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Abstract 39 

Adult zebrafish (Danio rerio) are capable of regenerating retinal neurons that 40 

have been lost due to mechanical, chemical, or light damage. In the case of chemical 41 

damage, there is evidence that visually-mediated behaviors are restored following 42 

regeneration, consistent with recovery of retinal function. However, the extent to which 43 

regenerated retinal neurons attain appropriate morphologies and circuitry after such 44 

tissue-disrupting lesions has not been investigated. Adult zebrafish of both sexes were 45 

subjected to intravitreal injections of ouabain, which destroys the inner retina. Following 46 

retinal regeneration, cell-selective markers, confocal microscopy, morphometrics, and 47 

electrophysiology, were used to examine dendritic and axonal morphologies, 48 

connectivities, and the diversities of each, as well as retinal function, for a subpopulation 49 

of regenerated bipolar neurons. Although regenerated bipolar cells were reduced in 50 

numbers, bipolar cell dendritic spreads, dendritic tree morphologies, as well as cone-51 

bipolar connectivity patterns were restored in regenerated retinas, suggesting that 52 

regenerated bipolar neurons recover accurate input pathways from surviving cone 53 

photoreceptors. Morphological measurements of bipolar axons found that numbers and 54 

types of stratifications were also restored; however, the thickness of the inner plexiform 55 

layer, and one measure of axon branching were slightly reduced following regeneration, 56 

suggesting some minor differences in the recovery of output pathways to downstream 57 

partners. Furthermore, electroretinogram traces from regenerated retinas displayed 58 

waveforms matching those of controls, but with reduced b-wave amplitudes. These 59 

results support the hypothesis that regenerated neurons of the adult zebrafish retina are 60 
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capable of restoring complex morphologies and circuitry, suggesting that complex visual 61 

functions may also be restored. 62 

63 
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Significance Statement 64 

Adult zebrafish generate new retinal neurons after a tissue-disrupting lesion. 65 

Existing research does not address whether regenerated neurons of adults successfully 66 

reconnect with surrounding neurons and establish complex morphologies and functions. 67 

We report that, after a chemical lesion that ablates inner retinal neurons, regenerated 68 

retinal bipolar cells (BPs), while reduced in numbers, reconnected to undamaged cone 69 

photoreceptors with correct wiring patterns. Regenerated BPs had complex 70 

morphologies similar to those within undamaged retina, and a physiological measure of 71 

photoreceptor-BP connectivity, the electroretinogram, was restored to a normal 72 

waveform. This new understanding of neural connectivity, morphology, and physiology 73 

suggests that complex functional processing is possible within regenerated adult retina, 74 

and offers a system for future study of synaptogenesis during adult retinal regeneration.  75 

76 
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Introduction 77 

The human retina cannot regenerate neurons that are lost due to retinal disease 78 

or trauma, while retinas of teleost fish have this capacity (Stenkamp, 2007; Hamon et 79 

al., 2016; Wan and Goldman, 2016). Our understanding of mechanisms underlying 80 

teleost retinal regeneration has expanded significantly in the last decade, largely due to 81 

the identification of Müller glia as the stem cell source of regenerated neurons (Fausett 82 

and Goldman, 2006; Bernardos et al., 2007; Gorsuch and Hyde, 2014; Lenkowski and 83 

Raymond, 2014), and to the use of a versatile animal model – the zebrafish – in addition 84 

to previous models for retinal regeneration (Stenkamp, 2007). The potential within 85 

mammalian retinas to activate mechanisms that can initiate the Müller glial response 86 

has been documented (Karl et al., 2008; Ueki et al., 2015; Jorstad et al., 2017), 87 

catalyzing efforts toward developing regenerative therapies for human retinal disorders 88 

(Ahmad et al., 2011; Hyde and Reh, 2014; Jorstad et al., 2017).  89 

Previously, we documented the restoration of visual function in adult zebrafish 90 

subjected to chemical damage of the retina and a recovery period, measuring simple 91 

reflexes and place-preference behaviors (Sherpa et al., 2008; Sherpa et al., 2014). 92 

These results indicated that at least some functional synaptic connections are made 93 

within regenerated retina. However, a series of studies utilizing diverse modes of retinal 94 

damage has shown that the regenerated adult fish retina displays patterning 95 

abnormalities in lamination (Sherpa et al., 2014), and in two-dimensional organization of 96 

specific neuronal classes (Hitchcock et al., 1992; Stenkamp et al., 2001). The 97 

regenerating adult zebrafish retina also generates supernumerary neurons (Sherpa et 98 

al., 2008; Sherpa et al., 2014; Powell et al., 2016), including those that were not lost to 99 

damage (Fraser et al., 2013; Powell et al., 2016). Together these observations suggest 100 
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that regenerated retinal neurons may be capable of accurate re-wiring even in a 101 

disrupted microenvironment, and despite abnormal cellular patterns. Previous work in 102 

regenerated adult goldfish retina showed that individual synaptic terminals of 103 

regenerated neurons in OPL and IPL were normal at an ultrastructural level (Hitchcock 104 

and Cirenza, 1994), and that regenerated neurons could functionally integrate with 105 

undamaged neurons in the lateral dimension via gap junctions (Hitchcock, 1997). 106 

However, the degree to which regenerated retinal neurons in adult fish establish a 107 

normal retinal connectome – to the correct type and number of synaptic partners – and 108 

whether regenerated neurons attain normal morphologies that support complex 109 

functions, remains undetermined.  110 

Recently, D’Orazi et al. (D'Orazi et al., 2016) discovered that selected 111 

subpopulations of regenerated retinal bipolar neurons of the growing larval zebrafish 112 

retina established essentially normal morphologies and regained connectivity patterns 113 

with their undamaged synaptic partners, displaying some minor errors. Therefore, it 114 

remains unclear whether regenerated retinal neurons can also restore appropriate 115 

morphologies and connectivity patterns with synaptic partners that have also 116 

regenerated, whether they can do so within a disturbed environment of more profound 117 

retinal damage, whether physiological connectivities are restored, and whether any of 118 

these can take place in adult animals. 119 

In the present study we focus upon a morphologically diverse subpopulation of 120 

retinal bipolar neurons (BPs) that is regenerated after a chemical lesion that destroys 121 

virtually all inner retinal neurons but spares photoreceptors and Müller glia (Fimbel et 122 

al., 2007; Nagashima et al., 2013; Sherpa et al., 2014). Regenerating BPs were 123 
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therefore challenged to elaborate their dendritic and axonal processes, and to find 124 

presynaptic partners that were undamaged (cone photoreceptors), as well as 125 

postsynaptic partners that were themselves regenerating or had regenerated (amacrine 126 

and ganglion cells) (Fimbel et al., 2007; Nagashima et al., 2013; Sherpa et al., 2014). 127 

Through detailed morphometric analyses of dendritic and axonal attributes, and 128 

photoreceptor connectome and axon stratification patterns, we conclude that 129 

regenerated retinal BPs show largely normal morphologies and connectomes, and 130 

diversities of each of these. Furthermore, electroretinogram (ERG) recordings from 131 

regenerated retinas showed normal waveform features with reduced amplitude for the 132 

b-wave, consistent with functional restoration of photoreceptor-to-BP connectivities. 133 
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Materials and Methods 134 

Animals and retinal lesioning. 135 

All zebrafish were treated in accordance to protocols approved by The University 136 

of Idaho and Washington State University Institutional Animal Care and Use 137 

Committees and were raised and maintained according to Westerfield (Westerfield, 138 

2007) on a 14:10 hour light:dark cycle in monitored, recirculating system water.  139 

Zebrafish transgenic strains used in this study were nyx::mYFP (two transgenes likely 140 

co-integrated: nyctalopin (nyx) promoter driving gal4 and the UAS enhancer element 141 

driving MYFP) (Schroeter et al., 2006), with YFP expressed in retinal bipolar (BP) 142 

neurons; sws2:mCherry, (Salbreux et al., 2012) with mCherry expressed in blue-143 

sensitive cones; and sws1:GFP (Takechi et al., 2003), with GFP expressed in UV-144 

sensitive cones. 145 

The retinas of adult fish (6-16 months) of either sex were chemically lesioned by 146 

intravitreal injection of ouabain to selectively destroy inner retinal neurons while sparing 147 

photoreceptors and Müller glia (Maier and Wolburg, 1979; Fimbel et al., 2007; 148 

Nagashima et al., 2013; Sherpa et al., 2014).  Briefly, fish were anaesthetized by 149 

tricaine and an incision was made across the cornea and iris with a sapphire knife. 150 

Using a Hamilton syringe (26s) 0.4 μL - 0.6 μL of 70 μM ouabain in saline was injected 151 

into the vitreal chamber of one eye, resulting in an estimated intraocular concentration 152 

of 2 μM. The contralateral eyes of lesioned fish served as uninjected, undamaged 153 

controls. Loss of bipolar (BP) neurons and survival of cones was verified in sectioned 154 

retinas obtained from parallel experiments at three days post-injury (3DPI) (Fig. 1), and 155 
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by viewing retinas of live, anaesthetized fish with epifluorescence stereomicroscopy 156 

(Nikon SMZ 1500), also at 3DPI.  157 

Some of the lesioned zebrafish were exposed to bromodeoxyuridine (BrdU), 158 

which is incorporated into cells in S-phase, and later visualized to confirm that a cell 159 

was generated during the period after lesioning. For these experiments, fish were 160 

transferred to beakers containing 1 mM BrdU in system water, with treatment solutions 161 

changed every 24 hrs. Exposures took place from 4-7 DPI or from 7-12 DPI. 162 

 163 

Tissue processing and immunocytochemistry. 164 

Fish were euthanized with tricaine and eyes enucleated. To obtain retinal 165 

cryosections, whole eyes were fixed in phosphate-buffered (pH=7.4), 4% 166 

paraformaldehyde containing 5% sucrose for one hour. Eyes were then washed, 167 

cryoprotected, embedded, and then frozen in a 1:2 solution of Tissue-Tek OCT 168 

embedding medium (Sakura Finetek) and phosphate-buffered, 20% sucrose (Sherpa et 169 

al., 2008; Sherpa et al., 2011; Sherpa et al., 2014). Eyes were cryosectioned at 5 μm or 170 

20 μm. 171 

To obtain whole, flat-mounted retinas, enucleated eyes were perforated through 172 

the cornea with a 27-gauge needle and the hole expanded with dissecting scissors. The 173 

lens was removed through the incision and then the sclera and RPE were peeled away 174 

with forceps to free the retina. Retinas were rinsed in cold HEPES or phosphate-175 

buffered saline (PBS) and 4 radial incisions were made to facilitate flattening the retina. 176 

Retinas were then fixed for 1 hour at room temperature in phosphate-buffered 4% 177 

paraformaldehyde containing 5% sucrose. For BrdU detection, fixed whole retinas were 178 
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pre-treated with a 1:1 mixture of 4.0 N HCl/PBST for 45 mins, then washed in PBS 179 

containing 1% Tween and 1% Triton X-100 prior to antibody staining. 180 

For immunohistochemistry, 5 μm and 20 μm sectioned retinas were rinsed with 181 

phosphate buffered saline with 0.5% triton (PBST) and then blocked for 1 hour at room 182 

temperate with 20% normal goat serum and 0.1% sodium azide, diluted in PBST.  183 

Sections were stained with primary antibodies diluted in antibody dilution buffer (PBST, 184 

1% normal goat serum, and 0.1% sodium azide).  Sections were incubated overnight at 185 

4°C, washed 3 times with PBST, then incubated with secondary antibodies diluted in 186 

antibody dilution buffer and 4.25 μM DAPI overnight at 4°C.  Whole retinas were stained 187 

with primary antibodies in antibody dilution buffer for 1-2 weeks at 4°C, washed 3 times 188 

with PBST, then incubated with secondary antibodies diluted in antibody dilution buffer 189 

and 4.28 μM DAPI at 4°C for another week. Slides or retinas were washed 3x30 190 

minutes in PBS prior to mounting.  191 

Primary antibodies used in this study (source; dilution) were as follows. ZPR1 is 192 

a mouse monoclonal that labels cone arrestin3a, staining both members of the red- and 193 

green-wavelength sensitive double cone pair (Renninger et al., 2011) (ZIRC; 1:200). 194 

Anti-protein kinase Cα (PKCα) is a rabbit polyclonal antibody originally produced to 195 

target the C-terminus of human PKCα, mapped at amino acids 372-672.  PKCα labels a 196 

subpopulation of BP neurons (Suzuki and Kaneko, 1990) (Santa Cruz Biotechnology; 197 

SC-10800 1:200). Anti-synaptic vesicle 2 (SV2) is a mouse monoclonal antibody that 198 

labels synaptic terminals (Yazulla and Studholme, 2001) (Developmental Studies 199 

Hybridoma Bank; 1:2000). Anti-BrdU is a rat monoclonal antibody (Invitrogen; 1:200). 200 

Secondary antibodies used in this study are donkey anti-mouse Dylight 649 (Jackson 201 
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Labs; 1:200), donkey anti-rabbit Cy3 (Jackson Labs; 1:200), and donkey anti-rat 202 

AlexaFluor 647 (Jackson Labs, 1:200). 203 

 204 

Imaging and analysis. 205 

Sectioned, stained retinas were mounted in Fluoromount-G (SouthernBiotech), or 206 

Vectashield Hardset (Vector Laboratories) with number 1 coverslips (Fisher Scientific). 207 

Some sections were imaged using a 20x 0.75NA air objective or a 60x, 1.42NA oil 208 

immersion objective on an Olympus FV1000 confocal microscope. Another set of 209 

sections was imaged with an Andor Zyla 5.5 sCMOS camera connected to a Nikon Ti 210 

inverted microscope with a Yokogawa spinning disk using a 20x 0.75NA air objective, a 211 

60x 1.40NA, or 100x 1.45NA oil immersion objective. 212 

Whole retinas were flattened and mounted on microscope slides in Fluoromount-213 

G or Vectashield Hardset with number 1 coverslips with GCL facing the coverslip. 214 

Electrical tape was used as a spacer between the coverslip and slide. Whole, flat-215 

mounted retinas were imaged with the Andor/Nikon system described above using a 216 

20x air 0.75NA objective or a 60x 1.2NA water immersion objective, with Immersol W 217 

2010 (Zeiss). Using the 60x lens, multiple image stacks were collected using 0.3 μm z-218 

steps through the entire thickness of the retina. Each stack was 114.62 μm wide by 219 

164.88 μm high (1028x1522 pixels) resulting in a scale of 9.23 pixels/μm. Most image 220 

stacks were collected from regions outside of the larval remnant surrounding the optic 221 

nerve head (Allison et al., 2010), and avoiding the most peripheral regions.  Images of 222 

whole retinas stained with BrdU were captured using a 60x 1.40 oil objective.   223 
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Image stacks were analyzed in Fiji software (ver 1.51d) (Fiji, RRID:SCR_002285) 224 

(Schindelin et al., 2012).  Images were gathered from multiple locations across the 225 

retina.  Generally, most confocal image stacks were taken near the central retina as well 226 

as several adjacent areas.  Additional confocal image stacks were taken in the mid-227 

periphery where nyx:mYFP+ cells were clearly isolated. Selected nyx::mYFP+ cells 228 

were traced using the Simple Neurite Tracer (SNT) plugin (Longair et al., 2011).  While 229 

some sampled nyx::mYFP+ cells were clearly isolated, others had near or overlapping 230 

neighbors. These neurons were included in this study to ensure that multiple types and 231 

locations of nyx:mYFP+ cells were sampled and traced. Dendritic spread was measured 232 

using the ellipse method, in which an ellipse was drawn around the perimeter of the 233 

dendritic tips and the area of the ellipse recorded (Li et al., 2012), and using a convex 234 

polygon, in which a polygon was drawn around the outermost tips of the dendrites and 235 

the area was recorded (Kraft et al., 2006).  Feret’s diameter was measured from the 236 

ellipses generated to measure dendritic spread. These ellipses represented a 237 

“collapsed” dendritic tree into a single plane, parallel to the OPL. 238 

Sholl analysis was carried out on traced bipolar cell dendrites and axons. Using 239 

the Sholl analysis option in SNT, data for each dendrite and axon were separately 240 

exported as column separated value files (.CSV) that contained the number of 241 

intersections at each radial distance from the center.  These .CSV files were batch 242 

analyzed using the Sholl Analysis Plugin (ver 3.6.12) packaged with Fiji (Ferreira et al., 243 

2014).  For dendrites, the point at which the primary dendrite branched to generate the 244 

dendritic network was considered the center point. The center point used for the axons 245 
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was at the furthest stratification point from the soma and where the axon initially 246 

branched.   247 

In order to identify connections of cones to nyx::mYFP BPs, original .ND2 raw 248 

images were imported into Fiji (Schindelin et al., 2012). Dendrites of nyx::mYFP BPs 249 

were each traced separately in SNT. Traced dendrites were filled in using the “fill” 250 

option and independent stacks for each dendrite were generated. These stacks were 251 

remerged into the original stack as separate channels. Only the channels that included 252 

ZPR1+ cones, sws2:mCherry (blue-sensitive) cones, and the traced BP neuron were 253 

viewable. A partial Z-projection was generated such that the projected image only 254 

contained the synaptic pedicles of the cones and the dendritic field of the BP cell being 255 

analyzed. Using the Region of Interest (ROI) tool in FIJI, the synaptic pedicles of the 256 

sws2:mCherry cones and the ZPR1+ cones were outlined as separate colors. In many 257 

cases, the identity of ZPR1+ pedicles as belonging to an RH2 vs. LWS (green- vs. red-258 

sensitive) cone could be determined from the image because this marker more strongly 259 

labels red-sensitive cones. In addition, cone identities could be established based upon 260 

their location within the cone mosaic of the zebrafish retina (Allison et al., 2010; Li et al., 261 

2012).  Each dendritic tip that connected with an identified cone pedicle was recorded, 262 

as well as the total number of dendritic tips for each BP cell analyzed.  263 

Using Fiji, individually traced neurons were cropped and then resliced using the 264 

“Stacks Reslice [/]” tool. This generated images with radial views of the retina such that 265 

the IPL could be subdivided into 6 equivalent strata (Connaughton et al., 2004), which 266 

was possible when laminar fusions were not extensive. Axon stratification patterns of 267 

individual BP cells were determined by recording the stratum or strata that contained 268 
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axon terminals. Some neurons were visualized by using Fiji for space-filling, and then 269 

exporting into 3DS Max for surface rendering. 270 

The thickness of the IPL, and of the overall length of the BPs, were measured by 271 

using the line tool in Fiji, using PKCα-stained cryosections. For IPL thickness the line 272 

was drawn from the innermost portion of the DAPI+ or SV2- portion of the INL, to the 273 

most distal tips of PKCα+ axons in the deepest IPL stratum. For overall bipolar cell 274 

length the line was drawn from the most distal point of the primary dendrites of PKCα+ 275 

BP neurons to the deepest tips of the primary axons. Each measurement was taken 276 

from three different locations of one radially-oriented section, and averaged, for each of 277 

3 eyes per condition. 278 

Numbers of BP neurons were quantified from PKCα-stained retinal cryosections 279 

of nyx::mYFP fish (n=3 per condition for this analysis), by counting PKCα+, DAPI+ cell 280 

bodies, nyx::mYFP+, DAPI+ cell bodies, and colabeled cell bodies across 5 μm radial 281 

sections imaged at 20x, and sampled between the larval remnant (Allison et al., 2010) 282 

and the extreme periphery. To avoid oversampling due to split nuclei we counted from 283 

every 5th section. Percent recovery at 60 DPI was calculated as:  X 284 

100. 285 

 286 

Experimental Design and Statistical Analysis. 287 

Quantification of PKCa+ and nyx::mYFP+ BPs was done for n=3 of control, 3 288 

DPI, and 60 dpi eyes. Sampling depth for each neuron-specific parameter and 289 

characteristic ranged from 11-30 individual neurons per condition, with neurons 290 

sampled from 10 different undamaged eyes and 10 different eyes collected at 60 DPI. 291 
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Data were imported into R Studio (ver 0.99.903) (R Project for Statistical Computing, 292 

RRID:SCR_001905) using R (ver 3.4.1) (CRAN, RRID:SCR_003005) for statistical 293 

analysis. Welch’s 2-sample t-tests, paired t-tests, and Kruskal-Wallis tests were used for 294 

parametric and most non-parametric data, respectively. Kruskal-Wallis tests included a 295 

post-hoc Conover’s test for multiple comparisons of independent samples, using a false 296 

discovery rate correction. A generalized linear model with a Poisson distribution was 297 

applied for analysis of connectivity patterns and axon stratification patterns. A Fisher’s 298 

exact test was used to analyze proportions of ON vs. Mixed ON/OFF type BPs.  299 

In order to determine if parameters were differentially correlated in control vs. 300 

regenerated retinas, we performed a series of linear regressions for given pairs of 301 

parameters. The regression coefficients were calculated for each individual retina 302 

(retina used as a blocking factor) for each combination of parameters. The resultant 303 

coefficients for correlation (slopes of the linear regressions for each eye), which if 304 

different, would indicate changes in correlative relationships, were then compared for 305 

regenerated and control samples, and were analyzed by Kruskal-Wallis rank sum tests. 306 

 307 

Electroretinogram (ERG) recordings of damaged and regenerated retinas. 308 

A custom ERG setup was adapted from that of Makhankov and coworkers 309 

(Makhankov et al., 2004). Recordings were made with anesthetized adult nyx::mYFP 310 

zebrafish after approximately 20 minutes dim light adaptation. Following unilateral 311 

ouabain injections, damage to retinas was verified by epifluorescence 312 

stereomicroscopy; fish that demonstrated complete loss of YFP signal were selected for 313 

ERG recordings at 3 DPI or were used for subsequent regeneration studies. All ERG 314 
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measurements were carried out in the early afternoon, from about 12:00-17:00. The 315 

light source was a Solis-3C High-Power White LED (Thorlabs). Maximum light intensity 316 

was 5000 lux. Light intensity control was achieved using neutral-density filters with 317 

defined log unit attenuation. Data were averaged (3-8 responses with a 10s ISI), 318 

digitized and analyzed using a computer interfaced PowerLab/200 (AD Instruments Inc., 319 

Dunedin NZ); data were sampled at 1.0 kHz, and differentially amplified x1000 with a 320 

band-pass filter between 0.1 and 500Hz. To quantify the variation of ERG responses 321 

between groups, we calculated the sum of the squared deviations between individual 322 

control, damaged, and regenerated ERG responses from the grand average of the 323 

control ERG responses. The maximum amplitude of each ERG waveform, elicited by a 324 

saturating light flash, was scaled to the maximum amplitude of the control grand 325 

average, and the calculations were made using ~500 samples per waveform; this 326 

analysis permits a comparison of waveform features independent of the amplitude of 327 

the b-wave. For analysis of stimulus response curves, b-wave amplitudes as a function 328 

of retinal illuminances were fit with the Naka-Rushton function , where V = 329 

b-wave amplitude, VMAX = maximum b-wave amplitude, I = illuminance, K = illuminance 330 

at half-maximal amplitude, and n is a coefficient describing the slope of the function. 331 

  332 
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Results 333 

Intravitreal injection of 2 μM ouabain destroys retinal bipolar neurons while 334 

preserving cone photoreceptors. 335 

To damage the adult zebrafish retina and create a disrupted environment to 336 

challenge regenerated neurons to establish appropriate morphologies and 337 

connectomes, we used intravitreal injection of 2 μM ouabain. We and others have 338 

demonstrated that this lesioning strategy destroys retinal ganglion cells, amacrine cells, 339 

bipolar cells, and all but a very small number of horizontal cells, while sparing 340 

photoreceptors and Müller glia (Fimbel et al., 2007; Nagashima et al., 2013; Sherpa et 341 

al., 2014). We again confirmed that 2 μM ouabain destroyed retinal bipolar (BP) 342 

neurons by observing BP populations that stain with antibodies targeting PKCα, and 343 

those expressing an mYFP reporter driven by the nyctalopin promoter nyx::mYFP 344 

(Bahadori et al., 2006; Schroeter et al., 2006). In control retinas, these markers 345 

identified neurons with cell bodies in the middle to outer half of the inner nuclear layer 346 

(INL) (Fig. 1A,D), and with axon terminals that stratified either in the inner half of the 347 

inner plexiform layer (IPL), consistent with an identity as ON BPs (Connaughton and 348 

Nelson, 2000), or in both the inner and outer halves of the IPL, consistent with an 349 

identity as Mixed ON/OFF BPs (Connaughton and Nelson, 2000) (Fig. 1A,D,K). The 350 

nyx::mYFP+ and PKCα+ BPs were extensively depleted by the ouabain lesion, as 351 

observed at three days post-injury (3 DPI) in sectioned eyes (Fig. 1B,E,L), and by 352 

microscopic observation of the YFP reporter in eyes of live, anaesthetized fish (data not 353 

shown). Quantification of PKCα+, DAPI+, and nyx::mYFP+, DAPI+ cell bodies revealed 354 

an 85% reduction in PKCα+ BPs and a 97% reduction in nyx::mYFP+ BPs at 3 DPI (Fig. 355 
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1G,H; Fig. 2A,B). The very few remaining nyx::mYFP+ cell bodies showed no axonal or 356 

dendritic processes (Fig. 1H inset). 357 

Viability of photoreceptors in lesioned retinas was confirmed for all four 358 

morphological subtypes of cones, using a GFP reporter driven by the sws1 opsin 359 

promoter (UV cones) (Takechi et al., 2003) (Fig. 1A,B), the antibody ZPR1, which stains 360 

cone arrestin3a (Arr3a) in red- and green-sensitive double cones (DCs) (Renninger et 361 

al., 2011) (Fig. 1A,B,D,E), and an mCherry reporter driven by the sws2 opsin promoter 362 

(blue cones) (Salbreux et al., 2012)(Fig. 1D,E). Cones retained their characteristic 363 

morphologies at the 3 DPI sampling time (Fig. 1B,E), similar to the findings after 364 

selective ablation of xfz43 BPs in larval zebrafish (D'Orazi et al., 2016), but remarkable 365 

given the widespread destruction of inner retinal neurons in the present study. The loss 366 

of BPs throughout the retina, but the preservation of cones, was consistently observed 367 

in lesioned samples sectioned at 3 DPI (Fig. 1H) or observed live by fluorescence 368 

stereomicroscopy (not shown), confirming 2 μM ouabain as a reliable method to destroy 369 

bipolar cells (Fimbel et al., 2007; Nagashima et al., 2013; Sherpa et al., 2014).  370 

 371 

Regeneration of retinal bipolar neurons after intravitreal injection of 2 μM 372 

ouabain. 373 

To analyze the morphologies and connectivities of regenerated BPs, we selected 374 

60 DPI as the time of analysis, because we have previously demonstrated that in 375 

addition to histological regeneration, simple, visually-mediated reflexes and behaviors 376 

are restored by 60 DPI (Sherpa et al., 2014). Quantification of regenerated, PKCα+, 377 

DAPI+, or nyx::mYFP+, DAPI+ BPs showed partial restoration of BP numbers at 60 378 
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DPI, with more robust restoration of PKCα+ BPs than of nyx::mYFP+ BPs (Fig. 2A,B). 379 

Furthermore, restoration of nyx::mYFP+ BPs was widely variable, with some retinas 380 

showing substantial regeneration of these neurons, but others showing very little, 381 

resulting in large standard errors of the mean of neuron numbers at 60 DPI (Fig. 2B). 382 

Percent recovery of PKCα+ BPs and nyx::mYFP+ BPS were 33.18 ± 9.2 (S.E.M.)% and 383 

12.86 ± 10.7%, respectively. Numbers of HuC/D+ amacrine cells and retinal ganglion 384 

cells (RGCs) are also not fully restored by 60 DPI following this type of ouabain lesion 385 

(Sherpa et al., 2014). 386 

The nyx::mYFP BPs have been considered to be a subset of the PKCα BPs in 387 

larval zebrafish retina (Schroeter et al., 2006). However, analysis of PKCα, nyx::mYFP 388 

colabeling in adult retina revealed virtually no overlap in these two populations (Fig. 1K; 389 

2C-E), suggesting differences in BPs of adult vs. larval retina. No colabeled BPs were 390 

detected at 3 DPI, and the numbers of colabeled BPs observed at 60 DPI were not 391 

significantly different from controls (Fig. 1L,M; 2C-E), suggesting that both populations 392 

were restored, albeit in reduced numbers (and widely variable for nyx::mYFP BPs). 393 

However, ratios of PKCα+ to nyx::mYFP+ BPs were not restored to control ratios (Fig. 394 

2F), likely reflecting the more substantial numbers of regenerated PKCα+ BPs. We and 395 

others have observed additional histological abnormalities in regenerated retina, 396 

including ectopic cell bodies within plexiform layers [laminar fusions (Hitchcock et al., 397 

1992; Sherpa et al., 2014)], the production of supernumerary neurons (Sherpa et al., 398 

2014; Powell et al., 2016), and/or neuronal cell types that were not the types injured by 399 

the initial damage (Powell et al., 2016). In the present study, IPL layer thickness was 400 

significantly reduced at 60 DPI compared to controls (Fig. 2G), and the total length of 401 
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PKCα+ BPs was also reduced at 60 DPI (Fig. 2H). Interestingly, there were no 402 

differences in the length of the BP neurons when the IPL was subtracted from the 403 

measurements (Fig. 2I), indicating that the primary histological abnormalities may reside 404 

within the IPL. Some regenerated PKCα+ BPs showed apparently unusual axon 405 

morphologies (Fig. 1C), and we occasionally observed nyx::mYFP+ cell bodies 406 

displaced in the GCL (Fig. 1M inset). Therefore, we carried out detailed morphometric 407 

analyses on a subset of BPs, to test the hypothesis that regenerated BPs restored 408 

morphologies and connectivities similar to those of their undamaged counterparts, 409 

despite these histological disruptions.  410 

 411 

Complexity of dendritic trees of regenerated nyx::mYFP bipolar neurons is 412 

restored. 413 

To analyze dendritic tree morphologies of BPs we took advantage of the 414 

variegated expression of the mYFP reporter in the adult nyx::mYFP transgenic zebrafish 415 

(Schroeter et al., 2006; Saade et al., 2013), as this permitted the visualization of 416 

individual BPs in retinal whole mounts by confocal microscopy. In addition, this BP 417 

population was most reliably destroyed by the 2 μM ouabain lesion, and returned in 418 

reduced numbers, facilitating the analysis of individual neurons (Fig. 2A,B). We verified 419 

further that nyx::mYFP+ BPs were truly regenerated at 60 DPI (and did not simply 420 

survive the lesion), through BrdU incorporation studies. BrdU immersion from 4-7 DPI, 421 

or from 7-12 DPI, followed by sampling at 60 DPI, each revealed numerous BrdU+, 422 

nyx::mYFP+ BPs, suggesting that BPs are generated over a protracted time frame, and 423 

demonstrating true regeneration of these BPs (example in Fig. 3). The BrdU+, 424 
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nyx::mYFP+ BPs displayed dendritic and axonal processes (Fig. 3A-D), and apparent 425 

dendritic tip contacts with sws2:mCherry+ cones (Fig. 3B-D). For the morphometric 426 

analyses of this paper, 6 BrdU+ regenerated BPs from these experiments were 427 

included, along with 26 regenerated BPs from experiments that did not include a BrdU 428 

immersion step.  429 

The dendritic area of traced BPs was measured by drawing a convex polygon 430 

around the perimeter of the dendritic tree (Kraft et al., 2006), and separately by fitting an 431 

ellipse around the perimeter of the dendritic tree (Li et al., 2012) (Fig. 4A,B). These 432 

measurements revealed median dendritic spreads of 200-250 μm2 (Fig. 4A; polygon), 433 

and 350-400 μm2 (Fig. 4A; ellipse) for both sample populations. Both measures did not 434 

detect a significant difference in spread of regenerated BP dendritic fields (n=33) as 435 

compared with undamaged control BPs (n=26) (χ2(1)=1.015, p=0.314 for polygon; 436 

χ2(1)=1.078, p=0.300 for ellipse; Kruskal-Wallis rank sum test) (Fig. 4A). Control and 60 437 

DPI dendritic spreads showed similar Feret’s diameters (χ2(1)=0.525, p=0.525; n=26 438 

and 33; Kruskal Wallis) with median diameters of 23.9 μm and 25.0 μm, respectively.  439 

Control and 60 DPI dendritic spreads also were similar in roundness (t(45.5)=-0.494, 440 

p=0.623; n=26 and 33; Welch’s two sided t-test) with mean values ± SEM of 0.738 ± 441 

0.037 and 0.715 ± 0.025, respectively. One regenerated BP displayed two primary 442 

dendrites supporting two separate dendritic trees (and will be shown later in Results). 443 

However, each of these trees showed dendritic spreads and Feret’s diameters within 444 

the ranges described above. 445 

Sholl analysis (Sholl, 1953) was used as an additional measure of morphology 446 

and complexity of dendritic trees of identified nyx::mYFP BPs. Sholl analysis measures 447 
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the number of dendritic branches that intersect a series of concentric circles drawn at 448 

increasing distance from a defined centerpoint of the dendritic network (Fig. 4C). 449 

Outputs of Sholl analysis provide quantitative information regarding the density of 450 

branches, distributions of branches, and branching patterns of the dendritic trees of 451 

identified neurons. This analysis revealed no differences in the Sholl regression 452 

coefficients (Fig. 4C; χ2(1)=3.067, p=0.08) and Y-intercepts (data not shown; 453 

χ2(1)=2.644, p=0.104) using the semi-log method, in regenerated nyx::mYFP BP 454 

dendritic trees as compared with control trees (Kruskall-Wallis rank sum tests; n=26 for 455 

controls; n=32 for 60 DPI). In addition, output of Sholl analysis using the linear method 456 

also showed no significant differences in regenerated nyx::mYFP BP dendritic tree 457 

morphologies as compared with controls (Table 1). 458 

 459 

Cone connectivity patterns of regenerated nyx::mYFP bipolar neurons are 460 

restored. 461 

To determine the cone connectivity patterns of BPs, identified nyx::mYFP BPs 462 

were visualized in retinal whole mounts together with blue-sensitive cones 463 

(sws2:mCherry) and ZPR1-stained DCs (Fig. 5A,B). Several samples permitted further 464 

discrimination of the red- vs. green-sensitive (LWS vs. RH2 opsin-expressing) members 465 

of each DC pair, because the ZPR1 antibody more strongly labeled the red-sensitive 466 

(LWS) member (Fig. 5A,B). Furthermore, the organization of the cone mosaic in adult 467 

zebrafish retinas permits the assignment of red vs. green in regions where clearly 468 

aligned rows of DCs display alternating orientations (Allison et al., 2010; Li et al., 2012). 469 

Connectivity assignments were made using image stacks that included traced (Fig. 5A-470 
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F) and untraced (Fig. 5G,H) nyx::mYFP BPs, supervised assignment of cone terminal 471 

identity (Fig. 5E,F), and verification of dendritic tip (endpoint) association with cone 472 

terminals (Fig. 5G,H). Assignments and assessments of cone-BP synapses were in 473 

many cases further verified in X-Z projections (Fig. 5A`-H`; see also Fig. 3D). The 474 

majority of regenerated nyx::mYFP BPs made connections to all of the identified cone 475 

subtypes, similar to the range of connections made by undamaged control nyx::mYFP 476 

BPs (Table 2).   477 

The numbers of dendritic tips of each identified nyx::mYFP BP dendritic tree 478 

were not significantly different in regenerated ( =17.55, SD=6.07, n=29) vs. control 479 

retinas ( =15.8, SD=6.03, n=16) (t(31.22) = 0.923, p=0.363; Welch’s two-sample t-test) 480 

(Fig. 6A). The total number of endpoints per dendritic tree ranged from 7 to 30, similar 481 

to ranges observed previously (Li et al., 2012). The regenerated BP with two dendritic 482 

trees displayed a total of 42 endpoints. 483 

Cone connectivity patterns were analyzed further to test whether the number of 484 

connections regenerated nyx::mYFP BPs made to each type of cone were similar or 485 

different than those of control nyx::mYFP BPs.  Unassigned connections were most 486 

likely connections to UV cones or rods (Li et al., 2012), but we cannot rule out the 487 

possibility of endpoints lacking connections. Figure 6 plots the distributions of assigned 488 

cone-specific connections, as well as unassigned/presumed UV or rod connections. We 489 

used a generalized linear model (GLM) to determine whether connectivity patterns were 490 

different in control vs. regenerated retina (i.e., do nyx::mYFP BPs in regenerated retina 491 

connect more or less frequently to any specific cone subtype than in control retina?). 492 

The strength of the GLM is that it provides a framework to allow comparisons of two or 493 
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more variables without assuming normal distributions. Here we used a Poisson 494 

regression-type GLM to compare numbers of photoreceptor-specific contacts for control 495 

vs. regenerated nyx::mYFP BPs. The distributions of photoreceptor-specific connections 496 

were found to be statistically similar for control and regenerated BPs (z= -0.75, 497 

p=0.453). Therefore, the regenerated nyx::mYFP BPs developed dendritic trees that 498 

received input from similar combinations of cones (Table 2) and displayed similar 499 

numbers of connections to each cone subtype (Figure 6). 500 

 501 

Synaptic connections to cones are also restored in regenerated PKCα+ bipolar 502 

neurons. 503 

To further test for the restoration of cone-BP synapses in retina that regenerated 504 

following destruction of inner retinal neurons, we visualized PKCα+ BPs in sectioned 505 

retinas. The PKCα+ BP population is too dense to visualize as individual neurons in 506 

whole mounts, but offers versatility for multi-color confocal imaging in sectioned retinas 507 

together with UV-sensitive (SWS1) cones that are GFP+. We also verified that a 508 

synapse-specific marker, SV2 (synaptic vesicle 2) (Yazulla and Studholme, 2001) was 509 

present and properly localized in regenerated adult retina. In undamaged control 510 

retinas, SV2 was localized to the OPL and IPL (Fig. 7A), and UV-sensitive (sws1:GFP) 511 

cones made apparent synaptic contacts with PKCα+ BPs (Fig. 7A,D,G). At 3 DPI, an 512 

SV2+ IPL was not detectable, while the OPL was still stained by SV2 (Fig. 7B). 513 

Interestingly, SV2 staining in the 3 DPI photoreceptor layer was more broadly 514 

distributed, and appeared to stain some photoreceptor axons as well as axon terminals 515 

(Fig. 7B and 7B inset). This finding indicates that, despite their apparently normal 516 
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morphology, zebrafish cone photoreceptors may change at the subcellular level in 517 

response to injuries that destroy their synaptic partners. To our knowledge, this is the 518 

first reported indication of such a change. However, these cone terminals still displayed 519 

synaptic clefts (Fig. 7E,H). At 60 DPI, the SV2 staining pattern was largely restored, 520 

supporting the hypothesis that the regenerated cone-BP synapses are likely functional, 521 

although some gaps in the IPL were present, and occasional labeling of structures 522 

beyond the OPL was observed (Fig. 7C). At 60 DPI, UV cone contacts with PKCα+ BPs 523 

were observed (Fig. 7F,I). Cone-BP contacts between ZRP1+ DCs and PKCα BPs were 524 

also observed to be present in control retinas, lost at 3 DPI, and then restored at 60 DPI 525 

(Fig. 7J-L).  526 

 527 

Axons of regenerated nyx::mYFP bipolar neurons display a diversity of 528 

stratification patterns and complexities. 529 

We next tested whether axons of regenerated BPs displayed the same diversity 530 

of stratification patterns in the IPL as their undamaged counterparts. This was possible 531 

using the X-Z projections of identified nyx::mYFP BPs in imaged whole mounted retinas 532 

for 20 of the traced, regenerated BPs (examples shown in Fig. 8A,B). BP neurons of the 533 

zebrafish can show a variety of stratification patterns, each likely indicative of function 534 

as either an ON BP (synapsing in deep layers, S4-S6), an OFF BP (synapsing closer to 535 

the INL, S1-S3), or a mixed ON/OFF BP (synapsing in a combination of these layers) 536 

(Connaughton and Nelson, 2000; Connaughton et al., 2004). The stratification patterns 537 

of nyx::mYFP BPs in control retinas revealed some diversity, with individual neurons 538 

showing distinct stratification combinations. Analyzed BPs showed mono-, di-, and tri-539 
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stratified axon morphologies (Table 3). The majority could be tentatively assigned to a 540 

function as a mixed ON/OFF BP. Although the IPL of regenerated retinas showed 541 

reduced thickness, regenerated nyx::mYFP BPs also displayed a diversity of apparent 542 

stratification patterns that could tentatively be designated with functional assignments 543 

as mixed ON/OFF BPs (Table 3). The regenerated nyx::mYFP BPs did include some 544 

distinct patterns not seen in the sample set derived from control retinas (Table 3). 545 

However, statistical analysis revealed that the number of stratifications of regenerated 546 

BPs matched those of control retinas (generalized linear model; z=-0.084, p=0.933), 547 

and the types of stratifications (ON vs. mixed ON/OFF) were also similar (Fig. 8C; odds 548 

ratio=0.7567, p=1; Fisher’s exact test). We conclude that more than a single type of 549 

stratification pattern were restored in the regenerated nyx::mYFP BPs, and that highly 550 

abnormal stratification patterns did not emerge. 551 

Sholl analysis (Sholl, 1953), using the log-log method, found no differences in the 552 

Sholl regression coefficient of axons from control ( =2.88, SD=0.404, n=12) vs. 553 

regenerated nyx::mYFP BPS ( =3.03, SD=0.324, n=23) (t(18.95) = 1.135, p=0.271; 554 

Welch’s two-sided t-test) (Fig. 9). In addition to using the log-log method, axons were 555 

also analyzed using the linear method (Ferreira et al., 2014).  Of the output metrics 556 

measured, only the maximum number of intersections was significantly reduced in 557 

regenerated BPs as compared with control BPs (Table 4). Since there was no 558 

difference in the total number of intersections, the size of the overall area occupied by 559 

the axon, or the distribution of the axon branches, this finding suggests that axon 560 

branches of regenerated BPs are more evenly distributed along the length of the axon 561 

(its enclosing “Sholl sphere”) than those of control retinas.  562 
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 563 

Combinations of morphologies of nyx::mYFP bipolar neurons are restored. 564 

When dendritic spread, connectivity, and stratification data are considered 565 

together, the nyx::mYFP+ BPs appeared to constitute a heterogeneous population that 566 

most closely corresponded with the RGBUV and/or RGBRod (ON or MIXED) BPs 567 

documented by Li et al. (Li et al., 2012) and the Group b (ON type) and Group a/b 568 

(MIXED) type BPs documented by Connaughton et al. (Connaughton et al., 2004). We 569 

therefore next tested whether combinations of dendritic or axon parameters displayed 570 

distinct covariances in regenerated vs. control BP populations, which would suggest 571 

differential biases in the production of nyx::mYFP BPs with specific functional attributes.  572 

We found that dendritic spread was not differentially correlated with dendritic complexity 573 

(Sholl regression coefficient), dendritic spread was not differentially correlated with axon 574 

complexity, dendritic complexity was not differentially correlated with axon complexity, 575 

and the number of dendritic endpoints was not differentially correlated with axon 576 

complexity in control or regenerated BPs (Fig. 10A-C). Several additional potential 577 

correlations were evaluated, using a blocking factor in case of biases related to 578 

individual eyes, and these also revealed no correlations, and no significant differences 579 

in control vs. regenerated BPs (Table 5). Visualization of three distinct morphological 580 

measurements – dendritic spread, total number of endpoints, and the Sholl regression 581 

coefficient for axons (log-log) – using 3-D scatterplots, also did not reveal any 582 

differential clustering in regenerated vs. control BPs (Fig. 10D). Finally, dendritic 583 

spreads were not significantly different in the ON vs. mixed ON/OFF subsets of 584 

nyx::mYFP BPs, and this was true for both control and regenerated BPs (Fig. 10E). 585 
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Therefore, regenerated BPs showed no biases favoring particular combinations of 586 

morphologies, and did not demonstrate new correlations that were not observed in 587 

undamaged BPs.  588 

Because our morphometric analyses did not reveal substantial, statistically 589 

significant differences in sizes or complexities of dendritic trees or axons, or in 590 

connectivities of BPs in the two experimental conditions, we also assessed BP 591 

morphologies qualitatively. Projected surface renderings are shown in Fig. 11, from two 592 

different viewpoints. Our conclusion from qualitative inspection of these projections, is 593 

that the regenerated BPs show a range of morphologies that are largely similar to the 594 

range of morphologies of control BPs, suggesting a lack of bias in the production of any 595 

one morphology during retinal regeneration. The notable exceptions include the one 596 

regenerated BP displaying two separate dendritic trees (last neuron in Fig. 11B), and 597 

the few nyx::mYFP+ cells displaced in the GCL (Fig. 1M inset). 598 

 599 

Electroretinogram (ERG) recordings reveal functional recovery of photoreceptor-600 

bipolar connectivity in regenerated retinas. 601 

To determine the extent of functional loss and recovery within regenerated 602 

zebrafish retinas, we measured electroretinogram (ERG) responses. ERG 603 

measurements were made in adult zebrafish following ouabain injections, both at 3 DPI 604 

and at 80 DPI. ERG responses in the ouabain-injected eyes were compared to the 605 

contralateral, non-injected control eyes. The variability observed for control b-wave 606 

amplitudes likely reflects biological fish-to-fish variation rather than variations in 607 

recording conditions (such as electrode placement or light stimulus), as shown 608 
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previously by Makhankov and coworkers (Makhankov et al., 2004).  At 3 DPI, a time 609 

point characterized by extensive damage and cell loss within inner retinal layers (Fig. 1), 610 

the ERG response induced by a 500 msec. light flash showed an attenuated and 611 

abnormal waveform, even at saturating light stimulation levels, with defined a-wave 612 

activity but little or no recognizable b-wave component (Fig. 12A). The presence of an 613 

a-wave confirms the activity of intact photoreceptors spared from damage by the low 614 

concentration of ouabain that was injected, indicating that not only do photoreceptors 615 

survive the lesions used in this study, they also remain functional. The loss of the b-616 

wave confirms the lack of BP function.  Following regeneration, the ouabain-injected 617 

eyes displayed ERG responses that resembled the responses elicited in control eyes, 618 

but with a reduced overall magnitude (Fig. 12A). The recovery of the maximum b-wave 619 

amplitude in regenerated eyes, elicited by a saturating light flash, was approximately 620 

35% of control responses in the non-damaged eyes (Fig. 12B). In order to compare the 621 

“shape” of the damaged, regenerated and control ERG waveforms independent of 622 

amplitude, we normalized the maximum amplitude of ERG responses during a 623 

saturating light flash. We observed a strong correlation between the b-wave features of 624 

regenerated and control retinas, which was lacking for responses elicited from freshly 625 

damaged retinas (Fig. 12C). We assessed the similarity of the regenerated versus 626 

freshly damaged ERG responses to the grand average of control retina responses, 627 

using a sum of squares analysis (Fig. 12D). The sum of the squared deviations of the 628 

ERG waveforms quantifies the variation of the damaged/regenerated responses from 629 

control responses. For regenerated retinas, the ERG responses during light stimulation, 630 

dominated by the b-wave component, did not deviate significantly from control retina 631 
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response (p = 0.96, t-test, n = 9, 4). Furthermore, the light intensity-response 632 

relationship for b-waves elicited in regenerated retinas, when scaled to the maximum 633 

response of control retinas, demonstrated that while b-wave amplitudes were reduced, 634 

the sensitivity of regenerated retinas closely matched that of control retinas (Fig. 12E). 635 

Overall, ERG responses in regenerated retinas confirm restoration of visual function, 636 

and particularly connectivity between photoreceptors and BP neurons. These findings 637 

are in agreement with the structural evidence demonstrating restoration of normal BP 638 

dendritic morphologies and connectivities, but reduced overall numbers of BPs.  639 

  640 



 

32 
 

Discussion 641 

 We provide the first detailed quantitative and qualitative report of bipolar neuronal 642 

morphologies, predicted circuitry, and physiology in regenerated adult zebrafish retina 643 

following destruction of multiple neuronal types. The major conclusions are: 1) 644 

morphologies and complexities of dendritic trees of regenerated nyx::mYFP BP neurons 645 

are predominantly similar to those within undamaged retina; 2) cone connectomes of 646 

regenerated BP neurons are largely restored; 3) axon terminal stratification and 647 

branching patterns of regenerated nyx::mYFP BPs show only minor differences as 648 

compared to those within undamaged retina; 4) nyx::mYFP BPs in regenerated retina 649 

are reduced and variable in numbers, but show morphological diversity, suggesting a 650 

lack of bias during regeneration to favor any one BP morphology; and 5) a normal ERG 651 

waveform, but not amplitude, is restored in regenerated retina. These findings 652 

demonstrate that the regenerated retina of adult zebrafish has the underlying 653 

anatomical capacity to support retinal function. 654 

 655 

Morphologies and complexities of dendritic trees of regenerated BPs are 656 

restored. 657 

 The lesion used here destroyed inner retinal neurons while sparing 658 

photoreceptors and glia (Fimbel et al., 2007; Nagashima et al., 2013; Sherpa et al., 659 

2014) (Fig. 1), creating a disrupted retinal environment that could be considered 660 

challenging for regenerating BPs to elaborate their dendritic processes. However, when 661 

sampled at 60DPI, when visually-mediated behaviors are restored (Sherpa et al., 2014), 662 

BPs displayed dendritic field characteristics that were statistically undistinguishable from 663 
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their undamaged counterparts, with the notable exception of one neuron displaying two 664 

dendritic trees. Similarly, dendritic territories of regenerated xfz43 BPs were also 665 

restored after their cell-selective ablation in larval zebrafish, with the exception of 666 

regenerated ON-T1 xfz43 BPs, which had much larger dendritic trees (D'Orazi et al., 667 

2016). The present study demonstrates that dendritic field sizes and complexities are 668 

restored by adult regenerated nyx::mYFP BPs, and that this restoration can take place 669 

in a disturbed retinal environment. In goldfish subjected to a surgical retinal lesion, 670 

dendritic trees of regenerated RGCs also attained normal structural, and modeled 671 

electrotonic properties (Cameron et al., 1999). Collectively these results indicate that 672 

even within a disrupted environment, regenerating neurons elaborate dendrites capable 673 

of adequately sampling the visual field and supporting retinal processing. 674 

 675 

Cone connectomes of regenerated BPs are largely restored. 676 

 The present study shows that dendrites of regenerated nyx::mYFP BPs collect 677 

synaptic input from multiple cone types, with distributions of connectivities similar to 678 

those within undamaged retinas. These include connections to SWS2 (“blue”), RH2 679 

(“green”), and LWS (“red”) cones. In addition, regenerated PKCα+ BPs restored 680 

connections to SWS1 (UV) cones and double cones. Similarly, the ultrastructure of 681 

regenerated goldfish photoreceptor-BP synapses was verified as normal, with 682 

presynaptic ribbons and postsynaptic processes (Hitchcock and Cirenza, 1994), and 683 

amacrine cells within regenerated goldfish retina functionally integrated with 684 

surrounding, undamaged retina (Hitchcock, 1997). In the current study, retinal BPs were 685 

challenged to integrate accurately with undamaged photoreceptors, and our anatomical 686 



 

34 
 

and physiological measures of this integration showed that regenerated cone-BP 687 

circuitry supported retinal function.  688 

 Following a cell-selective, cone lesioning approach in larval zebrafish, 689 

undamaged H3-type horizontal cells successfully reconnected to regenerated UV 690 

cones, except when UV cone regeneration was delayed (Yoshimatsu et al., 2016). In 691 

the current study, regeneration of inner retinal neurons was allowed to follow a normal 692 

time-course, and regenerated BPs anatomically and physiologically re-wired with 693 

photoreceptors. It will be important to determine whether delay of BP regeneration also 694 

results in faulty re-wiring in adult retinas, and whether re-wiring is accurate in the more 695 

highly disrupted environment of retina following a lesion that destroys all neurons and 696 

spares Müller glia (Sherpa et al., 2008). Following this more extensive damage, the 697 

cone mosaic is disorganized (Stenkamp et al., 2001; Sherpa et al., 2008), and may 698 

represent an obstacle for restoration of cone-BP circuitry. 699 

 Also in larval zebrafish retina, regenerated xfz43 BPs were challenged to form 700 

circuits with undamaged photoreceptors following cell-selective destruction of only this 701 

BP population (D'Orazi et al., 2016). Subsets of these BPs, the ON-T2 type and the 702 

OFF type, showed a slightly reduced bias toward synapsing with LWS cones after 703 

regeneration, instead favoring RH2 cones or other photoreceptor types (D'Orazi et al., 704 

2016). Our findings of no differential biases in connectivity of regenerated nyx::mYFP 705 

BPs suggest that restoration of accurate connectivity patterns may be facilitated by a 706 

more robust regeneration process. Alternatively, the photoreceptors of mature zebrafish 707 

retina may be less plastic and less likely to make connectivity errors than those of 708 

growing larval retina, in which BP differentiation may not be complete. Finally, the 709 
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differential bias observed previously (D'Orazi et al., 2016) may be specific for the ON-T2 710 

and OFF type BP subpopulations, and/or the bias may have been related to insufficient 711 

time (5 days) for complete regeneration. 712 

 713 

Axon terminal stratification and branching patterns of regenerated BPs are 714 

largely restored. 715 

The damage mode used here provided regenerating BPs with undamaged 716 

upstream synaptic partners (photoreceptors), and with downstream synaptic partners 717 

(amacrine cells and RGCs) that were themselves regenerating or had regenerated. 718 

Furthermore, prior studies of regenerated teleost fish retinas have documented the 719 

presence of histological abnormalities in the IPL of regenerated retina, specifically 720 

“laminar fusions” – misplaced cell bodies bridging the INL and GCL (Hitchcock et al., 721 

1992; Sherpa et al., 2008; Sherpa et al., 2014) (examples in Fig. 8B). In the present 722 

study we also observed reduced thickness of the IPL. Given these histological 723 

disruptions, it was somewhat surprising that the stratification patterns and Sholl 724 

regression coefficients of axons of regenerated nyx::mYFP BPs were similar to those in 725 

undamaged retinas. 726 

The nyx::mYFP BP population was previously characterized as ON bipolar cells, 727 

based upon axon terminal stratifications in the deep IPL layers in larvae (Bahadori et al., 728 

2006; Schroeter et al., 2006). However, in adult zebrafish this population is clearly more 729 

heterogeneous, with some showing mixed ON/OFF stratification patterns (axon 730 

terminals in both OFF and ON layers), and mono-, bi-, or tri-stratification patterns. The 731 

axon branching patterns of nyx::mYFP BPs in adult zebrafish also appeared complex in 732 
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comparison with the more simple terminals documented in larvae (Schroeter et al., 733 

2006; D'Orazi et al., 2016). BP axon stratification and branching patterns were 734 

reconstituted in retinas that regenerated after lesioning of inner retinal neurons, and 735 

there were no significant biases in any stratification pattern. These findings suggest that 736 

regenerating BPs deployed stratification programs that resulted in the adult patterns 737 

rather than recapitulation of the larval patterns. This is in contrast to a study in goldfish 738 

(Hitchcock and Cirenza, 1994), in which the depth distributions of synapses within the 739 

IPL were found to be distinct in regenerated retina (following a surgical lesion), as 740 

compared with controls. These differences may be related to a BP subpopulation that 741 

was not sampled here. Alternatively, regeneration following a surgical lesion may result 742 

in more synaptogenesis errors, than regeneration following damage of only inner retinal 743 

neurons. Cell-specific identification of postsynaptic partners of regenerated BPs is 744 

needed to further determine the accuracy of re-wiring within the IPL. 745 

Morphological diversity of regenerated nyx::mYFP BPs is restored. 746 

 The complex visual processing functions of the retina require the activities of a 747 

diverse array of neurons, and retinal BPs are excellent examples of structurally and 748 

functionally diverse retinal neurons (Connaughton et al., 2004; Li et al., 2012). The 749 

nyx::mYFP BPs represent this diversity well, with a variety of dendritic morphologies 750 

and axon stratification patterns. Remarkably, this range of morphologies, and 751 

combinations thereof, were restored in regenerated retina. The retinal regeneration 752 

process in the adult zebrafish therefore not only restores visually-mediated reflexes and 753 

simple behaviors (Sherpa et al., 2008; Sherpa et al., 2014), and the b-wave of the ERG 754 
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(present study), but also likely regains the underlying circuitry to support more complex 755 

visual functions.  756 

 757 

Normal ERG waveforms indicate physiological restoration of photoreceptor-BP 758 

connectivity. 759 

The normal topographic features of the ERG waveforms observed in regenerated 760 

retinas were consistent with functional recovery and re-establishment of connections 761 

between photoreceptors and regenerated BPs. Robust b-waves confirmed activation of 762 

ON-bipolar cells post-synaptic to hyperpolarized cone photoreceptors. However, 763 

reduced amplitude of the light responses was evident in the regenerated retinas 764 

compared to controls. It is possible that the reduced density of BPs observed in the 765 

regenerated retinas may limit b-wave amplitudes, and/or restoration of function in 766 

regenerated retinas may be underestimated due to imperfect structural alignment that 767 

might reduce vectorial coordination or cell-to-cell synchronization. For ouabain-768 

damaged eyes at 3 DPI, the defective ERG waveform was dominated by the negative a-769 

wave potential, presumably due to hyperpolarization of the undamaged photoreceptors. 770 

The minor late positive component observed during saturating light flashes with some 771 

freshly damaged retinas may represent c-wave activity due to intact RPE/photoreceptor 772 

interactions. A detectable, but reduced b-wave was also observed 50-70 DPI following 773 

“comprehensive retinal destruction” by ouabain in the goldfish (Mensinger and Powers, 774 

1999). The present study now demonstrates this functional restoration in the zebrafish, 775 

the model organism available for more rapidly revealing the molecular genetic 776 

mechanisms for retinal regeneration (Ail and Perron, 2017). Together with the 777 
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microanatomical observations and quantification, the ERG results demonstrate 778 

profound loss of BP function in the damaged adult zebrafish retina, and provide 779 

powerful evidence of successful functional restoration following regeneration.  780 
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Figure Legends 781 

Figure 1. Intravitreal 2 μM ouabain destroys retinal bipolar neurons (BPs), spares cone 782 

photoreceptors, and permits regeneration of BPs. A. Undamaged retina showing ZPR1+ 783 

double cones (DCs), UV (SWS1) cones, and PKCα+ BPs. B. Damaged retina at 3 days 784 

post-injury (DPI) showing loss of BPs and persistence of cones.  C. Damaged, and then 785 

regenerated retina at 60 DPI (days post-injury) showing regenerated PKCα+ BPs; arrow 786 

indicates a BP axon lacking the typical, straight trajectory. D. Undamaged retina 787 

showing ZPR1+ DCs, blue (SWS2) cones, and nyx::mYFP+ BPs. E. Damaged retina at 788 

3 DPI showing loss of BPs and persistence of cones. F. Damaged, and then 789 

regenerated retina at 60 DPI showing regenerated nyx::mYFP+ BPs. A-F show 20 um 790 

sections. G-I. Stitched images of entire 5 μm sections of control retina (G), damaged 791 

retina (H), and regenerated retina (I), showing normal distribution of nyx::mYFP+ cell 792 

bodies, loss of these cells at 3 DPI, and restoration in reduced numbers at 60 DPI. 793 

Insets in G and I show low-magnification views of whole-mounted control and 794 

regenerated retinas, respectively. Inset in H shows a high-magnification view of one 795 

example of the very few nyx::YFP+ cell bodies that remain at 3 DPI, lacking any cellular 796 

processes. K-M. 5 μm sections of control retina (K), damaged retina (L), and 797 

regenerated retina (M), showing minimal or no colabeling of nyx::mYFP with PKCα in all 798 

preparations. Arrow in K shows one such colabeled BP. Inset in M shows a lower 799 

magnification view of one example of the few nyx::mYFP+ cell bodies displaced in the 800 

ganglion cell layer (GCL) of a regenerated retina. ONL, outer nuclear layer; INL, inner 801 

nuclear layer. Scale bar in C (applies to A-F and K-M) = 50 μm. Scale bar in G (applies 802 

to G-I) = 200 μm. Scale bars in insets of H, M = 5 μm. Scale bar in inset of I (applies 803 

also to inset of G) = 500 μm. 804 
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 805 

Figure 2. A-C. Quantification (mean ± S.E.M.) of PKCα+ (A), nyx::mYFP (B), and 806 

colabeled cell bodies (C) of control retina, damaged retina (3 DPI, days post-injury), and 807 

regenerated retina (60 DPI). A. χ2(2)=7.2; ***p=0.00097 for 3 DPI vs. control; *p=0.0104 808 

for 60 DPI vs. control (Kruskal-Wallis, Conover’s post-hoc). B. χ2(2)=5.6; *p=0.037 for 3 809 

DPI vs. control; *p=0.045 for 60 DPI vs. control (Kruskal-Wallis, Conover’s post-hoc). C. 810 

χ2(2)=3.307, p =0.191 (Kruskal-Wallis). D-F. Proportions colabeled (D,E), and ratios (F) 811 

of PKCα+ and nyx::mYFP cell bodies. D. χ2(2)=3.307, p =0.191 (Kruskal-Wallis). E. 812 

χ2(2)= 2.9867, p=0.2246 (Kruskal-Wallis). F. χ2(2)=5.422; *p=0.038 for 3 DPI vs. 813 

control; *p=0.038 for 60 DPI vs. control (Kruskal-Wallis, Conover’s post-hoc). G-I. 814 

Measurements of thicknesses of the inner plexiform layer (IPL) (G), length of PKCα+ 815 

bipolar neurons (BPs) (H), and the difference between the two (I). G. t(4)=2.689, 816 

*p=0.027 (two sample t-test). H. t(4)=2.606, *p=0.0298 (two-sample t-test). I. t(4)=1.072, 817 

p=0.172 (two-sample t-test).  818 

 819 

Figure 3. Example of a BrdU+, regenerated nyx::mYFP+ bipolar neuron (BP). Fish were 820 

exposed to BrdU from 4-7 days post-injury (DPI) and sampled at 60 DPI. A. XY 821 

projection of an nyx::mYFP BP neuron with a BrdU+ nucleus, traced and counterstained 822 

with DAPI. B. Same neuron and projection, but soma is not shown, and viewed together 823 

with synaptic terminals of sws2:mCherry+ (blue-sensitive) cones rather than DAPI. C. 824 

Same neuron but shown as an XZ projection, traced. D. XZ projection of the same 825 

neuron, but soma is untraced and shown with DAPI. E-F. Partial projections of this BP 826 

neuron’s soma in XY orientation (E,E`,E``) and XZ orientation (F,F`,F``) showing z 827 
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planes corresponding only to the BrdU+ nucleus surrounded by YFP. Merged (E and F) 828 

and single-channel images (E`,E``,F`,F``) are shown. Arrows in A and D, DAPI+, BrdU+ 829 

nucleus surrounded by YFP. Scale bar in D (applies to A-D) = 10 μm. Scale bar in E 830 

(applies to E,F) = 5 μm. 831 

 832 

Figure 4. Dendritic field sizes and complexities of nyx::mYFP bipolar neurons (BPs) are 833 

restored in regenerated retina. A. Boxplots showing distribution of dendritic field sizes 834 

as measured by convex polygons or by ellipses. In the boxplots, the band inside the box 835 

represents the median, the top and bottom of the box represent the 25th and 75th 836 

percentiles, the whiskers represent the 1.5 interquartile range, and the filled circles 837 

represent outliers.  B. Convex polygons and ellipses (blue) drawn around the dendritic 838 

fields of examples of control and regenerated BPs. C. Sholl analysis of complexity of 839 

dendritic trees of control and regenerated nyx::mYFP bipolar neurons (BPs).Top: Mean 840 

(± SEM) Sholl (semi-log) regression coefficients for BPs in control and regenerated 841 

retinas. Bottom: X-Z views of selected, traced BPs. Top (Y-axis) view of dendritic trees 842 

are color-coded by heatmaps to demonstrate relative numbers of dendrite branches that 843 

cross circles of increasing distance from the initial branch point. Hotter colors represent 844 

more dendrites, while cooler colors represent fewer dendrites. DPI, days post-injury; 845 

asterisks (*) indicate dendrites of neighboring nyx::mYFP BPs. 846 

 847 

Figure 5. Determination of cone connectivity patterns of nyx::mYFP bipolar neurons 848 

(BPs) in control and regenerated retinas. A,B. Traced individual BP dendritic fields, 849 

overlaid with view of synaptic terminals of blue-sensitive (SWS2; b in panel B), and 850 
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ZPR1+ double cones (DC) in control (A) and regenerated (B) retinas. Position in cone 851 

mosaic and more intense labeling of red-sensitive cones (LWS; r in panel B) permits 852 

their identification as distinct from the green-sensitive cones (RH2; g in panel B). C,D. 853 

Traced individual BP dendritic fields overlaid by the microscopic image showing 854 

examples of untraced BPs in control (C) and regenerated (D) retinas. E,F. Traced 855 

individual BP dendritic fields overlaid with traced cone terminals in control (E) and 856 

regenerated (F) retinas. G,H. Higher magnification Z-projections to show dendritic tips 857 

associated with cone terminals. A`-H` depict partial projections from image stacks to 858 

show resliced radial view of analyzed BPs. Scale bar in F (applies to A-F) = 20 μm; 859 

scale bar in H (applies to G,H) = 2.5 μm. 860 

 861 

Figure 6. Re-establishment of BP dendritic connections with photoreceptors. A. Column 862 

graph showing average number of dendritic tips per nyx::mYFP dendritic tree in control 863 

and regenerated retina. B,C. Distributions of dendritic connections to identified and 864 

unassigned photoreceptor subtypes for nyx::mYFP bipolar neurons in control (B) and 865 

regenerated (C) retinas. Shapes of violin plots were obtained by using a kernel density 866 

estimator to generate a smoothened histogram, mirrored along the x-axis, and then 867 

rotated. The width of each plot was determined by the proportion of bipolar cells making 868 

a given number of connections to that photoreceptor subtype at that point.  In the 869 

boxplots within, the horizontal line inside each box represents the median, the top and 870 

bottom of the box represent the 25th and 75th percentiles, the whiskers represent the 1.5 871 

interquartile range, and the filled circles represent outliers.  872 

 873 
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Figure 7. Restoration of synapses between cone photoreceptors and PKCα+ bipolar 874 

neurons (BPs) in regenerated retina. A-C. Distribution of presynaptic marker SV2 in 875 

undamaged retina (A) and in damaged retinas 3 days post-injury (DPI) (B), and 60 DPI 876 

(C). Inset in B shows SV2 immunofluorescence associated with a UV-GFP terminal. D-877 

F. PKCα+ BPs are absent at 3 DPI (E) but regenerated with connections to GFP+ UV 878 

(SWS1) cones at 60 DPI (F). G-I. Higher magnification views of UV cone synaptic 879 

terminals in control (G), 3 DPI (H), and 60 DPI (I) retinas, showing loss and restoration 880 

of synapses with PKCα+ BPs. J-L. High magnification views of ZPR1+ double cone 881 

(DC) synaptic terminals. ONL, outer nuclear layer; INL, inner nuclear layer. Scale bars 882 

in C (applies to A-C), F (applies to D-F), and L (applies to G-L) =5 μm. 883 

 884 

Figure 8. Stratification patterns of nyx::mYFP bipolar neurons (BPs) are restored in 885 

regenerated retina. A,B. X-Z reconstructions of traced nyx::mYFP bipolar neurons 886 

(BPs). BPs were traced, colorized, and image stacks were resliced with the nuclear 887 

marker DAPI to show retinal laminae in control (A) and regenerated (B) retinas. The IPL 888 

was divided into 6 equal layers, or strata. INL, inner nuclear layer; IPL, inner plexiform 889 

layer; GCL, ganglion cell layer; s1-s6, strata of IPL. Arrows in B show selected 890 

examples of “laminar fusions” (nuclei in IPL) regularly seen in regenerated retinas. The 891 

last 2 neurons in B were derived from a BrdU incorporation experiment and were 892 

BrdU+.  893 

 894 

Figure 9. Axon terminal complexities of nyx::mYFP bipolar neurons (BPs) are restored 895 

in regenerated retina. Sholl analysis of complexity of dendritic trees of control and 896 
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regenerated nyx::mYFP bipolar neurons (BPs). Top: Mean (± SEM) Sholl (log-log) 897 

regression coefficients for BPs in control and regenerated retinas. Bottom: X-Z views of 898 

selected, traced BPs. Bottom (Y-axis) views of axon branching patterns are color-coded 899 

by heatmaps to demonstrate relative numbers of axonal branches that cross circles of 900 

increasing distance from the initial branch point. Hotter colors represent more axons, 901 

while cooler colors represent fewer axons. 902 

 903 

Figure 10. Correlations of morphometric parameters of control and regenerated 904 

nyx::mYFP BPs. A. Dendritic complexity (Sholl regression coefficient, semi-log) is not 905 

differentially correlated with dendritic spread (ellipse method) in control vs. regenerated 906 

BPs. Controls, R2=0.168; 60 DPI, R2=0.258 (R2 values for these graphs calculated by 907 

simple linear regression that does not account for individual eyes as blocking factors). 908 

B. Number of dendritic endpoints is not differentially correlated with dendritic spread in 909 

control vs. regenerated BPs. Controls, R2=0.00; 60 DPI, R2=0.159. C. Number of 910 

dendritic endpoints is not differentially correlated with axon complexity (Sholl regression 911 

coefficient, log-log) in control vs. regenerated BPs. Controls, R2=0.124; 60 DPI, 912 

R2=0.006. D. Visualization of three morphological parameters of BPs in control retinas 913 

and in regenerated retinas at 60 DPI shows that the two BP populations occupy similar 914 

regions of the 3-D space.  E. Dendritic spreads of BPs classified as ON or mixed 915 

ON/OFF. Dendritic spread is not predictive of this classification in control or regenerated 916 

retinas (Control, ON vs. mixed p=0.690; 60 DPI, ON vs. mixed p=0.704). DPI, days 917 

post-injury. 918 

 919 
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Figure 11. Surface renderings of control (A) and regenerated (B) nyx::mYFP bipolar 920 

neurons. The last three neurons in B were derived from a BrdU incorporation 921 

experiment and were BrdU+. Neurons are the same as the examples shown in Fig. 922 

8A,B, and in the same order, except the neuron displaying two dendritic trees is also 923 

shown here.  924 

 925 

Figure 12. Regenerated retinas display near normal electroretinogram responses that 926 

are absent in freshly damaged retinas. A. Representative ERG traces elicited by a 500 927 

msec. saturating light flash, for freshly damaged retina at 3 DPI (middle) and 928 

regenerated retina at 80 DPI (right), compared to ERG measurements made from an 929 

undamaged control retina (left). The control trace was made from the contralateral eye 930 

of the same fish from which the 80 DPI trace was recorded. B. Mean b-wave amplitudes 931 

for control and 80 DPI fish (± S.E.M.; n = 9, 4). C. Scaled representative ERG traces for 932 

the 3 DPI (left, black) and 80 DPI (right, black).  Each trace was scaled to the amplitude 933 

of the grand average of the control ERGs (red). D. Mean of the sum-of-squared 934 

deviations (SS) from the control grand average for the 80 DPI, 3 DPI and control groups 935 

(± S.E.M.). SS for each group were normalized to the mean SS for the controls 936 

(SScontrol). The 3 DPI fish exhibited a significantly increased SS (**p =0.0032, t-test, n = 937 

9, 5) whereas the SS for the 80 DPI fish was indistinguishable from controls (p = 0.96, t-938 

test, n = 9, 4). E. Mean b-wave amplitudes over log light intensity for control (open 939 

circles) and 80 DPI (closed circles) fish. Data fit with the Naka-Rushton function with the 940 

following best-fit parameters (with 95% CI):  Control (hashed line), K=-1.9 OD (-2.3 to -941 
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1.6), n=0.91 (0.33 to 1.5); 80 DPI (solid line), K=-2.3 OD (-2.8 to -1.7), n=1.2 (-0.31 to 942 

2.7). 943 

 944 

  945 
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Tables. 946 

Table 1. Sholl analysis of dendrite branching patterns of nyx::mYFP bipolar neurons in 947 

control and regenerated retinas. 948 

Parameter P value  
(control 

vs. 60 DPI) 

χ2 or t Statistical 
test1 

Maximum # of intersections 0.345 χ2(1)=0.886 A 
Sum of intersections 0.4817 χ2(1)=0.016 A 

Radius at maximum # of intersections 0.900 χ2(1)=0.495 A 
Critical value 0.8741 t(47.0)=-0.159 B 

Radius of critical value 0.472 χ2(1)=0.517 A 
Enclosing radius 0.108 t(54.77)=1.632 B 

Kurtosis of the sampled data 0.870 χ2(1)=0.027 A 
Kurtosis of the fitted data 0.736 t(47.9)=0.339 B 

Skewness of the sampled data 0.8451 t(49.4)=-0.196 B 
Skewness of the fitted data 0.775 t(47.22)=-0.287 B 

1 A=Kruskal-Wallis; B=Welch’s 2-sample t-test. 949 

  950 
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Table 2. Connectivity patterns of nyx::mYFP bipolar neurons observed in control and 951 

regenerated retinas. 952 

Connectivities1 

Number of 
neurons 

Control 60 
DPI 

BGRX 10 6 
BGX 2 0 
BRX 0 2 
GRX 1 2 
GX 0 1 

1 Connections observed to SWS2 (B), RH2 (G), and LWS (R) cones, as well as 953 
unassigned (X) connections. 954 
  955 
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Table 3. Axon stratification patterns of nyx::mYFP bipolar neurons in control and 956 

regenerated retinas. 957 

Stratification  
Layers 

Number of Neurons Predicted 
Function 

Number of Neurons 
Control 60 DPI Control 60 DPI 

S4S5  3 

ON 3 
(27%) 

8 
(40%) 

S5 1 3 
S5S6 1 1 

S6 1 1 
S1S6 1 1 

Mixed 
ON/OFF 

8 
(73%) 

12 
(60%) 

S1S3S6 1 2 
S2S4  3 
S2S5 1 1 
S2S6 2  
S3S4 1  
S3S5 1  
S3S6 1 4 

S4S5S6  1 
 958 
 959 

  960 
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Table 4. Sholl analysis (linear) of axons of nyx::mYFP bipolar neurons in control and 961 

regenerated retinas. 962 

Parameter P value 
(control vs. 

60 DPI) 

χ2or t Statistical 
test1 

Maximum # of intersections 0.009 χ2(1)=6.846 A 
Sum of intersections 0.118 χ2(1)=2.446 A 

Radius at maximum # of intersections 0.385 χ2(1)=0.755 A 
Critical value 0.231 t(19.864)=-

1.243 
B 

Radius of critical value 0.529 χ2(1)=0.532 A 
Enclosing radius 0.774 t(26.264)=-

0.334 
B 

Kurtosis of the sampled data 0.578 χ2(1)=0.459 A 
Kurtosis of the fitted data 0.578 χ2(1)=0.237 A 

Skewness of the sampled data 0.906 t(26.24)=-0.117 B 
Skewness of the fitted data 0.110 t(31.118)=1.885 B 

1 A=Kruskal-Wallis; B=Welch’s 2-sample t-test. 963 

  964 
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Table 5. Pairwise analysis of continuous variables representing dendrite and axon 965 

morphologies of nyx::mYFP bipolar neurons in control and regenerated retinas. 966 

Variable 1 Variable 2 p-value1 χ2 Number 
of 

Eyes* 
Dendritic field size  

(ellipse) 
Dendritic complexity  

(Sholl regression, semi-log) 
0.729 χ2(1)=0.121 7, 8 

Dendritic field size 
(polygon) 

Dendritic complexity  
(Sholl regression, semi-log) 

1 χ2(1)=0 7, 8 

Dendritic field size  
(ellipse) 

Max intersections of 
dendrites  

(Sholl linear) 

0.643 χ2(1)=0.214 7, 8 

Dendritic complexity  
(Sholl regression, 

semi-log) 

Axon complexity  
(Sholl regression, log-log) 

1 χ2(1)=0 3, 6 

Total dendritic 
endpoints 

Axon complexity  
(Sholl regression, log-log) 

1 χ2(1)=0 3, 6 

Dendritic field size  
(ellipse) 

Axon complexity  
(Sholl regression, log-log) 

0.121 χ2(1)=2.4 3, 6 

1 Kruskal-Wallis rank sum test of regression coefficients. * Control, 60 DPI. 967 

  968 
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