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Abstract 31 

The retina adjusts its signaling gain over a wide range of light levels. A functional result of this 32 

is increased visual acuity at brighter luminance levels (light adaptation), due to shifts in the 33 

excitatory center-inhibitory surround receptive field parameters of ganglion cells that increases 34 

their sensitivity to smaller light stimuli. Recent work supports the idea that changes in ganglion 35 

cell spatial sensitivity with background luminance are due in part to inner retinal mechanisms, 36 

possibly including modulation of inhibition onto bipolar cells. To determine how the receptive 37 

fields of OFF cone bipolar cells may contribute to changes in ganglion cell resolution, the spatial 38 

extent and magnitude of inhibitory and excitatory inputs were measured from OFF bipolar cells 39 

under dark- and light-adapted conditions. There was no change in the OFF bipolar cell excitatory 40 

input with light adaptation, however the spatial distributions of inhibitory inputs, including both 41 

glycinergic and GABAergic sources, became significantly narrower, smaller, and more transient. 42 

The magnitude and size of the OFF bipolar cell center-surround receptive fields as well as light-43 

adapted changes in resting membrane potential were incorporated into a spatial model of OFF 44 

bipolar cell output to the downstream ganglion cells, which predicted an increase in signal output 45 

strength with light adaptation. We show a prominent role for inner retinal spatial signals in 46 

modulating the modeled strength of bipolar cell output to potentially play a role in ganglion cell 47 

visual sensitivity and acuity. 48 

 49 
Keywords:  bipolar cell, gamma-aminobutyric acid (GABA), glycine, amacrine cell 50 
 51 

 52 

 53 

 54 
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Introduction: 55 

The retina must signal under many light conditions to encode the environment accurately. This 56 

involves retinal adaptation to increasing luminance levels to avoid saturation and increase visual 57 

acuity. The retina signals multiple light levels by using photoreceptors with dim (rod) and bright 58 

(cone) sensitivities as well as adaptation of both the photoreceptors themselves (Tamura et al. 59 

1991; Woodruff et al. 2008) and downstream networks (Dunn et al. 2006; Dunn et al. 2007; 60 

Green et al. 1975; Green and Powers 1982; Naka et al. 1979; Page-McCaw et al. 2004; Shapley 61 

and Enroth-Cugell 1984). Photoreceptor light information is sent to bipolar cells that synapse 62 

onto ganglion cells, the output neurons of the retina, and onto inhibitory amacrine cells which 63 

shape bipolar cell-ganglion cell signaling (Dong and Werblin 1998; Eggers and Lukasiewicz 64 

2010; 2006b; Eggers et al. 2007; Sagdullaev et al. 2006)  by releasing either glycine or GABA 65 

(Kolb 1997; Menger et al. 1998; Pourcho and Goebel 1985; 1983; Vaney 1990). 66 

Morphologically wide GABAergic amacrine cells (Pourcho and Goebel 1983) are thought to 67 

primarily carry wide lateral information for center-surround receptive fields (Dacey et al. 2000; 68 

Ichinose and Lukasiewicz 2005; Sinclair et al. 2004; Zhang and Wu 2009) while narrow 69 

glycinergic amacrine cells (Pourcho and Goebel 1985) provide inhibition between different 70 

pathways (Mazade and Eggers 2013; Molnar et al. 2009; Werblin 2010). However, glycinergic 71 

amacrine cells, such as the AII amacrine cell of the rod pathway can be highly coupled, 72 

depending on the light state, to extend the spread of their signaling (Bloomfield et al. 1997). The 73 

balance between the excitatory center and inhibitory surround allows ganglion cells fine spatial 74 

tuning to specific sizes of light, vital for visual resolution. 75 

 76 

Ganglion cells increase their spatial sensitivity and visual acuity with increased ambient 77 

illumination (Barlow et al. 1957; Dedek et al. 2008; Farrow et al. 2013) and retinal network 78 
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adaptation is thought to be crucial for this process (Dunn et al. 2006; Wu and Yang 1992). 79 

Additionally, previous work has shown that the increase in ganglion cell sensitivity to small 80 

lights was due to a decrease in excitatory center size (Merwine et al. 1995; Troy et al. 1999) or 81 

decreases in surround size and strength (Dedek et al. 2008; Farrow et al. 2013; Merwine et al. 82 

1995; Troy et al. 1999; Troy and Enroth-Cugell 1993). Inner retinal processing likely plays an 83 

important role in ganglion cell spatial resolution increases with light (Dedek et al. 2008) as the 84 

connections between bipolar and ganglion cells are important for light adaptation (Dunn et al. 85 

2007; Farrow et al. 2013; Oesch and Diamond 2011). Given other reports that show inhibition to 86 

bipolar cells is important for determining the spatial resolution and receptive field properties of 87 

ganglion cells (Buldyrev and Taylor 2013; Flores-Herr et al. 2001; Protti et al. 2014; Russell and 88 

Werblin 2010), modulation of bipolar cell inhibition by light is a potential mechanism for 89 

increasing visual acuity.  90 

 91 

Modulation of inhibitory inputs to the pathway that responds to the offset of light (OFF) in 92 

particular may be important in retinal network adaptation, as inhibitory inputs switch between 93 

rod and cone sources (Chun et al. 1993; Deans et al. 2002; Mazade and Eggers 2013; McGuire et 94 

al. 1984; Strettoi et al. 1990; Strettoi et al. 1992; Trexler et al. 2001). This change from rod- to 95 

cone-mediated input and light adaptation of cones could change the distribution of inhibitory 96 

input to OFF (cone) bipolar cells and affect ganglion cell center-surround organization, but this 97 

is not known. Here we investigated how the spatial extent of inhibition to OFF bipolar cells 98 

changes with light adaptation and used our findings to model the strength of OFF bipolar cell 99 

output to downstream ganglion cells. We found that the spatial inhibition to OFF bipolar cells 100 

became narrower with significantly reduced magnitude and that OFF bipolar cells were more 101 
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depolarized with light adaptation. A model using these parameters showed that these changes are 102 

important for determining stronger signal output to ganglion cells for small light stimuli. 103 

 104 

Methods: 105 

Mouse retinal slice preparation 106 

All animal protocols were approved by the University of Arizona Institutional Animal Care and 107 

Use Committee (IACUC). As described previously (Eggers and Lukasiewicz 2006a; Eggers et al. 108 

2013b; Mazade and Eggers 2013), male mice (C57BL/6J strain, Jackson Laboratories, Bar 109 

Harbor, ME, USA) 35-60 days of age were euthanized using carbon dioxide and their eyes 110 

enucleated. The cornea and lens were removed and the eyecup was incubated for 20 min in cold 111 

extracellular solution (see Solution and Drugs) with 800 units/mL of hyaluronidase to dissolve 112 

the remaining vitreous humor. The hyaluronidase solution was then replaced with ice cold, 113 

oxygenated extracellular solution and the retina was dissected out of the eyecup. Following 114 

removal, the retina was trimmed into one large flat rectangle by removing the periphery and 115 

leaving only the central retina surrounding the optic disc. A nitrocellulose membrane filter paper 116 

(0.45 μm pore size, Millipore, Ireland) was placed on the retina section that was transferred to a 117 

hand chopper. An average of six 250 μm slices were cut, rotated 90º, and mounted onto glass 118 

cover slips using vacuum grease. Several methods were used to limit potential circuitry 119 

disruption from using retinal slice preparations. Only cells located near the center of the slice and 120 

deep within the tissue, avoiding the surface, were targeted for recordings in order to maximize 121 

accurate spatial connectivity. Additionally, retinal slices were on average 2 mm wide, so that 122 

wide-field amacrine cell processes in the horizontal plane of the slice are likely undisturbed. 123 

Spatial stimuli were presented perpendicular to the horizontal plane of the slice so that neurons 124 
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that extended in this direction were preferentially activated. Retinal slices of these dimensions 125 

were used to counteract the difficulty of visualizing cells for patch clamping, similar to other 126 

studies that have used slices to investigate light-evoked inhibitory inputs to bipolar cells  (Eggers 127 

et al. 2013a; Eggers and Lukasiewicz 2010; Eggers et al. 2007; Tanaka and Tachibana 2013; 128 

Vigh et al. 2011). The tissue was maintained in oxygenated extracellular solution at room 129 

temperature. All dissection procedures were performed under infrared illumination to preserve 130 

the light sensitivity of the preparations. 131 

 132 

Solutions and drugs 133 

The extracellular recording solution used for dissection and to examine light-evoked currents 134 

contained (in mM) 125 NaCl, 2.5 KCl, 1 MgCl2, 1.25 NaH2PO4, 2 CaCl2, 20 glucose, and 26 135 

NaHCO3 and was bubbled with 95% O2-5% CO2. For voltage clamp recordings, the 136 

intracellular solution contained (in mM) 120 CsOH, 120 gluconic acid, 1 MgCl2, 10 HEPES, 10 137 

TEA-Cl, 10 phosphocreatine-Na2, 4 Mg-ATP, 0.5 Na-GTP, 10 EGTA and 50 µM Alexa Fluor 138 

488 (Invitrogen, Carlsbad, California, USA)  and was adjusted to pH 7.2 with CsOH. To isolate 139 

the inhibitory receptor (R) inputs, SR-95531 (SR, 20 μM) to block GABAARs, (1,2,5,6-140 

tetrahydropyridine-4yl) methyphosphinic acid (TPMPA, 50 μM) to block GABACRs, and 141 

strychnine (1 μM) to block glycineRs were used. For current clamp recordings, the intracellular 142 

solution contained (in mM) 120 KOH, 120 Gluconic Acid, 1 MgCl2, 10 HEPES, 10 EGTA, 10 143 

TEA-Cl, 10 phosphocreatine-Na2, 4 Mg-ATP, 0.5 Na-GTP, 50 µM Alexa Fluor 488 (Invitrogen, 144 

Carlsbad, California, USA) and was adjusted to pH 7.2 with CsOH. All drug solutions were 145 

washed on the slice for 5 min before recordings began using a gravity-driven superfusion system 146 
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(Cell Microcontrols, Norfolk, VA) at a rate of ~1-2 mL/minute. Unless otherwise indicated, all 147 

chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). 148 

 149 

Whole-cell recordings 150 

Whole-cell patch-clamp recordings, sampled at 10 kHz, were made from bipolar cells in retinal 151 

slices. Light-evoked inhibitory post synaptic currents (L-IPSCs) were recorded from retinal 152 

bipolar cells voltage clamped to 0 mV, the reversal potential of nonselective cation channel 153 

currents. Bipolar cell recordings were stable and no rundown of the light response was observed 154 

over the recording period. Light-evoked excitatory post synaptic currents (L-EPSCs) were 155 

recorded from bipolar cells voltage clamped to -60 mV, the reversal potential for chloride 156 

channel-mediated currents. Resting membrane potentials were recorded passively in current 157 

clamp (I-clamp) mode. Liquid junction potentials of 20 mV were corrected for at the beginning 158 

of each recording. Electrodes were pulled from borosilicate glass (World Precision Instruments, 159 

Sarasota, FL) on a P97 Flaming/Brown puller (Sutter Instruments, Novato, California, USA) and 160 

had resistances of 5-7 MΩ. Mice were dark-adapted overnight, and all recording procedures were 161 

performed in the dark under infrared illumination to preserve the light sensitivity of the slices. 162 

Recordings were made in extracellular solution heated to 32°C, using thin stage and inline 163 

heaters (Cell Microcontrols, Norfolk, VA). Responses were filtered at 6 kHz with the four-pole 164 

Bessel filter on a Multi-clamp 700B patch-clamp amplifier (Molecular Devices, Sunnyvale, 165 

California, USA) and digitized with a Digidata 1140 data acquisition system (Molecular Devices, 166 

Sunnyvale, California, USA). 167 

 168 

Morphological identification of cell subtypes 169 



 

8 
 

Alexa 488 included in the recording pipette was used to label OFF bipolar cells. They were 170 

classified as OFF bipolar cells based on their axonal morphologies and stratification within the 171 

inner plexiform layers and the position of their somas in the inner nuclear layer (Ghosh et al. 172 

2004). The cells were imaged with Nikon Digital Sight camera with Elements software using a 173 

Nikon Intensilight C-HGFIE Fluorescent lamp (Nikon Instruments, Tokyo, Japan). Detailed 174 

analysis of axon terminal morphology and response properties was performed previously on all 175 

OFF bipolar cells (Mazade and Eggers 2013) and these same criteria were used for identification 176 

in the current study. 177 

 178 

Light stimuli 179 

Bar stimuli (25 µm wide) were presented using a white organic light-emitting diode (OLED 180 

Microdisplay, eMagin EMA-100503 SXGA Monochrome White XL, Bellevue, WA) projected 181 

through the camera port of the microscope, which elicited strong responses in both dark- and 182 

light-adapted conditions (Figure 1B), comparable to previous work on bipolar cell inhibition 183 

(Eggers and Lukasiewicz 2010; Eggers et al. 2007; Mazade and Eggers 2013; Pang et al. 2012). 184 

Responses to OFF bipolar cells were repeatable over the course of the recording, with the 185 

magnitude highly dependent on the adapting state and particular manipulation (isolating specific 186 

inhibitory inputs). Recordings were from cells located within the regions of mixed green/UV 187 

cone opsin input (Applebury et al. 2000; Haverkamp et al. 2005) which ensured that all possible 188 

pathways were present, however the white OLED stimulus used would not likely activate S-cone 189 

photoreceptors (UV) (Wang et al. 2011). For all experiments, a long light stimulus (1 second) 190 

was used to determine the type of inhibition and excitation to all recorded bipolar cells as well as 191 

to elicit the strongest responses despite using a small stimulus. OFF bipolar cells showed robust 192 
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OFF L-EPSCs at the offset of this stimulus. The adapting background light was applied for 5 min 193 

to light-adapt the retinal slice and was sustained throughout all light-adapted recordings.   194 

 195 

For dark-adapted experiments, the stimulus intensity was 7.83 x 104 photons/μm2/sec (3.91 x 104 196 

R*/rod/s) on a completely dark background (room luminance of 0.05 photons/μm2/sec) since the 197 

OLED screen did not use a backlight. For light-adapted experiments the light intensity of the 198 

background was 1150 photons/μm2/sec (575 R*/rod/s), with the same stimulus intensity as in 199 

dark-adapted experiments with a Weber contrast (CW) of 67). The light-adapted background 200 

intensity was shown to maximally activate rods (Wang and Kefalov 2009) and produced 201 

significant changes in inner retinal inhibition (Mazade and Eggers 2013). The stimulus and 202 

background intensities are similar to previous work on bipolar cell inhibition (Mazade and 203 

Eggers 2013) and incorporate meaningful changes in Weber contrast inherent in seeing an 204 

unchanged visual stimulus in the environment with only a shift in the ambient illumination. For 205 

experiments used for the spatial model, stimuli with similar step changes in intensity from the 206 

background luminance were used in both light conditions. A dim background of 158 207 

photons/μm2/sec (79 R*/rod/s) with a stimulus intensity of 7.65 x 104 photons/μm2/sec (3.82 x 208 

104 R*/rod/s) was used in the dark-adapted condition (CW = 483), with the same parameters used 209 

as previously described for the light-adapted condition. Light intensities were calculated (limited 210 

by OLED screen parameters) so that the Michelson contrasts (CM) in the dark-adapted (0.995) 211 

and light-adapted (0.971) conditions were similar, like the stimuli and strategy used in a previous 212 

study (Farrow et al. 2013). All stimuli were controlled with custom MATLAB (Mathworks, 213 

Natick, MA, 1984) software by controlling the intensity, size, location, and duration of the bar 214 

stimuli through the OLED screen. 215 
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 216 

Data analysis and statistics 217 

L-IPSC and L-EPSC traces from a given response condition were averaged using Clampfit 218 

software (Molecular Devices, Sunnyvale, California, USA) and the charge transfer (Q) and peak 219 

amplitude were measured in each condition. Due to the significant amount of spontaneous 220 

activity, it was difficult to measure a peak from OFF bipolar cell L-IPSCs. Therefore to estimate 221 

the peak, the sampling rate of averaged traces was reduced (50 fold) and each point was replaced 222 

with the average of those data points to limit variations due to spontaneous activity. To 223 

determine changes in total current, the Q was measured in Clampfit over the length of the 224 

response, typically 1-2 seconds, using the same time parameters in each condition for the same 225 

cell. The baseline Q was added to the Q standard deviation and was subtracted from all raw Q 226 

measurements to negate any current due to baseline or spontaneous events. All example response 227 

traces show responses to the center bar stimulus directly over the recorded cell or 200 μm away 228 

from the cell. For the I-clamp experiments, baseline voltage was averaged over ~200 seconds of 229 

stable baseline, to account for variation, in each condition to calculate the resting membrane 230 

potential. 231 

 232 

For spatial distribution curves, light-evoked Q’s were normalized to the maximal response in the 233 

dark-adapted condition to control for variability between bipolar cell L-IPSCs, due to 234 

spontaneous activity incorporated into the light response, so that spatial extent could be 235 

accurately compared and visualized between light conditions. Raw peak amplitude values were 236 

used to more accurately reflect response magnitude changes. The normalized and raw data were 237 

plotted against the distance the stimulus was from the cell. To construct the spatial surround 238 
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distribution graphs, only OFF bipolar cells in which the full range of stimulus distances were 239 

tested in both light conditions were used for averaging as well as statistics to compare changes in 240 

the surround. However,  to compare between the dark- and light-adapted conditions at each 241 

stimulus distance, bar graphs were constructed using data from all bipolar cells, including data 242 

from cells in which a smaller range of spatial stimulus positions were tested. Additionally, 243 

responses at the same stimulus distance from both sides of the retinal slice were averaged to 244 

reduce potential variation throughout the slice. As a result, the data presented in the bar graphs 245 

provides a more accurate comparison of response magnitude at each distance from the cell 246 

between the two light conditions.  247 

 248 

To measure timing differences between light conditions, the transient and sustained components 249 

of center L-IPSCs were measured. The transient L-IPSC component was measured as the first 250 

20% Q of the response based on the 1 sec light stimulus, similar to Nobles et al. (2012). 251 

Sustained L-IPSC components were measured by subtracting the transient Q from the total Q of 252 

the L-IPSC for each light condition. Proportions were calculated by dividing the transient and 253 

sustained values by the total Q.  254 

 255 

2-way Analysis of Variance (ANOVA) with Student-Newman-Keuls (SNK) Posthoc test was 256 

used to compare spatial distributions before and after light adaptation as well as between 257 

response characteristics at each stimulus distance. Student’s t-test (2-tailed, paired) was used to 258 

compare resting membrane potentials and timing parameters before and after light adaptation. 259 

Differences were considered significant when p < 0.05 (*) and p < 0.01 (**). All averaged data 260 

are reported as mean ± SEM. 261 
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 262 

Spatial Inhibition Model 263 

A model of input signal strength to a ganglion cell was constructed based on the spatial, 264 

magnitude, and resting potential changes reported in this study. Average OFF bipolar cell spatial 265 

distributions and average peak amplitude values of the center response were used from both 266 

dark- and light-adapted conditions. Average spatial inhibition and excitation curves were fitted 267 

with a Gaussian curve from which standard deviations were obtained for both light conditions. 268 

The standard deviations were then used as a base for constructing model OFF bipolar cell 269 

inhibitory or excitatory spatial receptive fields. These distributions were then normalized and 270 

multiplied by a scaled peak amplitude (Isc, Eq.1) which was calculated using measured average 271 

peak amplitudes of the center responses (Imeasured) at holding potentials (Vhold) of either 0 mV (L-272 

IPSC) or -60 mV (L-EPSC),     273 

Eq.1:  = ( − ) × ( ) 274 

where Vrest is the resting membrane potential of dark- or light-adapted OFF bipolar cells, Vrev is 275 

the reversal potential for either cation or chloride channels, Vhold is the holding voltage for 276 

measuring excitatory or inhibitory currents and G = ((Imeasured / (Vrev – Vhold)). Excitatory and 277 

inhibitory spatial Gaussian distributions based on the scaled currents were constructed. A 278 

Difference-of-Gaussians was calculated by subtracting the inhibitory from the excitatory 279 

Gaussian distributions. To account for the fact that glutamate release is necessary for bipolar cell 280 

signals to ganglion cells, bipolar cell scaled currents were used to calculate real membrane 281 

voltage values (Vreal, Eq.2) by converting scaled currents (Isc) to the amount of voltage change 282 

they would cause using an average input resistance (R) measured from OFF bipolar cells and 283 

adding the value to the resting membrane potential (Vrest) in each light condition. 284 
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Eq.2:  = ( × ) +  285 

Bipolar cell voltage values under dark- and light-adaptation were then used as a baseline for 286 

whether the bipolar cells would signal to downstream ganglion cells, incorporating release 287 

probability as described in the results, and thus the bipolar cell signal output strength. 288 

 289 

Results: 290 

The spatial extent of total OFF bipolar cell inhibition is reduced after light adaptation  291 

OFF bipolar cells receive glycine, GABAA, and GABACR-mediated inhibition including 292 

glycinergic inputs from the rod pathway via the unique AII amacrine cell connection and 293 

glycinergic and GABAergic inputs from cone pathways (Eggers et al. 2007; Euler and Wässle 294 

1998; Ivanova et al. 2006) (Figure 1A) that change with light adaptation (Mazade and Eggers 295 

2013). Previous work showed changes in the excitatory center size (Merwine et al. 1995; Troy et 296 

al. 1999) and inhibitory surround size and strength (Dedek et al. 2008; Farrow et al. 2013; 297 

Merwine et al. 1995; Troy et al. 1999; Troy and Enroth-Cugell 1993) of ganglion cells with light 298 

adaptation which may be a result of spatial changes at the bipolar cell level (Dedek et al. 2008). 299 

To test this, we mapped the spatial extent of OFF bipolar cell inhibition using a long light 300 

stimulus (1 second) that was flashed onto a retinal slice every 100 μm, with 30 seconds between 301 

stimuli (Figure 1B). 302 

 303 

We predicted that the spatial distribution of inhibition to OFF bipolar cells would become wider 304 

with light adaptation due to the larger proportion of inputs from wide GABAergic amacrine cells 305 

(Mazade and Eggers 2013). Surprisingly, we found that the total inhibition became significantly 306 

narrower and smaller under light-adapted conditions (Figure 2). OFF bipolar cell L-IPSCs in the 307 
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dark were robust and sustained with inhibition activated at distances more than 200 µm away 308 

from the recorded cell (Figure 2A). After light adaptation, most OFF bipolar cells did not receive 309 

any inhibition if stimuli were presented more than 200 µm away (Figure 2B). The spatial 310 

distribution of Q’s normalized to the center bar became significantly narrower with light 311 

adaption (p < 0.01) (Figure 2C). To compare the normalized Q between light conditions at each 312 

stimulus distance, data from experiments where a smaller range of spatial distances were tested 313 

were included and both sides of the spatial distribution curves were averaged to decrease 314 

response variation within the slice and obtain a more representative comparison (see Methods). 315 

There was a significantly smaller proportion of inhibition in the light-adapted than in the dark-316 

adapted case at many distances from the recorded cell (Figure 2D). OFF bipolar cell center L-317 

IPSCs also became significantly more transient, with a decrease in sustained response with light 318 

adaptation (p < 0.05) (Figure 2E). The L-IPSC peak amplitude spatial distribution also became 319 

significantly smaller and narrower in light-adapted conditions (p < 0.05) (Figure 2F) with no 320 

inhibition remaining from stimuli farther than 300 µm (Figure 2G). The average peak amplitude 321 

for the center stimulus under dark-adaptation was 21.8±7.9 pA, which significantly decreased to 322 

8.2±1.6 pA after light-adaptation (p < 0.05).  323 

 324 

Previous studies determined that although OFF bipolar cell subtypes receive input from distinct 325 

pathways (Mazade and Eggers 2013; Tsukamoto et al. 2001), all OFF bipolar cells had similar 326 

glycine/GABA inhibitory proportion changes with light adaptation (Mazade and Eggers 2013). 327 

Despite this, there may still be differences in spatial inhibitory input between the subtypes. To 328 

investigate this, we compared the spatial distribution of inhibition between OFF cone bipolar cell 329 

types 1,2, and 4, previously shown to receive inhibition at the onset of light especially from the 330 
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rod pathway, and OFF cone bipolar cell type 3, which receives inhibitory input only from cone 331 

activated pathways at the offset of light (Mazade and Eggers 2013). There was no significant 332 

difference between the OFF1,2,4 (n = 6) and OFF3 (n = 9) bipolar cell spatial inhibitory Q, 333 

normalized to the largest center L-IPSC (data not shown, p = 0.70), or normalized peak 334 

amplitude distribution of the L-IPSCs under dark-adaptation (p = 0.37). Likewise, there was no 335 

difference between OFF1,2,4 (n = 5) and OFF3 (n = 9) bipolar cell normalized spatial Q (p = 336 

0.13) or peak amplitude (p = 0.58) distributions in light-adapted conditions (cells where a smaller 337 

range of spatial positions were tested were also included in this comparison). However, as 338 

expected from previous work (Mazade and Eggers 2013), OFF1,2,4 bipolar cells had 339 

significantly greater L-IPSC peak amplitudes than OFF3 bipolar cells under dark-adaptation 340 

(center OFF1,2,4 bipolar cell = 23.6±8.7 pA, OFF3 bipolar cells = 10.1±3.9 pA, p < 0.01) and 341 

light (center OFF1,2,4 bipolar cell = 12.8±2.6 pA, OFF3 bipolar cells = 5.7±1.1 pA, p = 0.058). 342 

Larger OFF1,2,4  L-IPSC peak amplitudes under dark-adaptation are likely due in part to the 343 

large glycinergic AII amacrine cell input from the rod pathway (Mazade and Eggers 2013), 344 

however both OFF bipolar cell groups had similar percent magnitude change with increased 345 

luminance (~50% decrease). Since all OFF bipolar cell subtypes showed similar spatial 346 

distributions in dark- and light-adapted conditions, results from all types were pooled for the 347 

remainder of this study, as the narrowing of spatial input is likely a general property of OFF 348 

bipolar cell inhibition. Taken together, these results suggest that circuitry connections are in 349 

place to provide wide spread inhibition to OFF bipolar cells under dark-adaptation, but changes 350 

with light adaptation act to shorten the spatial extent of inhibitory signaling regardless of specific 351 

circuitry differences between subtypes. 352 

 353 
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Isolated GABAergic spatial inhibitory input to OFF bipolar cells narrows with light adaptation 354 

The narrowing and reduction of OFF bipolar cell spatial inhibition (Figure 2) could be caused by 355 

changes in GABAergic inhibitory inputs, glycinergic inhibitory inputs, or both. To determine 356 

this, we first investigated how pharmacologically isolated GABAergic spatial input (in 357 

strychnine) to OFF bipolar cells changes with light adaptation. GABAergic amacrine cells are 358 

wide-field and have processes that can span hundreds of microns laterally across the retina 359 

potentially mediating very wide spatial signaling (Kolb 1997; Menger et al. 1998; Pourcho and 360 

Goebel 1985; 1983; Vaney 1990). As expected, dark-adapted isolated GABAergic input, 361 

consisting of both GABAA and GABACR-mediated inhibition, was significantly wider than total 362 

inhibition (from Figure 2C, p < 0.01). Bar stimuli centered on the cell elicited large L-IPSCs 363 

which remained even when the stimulus was 200 µm away (Figure 3A). However, after light-364 

adaptation, L-IPSCs became smaller in the center with decreasing responses farther from the cell 365 

(Figure 3B). The spatial distribution of normalized Q’s became significantly narrower after light-366 

adaptation (p < 0.01) (Figure 3C). At each stimulus distance from the cell, the proportion of 367 

GABAergic inhibition was smaller in light-adapted conditions than in dark-adapted with 368 

significant decreases beginning at 100 µm away (Figure 3D). OFF bipolar cell center L-IPSCs 369 

also shifted to being significantly more transient, with a large decrease in sustained portion of the 370 

response with light adaptation (p < 0.01) (Figure 3E). The GABAergic peak amplitude 371 

distribution of L-IPSCs became smaller and narrower with light adaptation (p < 0.05) (Figure 372 

3F). Although the average GABAergic peak amplitude at the center did not significantly 373 

decrease when light-adapted (dark, 8.1±1.8 pA; light, 5.0±1.8 pA, p = 0.22), the peak amplitudes 374 

for the majority of stimuli outside the center were significantly smaller (Figure 3G). These 375 
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results suggest that GABAergic inhibition contributes to the changes in the spatial extent, 376 

magnitude, and timing observed in the total L-IPSCs with light adaptation.  377 

 378 

Isolated GABACR spatial inhibitory input to OFF bipolar cells is abolished with light adaptation  379 

We found that light adaptation caused a significant narrowing of spatial GABAergic input to 380 

OFF bipolar cells. Under light-adapted conditions, this spatially reduced input presents an initial 381 

challenge; how could wide-field cells whose processes span hundreds of microns laterally across 382 

the retina, many of which use action potentials, change to only provide spatially close inhibition? 383 

However, previous work has shown that there are inhibitory connections between GABAergic 384 

cells that decrease inhibition onto downstream bipolar cells (Eggers et al. 2007). These amacrine 385 

cell-amacrine cell serial inhibitory connections, mediated by GABAARs, are activated when 386 

large light stimuli excite circuitry distant from the recorded bipolar cell (Eggers et al. 2013b; 387 

Eggers et al. 2007). It is possible that under light-adapted conditions, stimuli distant from the 388 

target cell more strongly activate this serial inhibition which would decrease the amount of 389 

inhibition that GABAergic amacrine cells are able to provide to OFF bipolar cells. To investigate 390 

this, we pharmacologically isolated GABACR-mediated inhibitory input (in SR and strychnine), 391 

thereby blocking GABAAR-mediated serial connections, and measured spatial input and peak 392 

amplitude of the L-IPSCs. Under dark-adapted conditions, OFF bipolar cells received robust 393 

GABACR-mediated inhibition at the center bar and smaller L-IPSCS 200 µm away (Figure 4A). 394 

With light adaptation, OFF bipolar cells received no GABACR-mediated inhibition at any 395 

stimulus distance (Figure 4B). The normalized GABACR-mediated spatial inhibitory Q and peak 396 

amplitude under dark-adaptation was moderately wide (Figure 4C,D), similar to total inhibition 397 

(from Figure 2C, p = 0.08), with no inhibition remaining after light adaptation (p < 0.01). 398 
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GABACR-mediated spatial input was significantly narrower than isolated GABAergic input (p < 399 

0.01) (Figure 4E). The magnitudes of GABACR-mediated inhibition are likely partially inflated, 400 

as blocking inhibitory GABAAR-mediated inhibition on the amacrine cells themselves will 401 

increase their signal output. Given that GABACR-mediated inhibition was eliminated in the 402 

light-adapted retina, we could not test our hypothesis about serial connections. However, serial 403 

inhibitory input may still play a role in GABAergic narrowing. 404 

 405 

Isolated glycinergic spatial inhibitory input to OFF bipolar cells narrows with light adaptation 406 

Previous studies have shown that OFF bipolar cells receive proportionally larger glycinergic 407 

input under dark-adaptation (Eggers and Lukasiewicz 2006b; Mazade and Eggers 2013). Since 408 

GABAergic spatial inhibition becomes narrower in light-adapted conditions, we wanted to 409 

determine whether glycinergic amacrine cells were also contributing to OFF bipolar cell spatial 410 

changes with light adaptation. Using the same stimulus parameters described above, 411 

pharmacologically isolated glycinergic spatial inhibitory input (in SR and TPMPA) was 412 

relatively wide under dark-adaptation and was not significantly different than the total inhibitory 413 

spatial input (from Figure 2C, p = 0.30). Center bar stimuli elicited robust L-IPSCs with smaller 414 

but still robust L-IPSCs at 200 µm away (Figure 5A). However, light-adapted L-IPSCs were 415 

smaller in the center and absent in most cells at 200 µm away (Figure 5B). The spatial 416 

distribution of normalized Q’s became significantly more narrow in the light-adapted condition 417 

(p < 0.01) (Figure 5C), similar to total inhibition. There was a significantly smaller proportion of 418 

glycinergic inhibition in the light-adapted than in the dark-adapted condition, with little 419 

inhibition at large distances from the recorded cell (Figure 5D). OFF bipolar cell center L-IPSCs 420 

became significantly more transient, with a large decrease in sustained portion of the response, 421 
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with light adaptation (p < 0.01) (Figure 5E). The peak amplitude distribution of glycinergic input 422 

became significantly smaller and narrower in the light-adapted retina (p < 0.01) (Figure 5F). 423 

Both the average peak amplitude for the center bar (12.8±3.8 pA in the dark, 4.6±0.8 pA after 424 

light-adaptation, p < 0.05) and at multiple stimulus distances decreased, with no light-adapted 425 

inhibition remaining from stimuli farther than 400 µm (Figure 5G). These results suggest that 426 

narrowing of glycinergic spatial inhibition to OFF bipolar cells and reduction in peak amplitude 427 

at least in part contributes to the total light-adapted narrowing of spatial inhibition.  428 

 429 

GABAergic spatial input is wider than glycinergic spatial input in dark- but not light-adapted 430 

conditions  431 

While GABAergic spatial inputs to OFF bipolar cells were quite wide in dark-adapted 432 

conditions, we found that glycinergic spatial input was also wide. This was surprising since the 433 

narrow morphology of glycinergic amacrine cells suggest that they would not send inhibitory 434 

signals over long lateral distances. Since these two neurotransmitters come from distinct sources, 435 

we compared the spatial inputs between glycinergic and GABAergic connections. In dark-436 

adapted conditions, the spatial distribution of isolated glycinergic Q’s (normalized to the center 437 

bar) was significantly narrower than isolated GABAergic responses (p < 0.01) (Figure 6A). With 438 

light adaptation, both isolated glycinergic and isolated GABAergic spatial inputs to OFF bipolar 439 

cells became significantly narrower and were not different from each other (p = 0.52) (Figure 440 

6B). The isolated glycinergic peak amplitude distribution was on average larger than the isolated 441 

GABAergic response distribution under dark-adaptation (p = 0.09) while the glycinergic peak 442 

amplitude distribution was slightly, but significantly larger than the GABAergic distribution after 443 

light-adaptation (p < 0.05) (Figure 6C,D). Isolated glycinergic responses had a significant 444 
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decrease in magnitude at the center bar with light adaptation (~ 64% decrease, p < 0.05, Figure 445 

5), whereas GABAergic input did not (Figure 3), so that the proportion of GABA to glycine 446 

input to OFF bipolar cells increased (seen in Figure 6C,D), similar to our previous findings 447 

(Mazade and Eggers 2013). This suggests the use of a full-field green stimulus in the previous 448 

study and the white bar stimulus in the current study are not differentially affecting the inhibitory 449 

inputs to OFF bipolar cells. This dark-adapted relationship was not unexpected, as wide-field 450 

GABAergic amacrine cells would mediate wider spatial signals than glycinergic amacrine cells. 451 

However, since glycinergic spatial input still extended hundreds of microns across the retina, 452 

there must be circuitry organization to lengthen the extent of their signaling. Despite the dark-453 

adapted differences, both distinct inputs have similar spatial extents with light-adaptation. 454 

 455 

Light adaptation narrowed total spatial inhibition from dim light conditions 456 

We have found that the total spatial inhibition, whether coming from either glycinergic or 457 

GABAergic sources, becomes significantly narrower and smaller in light-adapted conditions 458 

(Figures 2-6). These large changes in inhibition at the bipolar cell likely affect their output onto 459 

downstream ganglion cells. We sought to model how the spatial and magnitude decreases in 460 

inhibitory input to OFF bipolar cells might affect the strength of their output to OFF ganglion 461 

cells. The experiments in Figures 2-6 were conducted under true dark-adapted and in light-462 

adapted conditions, in response to the same intensity bar stimulus (7.83 x 104 photons/μm2/sec) 463 

to get a large activation with small bar sizes. To construct a model of this synapse we first 464 

performed additional experiments using stimuli where the intensity step of the stimulus from the 465 

background was similar between dark- and light-adapted conditions, which may more accurately 466 

reflect the operation of the OFF bipolar cell pathway. To accomplish this, we mapped the total 467 
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spatial inhibition to OFF bipolar cells under dark-adapted conditions by applying a dim 468 

background light (see Methods) which was not bright enough to fully activate the rod pathway as 469 

in the light-adapted preparation, and matched the intensity step of the stimuli in dark- and light-470 

adapted conditions so the Michelson contrast was controlled similar to (Farrow et al. 2013). In 471 

dim light, bar stimuli produced similar L-IPSCs as in the previous experiments (Figure 7A) and 472 

light adaptation reduced the response to stimuli 200 µm away from the recorded cell (Figure 7B). 473 

The normalized spatial inhibitory Q distribution in dim light was significantly different 474 

(narrower) than the dark-adapted spatial distribution in Figure 2 (p < 0.01), likely due to the 475 

slight adaptation to the dim background light, but also became significantly more narrow after 476 

light-adaptation (n = 4, p < 0.01) (Figure 7C, D). Center bar L-IPSCs became significantly more 477 

transient in the light-adapted condition (Figure 7E, n = 4, p < 0.05), similar to Figure 2. The peak 478 

amplitude distribution of L-IPSCs also became narrower with light adaptation (Figure 7F,G). 479 

The center bar L-IPSC peak amplitude was not different between the dim light and complete 480 

darkness experiments in dark- or light-adapted states (dark p = 0.68, light p = 0.56). 481 

 482 

Light adaptation changes OFF bipolar cell Vrest and L-IPSCs without changing L-EPSCs 483 

To determine if the changes in the spatial extent of inhibitory signaling to bipolar cells contribute 484 

to increased sensitivity of ganglion cells to small stimuli, we used the values and spatial changes 485 

from the experiments in Figure 7 to create a model for how modulation of bipolar cell inhibition 486 

changes the strength of bipolar cell signal output. In order to create a more realistic model, we 487 

measured several different OFF bipolar cell response parameters under dark- and light-adapted 488 

conditions. First, we measured the amounts of inhibition and excitation in dim and light-adapted 489 

conditions, with the stimulus intensity step similar between the two, within the same cell. This is 490 
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important in determining the output from OFF bipolar cells to OFF ganglion cells, which 491 

depends on the balance of these inputs. L-IPSCs and L-EPSCs were recorded from OFF bipolar 492 

cells in response to a 25 µm bar of light flashed over the center of the recorded cell, similar to the 493 

central bar of spatial mapping experiments. As expected from the spatial experiments, peak 494 

amplitude of the L-IPSCs was significantly decreased from 21.6±5.8 pA under dim light 495 

conditions to 12.0±3.4 pA in light-adapted conditions (n = 12, p < 0.05) (Figure 8A,C). In 496 

contrast, peak amplitudes of the L-EPSCs were not significantly different between dim 497 

(16.95±4.4 pA) and light-adapted (17.0±2.6 pA, n = 8, p = 0.92) conditions (Figure 8B,D). With 498 

a large decrease in inhibition and no change in excitation, the balance of excitatory and 499 

inhibitory input to OFF bipolar cells shifted toward excitation (p = 0.07) (Figure 8E). 500 

Additionally, we measured the spatial extent of excitatory input to OFF bipolar cells under dim 501 

and light-adapted conditions (data not shown). This was performed by using a 25 µm bar of light 502 

and stimulating every 50 µm away from the cell for 150 µm in each direction, with 30 seconds 503 

between each stimulus. There was no difference between dim and light-adapted states (dark n = 504 

7, light n = 3) (spatial Q p = 0.38, spatial peak amplitude p = 0.30) and cells typically only had 505 

robust L-EPSCs in response to the 25 µm bar when it was directly over the cell with much 506 

smaller responses directly near the cell. All OFF bipolar cell subtypes were pooled for these 507 

experiments, as they were when measuring inhibitory inputs, since previous reports have shown 508 

that the different subtypes of OFF bipolar cells contact relatively similar numbers of cone 509 

photoreceptors (Wassle et al. 2009). Since this would give the subtypes similar spatial coverage 510 

it is unlikely that the receptive field centers between subtypes would be dramatically different 511 

within the stimulus size parameters we used in this study. 512 

 513 
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Next, we measured resting membrane potentials (Vrest) using current-clamp recordings of OFF 514 

bipolar cells in dark- and light-adapted conditions. Under dark-adaptation, OFF bipolar cells 515 

have a relatively depolarized resting potential likely due to the large amount of constant 516 

glutamate release from the highly active cone photoreceptors. The dark-adapted OFF bipolar cell 517 

Vrest was on average −44.4±1.9 mV, similar to a previous study (Arman and Sampath 2012) 518 

(Figure 9A,B). With light adaptation, there is less release from photoreceptors (Choi et al. 2005) 519 

suggesting that the OFF bipolar cells should become hyperpolarized relative to dark-adapted 520 

conditions. However, we found that in light-adapted conditions, the OFF bipolar cell Vrest 521 

became even more depolarized, averaging −37.6±2.8 mV (total range from −30 to −45 mV) 522 

(Figure 9A,B), which was significantly more depolarized than in dark-adapted conditions (p < 523 

0.05). The more depolarized Vrest is likely due to a decrease in inhibitory inputs to the OFF 524 

bipolar cells as a result of light adaptation (Mazade and Eggers 2013), despite the reduction in 525 

glutamate release. Determining the resting state of OFF bipolar cells in the dark- and light-526 

adapted conditions allows for the incorporation of OFF bipolar cell activation in the construction 527 

of the spatial model. 528 

 529 

Light adaptation increases the modeled signal output strength of OFF bipolar cells 530 

The experimental findings of this study show that under dark-adapted conditions, OFF bipolar 531 

cells had wide and strong spatial inhibition and thus large receptive field surrounds. Under light-532 

adapted conditions however, there was no change in the excitatory center size, but the narrowing 533 

and reduction of spatial inhibition implied a smaller and weaker surround (Table 1). 534 

Additionally, the resting membrane potential became significantly more depolarized so the cells 535 

are in a state of higher activation. To predict how these changes would alter the output of OFF 536 
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bipolar cells onto downstream ganglion cells we used the data from Figures 7-9 to create a 537 

model. The excitatory center and inhibitory surround standard deviations of Gaussian 538 

distributions fit to the data (Figure 7) were used to construct prototypical Gaussian receptive 539 

field curves in dark- and light-adapted conditions (Table 1). These dark- and light-adapted curves 540 

were scaled to the conductance-scaled peak amplitude of the L-IPSCs and L-EPSCs (see 541 

Methods Eq.1) in dark- and light-adapted conditions. There is little difference between the 542 

bipolar excitatory center distributions while the inhibitory surround is much wider and larger in 543 

the dark-adapted condition than in the light-adapted state, reflecting the experimental data 544 

(Figure 10A).  545 

 546 

The differences of the excitatory and inhibitory Gaussian distributions were then used to produce 547 

center-surround receptive field curves (Figure 10B). Given that neurotransmitter release is 548 

required for a bipolar cell to signal to a downstream ganglion cell, linear transfer of bipolar cell 549 

currents to ganglion cells cannot be assumed. To estimate what signals would be sent to a 550 

downstream cell, we calculated the voltage change that each current level would cause at each 551 

point in the bipolar cell center-surround distribution using our average measured input resistance 552 

of 1.9±0.2 GΩ for all OFF bipolar cells in control, dark-adapted conditions (see Methods Eq.2). 553 

Although input resistance may decrease slightly in the light-adapted retina due to an increase in 554 

voltage-gated currents, we estimate this effect to be small, based on a previous paper that showed 555 

a depolarization to ~38 mV (our measured light-adapted Vrest) from -50 Vhold (close to our 556 

measured dark-adapted Vrest) in OFF bipolar cells caused a 20 pA Ca2+ current, Cui et al. 2012 557 

Figure 4D, which would lead to a calculated input resistance of 1.9 GΩ (Eq.2). Since there was 558 

no significant change from dark-adapted conditions in this case, 1.9 GΩ was used for voltage 559 
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calculations in each light state. The calculated voltage change was added to the OFF bipolar cell 560 

resting membrane potential (Vrest) in the dark- and light-adapted conditions to obtain the 561 

simulated peak voltage a stimulus at each distance would elicit (Figure 10C). For example, the 562 

peak current at the center stimulus in Figure 10B would depolarize the cell to -30.8 mV under 563 

dark-adaptation and to -25.3 mV under light-adaptation.  564 

 565 

The simulated real voltages were then used to determine whether the OFF bipolar cell at the 566 

given voltage would initiate glutamate release onto the OFF ganglion cell, using the activation 567 

voltage of bipolar cell Ca2+ channels (CaV) of -50 mV (Singer and Diamond 2006). Any voltage 568 

below -50 mV was assumed to cause no glutamate release, so a minimum threshold was applied 569 

to the currents in Figure 10B so that any current that would cause a hyperpolarization of more 570 

than -50 mV was equal to zero. Since CaV channel activation by voltage occurs in a nonlinear 571 

manner, we used the release probability measured at the rod bipolar cell ribbon synapse (Grimes 572 

et al. 2014, Supplemental Figure 4A). This release data was the only data available from mouse 573 

bipolar cells so the values were used with the assumption that release probability is similar 574 

between different bipolar cells as they all use ribbon synapses. Assuming no CaV channel 575 

inactivation, rod bipolar cell probability of release values were taken from the release curves that 576 

most closely matched the voltage of our OFF bipolar cells in each light state. The probability of 577 

release values at each OFF bipolar cell membrane voltage were estimated and reconstructed from 578 

Grimes et al. 2014 ( Figure 10D) and multiplied by the current values in our OFF bipolar cells. 579 

After these nonlinear components were added, the new threshold-corrected center-surround 580 

bipolar cell current distributions were constructed (Figure 10E). Seven bipolar cells (OFF bipolar 581 

cell dendritic diameter = ~30 µm) were chosen as the number of bipolar cells that cover a large 582 
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percentage of the excitatory center (dendrites, ~300 µm) of an OFFα ganglion cell in a single 2D 583 

plane in the mouse (Ghosh et al. 2004; Thyagarajan et al. 2010). Seven threshold-corrected 584 

bipolar cell center-surround current distributions were constructed with the center peak of each 585 

cell being 30 µm apart, the width of the bipolar cell dendrites (inset of Figure 10E). These 586 

center-surround receptive fields were summed to create the total amount of relative bipolar cell 587 

current that would cause glutamate release onto the center of the downstream ganglion cell 588 

(Figure 10F). These spatial curves represent the signal strength, or the probability that the 589 

ganglion cell will receive stronger output from the bipolar cell at its excitatory center, of all 590 

bipolar cell outputs to the ganglion cell.  591 

 592 

Given that the peak of this simulated ganglion cell response was higher in light-adapted 593 

conditions, the reduced spatial inhibition, with no change in excitation, allows for the bipolar 594 

cells to provide stronger output to spatially small and distinct light stimuli. To quantify this 595 

change, currents from stimuli extending 90 µm in either direction from the center from Figure 596 

10F were averaged in dark- and light-adapted conditions. These peak values were subtracted 597 

from the maximum magnitude of the surround to get a total increase in signal strength from the 598 

OFF bipolar cells. Dark-adapted relative signal strength was 6.97 pA, which increased to 10.46 599 

pA with light adaptation (Figure 10G, black bar). To determine if the reduction in L-IPSC peak 600 

amplitude, reduction in inhibitory spatial size, or the change in Vrest is important to increase 601 

signal strength, the model was tested by excluding each of the three parameters. When the model 602 

was manipulated so that the L-IPSC magnitude (peak amplitude) was unchanged from dark-603 

adapted conditions (dark-gray bar), the light-adapted signal strength decreased from dark-604 

adapted conditions by 4.45 pA, suggesting that peak amplitude changes are playing a large role 605 
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in the light-adapted increase in signal strength. Likewise when the model was manipulated so 606 

that the surround size of inhibition was unchanged from dark-adapted conditions (white bar), the 607 

light-adapted signal strength increased by 2.65 pA from the dark-adapted condition but was 608 

smaller than the normal light-adapted signal strength by almost 1 pA. The surround size 609 

reduction is also important for determining the signal strength but less so than the magnitude of 610 

the surround. Lastly, when the Vrest change with light adaptation was excluded from the model, 611 

the light-adapted signal strength increased by 7.76 pA from the dark-adapted strength. This 612 

increase was 4.23 pA higher than the normal light-adapted increase and suggests that the 613 

depolarization of the resting membrane potential is inhibitory and works to limit the strength of 614 

the bipolar cell signal. The interactions between the surround size and inhibitory magnitude are 615 

both players in determining the signal strength to downstream ganglion cells while changes in 616 

the resting membrane potential likely adds another layer of modulation to the system. 617 

 618 

Discussion: 619 

A key aspect of retinal adaptation is increasing visual acuity, or increasing the signal strength of 620 

small light stimuli, when there is abundant background illumination. This allows for a new 621 

signaling threshold for the comparison of distinct light stimuli to detect more subtle differences 622 

in contrast in the visual scene. Here we show for the first time that spatial inhibitory input to the 623 

inner retina becomes narrower, smaller and more transient with increasing background light and 624 

that these changes could affect bipolar cell output strength. Our results suggest that the increase 625 

in ganglion cell sensitivity to small light stimuli with light adaptation may be in part due to 626 

changes in inhibition in the inner retina. 627 

 628 
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Dark-adapted spatial inhibition relies on large inhibitory surrounds 629 

Our data show that OFF bipolar cell inhibition in dark-adapted conditions consists of relatively 630 

large, wide, and sustained responses to small light stimuli. This inhibitory input consists of both 631 

widely distributed glycinergic and GABAergic inhibition (Figure 11A). The wide GABAergic 632 

inhibition under dark-adaptation is expected due to the long processes of GABAergic amacrine 633 

cells, likely mediated by GABAARs since isolated GABACR input resulted in smaller responses 634 

than isolated GABAergic input at far distances from the cell (Figure 4E). Many GABAergic 635 

amacrine cells mediate wide inhibitory surrounds (Dacey et al. 2000; Ichinose and Lukasiewicz 636 

2005; Sinclair et al. 2004; Zhang and Wu 2009) and can be coupled and/or fire action potentials 637 

to further extend their spatial signaling (Cook and Werblin 1994; Heflin and Cook 2007; Volgyi 638 

et al. 2009).  Isolated GABAergic input was wider than total input (Figures 2 and 3), likely 639 

because glycinergic inputs from narrow glycinergic amacrine cells (Pourcho and Goebel 1985) 640 

dominate OFF bipolar cell L-IPSCs (Mazade and Eggers 2013). However, it is also possible that 641 

blocking potential glycinergic inputs to GABAergic amacrine cells could be widening the spatial 642 

extent of GABAergic inhibition, as has been shown previously when blocking GABAergic 643 

connections between amacrine cells (Eggers and Lukasiewicz 2010). 644 

 645 

Although dark-adapted spatial inputs from glycinergic amacrine cells were significantly 646 

narrower than inputs from GABAergic amacrine cells (Figure 6), they were not as different as 647 

expected by amacrine cell morphology. Additionally, despite differences in amplitude and time 648 

course, the spatial distribution of glycinergic inhibition was not different than total inhibition, 649 

suggesting that glycinergic spatial input was not altered by blocking GABAARs mediating serial 650 

inhibition. Previous work has shown that the GABAAR antagonist SR-95531 can have 651 
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antagonistic effects on glycine currents (Wang and Slaughter 2005). However, this is not likely 652 

affecting the overall changes we report with light adaptation as only the response to low, non-653 

synaptic, concentrations of glycine were affected and we would expect there to be further 654 

decreases from control conditions when blocking GABAARs, which we did not observe.  655 

 656 

Glycinergic inputs come from two distinct sources: rod pathway-mediated AII amacrine cell 657 

synaptic contacts and cone-activated amacrine cell inputs from both ON and OFF pathways 658 

(Mazade and Eggers 2013), all of which should be narrow-field amacrine cells (Pourcho and 659 

Goebel 1985). How then could dark-adapted glycinergic inhibition to OFF bipolar cells be 660 

activated from stimuli presented hundreds of microns away? One way this could be achieved is 661 

through electrical gap junction coupling between amacrine cells that could increase their 662 

excitatory spread. AII amacrine cells, which give input to most OFF bipolar cells (OFFs 1,2,4) 663 

(Mazade and Eggers 2013; Tsukamoto et al. 2001) are highly coupled in the very dim light 664 

conditions shown from labeling studies (Bloomfield et al. 1997; Xin and Bloomfield 1999a; 665 

1997) which mediated signal spread through the network (Veruki et al. 2010). This glycinergic 666 

signal spread has been shown to extend far beyond the dimensions of the dendritic arbor further 667 

suggesting the use of gap junctions in narrow-field amacrine cell networks (Chen et al. 2011). It 668 

is possible that other types of glycinergic amacrine cells could also be coupled to extend  non-669 

AII glycinergic signaling to OFF type 3 bipolar cells, like the A3 amacrine cell in the macaque 670 

(Klump et al. 2009). Labeling studies show numerous gap junctions located within the IPL in 671 

distinct bands, many of which likely connect amacrine cells (Marc et al. 1988). The wide spatial 672 

extent of glycinergic input suggests that the retina may attempt to match the GABAergic and 673 
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glycinergic circuits so that all OFF bipolar cells receive uniform spatial signaling, creating 674 

defined and wide inhibitory receptive-field surrounds under dark-adaptation. 675 

 676 

Light-adaptation shortens the extent of inhibitory spatial signaling 677 

While spatial inhibitory input to OFF bipolar cells is relatively wide under dark-adaptation, 678 

increasing the background luminance causes a dramatic shift (Figure 2). This is also true when 679 

increasing the background to a dim but still dark-adapted level (Figure 7). The dim background 680 

light caused an intermediate narrowing of the OFF bipolar cell spatial surround between true 681 

dark and light-adapted conditions, suggesting a gradual transition to reduced spatial inhibitory 682 

input as background intensity increases. Both the glycinergic and GABAergic inhibitory input to 683 

OFF bipolar cells became significantly narrower, smaller, and more transient after light 684 

adaptation (Figures 3, 5, and 6). Previous reports have shown that AII amacrine cell gap 685 

junctions are uncoupled (Bloomfield et al. 1997; Xin and Bloomfield 1999a; 1997) and 686 

activation is decreased (Dacheux and Raviola 1986; Mazade and Eggers) after light adaptation, 687 

which would narrow and reduce glycinergic inhibition. Uncoupling of other glycinergic 688 

amacrine cells may contribute as well (Figure 11B). Additionally, horizontal cells in the outer 689 

retina, which also contribute to surround receptive fields of bipolar cells (Zhang and Wu 2009), 690 

become uncoupled with light adaptation (Xin and Bloomfield 1999b), although amacrine cells 691 

likely play a larger role in light adaptation of spatial signaling (Dedek et al. 2008). Uncoupling is 692 

a likely explanation, given that glycinergic inhibition in light-adapted slices is similar to what we 693 

would expect given the narrow morphology of glycinergic amacrine cells. Lastly, there may be 694 

serial inhibitory connections between glycinergic amacrine cells that become activated in light-695 
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adapted conditions which also act to narrow OFF bipolar cell inhibition (Eggers and Lukasiewicz 696 

2010; Eggers et al. 2013b).  697 

 698 

The total GABAergic spatial inhibition also decreased in light-adapted conditions and consisted 699 

solely of GABAAR-mediated input, as suggested by the results of Figure 4, where GABACR-700 

mediated input was abolished. The modulation of light-adapted OFF bipolar surrounds by solely 701 

GABAARs can also explain the more transient time course of GABAergic input with light 702 

adaptation in Figure 3E, since slower GABACR input reported in previous work (Eggers and 703 

Lukasiewicz 2011) is no longer prominent. Since GABACR-mediated currents are abolished, 704 

GABAA and GABACR-mediated input to OFF bipolar cells may come either from different 705 

amacrine cells (Moore-Dotson et al. 2015) or light adaptation could preferentially decrease 706 

GABACR-mediated input. The narrowing of spatial inhibition was initially unexpected, as 707 

GABAergic amacrine cells have wide-field morphologies, whose processes can span hundreds of 708 

microns laterally across the retina (Kolb 1997). However, previous reports have shown that there 709 

are GABAAR-mediated inhibitory serial connections between amacrine cells that narrow spatial 710 

inhibition to bipolar cells (Eggers and Lukasiewicz 2006a; 2010; Roska et al. 1998; Zhang et al. 711 

1997) and may be more active after light adaptation (Eggers et al. 2013b) (Figure 11B). Isolating 712 

serial inhibitory inputs to the OFF bipolar cells by bath applying receptor antagonists may affect 713 

many pathways indirectly, so serial inhibition between amacrine cells is not likely the sole 714 

mechanism for the inhibitory spatial changes we measured.  715 

 716 

GABAergic blockade has been shown to affect ganglion cell receptive field surrounds under 717 

dark-adaptation (Flores-Herr et al. 2001), and combined with our results, further suggest that 718 
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changing GABAergic input to retinal neurons is likely a main mechanism for changing light-719 

adapted retinal receptive fields. Additionally, both glycinergic and GABAergic L-IPSCs became 720 

significantly more transient, with a loss of the sustained component. This suggests that inhibition 721 

provides a sharper, more finely tuned input mediated by cone circuitry for faster modulation of 722 

stimuli in a changing environment. Overall, both glycinergic and GABAergic spatial input to 723 

OFF bipolar cells decreased with light adaptation suggesting the retina works to match the spatial 724 

signaling of distinct pathways. 725 

 726 

Narrower and smaller spatial inhibition to the inner retina increases signal output strength 727 

We found that several OFF bipolar cell signaling and cellular properties change with light 728 

adaptation, in addition to spatial changes. OFF bipolar cells are more depolarized at rest in dark-729 

adapted conditions than rod bipolar cells (Vrest = -50.3 mV) and ON cone bipolar cells (Vrest = 730 

−66.5 mV) (Oesch and Diamond 2011; Saszik and Devries 2012). This is likely due to the high 731 

glutamate release from the cone photoreceptors and the ionotropic glutamate receptors on OFF 732 

bipolar cells, although the addition of TEA-Cl in our recording pipette or the use of perforated 733 

patch recordings used Oesch and Diamond 2011, may also partially account for differences in 734 

Vrest between the bipolar cell subtypes. Although the glutamate release rate is reduced after light 735 

adaptation,  the hyperpolarization of the AII amacrine network (Grimes et al. 2014) and 736 

subsequent reduction in glycine release onto OFF bipolar cells (Mazade and Eggers 2013) likely 737 

contributes to the decrease in inhibition we observed. Our model suggests that this depolarization 738 

may work to limit the extent of the increase in the bipolar cell signal strength that can be 739 

achieved with light-adaptation; acting like an auditor to more finely control the changes in 740 

bipolar cell release.  741 
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 742 

These results are different than the recent finding that ON bipolar cells hyperpolarize with light 743 

(Grimes et al. 2014). The decrease in AII amacrine cell excitatory input and AII amacrine cell 744 

hyperpolarization with light (Grimes et al. 2014; Mazade and Eggers 2013; White et al. 2014) 745 

would have distinct effects on the ON and OFF pathways. ON bipolar cells hyperpolarize due to 746 

electrical coupling with AII amacrine cells (Grimes et al. 2014). In contrast AII amacrine cell 747 

hyperpolarization would decrease inhibitory input to OFF bipolar cells (Mazade and Eggers 748 

2013) which would lead to depolarization of the OFF bipolar cell resting membrane potential. 749 

Grimes et al. (2014) showed that this ON bipolar cell hyperpolarization increased rectification 750 

and visual acuity. Our model also implies an increase in visual acuity with light adaptation due to 751 

changes in the magnitude and spatial sensitivity of inhibition, but our results suggest that the 752 

depolarization of the OFF bipolar cell with light may be limiting this increase, similar to the 753 

effects of adaptation on the ON bipolar cell. It is likely that the retina utilizes two different 754 

strategies for increasing the strength of the visual signal of ON and OFF pathways to increase 755 

visual acuity.  756 

 757 

Our data and model suggest that in dark-adapted conditions, OFF bipolar cells have large 758 

inhibitory surrounds so that if two small light stimuli are presented on the retina, one light (A), 759 

stimulates the center of the bipolar cell receptive field while the other light (B) is close enough to 760 

stimulate the wide surround of the same bipolar cell (Figure 11C). As a result, strong inhibition 761 

would be stimulated, decreasing bipolar cell excitatory output. In light-adapted conditions, the 762 

inhibitory surrounds of the OFF bipolar cells are reduced so that if two spatially close light 763 

stimuli are presented, light B no longer stimulates the inhibitory surround. Thus, excitatory 764 
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bipolar cell output would increase and the downstream ganglion cell would see a stronger input. 765 

The reduction in the magnitude of the spatial surround of the bipolar cell is necessary to obtain 766 

the maximum output strength with light adaptation. Our results add support to growing evidence 767 

(Dedek et al. 2008; Protti et al. 2014) that inner retinal inhibition is important for modulating 768 

ganglion cell spatial sensitivity to determine visual acuity. 769 

 770 

In summary, we show for the first time that the spatial inhibition to OFF bipolar cells changes 771 

from widely distributed in dark-adapted conditions to a narrowly distributed in light-adapted 772 

conditions due to the narrowing spatial extent of both glycinergic and GABAergic amacrine cell 773 

input. These data predict that the output of OFF bipolar cells onto downstream ganglion cells is 774 

stronger with light adaptation, thereby fine-tuning the spatial sensitivity of ganglion cells to 775 

smaller light stimuli. Bipolar cell inhibition may be one important mechanism for controlling the 776 

gain of ganglion cell center strength under different light conditions to help determine visual 777 

acuity and resolution. 778 
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Figure 1. OFF bipolar cell inhibition.   1020 

A, schematic of OFF bipolar cell inhibitory input pathways. Rod photoreceptors (R) activated by 1021 

dim light release glutamate onto rod bipolar cells (RB) which release glutamate onto AII 1022 

amacrine cells (AII).  AII amacrine cells release glycine onto OFF cone bipolar cells (OFF) 1023 

(black pathway). Cone photoreceptors (C) are activated by brighter light and release glutamate 1024 

onto OFF and ON cone (ON) bipolar cells. Activation of these bipolar cells in turn releases 1025 

glutamate onto other wide-field GABAergic (GABA) and narrow-field glycinergic (Gly) 1026 

amacrine cells which also have inputs onto OFF bipolar cells (white pathways). INL = inner 1027 

nuclear layer, IPL = inner plexiform layer.   1028 

B, diagram of experimental protocol. Example cell morphology of an Alexa 488 filled OFF type 1029 

3 bipolar cell in a retinal slice preparation. To examine spatial inhibitory input to OFF bipolar 1030 

cells, 25 µm bars of white light were presented to the retinal slice for 1 sec, as shown, using a 1031 

white OLED screen mounted on the microscope. Bars of light were presented every 100 µm 1032 

from the recorded cell, extending in both directions with 30 sec between stimuli. Scale bar = 25 1033 

μm. 1034 

 1035 

Figure 2. Light adaptation narrows the total spatial inhibitory input to OFF bipolar cells.    1036 

A,B, example L-IPSCs recorded from an OFF type 3 bipolar cell in dark- and light-adapted (CW 1037 

= 67, CM = 0.971)  conditions, black and gray traces respectively, in response to a 1 sec flash of a 1038 

25 µm bar of light, presented at -200, 0, and 200 µm away from the recorded cell. Light-adaption 1039 

greatly reduced L-IPSCs 200 µm away from the OFF bipolar cell and decreased the center L-1040 

IPSC. Light stimulus = gray disconnected bar under L-IPSC, OFF type 3 bipolar cells respond at 1041 

the offset of light.  1042 
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C, spatial inhibition curves of Q normalized to the center bar stimulus, in dark- (n = 8) and light- 1043 

(n = 5) adapted conditions. The spatial inhibitory distribution became significantly narrower with 1044 

light adaptation. 1045 

D, L-IPSC Q normalized to the center L-IPSC, compared between dark- (0–300 µm n = 17, 400–1046 

800 µm n = 8) and light- (0–300 µm n = 14, 400–800 µm n = 5) adapted conditions at each 1047 

stimulus distance. The proportion of inhibition was significantly smaller after light adaptation 1048 

starting at 100 µm away from the cell after which there was little to no inhibition present. 1049 

E, the average proportion of center L-IPSC response that is transient or sustained in dark- and 1050 

light-adapted conditions (n = 14). L-IPSCs became significantly more transient with light 1051 

adaptation. 1052 

F, spatial inhibition curves of peak amplitude in the dark- and light-adapted condition. The peak 1053 

amplitude distribution was significantly narrower and smaller with light adaptation. 1054 

G, L-IPSC peak amplitude compared between dark- and light-adapted conditions at each 1055 

stimulus distance. The proportion of inhibition was significantly smaller under light-adaptation at 1056 

0-200 µm away from the cell after which there was no inhibitory input present. (* = p < 0.05, ** 1057 

= p < 0.01) 1058 

 1059 

Figure 3.  Light adaptation narrows the isolated GABAerigc spatial inhibitory input to OFF 1060 

bipolar cells.    1061 

A,B, example GABAergic L-IPSCs recorded from an OFF type 3 bipolar cell in dark- and light-1062 

adapted (CW = 67, CM = 0.971) condition, black and gray traces respectively (1 sec flash of a 25 1063 

µm bar of light, -200, 0, and 200 µm away from the recorded cell). Light-adaption greatly 1064 

reduced L-IPSCs 200 µm away from the OFF bipolar cell and decreased the center L-IPSC. 1065 
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Light stimulus = gray disconnected bar under L-IPSC, OFF type 3 bipolar cells respond at the 1066 

offset of light.  1067 

C, spatial inhibition curves of GABAergic Q normalized to the center bar stimulus, in dark- (n = 1068 

5) and light- (n = 4) adapted conditions. The spatial inhibitory distribution became significantly 1069 

narrower with light adaptation. 1070 

D, GABAergic L-IPSC Q (normalized to the center L-IPSC), compared between dark- (0–200 1071 

µm n = 10, 300–800 µm n = 4) and light- (0–200 µm n = 7, 300–800 µm n = 4) adapted 1072 

conditions at each stimulus distance. The proportion of inhibition was significantly smaller at 1073 

multiple locations with no inhibition present after 500 µm. 1074 

E, the average proportion of center GABAergic L-IPSC response that is transient or sustained in 1075 

dark- and light-adapted conditions (n = 7). L-IPSCs became significantly more transient with 1076 

light adaptation. 1077 

F, spatial inhibition curves of GABAergic peak amplitude in the dark- and light-adapted 1078 

condition. The peak amplitude distribution was significantly narrower and smaller with light 1079 

adaptation. 1080 

G, GABAergic L-IPSC peak amplitude compared between dark- and light- adapted conditions at 1081 

each stimulus distance. The proportion of inhibition was significantly smaller at multiple 1082 

locations with no inhibition present after 300 µm. (* = p < 0.05, ** = p < 0.01) 1083 

 1084 

Figure 4.  Light adaptation abolishes GABACR input to OFF bipolar cells.    1085 

A,B, example GABACR-mediated L-IPSCs recorded from an OFF type 4 bipolar cell in the dark- 1086 

and light-adapted (CW = 67, CM = 0.971) condition, black and gray traces respectively, (1 sec 1087 

flash of a 25 µm bar of light, -200, 0, and 200 µm away from the recorded cell). Light-adaption 1088 



 

44 
 

abolished all GABACR-mediated input. Light stimulus = gray bar under L-IPSC, OFF type 4 1089 

bipolar cells respond at the onset of light. 1090 

C,D, spatial inhibition curves of GABACR-mediated Q normalized to the center bar stimulus and 1091 

of peak amplitude in the dark- and light-adapted condition. There was no GABACR-mediated 1092 

inhibition after light-adaptation (n = 6). 1093 

E, dark-adapted spatial distribution curves of normalized GABACR-mediated (n = 6) and total 1094 

GABAergic (n = 4) spatial input. GABACR-mediated spatial input was significantly narrower 1095 

than total GABAergic input. (* = p < 0.05, ** = p < 0.01) 1096 

 1097 

Figure 5.  Light adaptation narrows the isolated glycinergic spatial inhibitory input to OFF 1098 

bipolar cells.    1099 

A,B, example glycinergic L-IPSCs recorded from an OFF type 1/2 bipolar cell in dark- and light-1100 

adapted (CW = 67, CM = 0.971) conditions, black and gray traces respectively, (1 sec flash of a 1101 

25 µm bar of light, -200, 0, and 200 µm away from the recorded cell). Light-adaption 1102 

significantly reduced L-IPSCs 200 µm away from the OFF bipolar cell and decreased the center 1103 

L-IPSC. Light stimulus = gray bar under L-IPSC, OFF type 1/2 bipolar cells respond at the onset 1104 

of light. 1105 

C, spatial inhibition curves of glycinergic Q normalized to the center bar stimulus, in dark- (n = 1106 

10) and light- (n = 4) adapted conditions. The spatial inhibitory distribution became significantly 1107 

narrower with light adaptation. 1108 

D, glycinergic L-IPSC Q (normalized to the center L-IPSC), to the center L-IPSC, compared 1109 

between dark- (0–300 µm n = 20, 400–800 µm n = 10) and light- (0–300 µm n = 9, 400–800 µm 1110 

n = 4) adapted conditions at each stimulus distance. The proportion of inhibition was 1111 
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significantly smaller at multiple locations with little to no inhibition remaining after 500 µm 1112 

away. 1113 

E, the average proportion of center glycinergic L-IPSC response that is transient or sustained in 1114 

dark- and light-adapted conditions (n = 9). L-IPSCs became significantly more transient with 1115 

light adaptation. 1116 

F, spatial inhibition curves of glycinergic peak amplitude in the dark- and light-adapted 1117 

condition. The peak amplitude distribution was significantly narrower and smaller with light 1118 

adaptation. 1119 

G, glycinergic L-IPSC peak amplitude compared between dark- and light-adapted conditions at 1120 

each stimulus distance. The proportion of inhibition was significantly smaller under light-1121 

adaptation at multiple locations with no inhibition beginning at 500 µm away. (* = p < 0.05, ** = 1122 

p < 0.01) 1123 

 1124 

Figure 6. GABAergic spatial inhibition is wider but weaker that glycinergic input in dark- but 1125 

not light-adapted conditions.   1126 

A, spatial inhibition curves of Q normalized to the center bar stimulus in the dark-adapted retina 1127 

of isolated GABAergic (n = 4, closed circles) and isolated glycinergic (n = 10, open circles) 1128 

bipolar cell L-IPSCs. GABAergic spatial input was significantly wider than glycinergic spatial 1129 

input. 1130 

B, spatial inhibition curves of Q normalized to the center bar stimulus in the light-adapted retina 1131 

of isolated GABAergic (n = 4) and isolated glycinergic (n = 4) bipolar cell L-IPSCs. There was 1132 

no difference between the two groups (p = 0.52).  1133 
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C, spatial inhibition curves of peak amplitude in the dark-adapted retina of isolated GABAergic 1134 

and isolated glycinergic bipolar cell L-IPSCs. The glycinergic peak amplitude distribution was 1135 

on average larger than the GABAergic peak response amplitudes, but not significant likely due 1136 

to large variation in peak magnitude (p = 0.09). 1137 

D, spatial inhibition curves of peak amplitudes in the light-adapted retina of isolated GABAergic 1138 

and isolated glycinergic bipolar cell L-IPSCs. The glycinergic distribution was slightly but 1139 

significantly larger than the GABAergic distribution. (* = p < 0.05, ** = p < 0.01) 1140 

 1141 

Figure 7. Light adaptation narrowed the total spatial inhibitory input to OFF bipolar cells under 1142 

conditions with similar stimulus intensity steps. 1143 

A,B, example L-IPSCs recorded from an OFF type 3 bipolar cell in dim and light intensity step-1144 

controlled conditions, black and gray traces respectively, (1 sec flash of a 25 µm bar of light, -1145 

200, 0, and 200 µm away from the recorded cell). The dark-adapted (dim light) CM =  0.995 (CW 1146 

= 483) and the light-adapted CM =  0.971 (CW = 67), where the step in stimulus intensity from the 1147 

background was similar. Light-adaption greatly reduced L-IPSCs 200 µm away from the OFF 1148 

bipolar cell and decreased the center L-IPSC. Light stimulus = gray disconnected bar under L-1149 

IPSC, OFF type 3 bipolar cells respond at the offset of light. 1150 

C, spatial inhibition curves of Q normalized to the center bar stimulus, in dim- and light-adapted 1151 

conditions (n = 4). The spatial inhibitory distribution became significantly narrower with light 1152 

adaptation. 1153 

D, L-IPSC Q (normalized to the center L-IPSC), compared between dim- and light-adapted 1154 

conditions at each stimulus distance. The proportion of inhibition was significantly smaller under 1155 
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light-adaptation from 100-600 µm away from the cell with little inhibition remaining after 200 1156 

µm. 1157 

E, the average proportion of center L-IPSC response that is transient or sustained in dim and 1158 

light intensity step-controlled conditions (n = 4). L-IPSCs became significantly more transient 1159 

with light adaptation. 1160 

F, spatial inhibition curves of peak amplitude in both light conditions. The peak amplitude 1161 

distribution was significantly narrower and smaller with light adaptation. 1162 

G, L-IPSC peak amplitude compared between dim- and light-adapted conditions at each stimulus 1163 

distance. The proportion of inhibition was significantly smaller under light-adaptation at 0-500 1164 

µm away from the cell with no inhibition present after 300 µm. (* = p < 0.05, ** = p < 0.01) 1165 

 1166 

Figure 8. Light adaptation decreases inhibition to OFF bipolar cells in response to a small light 1167 

stimulus without changing excitatory input 1168 

A, example L-IPSC from an OFF type 3 bipolar cell (1 sec flash of a 25 µm bar of light directly 1169 

over the recorded cell). The L-IPSC decreased with light adaptation (dim CW = 483 and CM = 1170 

0.995, light CW = 67 and CM = 0.971). Light stimulus = gray disconnected bar under L-IPSC, 1171 

OFF type 3 bipolar cells respond at the offset of light. 1172 

B, example L-EPSC from the same cell in panel A. There was no change in the excitatory 1173 

response with light adaptation.  1174 

C, peak amplitude of the L-IPSCs in dim- and light-adapted intensity step- controlled conditions 1175 

(n = 12). There was a significant decrease in the magnitude of the response with light adaptation. 1176 

D, peak amplitude of the L-EPSCs in the dim- and light-adapted intensity step-controlled 1177 

conditions (n = 8). There was no change in the magnitude of the response. 1178 
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E, the proportion of excitatory and inhibitory input to OFF bipolar cells in dim- and light-adapted 1179 

conditions. In dim light, OFF bipolar cells receive a large amount of inhibitory input 1180 

(56.0±15.0% ) input. However, after light adaptation OFF bipolar cells receive a larger 1181 

proportion of excitatory input (58.2±9.1% ). (* = p < 0.05) 1182 

 1183 

Figure 9. OFF bipolar cells become more depolarized under light-adapted conditions. 1184 

A, example current-clamp recordings from OFF bipolar cells under dark- and the light-adapted 1185 

conditions from an OFF type 1/2 bipolar cell. 1186 

B, the mean and individual resting membrane potentials of OFF bipolar cells in the dark- and 1187 

light-adapted conditions. The resting membrane voltage is significantly more depolarized after 1188 

light adaptation, from −44.4±1.9 mV to −37.6±2.8 mV (n = 6). (* = p < 0.05) 1189 

  1190 

Figure 10. Light-adapted narrowing and reduction of spatial inhibition increases the modeled 1191 

strength of OFF bipolar cell output   1192 

A, OFF bipolar cell excitatory center (top) and inhibitory surround (bottom) Gaussian 1193 

distributions using conductance-adjusted scaled peak amplitudes. There is no significant change 1194 

in excitatory center spatial distributions with light adaptation however, the light-adapted 1195 

inhibitory spatial distribution became smaller and narrower. 1196 

B, difference of excitatory and inhibitory Gaussian distributions. Inhibition has less impact on 1197 

the OFF bipolar cell center-surround distribution in light-adapted conditions than in dark-adapted 1198 

conditions.  1199 

C, calculated simulated potentials from the EPSPs caused by a current from the center-surround 1200 

distributions. Under light-adapted conditions, the combination of excitatory and inhibitory 1201 
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current inputs depolarizes the OFF bipolar cell more at a given stimulus distance than under 1202 

dark-adaptation. 1203 

D, OFF bipolar cell release probability based on values obtained from Grimes et al. 2014, 1204 

Supplementary Figure 4A for rod bipolar cells. Dark-adapted release values were estimated from 1205 

the rod bipolar cell release curve at a membrane voltage of ~44 mV and light-adapted release 1206 

values were estimated from the rod bipolar cell release curve at a membrane voltage of ~39 mV. 1207 

E, threshold and release-corrected center-surround distributions in the dark- and light-adapted 1208 

conditions. Inset: seven threshold/release-corrected bipolar cell center-surround current 1209 

distributions constructed with the center peak of each cell being 30 µm apart, summed to obtain 1210 

total bipolar cell output 1211 

F, model of the total current output of seven summed threshold/release-corrected OFF bipolar 1212 

cell receptive fields (correlated to the input the OFF ganglion cell would receive). This bipolar 1213 

cell signal strength represents the probability that the collective OFF bipolar cell group 1214 

comprising the center receptive field of the OFF ganglion cell would cause release leading to a 1215 

voltage change in the ganglion cell. Light adaptation increases the strength of the input to the 1216 

OFF ganglion cell excitatory center to small stimuli. 1217 

G, light-adapted signal output strength under several model manipulations plotted as the change 1218 

from the dark-adapted state. Dark-adapted signal strength increased with light adaptation (black 1219 

bar) when the surround, peak, and Vrest changes were included. When only bipolar cell peak L-1220 

IPSC magnitude changes were excluded, the signal strength decreased from dark-adapted 1221 

conditions (dark gray bar). When only bipolar cell surround size changes were excluded, the 1222 

signal strength increased from dark-adapted conditions but less so than normal conditions (white 1223 

bar). Finally, when only Vrest changes were excluded, the signal strength increased past normal 1224 
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light-adapted changes (light gray bar). Both the surround size and peak changes are important for 1225 

increasing the light-adapted signal strength, while the change in Vrest limits the extent of the 1226 

increase. 1227 

 1228 

Figure 11. Spatial circuitry models in dark- and light-adapted conditions 1229 

A, in dark-adapted conditions, OFF bipolar cells receive wide spatial inhibition from wide-field 1230 

GABAergic amacrine cells. Coupling between both AII and other glycinergic amacrine cells 1231 

likely contribute to increasing the wide spatial spread of glycinergic signals to OFF bipolar cells. 1232 

B, in light-adapted conditions, OFF bipolar cells receive spatially narrow glycinergic input likely 1233 

due to uncoupling of AII and other glycinergic amacrine cells. Light stimuli distant from the 1234 

bipolar cell likely active serial inhibitory connections between GABAergic amacrine cells which 1235 

would shorten spatial GABAergic signals to OFF bipolar cells. 1236 

C, functional schematic of changing bipolar cell center-surround sizes. In dark-adapted 1237 

conditions, OFF bipolar cells receive wide and strong inhibition so their inhibitory surrounds are 1238 

large. If two small spots of light are presented to the retina, spot A stimulates excitatory output 1239 

from the center of one OFF bipolar cell while spot B stimulates surround inhibitory connections 1240 

to that same cell. Overall output is reduced in this instance due to the addition of inhibitory input. 1241 

In light-adapted conditions, OFF bipolar cells receive narrow and weaker inhibition so their 1242 

inhibitory surrounds are small. Now, spot B does not stimulate the inhibitory surround and there 1243 

is no reduction in excitatory bipolar cell output from spot A. Thus, the strength of the bipolar cell 1244 

output in the light-adapted case is stronger. 1245 

 1246 

 1247 
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Tables 1248 

Table 1: Spatial Model Parameters. 1249 

Model Parameter  Dark-adapted (dim light) Light-adapted 
Inhibitory 
Fitted Gaussian distribution σ 213 µm 83 µm 
Excitatory 
Fitted Gaussian distribution σ 30 µm 30 µm 
Average measured inhibitory 
peak amplitude (all cells) 21.62±5.79 pA 11.99±3.43 pA 
Average measured excitatory 
peak amplitude (all cells) 16.95±4.44 pA 16.67±2.59 pA 
Conductance-scaled inhibitory 
Peak Amplitude 5.87 pA 4.20 pA 
Conductance-scaled excitatory 
Peak Amplitude 12.47 pA 11.05 pA 

Data are mean values ± S.E.M where applicable. 1250 
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