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Title: Inhibitory components of retinal bipolar cell receptive fields are differentially modulated 26 

by dopamine D1 receptors 27 

Abstract 28 

During adaptation to an increase in environmental luminance, retinal signaling adjustments are 29 

mediated by the neuromodulator dopamine. Retinal dopamine is released with light and can 30 

affect center-surround receptive fields, the coupling state between neurons, and inhibitory 31 

pathways through inhibitory receptors and neurotransmitter release. While the inhibitory 32 

receptive field surround of bipolar cells becomes narrower and weaker during light adaptation, it 33 

is unknown how dopamine affects bipolar cell surrounds. If dopamine and light have similar 34 

effects, it would suggest that dopamine could be a mechanism for light-adapted changes. We 35 

tested the hypothesis that dopamine D1 receptor activation is sufficient to elicit the magnitude of 36 

light-adapted reductions in inhibitory bipolar cell surrounds. Surrounds were measured from 37 

OFF bipolar cells in dark-adapted mouse retinas while stimulating D1 receptors, which are 38 

located on bipolar, horizontal, and inhibitory amacrine cells. The D1 agonist SKF-38393 39 

narrowed and weakened OFF bipolar cell inhibitory receptive fields, but not to the same extent 40 

as with light adaptation. However, the receptive field surround reductions differed between the 41 

glycinergic and GABAergic components of the receptive field. GABAergic inhibitory strength 42 

was reduced only at the edges of the surround while glycinergic inhibitory strength was reduced 43 

across the whole receptive field. These results expand the role of retinal dopamine to include 44 

modulation of bipolar cell receptive field surrounds. Additionally, our results suggest that D1 45 

receptor pathways may be a mechanism for the light-adapted weakening of glycinergic surround 46 

inputs and the largest wide-field GABAergic inputs to bipolar cells. However, remaining 47 

differences between light-adapted and D1 receptor-activated inhibition demonstrate that non-D1 48 
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receptor mechanisms are necessary to elicit the full effect of light adaptation on inhibitory 49 

surrounds.  50 

Keywords:  bipolar cell, GABA, glycine, amacrine cell, luminance 51 

 52 

  53 
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Introduction 54 

To enable the visual system to respond in a wide range of light intensities the retina adapts to 55 

background luminance at many stages including at the photoreceptors (Tamura et al., 1991; 56 

Woodruff et al., 2008), the horizontal cells (Xin & Bloomfield, 1999b), the excitatory bipolar 57 

and inhibitory amacrine cells (Green et al., 1975; Naka et al., 1979; Green & Powers, 1982; 58 

Shapley & Enroth-Cugell, 1984; Page-McCaw et al., 2004; Dunn et al., 2006; Dunn et al., 2007; 59 

Mazade & Eggers, 2016), and the ganglion cells. As luminance increases, ganglion cell receptive 60 

field responses, which are modulated by inhibitory input through horizontal cells and inner 61 

retinal amacrine cells (Dedek et al., 2008; Stroh et al., 2018), increase signal sensitivity and 62 

strength (Barlow et al., 1957; Merwine et al., 1995; Troy et al., 1999; Dedek et al., 2008; Farrow 63 

et al., 2013; Borghuis et al., 2018). Ganglion cell response changes with light adaptation could in 64 

part be a consequence of changes in pre-synaptic bipolar cell inhibitory receptive field surround 65 

strength and extent, which are mediated largely by amacrine cells. Bipolar cell receptive field 66 

surrounds are reduced during light adaptation, which could lead to stronger ganglion cell input 67 

from small stimuli and may play a role in increased retinal acuity (Mazade & Eggers, 2016). It is 68 

unclear what may be mediating these receptive field changes however the neuromodulator 69 

dopamine is compelling as a major candidate. 70 

 71 

Dopamine is released from specialized amacrine cells (Bauer et al., 1980; Godley & Wurtman, 72 

1988; Witkovsky, 2004) and has been shown to be important for visual processing and light 73 

adaptation by affecting many retinal circuits (Godley & Wurtman, 1988; Boatright et al., 1989; 74 

Doyle et al., 2002). Mice lacking dopamine are impaired in many functions associated with light 75 

adaptation including reduced light responses, contrast sensitivity, circadian rhythms, and visual 76 
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acuity thresholds (Jackson et al., 2012). Since dopamine dysfunction reduces visual properties 77 

that rely on excitatory-inhibitory interactions, and inhibitory pathways shape center-surround 78 

structure (Flores-Herr et al., 2001; Russell & Werblin, 2010; Buldyrev & Taylor, 2013; Protti et 79 

al., 2014), dopaminergic pathways likely play a prominent role in the weakening of inner retinal 80 

receptive field surrounds with light adaptation.  81 

 82 

Dopamine receptors are located on many retinal neurons in all layers (Veruki & Wassle, 1996; 83 

Nguyen-Legros et al., 1997; Farshi et al., 2016). Dopamine signaling directly shapes ganglion 84 

cell receptive fields (Jensen & Daw, 1984; Maguire & Smith, 1985; Jensen & Daw, 1986; 85 

Jensen, 1989, 1991, 1992; Maguire & Hamasaki, 1994) and heavily regulates amacrine cell 86 

coupling (Hampson et al., 1992; Xia & Mills, 2004; Kothmann et al., 2009). Dopamine 87 

regulation of cell coupling is similar to the regulation by luminance and likely one mechanism 88 

for receptive field changes with light adaptation (Bloomfield et al., 1997). Additionally, 89 

dopamine D1 receptors modulate GABAA (Feigenspan & Bormann, 1994a) and GABAC 90 

(Feigenspan & Bormann, 1994b) receptor currents as well as GABAergic and glycinergic 91 

amacrine cell release (Pycock & Smith, 1983; Kato et al., 1985; O'Brien & Dowling, 1985; 92 

Calaza et al., 2001; Mazade et al., 2019b). A recent study demonstrated that D1 receptor 93 

activation decreased local inhibition onto mouse bipolar cells to the same extent as light 94 

adaptation (Mazade et al., 2019b). However, the similarity between dopamine and luminance 95 

regulation of inner retinal receptive fields is unknown. 96 

 97 

We hypothesized that activation of D1 receptors would be sufficient to elicit light-adapted 98 

inhibitory changes in bipolar cell receptive field surrounds. We focused on OFF bipolar cells, 99 
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which respond to the offset of light, because they receive inhibition from both dark- and light-100 

adapted pathways and show robust changes in receptive field surrounds with light (Mazade & 101 

Eggers, 2013, 2016; Mazade et al., 2019b). OFF bipolar cell surrounds are composed of 102 

glycinergic and GABAergic sources (Eggers et al., 2007), that may be differentially modulated 103 

by dopamine (Veruki & Wassle, 1996; Nguyen-Legros et al., 1997; Farshi et al., 2016). Our 104 

previous results suggested that D1 receptors are primarily modulating glycinergic, and not 105 

GABAergic, local amacrine cell inputs to OFF bipolar cells (Mazade et al., 2019b). Here, we 106 

show that this is mostly replicated across the whole OFF bipolar cell receptive field surround. 107 

These results expand the role of dopamine to likely modulating light-adapted changes in bipolar 108 

cell receptive fields but indicate non-D1 receptor pathways are also required for adaptation. 109 

 110 

Materials and Methods 111 

Preparation of mouse retinal slices 112 

All animal protocols for this study were approved by The University of Arizona Institutional 113 

Animal Care and Use Committee (IACUC). As described previously (Eggers & Lukasiewicz, 114 

2006; Eggers et al., 2013; Mazade & Eggers, 2013), male mice (n = 27), fed ad libitum, 115 

(C57BL/6J strain, Jackson Laboratories, Bar Harbor, ME, USA) 35-60 days of age were 116 

euthanized using carbon dioxide and their eyes enucleated. The retina was removed and a large 117 

rectangle of the central retina was cropped from the periphery. A nitrocellulose membrane filter 118 

paper (0.45 μm pore size, Millipore, Ireland) was placed on the retina and an average of six 250 119 

μm slices were cut with a hand chopper, rotated 90 degrees, and mounted onto glass cover slips 120 

using vacuum grease. Cells used from these slices were selected using previous criteria (Mazade 121 

& Eggers, 2016). The tissue was maintained in oxygenated extracellular solution at room 122 
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temperature. All dissection and storage procedures were performed under infrared illumination to 123 

preserve retinal light sensitivity. 124 

 125 

Solutions and drugs 126 

The extracellular recording solution used for dissection and for measuring light-evoked currents 127 

contained (in mM) 125 NaCl, 2.5 KCl, 1 MgCl2, 1.25 NaH2PO4, 2 CaCl2, 20 glucose, and 26 128 

NaHCO3. For voltage clamp recordings, the intracellular solution contained (in mM) 120 CsOH, 129 

120 gluconic acid, 1 MgCl2, 10 HEPES, 10 TEA-Cl, 10 phosphocreatine-Na2, 4 Mg-ATP, 0.5 130 

Na-GTP, 10 EGTA and 50 µM Alexa Fluor 488 (Invitrogen, Carlsbad, California, USA) and was 131 

adjusted to pH 7.2 with CsOH. Extracellular solutions were bubbled with 95% O2-5% CO2. To 132 

isolate the inhibitory receptor inputs, SR-95531 (SR, 20 μM) to block GABAA receptors, 133 

(1,2,5,6-tetrahydropyridine-4yl) methyphosphinic acid (TPMPA, 50 μM) to block GABAC 134 

receptors, and strychnine (1 μM,) to block glycine receptors were used (Mazade & Eggers, 2013, 135 

2016). To test dopamine D1 receptors, the D1 receptor agonist SKF-38393 (SKF, 20 µM, Tocris) 136 

was used with a concentration similar to previous studies (Ichinose & Lukasiewicz, 2007; Liu et 137 

al., 2016; Mazade et al., 2019b). All drug solutions were applied to the slice for five minutes 138 

before recordings began using a gravity-driven superfusion system (Cell Microcontrols, Norfolk, 139 

VA), with continuous perfusion throughout the experiment (~1-2 mL/minute). Unless otherwise 140 

indicated, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). 141 

 142 

Whole cell recordings 143 

Light-evoked inhibitory post synaptic currents (L-IPSCs) were recorded from OFF bipolar cells 144 

in retinal slices using whole cell patch-clamp sampled at 10 kHz and voltage clamped to 0 mV, 145 
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the reversal potential of nonselective cation channels. Liquid junction potentials (20 mV) were 146 

calculated with Clampex software (Molecular Devices, Sunnyvale, California, USA) and 147 

corrected for at the start of the recording. Electrodes were pulled from borosilicate glass (World 148 

Precision Instruments, Sarasota, FL) on a P97 Flaming/Brown puller (Sutter Instruments, 149 

Novato, California, USA) and had resistances of 5-7 MΩ. Mice were dark-adapted overnight, 150 

and all recordings were performed in the dark under infrared illumination to preserve retinal light 151 

sensitivity. Recording extracellular solution was heated to 32°C using thin stage and inline 152 

heaters (Cell Microcontrols, Norfolk, VA). Responses were filtered at 6 kHz with the four-pole 153 

Bessel filter on a Multi-clamp 700B patch-clamp amplifier (Molecular Devices, Sunnyvale, 154 

California, USA) and digitized with a Digidata 1140 data acquisition system (Molecular Devices, 155 

Sunnyvale, California, USA). 156 

 157 

Morphological identification of cells 158 

The intracellular solution contained Alexa 488 to label OFF bipolar cells. Cells were classified as 159 

OFF bipolar cells using axonal morphology, inner plexiform layer terminal stratification, and the 160 

soma position in the inner nuclear layer (Ghosh et al., 2004). Cells were imaged with a Nikon 161 

Digital Sight camera with Elements software using a Nikon Intensilight C-HGFIE Fluorescent 162 

lamp (Nikon Instruments, Tokyo, Japan). Axon terminal morphology and response properties 163 

(Mazade & Eggers, 2013) were used to identify OFF bipolar cells. A total of 29 bipolar cells 164 

were included in this study (12 OFF type 1/2/4 and 17 OFF type 3). In previous studies we found 165 

no difference between subtype spatial inhibitory response profiles or center receptive field 166 

responses when comparing between OFF types 1,2 and 4  and OFF type 3 (Mazade & Eggers, 167 



9 
 

2016; Mazade et al., 2019b). Therefore, we combined all OFF bipolar cell subtypes for 168 

averaging their spatial response profiles in each condition. 169 

 170 

Visual stimulus  171 

Bar stimuli (25 µm wide, flashed every 100 µm) were presented using a white organic light-172 

emitting diode (OLED Microdisplay, eMagin EMA-100503 SXGA Monochrome White XL, 173 

Bellevue, WA) projected through the camera port of the microscope, which elicited strong, 174 

stable, and reproducible responses (Mazade & Eggers, 2016). The stimulus was presented 175 

through the 4x objective and the stimulus field was limited to the size of the OLED screen that 176 

was 3 mm long x 2.1 mm tall. The length of the retinal slice varied but was always < 3 mm long 177 

(average of 1.5 mm long). The OLED screen (e.g. stimulus field) was always centered over the 178 

recorded cell so that the bar stimulated the retina up to 600 µm to either side of the cell and the 179 

bar extended well over the height of the retinal slice (~0.25 mm). Therefore, the stimulus 180 

presentation fully activated retinal neurons at each stimulus location. Recordings were made in 181 

the central retinal region of mixed green/UV cone opsins (Applebury et al., 2000; Haverkamp et 182 

al., 2005). The stimulus was presented and controlled with custom MATLAB (Mathworks, 183 

Natick, MA, 1984) code with Psychtoolbox-3 (Brainard, 1997) extensions by controlling the 184 

intensity (7.83 x 104 photons/μm2/sec), size, location, and duration of the stimulus. The 185 

background luminance used to light adapt the retina was 1150 photons/μm2/sec (Mazade & 186 

Eggers, 2016). A one-second stimulus was used to elicit a robust response and determine the 187 

type of inhibition for identification (Mazade & Eggers, 2013) with an inter-stimulus interval of 188 

29 seconds. 189 

 190 
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Data analysis and statistics 191 

Clampfit software (Molecular Devices, Sunnyvale, California, USA) was used to measure the 192 

peak amplitude and charge transfer of L-IPSC traces averaged from at least two stimulus repeats. 193 

The peak amplitude of L-IPSCs was estimated by reducing the sampling rate of averaged traces 194 

(50 fold) with each point replaced with the average of those data points, after which the 195 

maximum value was measured. This was performed to reduce variations from spontaneous 196 

activity. A peak amplitude measurement was included if the L-IPSC was larger than one 197 

standard deviation (SD) above the baseline current, leaving a positive value after the baseline + 198 

SD was subtracted from the response. If the measurement after subtraction was negative, 199 

indicating no light response, the value was set at zero for including a “no response” value in the 200 

quantification for that stimulus position and condition. For current charge transfer, the area under 201 

the response was measured in Clampfit over the length of the response (1-2 seconds) using the 202 

same time window in each condition for the same cell. As for peak amplitude, an evoked light-203 

response was included if it was larger than one standard deviation above baseline noise. The 204 

mean + SD of the baseline current was subtracted from all evoked responses for analysis to limit 205 

baseline or spontaneous noise. All example light response traces in the figures were filtered with 206 

a low pass Gaussian filter (1000 Hz) to limit noise for display purposes. Example L-IPSCs show 207 

responses to the central bar stimulus directly over the recorded cell and 400 μm away from the 208 

cell in each direction. The light gray bar under the example trace notes the start and end of the 209 

light stimulus. A disconnected bar indicates that the light stimulus occurred before or proceeded 210 

after the example trace shown. 211 

 212 
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By mapping the receptive field with a series of bars, we could quantify the extent (size) and 213 

strength of the surround by measuring the strength of the light-evoked response at each location. 214 

Spatial light-evoked response charge transfer, normalized to the dark-adapted response at zero 215 

µm (bar stimulus over the recorded cell), and peak amplitude measurements were used. 216 

Responses to SKF or light-adapted conditions in the figure panels comparing the two, were 217 

normalized to their respective dark-adapted responses. Normalized responses were used to 218 

control for variability between bipolar cell L-IPSCs and standardize response magnitude so that 219 

the widths of the receptive field could be better compared without influence of any initial 220 

amplitude change. Peak amplitude was used as a reliable maximum response current. 2-way 221 

Analysis of Variance (ANOVA) with Student-Newman-Keuls (SNK) posthoc test was used to 222 

compare spatial profiles before and after light adaptation or D1 receptor activation as well as 223 

between response characteristics at each stimulus distance. All data are mean ± SEM, showing 224 

only the outer error bars in the figure plots for visualization. Significance is exact p values in text 225 

(p value less than 0.001 noted as p<0.001) and as p<0.05 (*), p<0.01 (**), and p<0.001 (***) in 226 

figures. 227 

 228 

Results: 229 

D1 receptor activation partially replicates OFF bipolar cell surround reductions with light 230 

adaptation 231 

D1 receptors are a likely candidate for mediating light-adapted changes to OFF pathway 232 

surrounds, since some populations of OFF bipolar cells and the glycinergic and GABAergic 233 

amacrine cells providing inhibitory input express D1 receptors (Figure 1A). Horizontal cells are 234 

also important for shaping receptive field surrounds, however a vast majority of OFF bipolar cell 235 
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input in the dark is glycinergic (Eggers et al., 2007; Mazade & Eggers, 2013, 2016; Mazade et 236 

al., 2019b) so inner retinal amacrine cells likely play a larger role in OFF bipolar cell surrounds. 237 

While D1 receptor activation modulates local light-evoked and spontaneous inhibition to OFF 238 

bipolar cells in a similar manner as with light-adaptation (Mazade et al., 2019b), it is unknown 239 

whether D1 receptor activation and light adaptation similarly affect the spatial inhibitory input to 240 

OFF bipolar cells (Figure 1B). Previously we found that light adaptation narrows and weakens 241 

OFF bipolar cell light-evoked inhibitory surrounds (Mazade & Eggers, 2016) and we predicted 242 

that activation of D1 receptors with SKF would be sufficient to replicate this result. To test this 243 

prediction, we mapped the spatial extent of light-evoked OFF bipolar cell inhibition using a 244 

narrow light bar flashed across the retinal slice (bar width: 25 µm, inter-stimulus distance: 100 245 

µm, flash duration: 1 s, inter-stimulus interval: 29 s). All OFF bipolar cell subtypes were 246 

grouped together for the following analyses (see Methods). We found that OFF bipolar cell 247 

inhibition became significantly narrower and smaller after SKF application (Figure 2). OFF 248 

bipolar cell L-IPSCs in the dark were robust, with inhibitory responses at distances more than 249 

400 µm away from the recorded cell (Figure 2A). After SKF application, most OFF bipolar cells 250 

did not have measurable inhibition if stimuli were presented more than 400 µm away from the 251 

cell (Figure 2B). The spatial profile of response charge transfer normalized to the center bar in 252 

each condition became significantly narrower with SKF (n=7, p<0.001, ANOVA, Figure 2C) as 253 

the average responses in the periphery became significantly smaller compared to dark-adapted 254 

responses. Similarly, the L-IPSC peak amplitude spatial profile became significantly smaller 255 

after SKF application (n=7, p<0.001, ANOVA, Figure 2D).  256 

 257 
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To determine if activation of D1 receptors replicated light-adapted changes in spatial input, we 258 

compared the response charge transfer and peak amplitude spatial profiles between light-adapted 259 

(data adapted from Mazade & Eggers, 2016) and SKF conditions. The spatial responses for SKF 260 

and light-adapted conditions were normalized to their respective dark-adapted center responses 261 

to determine whether activating D1 receptor signaling is sufficient to produce the magnitude of 262 

inhibitory changes caused with increased background luminance. Although there was a 263 

significant decrease in spatial charge transfer to OFF bipolar cells with SKF application (Figure 264 

2C), the spatial response profile was still significantly larger and wider than under light-adapted 265 

conditions (light-adapted n=5, SKF vs. light-adapted p<0.001, ANOVA, Figure 2E). The 266 

normalized inhibitory peak amplitude profile was also significantly larger under SKF than light-267 

adapted conditions (light-adapted n=5, SKF vs. light-adapted p<0.001, ANOVA, Figure 2F). The 268 

main differences between SKF and light-adapted spatial changes were localized to the central 269 

surround area (<400 µm). Therefore, D1 receptor activation replicated the reduction in spatial 270 

surrounds but not the magnitude of change evoked with light adaptation. This suggests that D1 271 

receptors are only part of the mechanism for light-adapted inner retinal OFF pathway receptive 272 

field adaptation. 273 

 274 

D1 receptors reduced GABAergic input at the edges of OFF bipolar cell surrounds 275 

Inhibition to OFF bipolar cells is mediated by inputs from GABAergic and glycinergic amacrine 276 

cells onto GABAA, GABAC, and glycine receptors, and each of these components may be 277 

independently modulated by D1 receptors. Previous work found that the light-adapted narrowing 278 

of OFF bipolar surrounds was due in part to narrowing and weakening of the GABAergic 279 

component of the receptive field (Mazade & Eggers, 2016). Since activation of D1 receptors 280 
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caused significant narrowing of total spatial inhibitory input (Figure 2) and decreases in 281 

spontaneous GABA release to OFF bipolar cells (Mazade et al., 2019b), we wanted to determine 282 

whether D1 receptor activation reduces the strength of the GABAergic component of the spatial 283 

surround. Pharmacologically isolated GABAergic spatial profiles (in strychnine to block glycine 284 

receptors) were measured in the dark before and after SKF application. Bar stimuli elicited small 285 

L-IPSCs at both near and far distances from the cell (Figure 3A). Small GABAergic responses in 286 

OFF bipolar cells in the dark are expected due to the relatively minor GABAergic input 287 

compared to glycinergic input. However, GABAergic responses at 400 µm away still remained 288 

after SKF application (Figure 3B). The GABAergic spatial profile was not different in the SKF 289 

condition (p=0.085, ANOVA) however there were significant reductions in response strength 290 

localized only to the farthest stimulus distances (n=4, -600 µm: p=0.006, -500 µm: p<0.001, 500 291 

µm: p=0.031, 600 µm: p=0.028, ANOVA SNK-Posthoc, Figure 3C). Likewise, the changes in 292 

the peak amplitude of GABAergic responses were only reduced at the farthest stimulus distances 293 

(-600 µm: p=0.022, 500 µm: p=0.007, ANOVA SNK-Posthoc, Figure 3D). Weak responses at 294 

the edges but not the center of the receptive field surround suggests D1 receptors affect long-295 

distance connections from wide-field GABAergic amacrine cells or at least the distal processes 296 

responsible for long range inputs.  297 

 298 

To determine the extent that D1 receptor activation is similar to light-adapted GABAergic spatial 299 

changes, we compared the spatial response and peak amplitude profiles between light-adapted 300 

conditions (data adapted from a previous report, Fig. 3C,D; Mazade & Eggers, 2016) and SKF, 301 

when both were normalized to their respective dark-adapted center responses. We found that 302 

GABAergic spatial charge transfer was significantly wider and larger after SKF application than 303 
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under light-adapted conditions (SKF n=4, light-adapted n=4, p<0.001, ANOVA, Figure 3E). All 304 

but the farthest distances (<500 µm, all comparisons p<0.05, ANOVA SNK-Posthoc) were 305 

significantly larger after SKF. Likewise, the normalized spatial peak amplitude profile was 306 

significantly larger with D1 receptor activation than with light adaptation (SKF n=4, light-307 

adapted n=4, p<0.001, ANOVA, Figure 3F). While these results indicate that D1 receptors affect 308 

the edges of receptive field surrounds, other factors must modulate the central GABAergic 309 

surround changes seen with increased luminance. 310 

 311 

D1 receptor stimulation reduces glycinergic surround extent and strength to light-adapted levels  312 

The results from Figure 3 show that dopaminergic signaling can affect GABA receptor-mediated 313 

currents but the effects of dopamine on glycinergic surround inhibition is unknown. Total light-314 

evoked glycinergic input to OFF bipolar cells decreases with light adaptation (Mazade & Eggers, 315 

2013) and the glycinergic component of the receptive field surround becomes narrower and 316 

smaller (Mazade & Eggers, 2016). Additionally, D1 receptor activation suppresses local 317 

glycinergic light-evoked and spontaneous currents by reducing glycine release (Mazade et al., 318 

2019b). Since activation of D1 receptors causes significant narrowing and weakening of total 319 

spatial inhibition to OFF bipolar cells (Figure 2) and glycine is the dominant inhibitory signal 320 

(Eggers et al., 2007), we determined whether dopamine modulation of light-evoked glycinergic 321 

spatial input is similar to that with light adaptation.  322 

 323 

Using the same spatial mapping stimulus in Figures 2 and 3, the spatial extent of 324 

pharmacologically isolated glycinergic inhibitory input (in SR and TPMPA to block all GABA 325 

receptors) was measured in dark-adapted conditions before and after SKF application. Center bar 326 
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stimuli elicited strong L-IPSCs with smaller L-IPSCs at 400 µm away (Figure 4A). However, 327 

SKF application reduced all L-IPSCs at each mapping location (Figure 4B). The spatial profile 328 

of normalized charge transfer became significantly narrower in the SKF condition (n=5, 329 

p<0.001, ANOVA, Figure 4C), similar to total inhibition with SKF. Likewise, the peak 330 

amplitude spatial profile became significantly smaller in the SKF treated retina (n=5, p=0.003, 331 

ANOVA, Figure 4D). Unlike the GABAergic dark-adapted response profiles (Figure 3), 332 

glycinergic dark-adapted spatial profiles are similar in shape and magnitude to the total 333 

inhibition dark-adapted spatial profiles (compare Figure 2 and Figure 4) likely due to the 334 

glycine-dominated input to OFF bipolar cells in the dark. These results suggest that D1 receptor 335 

modulation is contributing to the observed reduction of glycinergic spatial inhibition to OFF 336 

bipolar cells (Mazade & Eggers, 2016), which is likely the primary driver of weakening the total 337 

inhibitory spatial surround. To determine similarity to changes with light adaptation, we 338 

compared the response charge transfer and peak amplitude spatial profiles between glycinergic 339 

light-adapted (data adapted from Mazade & Eggers, 2016, Fig. 5C,F) and SKF conditions 340 

normalized to their respective dark-adapted center responses. We found that there was no 341 

difference between SKF (n=5) and light-adapted conditions (n=4) in the response charge transfer 342 

(p=0.892, ANOVA, Figure 4E) or peak amplitude (p=0.190, ANOVA, Figure 4F) profiles. These 343 

results indicate that D1 receptor activation is sufficient to replicate light-adapted levels of change 344 

in glycinergic surround size and magnitude. 345 

 346 

Discussion: 347 

We found that D1 receptor activation can replicate many but not all light-adapted changes in 348 

OFF bipolar cell surround inhibition by reducing the size and extent of spatial input. This was 349 
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likely primarily due to modulation of glycinergic inputs, as the effects of activating D1 receptors 350 

were comparable to light-adapted glycinergic decreases, and less so from GABAergic sources as 351 

D1 receptor activation reduced responses only at the edges of the surround. Interestingly, while 352 

these results suggest that dopamine (through D1 receptors) is one factor in light-adapted changes 353 

in inner retinal inhibition our findings show that other mechanisms are required to reach the full 354 

magnitude of adaptation effects for OFF bipolar receptive fields.  355 

 356 

D1 receptor regulation of OFF bipolar cell surrounds may modulate OFF ganglion cell 357 

responses 358 

Our results showing that D1 receptor activation replicates some bipolar cell light-adapted 359 

surround changes add context to several studies investigating the role of dopamine in modulating 360 

ganglion cell light-evoked signals. Work in vitro and in vivo in rabbit OFF ganglion cells found 361 

that dopamine reduced their sensitivity to light stimuli (Jensen & Daw, 1984, 1986) and blocking 362 

D1 receptors reduced surround responses (Jensen & Daw, 1984). Similar effects were seen in 363 

vivo in the cat where blocking D1 receptors reduced light-evoked activity of OFF ganglion cells, 364 

suggesting that D1 receptors normally increase light responses (Maguire & Hamasaki, 1994). 365 

The authors hypothesized that the site of action could include the outer retina and inner retinal 366 

amacrine cells, which is supported by changes we find here. Additionally, blocking D1 receptors 367 

in the mouse decreased OFF ganglion cell responses in light-adapted retinas where the suggested 368 

site of action was through OFF bipolar cell glutamate release (Yang et al., 2013). A common 369 

theme in many of these studies includes the inhibition modulating upstream bipolar cell release. 370 

The D1 receptor-mediated reduction in spatial inhibition to OFF bipolar cells that we show here 371 

could help explain increased OFF ganglion cell responses reported previously and modeled in a 372 
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previous study (Mazade & Eggers, 2016). For example, light adaptation acting through D1 373 

receptor activation would reduce the inhibitory input to OFF bipolar cells in response to a small 374 

spot of light leading to increased bipolar cell output to ganglion cells. This could be one way of 375 

strengthening ganglion cell responses to smaller stimuli to increase acuity in bright light 376 

conditions. This predicts that blocking dopamine would attenuate this inhibitory reduction, 377 

leading to a more inhibited bipolar cell output and reduced signaling to ganglion cells, which 378 

may explain the previous results using D1 receptor antagonists. The data here suggest that the 379 

modulation observed in ganglion cell spiking responses in bright light conditions are likely to 380 

arise from dopamine-mediated mechanisms at the bipolar cell level. However, this remains to be 381 

demonstrated directly. 382 

 383 

The weakening in size and strength of OFF bipolar cell surrounds with dopamine and light 384 

adaptation contrasts recent evidence suggesting the opposite for ON bipolar cells. Interestingly, it 385 

was found that D1 receptor activation increased GABAergic activity in ON bipolar cell 386 

dendrites, likely mediated through horizontal cells, suggesting a strengthening of their receptive 387 

field surrounds (Chaffiol et al., 2017). Furthermore, following a period of darkness, when D1 388 

receptors are presumably the least active, GABAergic function was weak. Differences between 389 

ON and OFF bipolar cell pathways are not unexpected given the unique rod-mediated AII 390 

amacrine cell inhibitory connections to OFF but not ON bipolar cells in addition to many other 391 

retinal ON and OFF pathway asymmetries (Chichilnisky & Kalmar, 2002; Ravi et al., 2018). 392 

Previously, we predicted that weaker OFF bipolar cell surrounds may increase OFF ganglion cell 393 

preference for small stimuli. It could be that stronger ON bipolar cell surrounds with D1 394 

receptors/light-adaptation produces the opposite change: ON ganglion cells become less sensitive 395 



19 
 

to smaller stimuli. This matches the larger receptive field sizes for ON than OFF ganglion cells 396 

(Ravi et al., 2018 ) and parallels recent work showing cortical ON pathways prefer larger stimuli 397 

than cortical OFF pathways in the cat (Mazade et al., 2019a). However, whether ON bipolar 398 

cells show changes in receptive field surrounds coming from amacrine cells, not horizontal cell 399 

inputs to dendrites, is less clear. 400 

 401 

D1 receptors mediate wide-field GABAergic and narrow-field glycinergic amacrine cell 402 

inhibitory changes to OFF bipolar cells 403 

We report that D1 receptor modulation of GABAergic pathways could be partially responsible 404 

for the light-induced reduction in the GABAergic component of the receptive field surround 405 

(Mazade & Eggers, 2016). Previous results suggest that D1 receptors do not modulate the post-406 

synaptic GABA receptors on OFF bipolar cells as the peak amplitude of GABAergic 407 

spontaneous events did not change (Mazade et al., 2019b). Instead, the effects on GABAergic 408 

currents were likely due to decreased GABA release from distal amacrine cells, since D1 409 

receptors decrease the frequency of GABAergic spontaneous events (Mazade et al., 2019b) and 410 

light-evoked reductions only occurred at the edges of the OFF bipolar cell surround (Figure 3). 411 

Given that the steep decline in GABAergic response at the edges of the surround occurred only 412 

in D1-receptor activated conditions, and not light adaptation, it is likely that D1-receptors are 413 

strongly linked to long-range GABAergic input to OFF bipolar cells. Although we observe a 414 

steep decline, there may be a gradual weakening of the response within the 100 µm distance 415 

between our stimuli. However, in general the GABAergic component of OFF bipolar cell 416 

inhibition is very small, especially in the dark-adapted condition as can be seen by comparing 417 

with glycinergic and total inhibition here and in previous studies (Eggers et al., 2007; Mazade & 418 
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Eggers, 2013, 2016; Mazade et al., 2019b). Therefore, it is unlikely that GABAergic inhibition is 419 

playing a major role in the adaptation of OFF bipolar cell receptive fields. Together with 420 

previous findings, our results suggest that the main effect of D1 receptors on GABAergic 421 

inhibition is on wide-field GABAergic amacrine cells but that additional mechanisms are 422 

required to mediate GABAergic changes in the central or local surround. 423 

 424 

In contrast to the GABAergic component of the OFF bipolar cell surround, D1 receptor 425 

activation reduced glycinergic inputs at both the central and peripheral surround (Figure 4). 426 

While there have been relatively few studies investigating how dopaminergic signaling affects 427 

retinal glycinergic pathways, work in the rabbit retina showed that the effects of D1 antagonists 428 

on the surround response of OFF ganglion cells (Falch et al., 1986; Jensen, 1992) was blocked 429 

by inhibiting glycine receptors (Jensen, 1989). This suggests dopamine may be acting through 430 

glycinergic pathways to increase ganglion cell responses, which is supported by our data here 431 

and implied by previous work (Mazade & Eggers, 2016). A reduction in the glycinergic surround 432 

strength of OFF bipolar cells would greatly alter the inhibitory input to the OFF bipolar cell and 433 

would subsequently increase signal transmission to downstream ganglion cells. Our current 434 

findings suggest that D1 receptors are primarily modulating glycinergic amacrine cell inputs to 435 

OFF bipolar cells which is consistent with our previous work on D1 receptor-mediated 436 

presynaptic effects on local glycinergic inputs (Mazade et al., 2019b). 437 

 438 

The conclusion that dopamine-mediated effects mainly occur presynaptically on amacrine cells 439 

and are correlated with light-adapted changes in receptive fields, adds further support for 440 

amacrine cell importance in adaptation. Additionally, we propose that glycinergic spatial 441 
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inhibition to OFF bipolar cells is more important than previously thought for contributing to 442 

lateral, and not only vertical or cross-over, inhibition. We find here and in previous studies 443 

(Mazade & Eggers, 2016), that the glycinergic component of OFF pathway receptive fields can 444 

extend to ~800 µm away from the recorded cell (Figure 3). This suggests that they are playing a 445 

role in lateral inhibition that may be mediated heavily by gap junction connects between narrow-446 

field glycinergic amacrine cells. We previously proposed (Mazade & Eggers, 2016) that the 447 

reduced extent of glycinergic inputs with light adaptation could be explained by uncoupling of 448 

retinal gap junctions between glycinergic amacrine cells. Dopamine is well documented to 449 

modulate coupling state and synchronized activity throughout the retina (Lasater & Dowling, 450 

1985; Dong & McReynolds, 1991; Hampson et al., 1992; Ribelayga et al., 2008; Kothmann et 451 

al., 2009; Hu et al., 2010; Bu et al., 2014). Both D1 receptors, (Hampson et al., 1992; Xia & 452 

Mills, 2004; Kothmann et al., 2009) and increased background illumination (Bloomfield et al., 453 

1997; Xin & Bloomfield, 1997, 1999a) uncouple glycinergic AII amacrine cells that provide 454 

large inhibitory input to OFF bipolar cells (Figure 1).  455 

 456 

Our data is consistent with the idea that D1 receptors cause uncoupling and thus reduce the 457 

spatial spread of glycinergic signals (Veruki et al., 2010; Mazade & Eggers, 2016) in a similar 458 

manner to light adaptation. However, uncoupling of other glycinergic amacrine cells are also 459 

likely involved since not all OFF bipolar cell subtypes receive AII amacrine cell input (Mazade 460 

& Eggers, 2013; Tsukamoto & Omi, 2017). In fact, AII amacrine cells appear to preferentially 461 

contact OFF types 1/2 (Graydon et al., 2018) but all OFF bipolar cells receive a majority of 462 

glycinergic input (Eggers et al., 2007). Therefore, other glycinergic amacrine cells, such as the 463 

A8, which are coupled to each other and also provide glycinergic inhibition to OFF bipolar cells, 464 
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may be involved (Lee et al., 2015; Yadav et al., 2019). However, A8 amacrine cell coupling was 465 

not modulated by D1 receptors and it is unknown how coupling state is affected by luminance 466 

(Yadav et al., 2019). Regardless, OFF bipolar cells not receiving AII input are likely receiving 467 

input from other glycinergic amacrine cells that perform similar functions as the AII.  468 

 469 

We propose that D1 receptor activation has two main effects on OFF bipolar cell inhibition. The 470 

first is uncoupling of AII or other glycinergic amacrine cells to reduce surround extent and 471 

magnitude while also reducing distal GABAergic inputs in the far surround. The second is a 472 

decrease in spontaneous noise leading to more excitable OFF bipolar cells in bright 473 

environments (Mazade & Eggers, 2016; Mazade et al., 2019b). Overall, the results of this study 474 

suggest that while dopamine signaling through D1 receptors is a prominent component in 475 

mediating OFF pathway light-adapted changes, other factors must also contribute to achieve the 476 

complete light-adapted reduction in receptive field surround. Light adaptation causes a shift from 477 

rod-dominant to cone-dominant pathways, can activate additional dopamine receptors (Cohen et 478 

al., 1992; Nguyen-Legros et al., 1999; Li et al., 2013) and can cause the release of other retinal 479 

neuromodulators such as nitric oxide (Neal et al., 1998). Therefore, activation of D1 receptors 480 

may be only one part of increasing visual acuity through light (Wilcox, 1932), at least at the level 481 

of inner retinal signal processing.   482 
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Legends: 787 

Figure 1. Schematic of dopamine D1 receptor locations on major inhibitory inputs to OFF 788 

bipolar cells. A. In dark-adapted conditions, AII amacrine cells (AII) are activated by the rod 789 

pathway (dark pathway, R = rod photoreceptors, RB = rod bipolar cells) and release glycine onto 790 

OFF cone bipolar cells (OFF). AII amacrine cells are coupled to other AII amacrine cells through 791 

electrical gap junctions. In light-adapted conditions, other narrow-field glycinergic amacrine 792 

cells (Gly) and wide-field GABAergic amacrine cells (GBA) are activated by cone pathways 793 

(white pathways, C = cone photoreceptor, ON = ON cone bipolar cell), which provide inhibitory 794 

input to OFF bipolar cells. In the inner retina, dopamine is released onto D1 receptors (blue) 795 

located on cone bipolar and amacrine terminals. INL = inner nuclear layer, IPL = inner plexiform 796 

layer. B. Light adaptation increases dopamine release and decreases OFF bipolar cell receptive 797 

field (RF) surround size and strength. However, it is unknown to what extent dopamine, through 798 

dopamine D1 receptor activation, replicates the light-adapted effects on OFF bipolar cell 799 

surrounds.   800 

 801 

Figure 2. D1 receptor activation weakens the spatial inhibitory input to OFF bipolar cells. A-B. 802 

Example L-IPSCs recorded in dark-adapted (black, A) and dark-adapted + SKF (+SKF, blue, B) 803 

conditions in response to a light stimulus (1 second, 25 µm bar) presented at -400, 0, and 400 µm 804 

from the cell. SKF application reduced L-IPSC strength at all stimulus distances. Light stimulus 805 

= light gray bar under example OFF type 1/2 traces. C. Spatial inhibition profiles of response 806 

charge transfer normalized to the center bar stimulus in dark-adapted and SKF conditions (n=7). 807 

The spatial profile became significantly narrower with SKF. D. Same as in C but for response 808 

peak amplitude. The peak amplitude profile was significantly narrower and smaller with light 809 
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adaptation. E. Spatial inhibition profiles of response charge transfer normalized to the respective 810 

dark-adapted center bar stimulus in SKF and light-adapted (n=5, gray) conditions. Light-adapted 811 

spatial input was significantly narrower and smaller than with SKF application. F. Same as in E 812 

but for normalized response peak amplitude. The peak amplitude profile was significantly 813 

smaller in the periphery with light adaptation. Cells included in averages: SKF = 3 OFF type 814 

1/2/4 and 4 OFF type 3; light-adapted = 1 OFF type 1/2/4 and 4 OFF type 3. Light-adapted data 815 

was adapted from Mazade and Eggers, 2016 Fig. 2C,F for comparison. Error bars are ±SEM and 816 

only show the outer bar for each data point. (*** p<0.001) 817 

 818 

Figure 3. D1 receptor activation affects the edges of GABAergic spatial input to OFF bipolar 819 

cells. A-B. Example GABAergic L-IPSCs recorded in dark-adapted (black, A) and dark-adapted 820 

+ SKF (+SKF, blue, B) conditions. SKF application did not reduce overall response strength 400 821 

µm away from the cell. Light stimulus = light gray disconnected bar under example traces; this 822 

OFF type 3 cell responded to the offset of the stimulus so only the end of the light stimulus is 823 

shown. C. Spatial inhibition profiles of GABAergic response charge transfer normalized to the 824 

center bar stimulus in dark-adapted and SKF conditions (n=4). Inhibition was significantly 825 

reduced only at far stimulus distances. D. Same as in C but for GABAergic response peak 826 

amplitude. Peak amplitude was only reduced at far stimulus distances. The peak amplitude 827 

spatial profile was significantly narrower and smaller with light adaptation. E. Spatial inhibition 828 

curves of GABAergic response charge transfer normalized to the respective dark-adapted center 829 

bar stimulus in SKF and light-adapted (n=5, gray) conditions. Spatial inhibitory strength was 830 

reduced in the near surround more with light adaptation than with SKF. F. Same as in E but for 831 

normalized response peak amplitude. The peak amplitude spatial profile was significantly 832 



38 
 

smaller with light adaptation only in the local surround. Cells included in averages: SKF = 1 833 

OFF type 1/2/4 and 3 OFF type 3; light-adapted = 4 OFF type 3. Light-adapted data was adapted 834 

from Mazade and Eggers, 2016 Fig. 3C,F for comparison. Error bars are ± SEM and only show 835 

the outer bar for each data point. (* p<0.05, ** p<0.01, and *** p<0.001) 836 

 837 

Figure 4. D1 receptor stimulation reduces glycinergic spatial inhibitory strength to light-adapted 838 

levels. A-B. Example glycinergic L-IPSCs recorded in dark-adapted (black, A) and dark-adapted 839 

+ SKF (+SKF, blue, B) conditions. SKF application reduced overall response 400 µm away from 840 

the OFF bipolar cell. Light stimulus = light gray disconnected bar under example OFF type 4 841 

traces. The response ended before the end of the light stimulus, so only the initial portion of the 842 

light stimulus is shown. C. Spatial inhibition profiles of glycinergic response charge transfer 843 

normalized to the center bar stimulus in dark-adapted and SKF conditions (n=5). The spatial 844 

profile of inhibitory responses was reduced with D1 receptor activation. D. Same as in C but for 845 

glycinergic response peak amplitude. The peak amplitude spatial profile was significantly 846 

smaller with SKF activation. E. Spatial inhibition curves of glycinergic response charge transfer 847 

normalized to the respective dark-adapted center bar stimulus in SKF and light-adapted (n=4, 848 

gray) conditions. Light-adapted spatial input was not different from that with SKF application. F. 849 

Same as in E but for normalized glycinergic response peak amplitude. The peak amplitude 850 

spatial profile was not significantly different from that with light adaptation. Cells included in 851 

averages: SKF = 4 OFF type 1/2/4 and 1 OFF type 3; light-adapted = 3 OFF type 1/2/4 and 1 852 

OFF type 3. Light-adapted data was adapted from Mazade and Eggers, 2016 Fig. 5C,F for 853 

comparison. Error bars are ± SEM and only show the outer bar for each data point. (** p<0.01 854 

and *** p<0.001) 855 


	Reece E. Mazade and Erika D. Eggers

