistochemistry 346 

 347 
Transgenic and WT zebrafish of either sex were dark adapted, killed as previously detailed and 348 

their eyes were enucleated. For tissue fixation 4% paraformaldehyde was prepared from 100% 349 
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paraformaldehyde diluted in 1xPBS buffered to a pH of 7.4. The eyes were fixed for at least 1 350 

hour. After fixation the eyes were rinsed in PBS, and cryoprotected by immersion for 1 hour in 351 

15% sucrose followed by one hour in 30% sucrose solutions. Eyes were sectioned at a thickness 352 

of 14 microns using a microtome (Thermo Fisher Microm HM550) and kept in a -20° C freezer 353 

until immunohistochemistry was performed. 354 

 355 
 356 
 357 
Immunohistochemistry using an antibody to GFP was performed to enhance detection of 358 

labeling in PSAM-GlyR fish. Details have been reported elsewhere (Beckwith-Cohen et al., 359 

2019). Briefly, sections were incubated for 30 minutes at 4° C in blocking solution consisting of 360 
 361 
1% Triton x-100 (Sigma Aldrich), 1% bovine serum albumin fraction V (MP Biomedicals LLC, 362 

 363 
160069) at 4° C . Sections were rinsed in PBS, and then incubated with mouse anti-GFP 364 

monoclonal unconjugated antibody (ABCAM ab1218) at a 1:400 dilution and blocking solution 365 

for two hours. After washing, sections were immersed in 4° C blocking solution including 366 

AlexaFluor 488 goat anti-mouse igG (ThermoFisher Scientific, catalog #A-11001) at a 1:1000 367 

dilution with gentle agitation for 1 hour at 100 rpm. Sections were then rinsed again for 3 cycles 368 

in chilled PBS, air dried and sealed using Fluoromount-G with DAPI mounting solution 369 

(Invitrogen). Negative controls included sections of the same tissue without the primary 370 

antibody. Sections were imaged using a confocal microscope (Carl Zeiss LSM880). GFP and 371 

mCherry were excited at 488 nm and 647 nm using Argon and HeNe lasers respectively; DAPI 372 

was excited using ultraviolet light at 348 nm. Live larval images were obtained from 1-3 dpf 373 

zebrafish larva embedded in agarose gel as previously described (Williams et al., 2013). Larvae 374 

were imaged using a confocal microscope (Carl Zeiss LSM880). 375 
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 376 
 377 
 378 
Statistical analysis 379 

 380 
Statistical significance for sample numbers less than ten was determined by using the two-sided 381 

nonparametric Mann-Whitney U test. Significance for multiple group comparisons was 382 

determined using one-way ANOVA followed by the two-tailed Student's t test. Significance was 383 

otherwise determined by two-tailed Student's t test. Effects were considered significant at p 384 

values less than 0.05. Data points and error bars represent the mean ± s.e.m. Statistics were 385 

performed using Microsoft Office Professional Excel version 2016, or Matlab 9. 386 

 387 
 388 
 389 
RESULTS 390 

 391 
Chemogenetic tools for manipulating horizontal cells 392 

 393 
To use a chemogenetic approach to manipulate HC membrane potential, we used two zebrafish 394 

lines. One was a previously developed transgenic line (Wang et al., 2014) that expresses the 395 

FMRFamide-activated Na+ channel (FaNaC) from the snail Helix aspersa. FaNaC expression was 396 

controlled by the connexin 55.5 promoter, which in the retina, enables specific expression in 397 

HCs (Shields et al., 2007). The transgenic insert also encoded the fluorescent protein mCherry, 398 

which allowed us to verify that the only retinal cells expressing FaNaC were HCs (Figure 399 

1A). We developed a second transgenic zebrafish line that expresses the Pharmacologically 400 

Selective Actuator Module on the Glycine Receptor (PSAM-GlyR) (Magnus et al., 2011). PSAM- 401 

GlyR was also expressed under the control of the connexin 55.5 promoter, along with eGFP to 402 

allow visualization of cells expressing the alien channel (Figure 1B). Because PSAM-GlyR is a Cl- 403 

channel, the effect of PSEM89S on membrane potential is dependent on the value of ECl, which 404 
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varies depending on the concentrations of Cl- in the bathing solution and in the patch 405 

pipette. Binding of the designer agonist PSEM89S to PSAM-GlyR should open Cl- channels and 406 

drive the membrane potential towards ECl. 407 

 408 
 409 
 410 
To determine how activation of the PSAM-GlyR receptor changes HC membrane potential, we 411 

used the perforated patch recording technique in which an ionophore added to the pipette 412 

solution inserts into the plasma membrane, providing access for measuring intracellular 413 

voltage. Gramicidin was chosen as the perforating agent as it forms cation channels that are 414 

impermeant to Cl-, thus preserving the normal internal Cl- concentration (Kyrozis and Reichling, 415 

1995). As our access resistance was typically about 100 MOhms, we measured HC responses to 416 
 417 
agonists without attempting to manipulate membrane voltage with extrinsic current. A typical 418 

response to a 100 ms puff of PSEM89S is shown in Figure 2A. PSEM89S consistently 419 

hyperpolarized HCs, ranging from -3.0 to -9.1 mV (n=6). Overall, PSEM89S reversibly 420 

hyperpolarized HCs from a mean resting potential of -43.7 ± 1.6 mV to an average potential of - 421 

49.28 ± 1.0 mV (Figure 2D). This finding is consistent with an ECl value more negative than the 422 

resting potential, resulting in hyperpolarization upon activation of PSAM-GlyR. Application of 423 

PSEM89S had no effect on cells from wildtype zebrafish (n=10, data not shown). 424 

 425 
 426 
 427 
Previous studies showed that the inhibitory neurotransmitter GABA can lead to depolarization 428 

of HCs (Miller and Dacheux, 1983; Djamgoz and Laming, 1987; Kamermans and Werblin, 1992; 429 

Grove et al., 2019). To better understand this process, we puffed GABA onto HCs and recorded 430 

membrane potential responses. Some HCs hyperpolarized (2.6 ± 0.4 mV, n=5), some 431 
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depolarized (3.6 ± 0.8 mV, n=4), and some exhibited a biphasic response (n=2) (Figure 2B). The 432 

complex response suggests multiple conductance mechanisms activated by GABA. Fish HCs 433 

possess highly Cl --selective GABAA receptors (Gilbertson et al., 1991; Kamermans and Werblin, 434 

1992; Takahashi et al., 1995; Paik et al., 2003), but they also express GABA transporters 435 
 436 
(Malchow and Ripps, 1990; Cammack and Schwartz, 1993; Dong et al., 1994; Kreitzer et al., 437 

 438 
2003; Nelson et al., 2008) which have a GABA-activated Na+-conducting pore (Krause and 439 

Schwarz, 2005). To test whether GABAA receptor activation is hyperpolarizing in HCs, we used 440 

muscimol, which is highly specific for GABAA receptors and has no effect on GABA transporters 441 

(Malchow and Ripps, 1990). We found that muscimol produced only hyperpolarizing responses 442 

(Figure 2C, n=7, range of -1.2 to -3.3 mV). Responses to GABA and muscimol are summarized in 443 

Figure 2E. Hence, the natural neurotransmitter GABA activates both a depolarizing transporter 444 

current and a hyperpolarizing GABAA current, with the net effect determined by the relative 445 

abundance or distribution of these targets. In contrast, the PSEM89S/PSAM-GlyR system 446 
 447 
exclusively hyperpolarizes HCs, making it a particular effective tool for imparting inhibition. 448 

 449 
 450 
 451 
 452 
Finally, we measured the effect of FMRFamide (30 μM) on HC membrane potential. HCs 453 

depolarized from -48.5mV ± 8.1mV (n=7 cells) at rest to -11.6 mV ± 7.8 mV upon application of 454 

FMRFamide, consistent with an increase in Na+ conductance (Figure 2F). Thus, FMRFamide 455 

mediated activation of FaNaC is an effective tool for depolarizing HCs. 456 

 457 
 458 
 459 
Chemogenetic manipulation of HCs alters FM1-43 destaining of cone terminals. 460 
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To measure tonic exocytosis from photoreceptors, we used the synaptic vesicle dye FM1-43 461 

(Betz and Bewick, 1992). FM1-43 is an amphipathic molecule that becomes fluorescent when it 462 

inserts itself into the plasma membrane. The dye is then washed off the tissue, with residual 463 

fluorescence attributable to dye trapped within vesicles internalized by endocytosis (Rea et al., 464 

2004). Synaptic exocytosis releases the dye, causing a gradual decrease in tissue 465 

fluorescence. Photoreceptor terminals exhibit tonic exocytosis in darkness, resulting in 466 

progressive spontaneous release of dye. 467 

 468 
 469 

Previous work (Jackman et al., 2011) suggests that two distinct events initiate negative or 470 

positive feedback from HCs to cone photoreceptor terminals, as illustrated in Figure 3A. 471 

Negative feedback is initiated by a change in HC membrane potential, leading to a change in 472 

extracellular proton concentration. This modulates the gating of voltage-gated Ca2+ channels in 473 

cone terminals, thereby regulating Ca2+-dependent exocytosis. Positive feedback is initiated by 474 

a local change in intracellular Ca2+ in the dendrites of HCs, a process that depends on a change 475 

in influx through Ca2+-permeable AMPA receptors. The positive feedback signal is still 476 

unidentified, although it is known that it too regulates Ca2+-dependent exocytosis from 477 

photoreceptors. According to this model, altering membrane potential of HCs by activating 478 

chemogenetic tools should affect negative feedback, but not positive feedback, which is 479 

dependent on Ca2+ influx through AMPA receptors. 480 
 481 
 482 
 483 
 484 
To test this prediction, we measured the cone terminal FM1-43 unloading rate in darkness, in 485 

retinas from both FaNaC and PSAM-GlyR fish. In fully dark-adapted FaNaC fish retina with no 486 
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agonist added, destaining occurred at 0.87 ± 0.08 % per minute (Figure 3C, D, n=10 retinas). The 487 

FM 1-43 destaining rate increased with AMPA (1.89 ± 0.13 %, n=9 retinas, p < 1 × 10−5 compared 488 

with no agonist) and slowed with FMRFamide (0.54 ± 0.07 % n=9 retinas, p = 0.001 compared 489 

with no agonist) while adding FMRFamide and AMPA together resulted in a destaining rate that 490 

was not different than with AMPA alone (1.96 ± 0.25 %, n=4, p = 0.88). 491 

 492 
 493 
 494 
In PSAM-GlyR fish, the destaining rate with no agonists added was 0.41±0.12 % per minute 495 

(Figure 3E). The slower measured destaining rate as compared to FaNaC retina was attributed 496 

to a shorter period of dark adaptation before beginning the imaging session. In the presence of 497 

the agonist PSEM89S (30 μM), the destaining rate increased to 0.83±0.19 %, significantly faster 498 

than the rate in the absence of agonist (Figure 3F, n=9 retinas, p = 0.044). Addition of 20 μM 499 

AMPA significantly increase the FM 1-43 unloading rate compared to dark control (2.19 ± 0.19 500 

%, n=5 retinas, p = 0.0002). The addition of both 30 μM PSEM89S and 20 μM AMPA resulted in 501 
 502 
an acceleration similar to that seen with AMPA alone (2.05 ± 0.35 %, n=5, p = 0.82) (Figure 3F). 503 

 504 
 505 
 506 
 507 
Chemogenetic manipulation of HCs reduces the b-wave of the ERG. 508 

 509 
Chemogenetic manipulation of HC feedback onto cones should have consequences on the 510 

responses of downstream neurons in the visual system, starting with alteration of postsynaptic 511 

responses in the outer retina. The ERG b-wave reflects light-elicited synaptic currents, 512 

originating primarily in bipolar cells (Stockton and Slaughter, 1989). Following establishment of 513 

a stable baseline in control solution, either FMRFamide (10 μM) or PSEM89S (30 μM) was added 514 

to the bathing solution. Isolated eyes from WT fish had ERGs that were unaffected by 515 
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FMRFamide (0.97±0.11, n=10, p = 0.92) (Figure 4A). However, in FaNaC fish, FMRFamide 516 

decreased the ERG b-wave (Figure 4B, C) (0.63±0.06, n=9, p = 0.007). The effect of FMRFamide 517 

on the b-wave was prevented by adding 20 mM HEPES (1.08±0.11, n=7, p = 0.92), thus 518 

supporting the pH mediated effect that horizontal cells have on retinal light responses (Wang et 519 

al., 2014; Beckwith-Cohen et al., 2019). The FMRFamide effect was dose-dependent with an 520 

EC50 of 4.25μM (Figure 4D), consistent with previous estimates of the affinity of FaNaC for the 521 

neuropeptide (Schanuel et al., 2008). 522 

 523 
 524 
 525 
ERGs from WT fish were also unaffected by PSEM89S (30 μM) (n=8, 0.96±0.03, p = 0.703) (Figure 526 

 527 
4F). However, in PSAM-GlyR fish, PSEM89S decreased the b-wave (Figures 4E-F, n=7, 0.84±0.05, 528 

p = 0.025). This effect was smaller than that of FMRFamide on FaNaC fish, but nonetheless 529 

statistically significant. Without agonist, the ERG of PSAM-GlyR fish was indistinguishable from 530 

that of WT fish. 531 

 532 
 533 
 534 
Chemogenetic manipulation of HCs disrupts surround inhibition in RGCs. 535 

 536 
RGCs display an antagonistic center vs. surround receptive field, mediated in large part by 537 

 538 
lateral inhibition in the outer retina. Chemogenetically manipulating the membrane potential of 539 

HCs should alter lateral inhibition and therefore change the degree of surround antagonism in 540 

RGCs, similar to the effect of pH buffers that disrupt HC signaling (Davenport et al., 2008). To 541 

measure RGC responses, we used a transgenic zebrafish expressing the genetically encoded 542 

calcium indicator GCaMP6f, under the control of a pan-neuronal promoter (HuC). We observed 543 

GCaMP6f expression throughout the nervous system including the brain, spinal cord, and retina 544 
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(Figure 5A-D). Two-photon Ca2+ imaging was used to measure RGC responses to light stimuli 545 
 546 
(Fig 5B). 547 

 548 
 549 
 550 
 551 
GCaMP6f fish were crossed with FaNaC or PSAM-GlyR fish to create double transgenic fish lines. 552 

In embryos treated with PTU to prevent pigmentation, GCaMP6f could be seen in developing 553 

RGCs in vivo at 1 dpf.  mCherry, a co-expression marker for FaNaC, could be seen in vivo in HCs 554 

at 2 dpf (Figure 5D). eGFP, a co-expression marker for PSAM-GlyR, could not be detected 555 

concurrently with GCaMP6f because of spectral overlap, although expression was confirmed in 556 

intact retinas by immunohistochemistry (Figure 1B) and in dissociated HCs. 557 

 558 
 559 
 560 
To measure RGC responses, three repeated light stimuli were delivered at each of six spot 561 

diameters (ranging 50-1000μm) and Ca2+ transients were recorded using 2-photon imaging 562 

(Figure 6A). In WT-GCaMP6f the Ca2+ response grew with increasing spot diameter (n= 16), but 563 

only up to a point. The Ca2+ signal reached a maximum at 500μm (Figure 6B), and then 564 

decreased with a larger spot (1000μm), consistent with surround antagonism (Vessey et al., 565 

2005; Davenport et al., 2008; Klaassen et al., 2011). We calculated the lateral inhibition ratio 566 

(LIR), defined as the response at 500μm/response at 1000μm. The LIR was 1.41±0.21 for WT. 567 

Addition of 20mM HEPES reduced this effect, resulting in an LIR of 0.95±0.09, (n= 8, p = 0.08). 568 

Applying 10μM FMRFamide had no effect on the LIR of WT fish (1.32±0.19, n= 14, p = 0.76) 569 

(Figure 6B). FaNaC retinas had surround inhibition prior to agonist application with an LIR of 570 

1.76±0.26. Application of FMRFamide on FaNaC retinas reduced surround inhibition, resulting 571 

in an LIR of 0.78±0.04 (n= 4, p = 0.002) (Figure 6C). Likewise, PSAM-GlyR retinas displayed 572 
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strong surround inhibition prior to agonist application (LIR = 1.49±0.09), and this surround 573 

inhibition was significantly reduced by application of PSEM89S (LIR = 1.04±0.08, n= 8, p = 0.0006; 574 

Figure 6D), suggesting that activation of PSAM-GlyR channels that are selectively expressed in 575 

horizontal cells also perturbed normal center surround responses of downstream RGCs. A 576 

summary of the LIR values in various conditions is shown in Figure 6E. 577 

 578 
 579 
 580 
DISCUSSION 581 

 582 
In the dark photoreceptors are depolarized, eliciting a maximal release of glutamate, which acts 583 

through a sign conserving synapse on horizontal cells. A light stimulus slows synaptic release 584 

thereby hyperpolarizing HCs. Hyperpolarization of HCs in turn activates a negative feedback 585 

mechanism that helps restore the rate of transmitter release in the face of continuous light 586 

stimulation. Understanding both the mechanisms and the functions of HC feedback to 587 

photoreceptors is complicated by the reciprocal nature of the synapse. Chemogenetic tools 588 

enable direct manipulation of HC membrane potential, bypassing the photoreceptors to enable 589 

functional analysis of feedback. We first examined the effect of HCs on cone vesicular release. 590 

Because the Na+ equilibrium potential (near +50 mV) is more positive than the HC resting 591 
 592 
potential (near -40 mV), application of FMRFamide should trigger Na+ influx and depolarize cells 593 

expressing FaNaC, as we observed in dissociated HCs. This, in turn, should lead to decelerated 594 

vesicular release from cones, a prediction that is consistent with our finding that FMRFamide 595 

slowed FM1-43 destaining. Our result implies that depolarization of HC alone, through the use 596 

of chemogenetics, is sufficient to decrease transmitter release rates from cones. A role for the 597 

membrane potential of HCs in the modulation of photoreceptor transmitter release has been 598 
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Cl

demonstrated elsewhere, although the precise underlying mechanism remains elusive (Vessey 599 

et al., 2005; Klaassen et al., 2011). 600 

 601 
 602 
 603 
The small increase in FM1-43 release rate that we observed upon application of PSEM89S to 604 

 605 
PSAM-GlyR retina is consistent with a modest hyperpolarization of the HC membrane potential. 606 

 607 
As PSAM-GlyR is a Cl- channel, hyperpolarization is expected if E  -

 608 
609 

is more negative than the HC 610 
 611 
resting potential. In agreement with this prediction, we observed consistent hyperpolarizing 612 

responses to PSEM89S in dissociated HCs when the normal intracellular Cl- environment was 613 

preserved with gramicidin perforated patch recording. We also observed consistently 614 

hyperpolarizing responses when we used the specific agonist muscimol to activate GABAA 615 

receptors, which are highly Cl--selective. 616 

 617 
 618 
 619 

In contrast, application of GABA had complicated effects, in some cases, depolarizing HCs, and 620 

in others, generating a biphasic response. This is consistent with GABA activating more than 621 

one target. HCs express GABA transporters, which, in addition to shuttling the 622 

neurotransmitter, have a ligand-gated Na+-selective pore, and would thus cause membrane 623 

depolarization (Malchow and Ripps, 1990; Cammack and Schwartz, 1993; Dong et al., 1994; 624 

Kreitzer et al., 2003; Krause and Schwarz, 2005; Nelson et al., 2008). In fish horizontal cells, 625 

Blockade of the Cl- pore of GABAA receptors with picrotoxin has a relatively small effect on the 626 

GABA response of HCs, suggesting that most of the current is mediated by the transporter 627 

(Malchow and Ripps, 1990; Cammack and Schwartz, 1993; Kreitzer et al., 2003; Nelson et al., 628 
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2008). Thus, the response to GABA is due to the simultaneous activation of a Na+ transport 629 

current and a Cl- current, mediated by the GABAA receptor. 630 

 631 
 632 
 633 
To test whether manipulating HC membrane potential altered postsynaptic responses in 634 

downstream neurons in the outer retina, we measured responses to light flashes with ERGs. For 635 

these experiments we made use of the larval zebrafish (<8 dpf) which has several advantages 636 

compared with adult fish. First, a surface electrode on the cornea is sufficient to detect 637 

responses in the larvae, while measurements in the adult require perforation of the eye. 638 

Moreover, pharmacological agents can easily penetrate larval zebrafish. Thus, FMRFamide and 639 

PSEM89S can be applied to the retina and light responses can be recorded without interfering 640 

with ocular integrity. Although the ERG of zebrafish larvae does not fully mature until 21-24 dpf, 641 

a strong b-wave response to ultraviolet light occurs at 4-5 dpf (Saszik et al., 1999). The minimal 642 

a-wave seen in our ERGs (Fig 3A, B, E) is typical of the cone-dominant retina of larval zebrafish, 643 

which have yet to develop rods (Seeliger et al., 2002). 644 

 645 
 646 
 647 
Application of either FMRFamide or PSEM89S in the appropriate transgenic zebrafish line, 648 

decreased the ERG b-wave, which is thought to reflect synaptic responses primarily from ON- 649 

bipolar cells. In principle, there are several ways that HCs might contribute to the b-wave of the 650 

ERG. First, synaptic currents in the HCs themselves might add to the trans-retinal electrical field 651 

in a way that could be detected in the ERG recording, contributing in a direct manner. This 652 

seems unlikely, as selective block of ON-bipolar cell light responses with L-AP4 eliminates the b- 653 

wave (Stockton and Slaughter, 1989; Thoreson and Miller, 1994; Robson and Frishman, 1995; 654 
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Saszik et al., 2002). Second, feed-forward synapses from HCs to bipolar cells might also 655 

generate a synaptic current that directly contributes to the b-wave. While such a feed-forward 656 

connection has long been sought, evidence for a substantial synaptic response in bipolar cells 657 

that can be attributed to HCs remains scant, but cannot be ruled out (Thoreson and Mangel, 658 

2012). Finally, feedback from HCs onto rod and cone photoreceptors will modulate their 659 

neurotransmitter release and alter responses of bipolar cells in an indirect manner. Because of 660 

the signal amplification of the photoreceptor to bipolar cell synapse (Ashmore and 661 

Copenhagen, 1980), HC feedback onto cone terminals might have a larger effect on the b-wave 662 

amplitude than feedforward input onto ON-bipolar cells. Thus, it is likely that the decrease in b- 663 

wave amplitude observed here results from HC-mediated modulation of synaptic transmission 664 

from cones to ON-bipolar cells. 665 

 666 
 667 
 668 
Our data demonstrate that FMRFamide decelerates release while PSEM89S accelerates release 669 

from cones, and yet both agonists decreased the amplitude of the b-wave, a seemingly 670 

counterintuitive result. However, this finding is consistent with our understanding of the 671 

mechanism of modulation of release by horizontal cell membrane potential: The relationship 672 

between photoreceptor terminal voltage and ICa2+ activation can be expressed using a 673 

Boltzmann function, with the steepest portion of the curve ideally located at the dark potential 674 

of the photoreceptor, such that small hyperpolarizations of the cone terminal dramatically 675 

decrease Ca2+ channel activation and therefore reduce transmitter release. Hyperpolarization of 676 
 677 
HC membrane potential with extrinsic current or light annuli shifts ICa2+ such that activation 678 

increases at more negative photoreceptor voltages, thereby contributing to restoration of 679 
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transmitter release from photoreceptors during maintained illumination (Verweij et al., 1996; 680 

Hirasawa and Kaneko 2003; Cadetti and Thoreson, 2006; Thoreson et al., 2008). Chemogenetic 681 

manipulation of HC membrane potential in either direction would be expected to shift the cone 682 

Ca2+ activation curve away from the steepest portion of the relationship, resulting in smaller 683 

changes in transmitter release in response to light-evoked hyperpolarization of cone membrane 684 

potential. The decrease in b-wave amplitude that we observe here supports this hypothesis. 685 

This finding is consistent with the idea that the set point of retinal horizontal cells, in the 686 

absence of chemogenetic perturbation, is situated to produce the maximal effect of light on 687 

cone transmitter release. 688 

 689 
 690 
 691 
The effects of chemogenetic manipulation are consistent with perturbation of negative 692 

feedback, which is dependent exclusively on changes in HC membrane potential (Warren et al., 693 

2016) and inconsistent with effects on positive feedback, which are triggered by influx of Ca2+
 694 

 695 
through Ca2+-permeant AMPA receptors (Jackman et al., 2011). In the presence of AMPA 696 

stimulation, chemogenetic modulation of HC voltage was ineffective at altering transmitter 697 

release rates (Fig 2); consistent with the idea that changing HC membrane potential would have 698 

only modest effects on the driving force for Ca2+ influx through Ca2+-permeant AMPA receptors. 699 

Thus, positive and negative feedback appear to be regulated through entirely separable and 700 

independent mechanisms. 701 

 702 
 703 
 704 
In addition to reducing the b-wave, application of either FMRFamide or PSEM89S to retinas 705 

expressing their cognate receptors flattened the center surround response curve of 706 
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downstream RGCs, and decreased the Lateral Inhibition Ratio. These chemogenetic 707 

interventions affected the center surround response in a similar manner to that seen when 708 

protons are buffered with HEPES (Davenport et al., 2008; Crook et al., 2009). This is consistent 709 

with the idea that uniform biasing of HC membrane potential across the retina with FMRFamide 710 

and PSEM89S removes local differences in inhibitory feedback at the border of the light stimulus 711 

that are essential for generating surrounds in the inner retina. 712 

 713 
 714 
 715 
For these experiments we measured the response of RGCs before and after drug application, 716 

however, we did not classify the RGC type of each recorded cell. Using morphologic and 717 

functional experiments there are estimated 36 or more RGC types in the retina, and this is in 718 

addition to displaced amacrine cells present within the ganglion cell-layer (Baden et al., 2016). 719 

Therefore, one could anticipate that chemogenetic perturbation of HCs may elicit a different 720 

response effect on different types of RGCs. This is further supported by experiments showing 721 

that perturbing HCs using PSEM89S in retinas with HC-expressed PSAM-GlyR has different effects 722 

on the kinetics of different RGC types (Drinnenberg et al., 2018). Interpretation of these results 723 

is further complicated by the understanding that there are 3 known types of HCs (Connaughton 724 

et al., 2004), which were targeted without discrimination. Development of zebrafish lines in 725 

which either FaNaC or PSAM-GlyR is selectively expressed in specific HC subtypes would 726 

provide a powerful tool for dissecting the relative importance of each HC for generation of 727 

antagonistic surrounds in downstream RGCs. 728 
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In summary, we show a method that allows direct perturbation of HC cell membrane potential 729 

to investigate the effects that HCs have on complex retinal responses to light. While perturbing 730 

HC membrane potential cannot overcome the Ca2+ drive for cone synaptic release shifting of 731 

the membrane potential by depolarizing it or by restricting its depolarization greatly decreases 732 

the downstream retinal responses to a light stimulus. The use of the chemogenetic tools we 733 

present, with or without targeting to specific HC types, could therefore be further utilized to 734 

explore the direct effects that HCs have on specific types of ganglion cells, and on visual 735 

function- including color and contrast sensitivity. 736 

 737 
 738 
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FIGURE LEGENDS 930 
 931 
Figure 1: Strategy for chemogenetic manipulation of horizontal cell membrane potential. 932 

 933 
(A) A bicistronic construct containing the molluscan FMRFamide-activated Na+ channel (FaNaC) 934 

from Helix aspersa and the red fluorescent protein mCherry, both under the control of the 935 

Cx55.5 promoter, were transgenically expressed in HCs of zebrafish causing red fluorescence 936 

specific to the HC layer. mCherry exhibits intrinsic fluorescence seen in confocal imaging of a 937 

fixed retinal section (left) and in 2-photon imaging of a fresh retinal flat mount (right). Puncta 938 

with saturating expression of mCherry likely represent protein aggregates within the Golgi 939 

apparatus of HCs. A diagram illustrates how binding of the agonist FMRFamide causes Na+ influx 940 

thereby depolarizing the membrane potential. (B) A bicistronic construct containing the 941 

Pharmacologically Selective Actuator Module on the Glycine Receptor (PSAM-GlyR) and the 942 

green fluorescent protein eGFP, both under the control of the Cx55.5 promoter, were 943 

transgenically expressed in HCs of zebrafish causing green fluorescence specific to the HC layer. 944 

eGFP was immunolabeled with AlexaFluor 488 for confocal imaging of a fixed retinal section 945 

(left) and its intrinsic fluorescence is seen in 2-photon imaging of a fresh retinal flat mount 946 

(right). A diagram illustrates how binding of the designer agonist PSEM89S causes Cl- influx 947 

thereby clamping the membrane potential to ECl. Nuclei are stained with DAPI (blue). Scale bar 948 

is 20 μm. 949 
 950 
Figure 2: Monitoring changes in membrane potential elicited by FMRFamide and PSEM89S. 951 

 952 
(A) Voltage response to a 100 ms puff of PSEM89S (500 μM) in an isolated HC recorded with the 953 

gramicidin perforated patch configuration. A Puff was delivered at the time indicated by the 954 

arrow. Although the concentration of PSEM89S was 500 μM in the pipette, the concentration of 955 
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the drug is estimated to be diluted ~50 fold at the cell (Firestein and Werblin, 1989), positioned 956 

approximately 100 μm from the puffer pipette. (B) Traces from 3 different HCs showing 957 

responses to 100 ms puffs of GABA (1 mM), chosen to highlight the variability of responses to 958 

GABA that were observed between cells. (C) Response to 100 ms application of muscimol (100 959 

μM), a GABAA receptor agonist. Responses were uniformly hyperpolarizing in all cells tested. (D) 960 
 961 
Summary data showing the resting membrane potential, and the membrane potential at the 962 

peak of the response to PSEM89S. Large bolded symbols are the mean±sem for each condition 963 

(n=6). (E) Summary of the change in membrane potential evoked by puffs of GABA or muscimol. 964 

Small closed symbols are the responses of individual cells to GABA (n=11). Open symbols are 965 

the responses to muscimol (n=7). Open boxes are the mean±sem for hyperpolarizing responses, 966 

and the shaded box is the mean±sem for depolarizing responses. The mean amplitude of the 967 

responses evoked by muscimol was not significantly different from the amplitude of 968 

hyperpolarization evoked by GABA (p=0.53, Rank Sum Test). (F) Summary data for bath 969 

application of FMRFamide (30 μM). Large bolded symbols are the mean±sem for each condition 970 

(n=7). 971 

Figure 3: Chemogenetic activation of HCs alters vesicular release of FM1-43 from cone 972 

terminals. 973 

(A) Schematic representation of the mechanisms of negative (-) and positive (+) feedback of HCs 974 

onto cones. VGCCs are voltage-gated Ca2+ channels, green circles are FM1-43-filled synaptic 975 

vesicles, orange dots are glutamate molecules in the synaptic cleft, AMPARs are AMPA 976 

receptors. Negative feedback is mediated by changes in the membrane potential of HCs, 977 

whereas positive feedback is mediated by increased intracellular Ca2+ in HCs, owing to influx of 978 
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Ca2+ through Ca2+-permeant AMPA receptors. (B) 2-photon scanned images of the 979 

photoreceptor terminal layer in FaNaC zebrafish retinas. Retinas were pretreated with FM1-43 980 

to load recycling synaptic vesicles and then treated for 20 min with the indicated receptor 981 

agonist. AMPA (20 μM) increased the rate of dye loss (destaining) and FMRFamide (10 μM) 982 

decreased destaining, but the AMPA-elicited increase was dominant when the two agonists 983 

were applied together. (C, D) Time course of FM1-43 destaining in FaNaC fish. Without added 984 

agonists, cone terminals released FM1-43 at 0.87 ± 0.08 % per minute (n=10 retinas). Adding 985 

AMPA accelerated destaining rate (1.89 ± 0.13 %, n=9 retinas, p < 1 × 10−5). Adding FMRFamide 986 

(10 μM) decelerated destaining (0.54 ± 0.07 % n=9 retinas, p = 0.001). Adding AMPA and 987 

FMRFamide together resulted in a significant destaining rate from dark (p = 0.002), which was 988 

not significantly different than that with AMPA alone (1.96 ± 0.25 %, n=4, p = 0.88). Statistical 989 

differences were determined with one-way ANOVA (F(3,23) = 27.4, p = 8.9 × 10−8). (E, F) Time 990 

course of FM1-43 destaining in PSAM fish. Adding PSEM89S (30 μM) accelerated destaining by 991 
 992 
(0.83±0.19 %, n=9 retinas, p = 0.044). Adding AMPA accelerated destaining (2.19 ± 0.19 %, n=5 993 

retinas, p = 0.0002). Adding PSEM89S and AMPA together resulted in a destaining rate not 994 

significantly different than that with AMPA alone (2.05 ± 0.35 %, n=5, p = 0.82). Analysis was 995 

performed with one-way ANOVA (F(3,24) = 14.69, p = 1.2 × 10−5). 996 

Figure 4: Chemogenetic manipulation of HCs modulates the bipolar cell light response. 997 
 998 
Application of FMRFamide had no effect on the ERG of WT zebrafish (A), but decreased the 999 

maximal b-wave amplitude in FaNaC zebrafish (B), reaching a maximum ~40% decrease in the 1000 

b-wave (C). Application of the buffer HEPES (pH=7.35) cancelled the effects of FMRFamide (C). 1001 

FMRFamide response was dose dependent having an EC50 of 4.25μM (D). Application of the 1002 
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agonist PSEM89S (30 μM) also caused a decrease in the maximal b-wave amplitude, but to a 1003 

lesser degree (E-F). 1004 

Figure 5 Expression of GCaMP6f in chemogenetic zebrafish lines. 1005 
 1006 
(A) Ex vivo retina of adult HuC-GCaMP6f zebrafish shows eGFP fluorescence in retinal flat 1007 

mounts using 2-photon imaging. (B) Light response is easily measured in RGCs before (left) and 1008 

after (right) a light flash. (C) In vivo confocal imaging of eGFP in 1 dpf PTU-treated zebrafish 1009 

larvae of HuC-GCaMP6f and FaNaC crossed transgenic fish. The optic nerve (ON) and the 1010 

developing retina (RGC) show strong eGFP fluorescence. (D) In vivo imaging of the same line of 1011 

fish imaged in (C) showing that FaNaC-mCherry is easily visualized in HCs at 2 dpf zebrafish 1012 

larvae. Some red autofluorescence is generated by scattered pigment cells on the ocular 1013 

surface. RGC- retinal ganglion cell layer, IPL- inner plexiform layer, BC- bipolar cell layer, HC- 1014 

horizontal cell layer. 1015 

Figure 6: Chemogenetic manipulation of HCs alters lateral inhibition in downstream RGCs. 1016 
 1017 
(A) Light responses were measured in HuC::GCaMP6f fish with three light stimuli, delivered at 1018 

six different spot diameters. Calcium transients were recorded using fluorescence imaging. (B) 1019 

WT RGCs responded with maximum change in fluorescence to a 500 μm spot of light, which 1020 

decreased at 1000 μm, supporting lateral inhibition. This effect was blocked by HEPES, and was 1021 

unchanged by applying 10 μM FMRFamide. (C) Application of FMRFamide on FaNaC retinas 1022 

perturbed normal RGC center surround response, (D) as did application of PSEM89S on PSAM- 1023 

GlyR retinas. (E) The lateral inhibition ratio (LIR) in various conditions shows that application of 1024 

the cognate agonists to FaNaC and PSAM retina significantly disrupts lateral inhibition. 1025 














