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Abstract 39 

 Vertebrate retinal development follows a pattern during which retinal 40 

progenitor cells (RPCs) give rise to all retinal cell types in a highly conserved 41 

temporal sequence. RPC proliferation and cell cycle exit are tightly coordinated in 42 

order to ensure proper and timely production of each of the retinal cell types. 43 

Extracellular matrix (ECM) plays an important role in eye development, 44 

influencing RPC proliferation and differentiation. In this study, we demonstrate 45 

that laminins, key ECM components, in the inner limiting membrane, control 46 

mitotic spindle orientation by providing environmental cues to the RPCs. In vivo 47 

deletion of laminin β2 in mice of both sexes results in a loss RPC basal 48 

processes and contact with the ECM, leading to a shift of the mitotic spindle pole 49 

orientation towards asymmetric cell divisions. This leads to decreased 50 

proliferation and premature RPC pool depletion, resulting in overproduction of 51 

rod photoreceptors at the expense of bipolar cells and Müller glia. Moreover, we 52 

show that deletion of laminin β2 leads to disruption and mislocalization of its 53 

receptors – dystroglycan and β1-integrin. Addition of exogenous β2-containing 54 

laminins to laminin β2-deficient retinal explants stabilizes the RPC basal 55 

processes, and directs their mitotic spindle orientation towards symmetric 56 

divisions, leading to increased RPC proliferation, as well as restores proper 57 

receptor localization at the retinal surface. Finally, functional blocking of 58 

dystroglycan in wild-type retinal explants phenocopies laminin β2 ablation. Our 59 

data suggest that dystroglycan-mediated signaling between RPCs and the ECM 60 

is of key importance in controlling critical developmental events during 61 
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retinogenesis.  62 

 63 

Significance Statement 64 

 The mechanisms governing retinogenesis are subject to both intrinsic and 65 

extrinsic signaling cues. While the role of intrinsic signaling has been the subject 66 

of many studies, our understanding of the role of the microenvironment in retinal 67 

development remains unclear. Using a combination of in vivo and ex vivo 68 

approaches, we demonstrate that laminins, key extracellular matrix (ECM) 69 

components, provide signaling cues that control retinal progenitor cell attachment 70 

to the basement membrane, mitotic axis, proliferation, and fate adoption. 71 

Moreover, we identify, for the first time, dystroglycan as the receptor responsible 72 

for directing RPC mitotic spindle orientation. Our data suggest a mechanism 73 

where dystroglycan-mediated signaling between the cell and the ECM controls 74 

the proliferative potential of progenitors in the developing CNS. 75 

76 
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Introduction 77 

The vertebrate retina is a highly structured component of the central nervous 78 

system (CNS) populated by seven resident cell types. These include: rod and 79 

cone photoreceptors; as well as ganglion, horizontal, amacrine, bipolar cells, and 80 

Müller glia. In vertebrates, these cell types arise from a single population of 81 

multipotent retinal progenitor cells (RPCs) in a conserved order. Ganglion cells, 82 

horizontal cells, amacrine cells, and cones are born first, followed by rods, then 83 

bipolar cells and, finally, Müller glia (Young, 1985; Turner and Cepko, 1987; Holt 84 

et al., 1988; Turner et al., 1990). This sequence is dictated by gradual modulation 85 

of RPC competence and proliferation. With each cell division, a subset of RPCs 86 

shift from proliferative, towards a fate-restricted state, leading to cell cycle exit 87 

and adoption of neural or glial fate (Cepko et al., 1996).  88 

The mechanisms governing the balance between RPC cell cycle exit and re-89 

entry are subject to both intrinsic and extrinsic cues. While transcription factors 90 

and cell cycle regulators have been shown to play critical roles, RPCs are 91 

exposed to a continuously changing environment of extracellular signals 92 

throughout retinogenesis (Agathocleous and Harris, 2009). One set of 93 

extracellular signals is provided by the extracellular matrix (ECM), including the 94 

basement membrane (BM). BMs are sheet-like ECM that influence cell 95 

orientation, proliferation, differentiation, apoptosis, migration, adhesion, and 96 

cytoskeletal organization (Yurchenco, 2011). BM disruptions lead to diseases 97 

and developmental abnormalities, including in the eye (Varshney et al., 2015).  98 

One of the basic components of the BM assembly is the laminin family of 99 
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proteins, which function as heterotrimers composed of α, β, and γ subunits. 100 

Laminin mutations cause severe developmental abnormalities in human and 101 

mouse (reviewed in Yao, 2017). Expressed as early as 4-cell stage, laminins are 102 

indispensable for BM assembly. Embryos lacking α-1, β-1, or γ-1 laminins fail to 103 

compose Reichert’s membrane and die shortly after implantation (Smyth et al., 104 

1999; Miner et al., 2004). The importance of BM signaling is further revealed by 105 

studies on disruptions of laminin receptors including dystroglycan (DG) and β1-106 

integrin. Specifically in the retina, disruption of DG and β1-integrin leads to 107 

profound retinogenesis defects (Li and Sakaguchi, 2004; Lunardi et al., 2006; 108 

Clements et al., 2017). 109 

 In addition to molecular signaling, the orientation of the plane of cytokinesis 110 

plays an important role in cell fate determination. Earlier studies noted that 111 

vertical divisions of the radial glia (RG) in the developing cortex correlate with 112 

daughter cells assuming different fates (McConnell, 1995). Early in development, 113 

while the neural progenitor pool is expanding, RG divisions are strictly horizontal 114 

(Fish et al., 2006; Yingling et al., 2008), gradually shifting to vertically oriented 115 

divisions during neurogenic stages of development (Haydar et al., 2003). These 116 

studies suggest a model where progenitor cells dividing horizontally produce 117 

daughter cells of the same fate, while those dividing in an oblique fashion 118 

produce daughter cells of different fates – apical daughter cells stay proliferative, 119 

while basal daughter cells differentiate. 120 

 Using a combination of in vivo and ex vivo approaches, we investigated 121 

whether β2-containing laminins provide epigenetic cues that govern the direction 122 
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of RPC cytokinesis and fate choices. Here, we show that deletion of laminin β2 123 

results in retraction of RPC basal processes (BPs), leading to loss of contact 124 

between RPCs and the ILM, which in turn increases the incidence of asymmetric 125 

cell divisions, and finally, premature cell cycle exit. As a result, RPC fate shifts 126 

towards rod photoreceptor production at the expense of bipolar cells and Müller 127 

glia. Addition of β2-containing laminin-521 rescued RPC basal process stability, 128 

mitotic axis, and proliferation. We also, for the first time, identify DG as the 129 

receptor responsible for directing RPC mitotic spindle orientation. Our data 130 

suggest a mechanism in which contact with the BM is of key importance in 131 

modulating RPC proliferation and fate choice. 132 
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Materials and Methods 133 

Antibodies 134 

Centrin (Millipore, Cat# 04-1624 RRID:AB_10563501), Phospho-Histone H3 135 

(pSer28) (Sigma-Aldrich, Cat# H9908 RRID:AB_260096), Chx10 (Abcam, Cat# 136 

ab16141 RRID:AB_302278), Sox9 (Millipore, Cat# AB5535 RRID:AB_2239761), 137 

Phospho-Vimentin (Ser55) (MBL International, Cat# D076-3 RRID:AB_592963), 138 

Syntaxin (Sigma-Aldrich, Cat# S0664 RRID:AB_477483), α-Dystroglycan 139 

(Millipore, Cat# 05-298 RRID:AB_309674), β-1 Integrin (Millipore, Cat# MAB1997 140 

RRID:AB_2128202), Calbindin D28k (Synaptic Systems, Cat# 214 005 141 

RRID:AB_2619902), Olig2 (Millipore, Cat# AB9610 RRID:AB_570666), Cone 142 

Arrestin ((Nikonov et al., 2008) Cheryl Craft, UCLA, mCAR-LUMIj), β-143 

Dystroglycan (Dominique Mornet, Université de Montpellier, JAF), α-144 

Dystroglycan blocking antibody ((Ervasti et al., 1990; Ervasti and Campbell, 145 

1991) Kevin Campbell, HHMI, University of Iowa, IIH6), β-1 Integrin blocking 146 

antibody (BD Biosciences, Cat# 553715 RRID:AB_395001), IgM Isotype Control 147 

from murine myeloma (Sigma-Aldrich, Cat# M5909 RRID:AB_1163655), Rat 148 

IgG2ak (BD Biosciences, Cat# 559073 RRID:AB_479682) 149 

 150 

Chemicals, Peptides and Recombinant Proteins 151 

EdU (Life Technologies, Cat# C10337), Hoechst (Invitrogen, Cat# H3570), 152 

Laminin-521 (BioLamina, Cat# LN521-3), Laminin-511 (BioLamina, Cat# LN511-153 

3), Donkey Serum (Sigma-Aldrich, Cat# D9663). 154 
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Experimental Organisms 155 

C57Bl6/J Mice (Jackson Laboratories, Bar Harbor ME, USA, 156 

RRID:IMSR_JAX:000664), Lamb2-/- Mice (Noakes et al., 1995) 157 

 158 

Software 159 

Volocity 3D Image Analysis Software (Perkin Elmer, RRID:SCR_002668 160 

SCR_002668), Graphpad Prism (Graphpad, RRID:SCR_002798 161 

SCR_002798) 162 

 163 

Experimental Model 164 

Deletion of the Lamb2 gene and production of the Lamb2-/- mice have been 165 

previously described (Noakes et al., 1995). Lamb2-/- animals have been 166 

backcrossed to C57BL/6J over nine generations. The day of the vaginal plug was 167 

considered embryonic day (E) 0.5. Animals were maintained as heterozygotes. 168 

All animal procedures were performed in accordance with the Institutional 169 

Committee (IACUC) and the Institutional Biosafety Committee. 170 

 171 

Immunostaining 172 

The following antibodies were used: mouse anti-Centrin (1:1000, Millipore, 04-173 

1624), rat anti-phospho Histone H3 (1:3,000, Sigma-Aldrich, H9908), sheep anti-174 

Chx10 (1:300, Abcam, ab16141), rabbit anti-Sox9 (1:300, Millipore, AB5535), 175 

mouse anti-phospho-Vimentin (1:300, MBL, D076-3), Rabbit anti-Olig2 (1:300, 176 

Millipore, AB9610), mouse anti-Syntaxin (1:500, Sigma-Aldrich, S0664), Rabbit 177 
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anti-cone arrestin, mCAR-LUMIj (1:10,000) has been previously described 178 

(Nikonov et al., 2008) and was a kind gift from gift from Cheryl Craft (UCLA), 179 

mouse anti-α-DG (1:50, Millipore, 05-298), rabbit anti-β-DG (1:300, JAF) was a 180 

kind gift from Dominique Mornet (Université de Montpellier), rat anti-β1-integrin 181 

(1:300, Millipore, MAB1997), guinea pig anti-Calbindin (1:600, Synaptic Systems, 182 

214 005). Donkey anti-mouse 488 and 594, donkey anti-rabbit 594 and 647, 183 

donkey anti-rat 594, donkey anti-guinea pig 488, donkey anti-sheep 488 184 

secondary antibodies were used (Life Technologies). Hoechst (1:100,000, 185 

Invitrogen, H3570). 186 

 187 

Retinal Preparations 188 

For flat-mount retinal preparations, eyes were enucleated and dissected without 189 

fixation, separating the neural retina and the RPE. Retinas were then flat 190 

mounted on cover glasses and gently lowered into 4% paraformaldehyde (PFA) 191 

in PBS (NaCl 8g/L, Na2HPO4 1.44g/L, KCl 0.2g/L, KH2PO4 0.24g/L, pH 7.2) at 192 

4˚C for 30-60 seconds allowing retina to detach from the glass, while leaving 193 

residual RPE cells attached to the glass. Following washing in PBS, retinas were 194 

treated with absolute methanol at 4˚C for 5 minutes and slowly rehydrated by 195 

incubating with gradually decreasing concentrations of methanol in PBS over the 196 

course of 3 hours. After washing in PBS, retinas were incubated overnight at 4˚C 197 

in blocking solution (10% donkey serum, 0.01% Tween-20, PBS). Next, retinas 198 

were incubated with primary antibodies in 300μl blocking solution at 4˚C for 24 199 

hours, washed, and incubated with secondary antibodies in blocking solution 200 
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overnight. Following washing, tissues were mounted in ProLong® Gold Antifade 201 

Reagent (Life Technologies, P36930). Only peripheral retinal regions were 202 

imaged and analyzed. Radial sections were prepared by fixing the eyes in 4% 203 

PFA for 10 minutes, cryoprotecting in 30% sucrose, and mounted in O.C.T. 204 

embedding medium. 16μm sections were collected on microscope slides with a 205 

cryostat. Sections were washed in PBS and then blocked for 30 minutes at room 206 

temperature in 5% donkey serum in PBS with 0.3% Triton X-100. Following 207 

washing in PBS, sections were incubated with primary antibodies overnight at 208 

4˚C in 5% donkey serum in PBS with 0.01% Triton X-100 (25μl per section). 209 

Following washing in PBS, sections were incubated with secondary antibodies 210 

for 4 hours at room temperature. Following incubation with secondary antibodies, 211 

sections were washed and mounted in Vectashield mounting medium (Vector 212 

Laboratories, H-1000) and imaged. To ensure comparable regions of the retina 213 

were analyzed, all sections used were oriented nasal-temporally and traversed 214 

the optic nerve. 215 

 216 

Fate Tracking 217 

EdU in sterile saline was administered as intraperitoneal injections at the 218 

concentration of 100mg/kg body weight. Mice were injected once at P0, P3, or 219 

P5. At P15 eyes were collected, prepared and sectioned as described above. 220 

EdU was detected per vendor’s instructions and used in combination with anti-221 

Chx10 and anti-Sox9 antibodies. Percentages of RPCs that became rod 222 

photoreceptors were calculated as percentage of bright EdU+ cells present in the 223 
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ONL. Similarly, RPCs that became bipolar cells or Müller glia were determined by 224 

percentage of bright EdU+ Chx10+, or bright EdU+ Sox9+ cells, respectively. 225 

 226 

Organotypic Retinal Cultures 227 

Organotypic retinal cultures with RPE intact were prepared as described in 228 

(Stoppini et al., 1991; Pinzón-Duarte et al., 2000) with modifications. Briefly, P0 229 

eyes were enucleated and dissected in sterile HBSS. The sclera was removed 230 

using a pair of forceps. Cornea was removed using microdissection scissors 231 

taking care to leave the iris and ciliary body intact. Four radial cuts were made to 232 

flatten the sample, which was then transferred, ganglion cell side up, to the upper 233 

compartment of a Costar Transwell Permeable Support (Corning; 3401) 234 

containing enough medium to keep the tissue moist without covering it 235 

completely (300-350μl), with 650μl in the lower compartment. Culture medium 236 

consisted of 1:1 DMEM/F12 with hydrocortisone (20nM), insulin (5mg/ml), 237 

progesterone (20nM), putrescine (100mM), selenium (20nM), taurine (3mM), 238 

transferrin (1mg/ml), 5% fetal calf serum and 5% horse serum. No antifungal or 239 

antibiotic agents were used. Cultures were kept in an incubator with 5% CO2 at 240 

37˚C. 400μl of medium was changed first day in culture.  241 

 242 

Ex vivo Rescue and Receptor Blocking Experiments 243 

For rescue studies: following medium change, 10μl medium containing 50pMol 244 

laminin-521 was placed on the retinal surface. Medium containing no laminin was 245 

used as negative control. For receptor blocking studies: following medium 246 
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change, 10μl medium containing 1nMol α-DG blocking antibody or 500pMol β1-247 

integrin blocking antibody or both was placed on the retinal surface. Nonspecific 248 

IgM and IgG2ak were used as isotype controls, respectively. After 3 days in vitro 249 

(DIV), cultures were fixed for flat-mounts or cryosections as described above. 250 

Monoclonal blocking antibody to α-DG (IIH6) has been previously described 251 

(Ervasti et al., 1990; Ervasti and Campbell, 1991) and was a kind gift from Dr. 252 

Kevin Campbell (HHMI, University of Iowa). Rat β1-integrin blocking antibody 253 

(9EG7, BD Pharmigen, 553715). Mouse IgM isotype control (Sigma-Aldrich, 254 

M5909). Rat IgG2ak isotype control (BD, 559073). 255 

 256 

Experimental Design and Statistical Analysis 257 

The mouse pups of specified age were collected following genotyping, using WT 258 

littermates as controls. Sex of the animals was not assessed. Mitotic spindle 259 

angles were measured from 0.2μm optical section z-stacks acquired using 260 

OptiGrid structured illumination microscopy (Improvision LTD) from peripheral 261 

regions of 3 retinas per genotype or ex vivo condition, on a Nikon Eclipse Ni 262 

microscope with 60X oil immersion objective at room temperature. 3D 263 

reconstruction, analysis of the dividing nuclei, mitotic spindle angle and all other 264 

measurements were performed using Volocity (Perkin-Elmer, Waltham, MA, 265 

USA). Centrosomes were defined as objects in 3D space and spindle angle was 266 

measured as an angle between the line connecting the centroids of the two 267 

centrosomes and the plane of the apical surface of the retina. 268 

Angle measurement distributions were compared using Kolmogorov-Smirnov test. 269 
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Symmetric vs. asymmetric angle ratios were compared using χ2 test. Mitotic 270 

densities and ratios of RPCs with basal processes were compared using 271 

Student’s t-test (for two-condition comparison) or ANOVAs with Bonferroni's 272 

multiple comparisons test (three or more conditions).  Cell-type numbers as well 273 

as mitotic indices were calculated by counting cells positive for markers of 274 

interest in at least two non-neighboring sections per sample (3 or more per 275 

genotype per time point) and compared by using Student’s t-test. Data were 276 

represented as mean ± S.E.M. Statistical analyses and graphical representations 277 

were performed using GraphPad Prism 6.0. In figures, significances are 278 

represented as follows: *p≤0.05; **p≤0.01; ***p≤0.001; and ****p≤0.0001. Adobe 279 

Illustrator CS3 and Adobe Photoshop CS3 were used for non-quantitative image 280 

editing and arrangement, such as image rotation, hue adjustment, and figure 281 

composition.282 
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Results 283 

RPC mitotic spindle orientation is laminin dependent 284 

Direction of cytokinesis plays an important role in fate decision, presumably 285 

by modulating inheritance of fate-determining factors (Figure 1A). To determine 286 

whether the orientation of RPC cytokinesis is affected by composition of the ILM, 287 

we examined the orientation of the mitotic spindle poles, as they are the focal 288 

points of separation during cell division, in WT and Lamb2-/- mice. Spindle poles 289 

in peripheral regions of retinal flat-mounts were visualized using phospho-290 

Histone H3Ser28 (PH3) and centrin immunostaining to label mitotic cells and 291 

centrosomes, respectively. Mitotic spindle angles of RPCs in prometa/metaphase 292 

(Figure 1B) were calculated from z-stacks by simple trigonometry (Figure 1C). 293 

Angles oriented at less than 30˚ relative to the apical surface were considered 294 

symmetric, while those oriented at more than 30˚ were considered asymmetric 295 

(Figure 1D).  296 

We found that the majority of the spindle angles in WT were oriented 297 

symmetrically. In P0 and P3 Lamb2-/- retinas, the distribution of the mitotic 298 

spindle angles was significantly shifted towards asymmetry (P0: p=0.0157; P3: 299 

p=0.0003, Kolmogorov-Smirnov test). By P5, however, the spindle angles did not 300 

appear different from the WT (Figure 1E). Consistent with the angle distribution 301 

results, the overall ratios of symmetric and asymmetric angles were shifted 302 

towards asymmetry in P0 and P3 Lamb2-/- animals (P0: p=0.0015; P3: 303 

p=0.0001; χ2 test) and were unaltered at P5 (Figure 1F). These data suggest that 304 
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β2-containing laminins at the ILM provide molecular cues governing the RPC 305 

mitotic axis during development. 306 

 307 

Exogenous laminin β2 rescues RPC mitotic spindle orientation ex vivo 308 

To confirm our findings and to test whether β2-containing laminins at the ILM 309 

directly provide orientational cues to the RPCs, we performed rescue studies 310 

using an ex vivo approach. Explants were prepared from retinas that were 311 

isolated at P0, and grown with the retinal pigment epithelium (RPE) intact. After 312 

one day in vitro (DIV), exogenous recombinant laminin 521 (trimer containing α-5, 313 

β-2, and -1 chains) was added to the retinal surface and cultures were grown for 314 

two more days before being collected and analyzed (Figure 1G). RPC mitotic 315 

spindle orientation was assessed as described above. Similar to in vivo results, 316 

the distribution of mitotic spindles in the Lamb2-/- cultures was significantly 317 

skewed towards asymmetry (WT vs Lamb2-/-: p=0.042, Kolmogorov-Smirnov 318 

test). Addition of laminin 521 shifted the spindle angles towards symmetry 319 

(Lamb2-/- vs Lamb2-/- +521: p=0.0066, Kolmogorov-Smirnov test), resulting in 320 

WT-like distribution. This effect was specific to laminin 521, as exogenous 321 

laminin 511 (α-5, β-1, -1) failed to rescue the mitotic spindle orientation in RPCs 322 

(Figure 1H). Consistent with the angle distributions, the overall ratios of 323 

symmetric and asymmetric angles were shifted towards asymmetry in Lamb2-/- 324 

cultures (p=0.0001, χ2 test), while addition of laminin 521, but not laminin 511, 325 

resulted in WT-like ratios (p=0.0177, χ2 test) (Figure 1I). Together, these results 326 
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demonstrate that the presence of β2-containing laminin at the retinal surface is 327 

necessary for proper mitotic spindle orientation in RPCs. 328 

 329 

Laminin β2 contributes to RPC – BM contact 330 

Having established that laminin-mediated signaling controls RPC mitotic 331 

spindle orientation, we proceeded to investigate the mechanisms facilitating this 332 

process. RPCs undergo mitosis at the apical surface and span the thickness of 333 

the retina, with a basal process (BP) extending to the BM. We therefore 334 

examined whether loss of β2-containing laminins affected contact between 335 

mitotic RPCs and BM. Mitotic RPC morphology was examined by 336 

immunostaining with phospho-VimentinSer55 to label dividing RPCs and PH3 to 337 

label mitotic chromatin in WT and Lamb2-/- retinal sections (Figure 2A).  We 338 

found that the percentage of cells with BPs was significantly decreased in 339 

Lamb2-/- mutants as compared to WT (p=0.0042, t-test) (Figure 2B). This 340 

suggests that loss of β2-containing laminins leads to retraction of BPs by mitotic 341 

RPCs. 342 

To test whether β2-containing laminins at the retinal surface are directly 343 

responsible for mitotic RPC BP presence, we examined Lamb2-/- RPC BPs in 344 

response to exogenous laminin 521 addition using retinal explants (Figure 2C). 345 

Similar to in vivo findings, ex vivo Lamb2-/- retinas displayed a significant 346 

decrease in mitotic RPCs with BPs as compared to WT. Addition of laminin 521 347 

to the surface of β2-laminin-deficient cultures led to an increase of mitotic RPCs 348 

with BPs, resulting in levels comparable with the WT explants (WT vs Lamb2-/-: 349 
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p<0.05; Lamb2-/- vs Lamb2-/- +521: p<0.0001, ANOVA) (Figure 2D). These 350 

findings suggest that the mitotic RPC BPs are stabilized at the ILM in a laminin-351 

dependent manner, similar to that known for the Müller glia (Pinzón-Duarte et al., 352 

2010). 353 

Loss of BP by the RG in the developing cortex has been shown to be an 354 

important step in converting symmetrically dividing RG to stochastically dividing 355 

intermediate progenitor cells (IPCs) (Haubensak et al., 2004; Miyata et al., 2004; 356 

Noctor et al., 2004; Wu et al., 2005; Attardo et al., 2008; Noctor et al., 2008). We, 357 

therefore, examined whether the same mechanisms are present in the retina. 358 

Vimentin is an intermediate filament protein that forms baskets surrounding the 359 

mitotic spindles (Zieve et al., 1980; Chou et al., 2003). Phospho-Vimentin 360 

immunostaining, thus, allowed visualization of the mitotic spindles, as observed 361 

by discrete p-Vimentin staining on either side of PH3-labeled RPC chromosomes 362 

aligned at the metaphase plate, as well as BPs. Mitotic spindle angles were 363 

calculated from z-stacks of mitotic RPCs by measuring the angle between a line 364 

connecting the p-Vimentin mitotic spindle baskets and the plane of the apical 365 

surface (Figure 2E). We found that in both WT and Lamb2-/- retinas, mitotic 366 

RPCs with BPs predominantly displayed symmetric spindle orientation, while 367 

those lacking BPs were more stochastic (WT: p=0.0018; Lamb2-/-: p=0.0002. 368 

Kolmogorov-Smirnov test) (Figure 2F). These findings demonstrate that loss of 369 

the BPs by mitotic RPCs leads to a loss of symmetric spindle orientation, 370 

suggesting that the spindle angle phenotype observed in Lamb2-/- retinas is due 371 

to an increased incidence of mitotic RPCs lacking BPs. 372 



 

 18 

 373 

Dystroglycan and β1-integrin localization is laminin dependent 374 

Having established that loss of β2-containing laminins leads to loss of BPs in 375 

mitotic RPCs, and a shift of mitotic spindle angles towards asymmetry, we 376 

proceeded to investigate the molecular mechanisms by which laminins normally 377 

regulate mitotic spindle orientation. Disruption of cell-BM contact would 378 

necessarily disrupt the molecular signaling between cell-surface receptors and 379 

their ligands. As an ECM molecule, laminins interact with cells mainly via DG and 380 

integrins. Effects of integrin-mediated signaling on cell polarity and division 381 

orientation have been noted in numerous studies (reviewed in Manninen, 2015). 382 

Additionally, depletion of DG and β1-integrin in the developing retina mimic 383 

several of Lamb2 deletion phenotypes (Libby et al., 1999; Li and Sakaguchi, 384 

2004; Lunardi et al., 2006; Pinzón-Duarte et al., 2010). Since laminins are known 385 

to regulate their own receptor expression (Condic and Letourneau, 1997), we 386 

asked whether Lamb2 deletion affects DG and β1-integrin.  387 

In the WT retina, α-DG was localized at the vitreal surface as well as in the 388 

vascular BMs. In contrast, in the Lamb2-/- retina the receptor appeared 389 

discontinuous at the vitreal surface, mislocalized to the IPL, and was present in 390 

cell bodies of retinal cells (Figure 3A). β-DG in the WT retinas assumed the same 391 

distribution as the α subunit, and was similarly disrupted in the Lamb2-/- retinas – 392 

discontinuous at the vitreal surface and mislocalized to the IPL (Figure 3B). 393 

Similar to β-DG, β1-integrin was localized to the vitreal surface in WT, and was 394 

disrupted in Lamb2-/- retinas in a similar pattern (Figure 3C). Together these 395 
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data demonstrate that the loss of laminin β2 in the retina results in mislocalization 396 

of DG and β1-integrin. 397 

To test whether the observed receptor disruptions are directly due to loss of 398 

laminin β2 from the ILM, we performed ex vivo rescue studies, and analyzed the 399 

receptor distribution in cross sections. Both DG and β1-integrin were localized at 400 

the ILM of the WT retinal explants. Similar to in vivo observations, the receptors 401 

were largely absent from the ILM-side in Lamb2-/- cultures. Addition of 402 

exogenous laminin 521 to the retinal surface of the Lamb2-/- explants rescued 403 

the proper localization of receptors at the ILM, resulting in a distribution similar to 404 

the WT (Figure 3D). Together, these data demonstrate that DG and β1-integrin 405 

localization in the retina is laminin β2 dependent, and raise the possibility that 406 

these receptors are the mediators of laminin signaling controlling the mitotic axis 407 

in RPCs. 408 

 409 

β2-containing laminins control RPC mitotic spindle orientation via 410 

Dystroglycan 411 

To test whether β2-containing laminins control mitotic spindle orientation via 412 

DG and β1-integrin, we performed a series of receptor function-blocking 413 

experiments. To elucidate the role of each receptor, we used the organotypic 414 

culture approach, where WT retinas were treated with either α-DG (IIH6) or β1-415 

integrin (9EG7) function blocking antibodies. Blocking α-DG signaling resulted in 416 

a significant spindle angle shift towards asymmetry (p=0.0001, Kolmogorov-417 

Smirnov test), while, surprisingly, blocking β1-integrin function had no effect. 418 
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Blocking both pathways resulted in an angle distribution similar to that of blocking 419 

α-DG signaling (p=0.0001, Kolmogorov-Smirnov test) (Figure 4A). Consistent 420 

with the angle distribution results, the angle ratios were shifted towards 421 

asymmetry in α-DG, but not β1-integrin blocking cultures (α-DG: p=0.001; both 422 

antibodies: p=0.001, χ2 test) (Figure 4B). These data suggest that β2-containing 423 

laminins direct RPC mitotic spindle orientation via DG, but not β1-integrin. To our 424 

knowledge, this is the first report of DG-mediated signaling affecting the 425 

orientation of the mitotic spindle in any cell type. 426 

Following these results, we proceeded to investigate whether β2-containing 427 

laminins control RPC mitotic spindle orientation via DG. To this end we used 428 

Lamb2-/- explants that have been rescued by exogenous laminin 521. We 429 

hypothesized that if DG is the mediator for β2-containing laminins directing RPC 430 

mitotic axis, then blocking DG would be sufficient to reverse the rescue by 431 

exogenous laminin addition. Indeed, blocking α-DG signaling after laminin 521 432 

addition resulted in a significant spindle angle shift towards asymmetry (p=0.0001, 433 

Kolmogorov-Smirnov test); on the other hand, β1-integrin blocking did not have 434 

an effect. Blocking both signaling pathways resulted in a nearly stochastic angle 435 

distribution (control vs compound block: p=0.0001; α-DG block vs compound 436 

block: p=0.0001; Kolmogorov-Smirnov test), suggesting a synergistic effect 437 

between α-DG and β1-integrin signaling pathways in Lamb2-/- retinas (Figure 438 

4C). Concomitantly, the ratio of symmetric and asymmetric angles was shifted 439 

towards asymmetric in α-DG block cultures (p=0.0001, χ2 test), but not β1-440 

integrin blocking alone, cultures (Figure 4D). Compound receptor blockade 441 
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resulted in a nearly 1:1 ratio between symmetric and asymmetric divisions, 442 

similar to the angle distributions. These data demonstrate that the rescue 443 

observed with addition of laminin 521 is completely reversed by α-DG blocking. 444 

Together, these experiments confirm that β2-containing laminins control RPC 445 

mitotic spindle orientation via DG. 446 

 447 

β2-containing laminins control RPC proliferation 448 

Having established the DG-mediated effect of β2-containing laminins on RPC 449 

mitotic axis, we proceeded to investigate whether the observed phenotypes 450 

broadly affected retinal development. As mitotic axis orientation is implicated in 451 

cell decisions between cell cycle re-entry and exit, we examined RPC 452 

proliferation throughout development. Mitotic cells were labeled using PH3, and 453 

the density of mitotic cells at the retinal apical surface was established by 454 

counting the numbers of PH3+ cells in flat-mounted retinas. While no effect was 455 

observed during embryonic stages, from P0 onward the density of mitotic cells at 456 

the apical retinal surface was significantly decreased (P0: p=0.0296; P3: 457 

p=0.0007; P5: p=0.0052, t-test) (Figure 5A), leading to near-exhaustion of the 458 

progenitor pool by P5. Furthermore, mitotic indices were calculated in retinal 459 

sections as a percentage of PH3+ cells in the neuroblast layer (NBL) at the same 460 

time points and were found to be decreased as well (P0: p=0.0377; P3: 461 

p=0.0244; P5: p=0.0213, t-test) (Figure 5B). Together, these data indicate a 462 

decrease in RPC proliferation in Lamb2-/- retinas. 463 
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To assess whether the proliferation decrease is directly due to the loss of 464 

laminin β2, we again employed the ex vivo approach, first we examined RPC 465 

proliferation in untreated cultures and then again after exogenous laminin rescue. 466 

Similar to our in vivo observations, mitotic density in Lamb2-/- retinal explants 467 

was significantly lower than in the WT explants. Addition of laminin 521 to 468 

Lamb2-/- retinal cultures resulted in a significant increase of RPC mitotic density 469 

(WT vs Lamb2-/-: p<0.0001; Lamb2-/- vs Lamb2-/- +521: p=0.0246, ANOVA) 470 

(Figure 5C & D). As explants were prepared from P0 retinas, it is not surprising 471 

that laminin addition did not rescue proliferation to WT levels, since mitotic 472 

density is already decreased at that age (Figure 5A). This effect was specific to 473 

laminin 521, as exogenous laminin 511 had no effect on RPC proliferation (data 474 

not shown). Together these findings demonstrate that β2-containing laminins 475 

directly provide proliferative cues to the RPCs. 476 

 477 

Dystroglycan and β1-integrin control RPC proliferation 478 

Having established the role of β2-containing laminins in RPC proliferation, we 479 

next examined the roles DG and integrins play in mediating this effect. Using the 480 

ex vivo approach, we performed receptor blocking assays, and assessed RPC 481 

proliferation. α-DG blocking of WT retinal cultures resulted in a significant 482 

decrease in mitotic cell density compared to the isotype controls (p=0.0004, t-483 

test). Similarly, β1-integrin blocking also resulted in a significant decrease in 484 

mitotic cell density (p=0.0001, t-test). Combining the two treatments decreased 485 

the mitotic cell density (p=0.0128, t-test), but not significantly more so than the 486 
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single treatments (Figure 5E), suggesting that DG and β1-integrin mediated 487 

signaling is involved in regulating RPC proliferation. 488 

Next we examined whether DG and β1-integrin mediated the rescue of RPC 489 

proliferation in Lamb2-/- cultures by exogenous laminin 521 (Fig 5D). To do this 490 

we performed receptor blocking experiments in Lamb2-/- cultures after 491 

exogenous laminin 521 was added (Figure 5F). Similar to the results observed in 492 

WT cultures, control antibodies had no effect, while blocking of α-DG and β1-493 

integrin resulted in decreased RPC mitotic density (α-DG: p=0.0056; β1-integrin: 494 

p=0.0309, t-test), with effects not appearing to be additive (Figure 5F). Reversing 495 

the rescue effects of laminin 521 by blocking these receptors indicated that RPC 496 

proliferation control is indeed mediated through them. 497 

 498 

Deletion of Lamb2 leads to RPC cell fate shift 499 

Having established the role of β2-containing laminins in RPC mitotic spindle 500 

orientation and proliferation, we next proceeded to assess whether the observed 501 

RPC behavior ultimately resulted in alteration of the developmental program in 502 

the Lamb2-/- retina. As the observed RPC pool decline coincides with the time of 503 

peak rod, bipolar, and Müller cell production (Figure 6A), we inspected these cell 504 

populations using a fate tracking approach to investigate RPC fate choices. WT 505 

and Lamb2-/- pups were injected with EdU at P0, P3, or P5, and allowed to grow 506 

to P15. At that time the retinas were harvested, sectioned, and stained for EdU, 507 

Chx10 (bipolar cell), and Sox9 (Müller glia) to establish the ratios of cell types 508 

born at each age (Figure 6B). The relative percentages of RPCs that became 509 
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rods were significantly increased in P3 (p=0.0016, t-test) and P5 (p=0.0157, t-510 

test) injected Lamb2-/- retinas (Figure 6C). At the same time, RPCs that adopted 511 

bipolar cell fate were reduced in P0 (p=0.0277, t-test) and P3 (p=0.0006, t-test) 512 

injected Lamb2-/- retinas (Figure 6D). The relative percentage of Müller glia 513 

produced was decreased in P3 (p=0.0424, t-test) injected Lamb2-/- retinas 514 

(Figure 6E). Together these findings indicate that the absence of laminin β2 shifts 515 

RPC fate towards production of rods and away from the later-born bipolar and 516 

Müller cells, consistent with premature cell cycle exit. 517 

 518 

Deletion of Lamb2 leads to RPCs to shift towards Olig2+ lineage 519 

Having observed RPC cell-fate shift in Lamb2-/- retinas, we proceeded to 520 

further investigate the mechanisms responsible for the apparent preferential rod 521 

production. Majority of rods are produced by an Olig2+ subpopulation of 522 

terminally dividing RPCs (Hafler et al., 2012). We therefore investigated whether 523 

Lamb2 deletion affected this RPC population. To do so, we labeled retinal cross-524 

sections, ages from E15.5 to P5, with Olig2 (terminally dividing, primarily rod-525 

producing RPCs) and Chx10 (multipotent RPCs, (Rowan and Cepko, 2004) to 526 

assess the changes in these RPC populations throughout development. During 527 

embryonic development, both populations were clearly visible by immunostaining. 528 

From P0 onward, however, Chx10 immunofluorescence became faint, with 529 

decreasing numbers of labeled cells (Figure 7A). Consistent with no observed 530 

defects in embryonic development, numbers of Olig2+ RPCs did not differ 531 

between WT and Lamb2-/- retinas. While the density of Olig2+ RPCs begins to 532 
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decline in WT retinas at P0, when Olig2+ RPCs almost exclusively give rise to 533 

rods (Hafler et al., 2012), it remained significantly higher in Lamb2-/- retinas 534 

(p=0.0284, t-test), followed by a rapid decline, ending with a significant decrease 535 

by P5 (p=0.088, t-test) (Figure 7B). At the same time, the density of Chx10+ 536 

RPCs was unaffected in embryonic Lamb2-/- retinas, but declines more rapidly 537 

during postnatal development (P0: p=0.0378; P3: p=0.0250; P5: p=0.0004, t-test) 538 

(Figure 7C). Finally, the ratio of Olig2+ to Chx10+ RPCs, which describes the 539 

relationship between restricted and multipotent progenitors, remained unchanged 540 

during embryogenesis, and significantly increased in the postnatal Lamb2-/- 541 

retinas (P0: p=0.0021; P5: p=0.0223, t-test) (Figure 7D). Together, these data 542 

suggest that Lamb2 deletion results in a shift of RPC cell-fate from multipotent to 543 

fate-restricted Olig2+ lineage during postnatal retinogenesis, consistent with 544 

overproduction of rods and premature RPC pool depletion. 545 

 546 

Deletion of Lamb2 leads to altered cellular composition of the retina 547 

To assess whether the RPC cell fate shift observed in Lamb2-/- mice 548 

ultimately affected the cellular composition of the retina, we compared the 549 

numbers of retinal cell types in WT and Lamb2-/- retinas. Consistent with no 550 

observed defects in embryonic development of the mutant retinas, numbers of 551 

early-born cell types were unaffected. Overall numbers of cone photoreceptors 552 

and horizontal cells, as determined by counting Cone Arrestin+ or Calbindin+ 553 

cells in retinal flatmounts, respectively (Figure 8A-B) were not altered in Lamb2-/- 554 

mice (Figure 8C-D). Numbers of amacrine cells, as determined by counting 555 
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Syntaxin 1+ cells in retinal cross sections (Figure 8E-F) were slightly, though not 556 

significantly reduced (Figure 8G). This is consistent with our previous 557 

observations that TH+ amacrine cell numbers, which make up a small fraction of 558 

the amacrine cell population, are reduced in Lamb2-/- retinas (Dénes et al., 559 

2007). The number of rod photoreceptors was determined by the standard 560 

method of counting rows of nuclei in the ONL in cross sections (Figure 8H-I), as 561 

up to 97% of them are rods (Carter-Dawson and LaVail, 1979). Consistent with 562 

fate tracking studies, the number of photoreceptor rows was increased in mutant 563 

retinas (p=0.0308, t-test) (Figure 8J). At the same time, numbers of bipolar cells 564 

and Müller glia, as determined by counting Chx10+ or Sox9+ cells in cross 565 

sections (Figure 8K-L) were significantly decreased (Bipolar: p=0.0023; Müller: 566 

p=0.0026, t-test) (Figure 8M-N). These data suggest that Lamb2 deletion results 567 

in premature progenitor pool depletion and overproduction of rod photoreceptors 568 

at the expense of the late-born bipolar cells and Müller glia. Together these data 569 

demonstrate that β2-containing laminins provide critical epigenetic cues for RPCs 570 

that govern mitotic axis, proliferation, and the ensuing fate choice to ensure 571 

proper developmental progression.572 
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Discussion 573 

In recent years, our understanding of tissue development as a process 574 

occurring within a complex 3D environment has been greatly expanded. 575 

Classical in vitro studies performed with cellular monolayers have revealed 576 

important conceptual and mechanistic details regarding cell processes and 577 

behavior. However, the discrepancy between cell behavior in classical cultures 578 

and those grown with ECM cues, or more recently, 3D matrices, cannot be 579 

overstated. Initial data describing the role of laminins in establishing epithelial 580 

polarity came from studies in the kidney glomeruli, where blocking laminin-α 581 

chain signaling inhibited cell polarization in organ cultures (Klein et al., 1988). 582 

Compelling evidence from studies in 3D Madin-Darby Canine Kidney (MDCK) 583 

cell culture system revealed that laminins are required for the formation of 584 

epithelial cysts that elaborate apical surfaces facing an internal lumen. When 585 

grown without ECM, these cells fail to polarize properly, but addition of 586 

exogenous laminin rescues the polarity defects (Wang et al., 1990; O'Brien et al., 587 

2001). Another example of implementation of these principles includes mammary 588 

epithelial cell cultures. Grown on 2D plastic, they fail to express tissue-specific 589 

proteins or form acinar-like structures. However, when grown on a laminin-rich 590 

3D matrix, they assemble into in vivo-like structures with a number of mammary-591 

specific properties (Xu et al., 2009). 3D ECM-containing cultures have also been 592 

used to generate organotypic models recapitulating in vivo tissue architecture 593 

and polarization (Griffith and Swartz, 2006), opening new avenues to study 594 

development, regeneration, and tissue engineering. 595 
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Possibly the most notable example of the importance of laminin as it relates 596 

to retinal development and organization was the use of laminin to recapitulate 597 

eyecup formation from embryonic stem cells (ESCs). Specifically, growing 598 

neurospheres on artificial ECM caused them to laminate and organize into retina-599 

like structures (Eiraku et al., 2011). Our findings provide mechanistic explanation 600 

for this result and thereby further the appreciation for the importance of laminins 601 

as not only mechanical and structural support, but in providing epigenetic 602 

signaling cues.  603 

Here, we have identified the molecular signaling mechanism by which β2-604 

containing laminins in the ILM modulate RPC mitotic axis and thereby 605 

neurogenesis in the retina, shedding light on a fundamental process of ECM-cell 606 

signaling and the receptors involved. We have established that (1) laminin-607 

dependent contact with BM governs the mitotic spindle orientation; (2) DG-608 

mediated signaling is responsible for coordination of RPC mitotic spindle 609 

orientation independently of β1-integrin; (3) DG and β1-integrin signaling controls 610 

RPC proliferation; (4) ILM composition is important for maintaining RPC 611 

proliferation and the ensuing cellular composition of the retina. Figure 9 presents 612 

a schematic summary of these findings. 613 

 614 

Laminins control RPC proliferation and mitotic spindle orientation 615 

Symmetric cell divisions are required for proper tissue expansion and 616 

morphogenesis during development (Baena-López et al., 2005; Segalen and 617 

Bellaiche, 2009). Positioning of the mitotic spindle dictates the direction of 618 
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cytokinesis of the mother cell. Most epithelial stem and progenitor cells orient 619 

their spindles perpendicular to the apical-basal axis of the cell and divide parallel 620 

to the plane of the tissue resulting in symmetric tissue expansion and 621 

maintenance of the progenitor pool, followed by a switch to asymmetric division 622 

mode in later development to generate cellular diversity. This is true in multiple 623 

tissues and species (Gillies and Cabernard, 2011). Asymmetric divisions lead to 624 

adoption of different fates by the two daughter cells, leading to production of 625 

different cell types, and creating functional tissues. 626 

The importance of β1-integrin mediated signaling between ECM and the cell 627 

on mitotic spindle positioning in particular has been well documented in 628 

numerous systems (Aszodi et al., 2003; Lechler and Fuchs, 2005; Théry et al., 629 

2005; Reverte et al., 2006; Toyoshima and Nishida, 2007; Toyoshima et al., 630 

2007; Taddei et al., 2008). Surprisingly, we saw no effect of β1-integrin blocking 631 

on mitotic spindle orientation in RPCs. Our data suggest that RPC mitotic spindle 632 

orientation is β1-integrin-independent and relies on DG instead. To our 633 

knowledge, ours is the first report of DG having an effect on mitotic spindle 634 

positioning. Furthermore, the phenotypes observed in Lamb2-/- retinas such as 635 

ILM disruption, rosette formation in the ONL, and diminished RPC proliferation 636 

are phenocopied in a model where DG was depleted from the developing 637 

Xenopus retina (Lunardi et al., 2006), reinforcing DG’s role in retinal development. 638 

These findings are of wide reaching importance not only in the field of 639 

developmental biology, but in cell biology as well, opening a new avenue of 640 

studies. 641 
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However, in the developing Xenopus retina, β1-integrin blocking phenocopies 642 

some of the DG disruption phenotypes, suggesting an overlap in the signaling 643 

cascades between the two receptors. This overlap becomes apparent in our 644 

Lamb2-/- retinal explants. Blocking both DG and β1-integrin in Lamb2-/- explants 645 

following rescue with laminin 521, appears to be additive and results in near 646 

stochastic orientation of the mitotic spindles. This synergistic effect is not 647 

observed when both receptor pathways are blocked in WT retinas, suggesting a 648 

change in the dependence on β1-integrin in absence of Lamb2.  While β1-649 

integrin signaling alone does not appear to affect RPC mitotic spindle orientation, 650 

it does affect proliferation, possibly via mediating cell-cycle dynamics or other 651 

mechanisms. Compensation by other integrins cannot be excluded at this point 652 

and remains a possibility. Further investigation of the role of laminin-integrin and 653 

laminin-DG signaling in RPCs is required. 654 

 655 

BM contact modulates proliferative capacity in multipotent progenitors of 656 

the CNS  657 

As the retina is part of the CNS, it perhaps is not surprising that RPCs display 658 

similar behavior to their cortical counterparts, the radial glia (RG). Both have 659 

radial processes contacting the BM, undergo interkinetic nuclear migration 660 

(IKNM) as they progress through the cell cycle, and divide at the apical surface 661 

(Sauer, 1935; 1936; Takahashi et al., 1993; Baye and Link, 2007; 2008). As in 662 

RPCs, RG division direction is predominantly symmetric (Smart, 1972; Chenn 663 

and McConnell, 1995; Heins et al., 2001; Estivill-Torrus et al., 2002; Haydar et al., 664 
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2003; Kosodo et al., 2004; Fish et al., 2006; Stricker et al., 2006; Konno et al., 665 

2007). Dividing RG are capable of producing more RG, differentiating neurons, 666 

as well as restricted, intermediate progenitor cells (IPCs) (reviewed in Götz and 667 

Huttner, 2005; Huttner and Kosodo, 2005). While RG have the potential to self-668 

renew, IPCs generally divide only once to produce two neurons (Haubensak et 669 

al., 2004; Miyata et al., 2004; Noctor et al., 2004; Wu et al., 2005; Attardo et al., 670 

2008; Noctor et al., 2008). Unlike in RG, IPC cytokinesis occurs at nearly random 671 

orientation (Attardo et al., 2008). The key observation is that the retention of the 672 

basal fiber and contact with the BM is important for preserving the RG identity. 673 

RG remain highly polarized while in contact with the BM, whereas IPCs lack such 674 

contacts, leading to speculation that the loss of apico-basal polarity leads to the 675 

restriction in their proliferative capacity (Noctor et al., 2004; Attardo et al., 2008).  676 

Our current findings suggest that laminins in the BM provide essential signaling 677 

cues that are especially important in the context of 3D tissue structure and 678 

morphogenesis. Indeed, it has already been demonstrated that polarity in Müller 679 

glia, the final product of RPC division, is regulated by laminins (Hirrlinger et al., 680 

2011). BM contact dictates progenitor behavior and tissue development by 681 

providing environmental cues that convey proper mitotic orientation and 682 

proliferative capacity. Deletion of Lamb2 leads to decreased proliferation, and an 683 

increased incidence of mitotic RPCs lacking BPs. These cells display a nearly 684 

stochastic mitotic spindle positioning, similar to what is observed in the cortical 685 

IPCs lacking BM contact. As this study focused specifically on RPCs in mitosis, it 686 

is currently unknown whether laminins affect BP stability in other stages of cell 687 



 

 32 

cycle as well. BP disruption during interphase would necessarily affect IKNM, 688 

which would likely result in ectopic mitoses throughout the retina. Ectopic mitoses 689 

were not observed, thus we hypothesize that the loss of polarity cue provided by 690 

the BP attachment to the ILM specifically affects the spindle apparatus 691 

orientation during mitosis. Further experiments to link the BP to the spindle 692 

apparatus are warranted.  693 

Disruption of DG-laminin signaling at the BM also results in a nearly 694 

stochastic mitotic axis orientation and limits proliferation, suggesting that BM-cell 695 

signaling is DG-mediated. We propose that the loss of contact with the BM is the 696 

crucial step in the transition from a multipotent progenitor to a restricted transient 697 

amplifier during development. Further investigation of the BM-cell contact 698 

dynamics, and the role of laminins and DG therein, will be necessary to shed 699 

more light on its impact on development and morphogenesis.700 
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Figure Legends 905 

Figure 1: RPC mitotic spindle orientation is Laminin β2-dependent. 906 

 A. Symmetric and asymmetric cell division model. Divisions occurring parallel to 907 

the apical surface result in assumption of the same fate by both daughters due to 908 

even distribution of intracellular fate determining factors (shown as white-blue 909 

gradient) as well as inheritance of apical domain and basal processes. In early 910 

stages, such divisions result in expansion of the progenitor pool, producing two 911 

proliferative RPCs. Later in development such divisions produce two post-mitotic 912 

daughters. These divisions are referred to as symmetric and are typically 913 

considered to include divisions at an angle of 30˚ or less relative to the surface. 914 

Divisions occurring at an angle greater than 30˚ are typically referred to as 915 

oblique or asymmetric and are more likely to result in different fate adoption by 916 

the daughters. The apical daughter remains proliferative while the basal daughter 917 

leaves cell cycle as a result of asymmetric inheritance of fate determining factors. 918 

B. Optical section of the apical surface of a retinal flat-mount stained for PH3 919 

(red) to mark mitotic cells, and centrin (white) to mark centrosomes. Arrows 920 

indicate RPCs in prometa/metaphase. C. Left: Optical section of a single mitotic 921 

RPC in metaphase at the apical surface of a retinal flat-mount. Arrows indicate 922 

centrosomes. Right: XZ view of a mitotic RPC with mathematical approach used 923 

to calculate the 3D angle between the two spindle poles. D. Representative 924 

images of XZ views of cells with asymmetric (top) and symmetric (bottom) mitotic 925 

spindle orientations. E-F. Mitotic spindle angle distributions and ratios at P0, P3, 926 

P5. G. Organotypic retinal culture model. After one day in vitro, exogenous 927 
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laminin, suspended in medium is added to the retina, which is grown for two 928 

more days before being collected and analyzed. H-I. Mitotic spindle angle 929 

distributions and ratios in retinal explants. 930 

 931 

Figure 2: Laminin β2 in the ILM regulates basal process stability in mitotic 932 

RPCs. 933 

A. Extended focus view of 20μm z-stack of P3 retinal sections stained for p-934 

vimentin (dividing RPCs: white) and PH3 (mitotic chromatin: red). Arrows indicate 935 

cells with basal processes; asterisk – without basal processes. Dashed line 936 

marks apical surface of the retina. B. Quantification of RPCs with basal 937 

processes at P3.  C. Extended focus view of 20μm z-stack of p-Vimentin and 938 

PH3 stained retinal explant sections. D. Quantification of RPCs with basal 939 

processes in retinal explants. E. Optical sections, and 3D volume reconstructions, 940 

of mitotic RPCs with and without basal processes. Dashed yellow line marks 941 

apical surface of the retina. Arrows indicate mitotic spindle baskets. Dashed blue 942 

line with arrowheads marks the line between the mitotic spindles as well as the 943 

direction of cytokinesis. α indicated the mitotic spindle angle for respective RPCs. 944 

F. Mitotic spindle angle distributions in RPCs with and without basal processes in 945 

WT and Lamb2-/-. 946 

 947 

Figure 3: Dystroglycan and β1 integrin localization in the retina is laminin-948 

dependent. 949 

A-C: Neighboring P3 WT and Lamb2-/- retinal cross sections. A. WT and Lamb2-950 
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/- retinal sections stained for α-DG. In WT retinas, α-DG localizes to the vitreal 951 

surface on the retina and is also present in the blood vessels. In Lamb2-/- retinas, 952 

α-DG staining is discontinuous at the vitreal surface, mislocalized to some cell 953 

bodies (arrows) and the IPL (asterisks) in Lamb2-/-. B. WT and Lamb2-/- retinal 954 

sections stained for β-DG, which exhibits similar distribution to the α-subunit. 955 

Mislocalization in Lamb2-/- is similar to that of the α-subunit. C. WT and Lamb2-/- 956 

retinal sections stained for β1-integrin, exhibiting similar localization to that of α-957 

DG. D. Addition of exogenous laminin rescues DG and β1-integrin localization in 958 

organotypic retinal cultures. In WT explants, α-, β-DG, and β1-integrin are 959 

localized to the basal surface (arrows in all panels). In Lamb2-/- explants, the 960 

staining is largely absent at the basal surface. Receptor localization at the basal 961 

surface is rescued in Lamb2-/- explants with addition of exogenous laminin 521. 962 

 963 

Figure 4: β2-containing laminins orient RPC mitotic spindle via 964 

dystroglycan. 965 

A. Mitotic spindle angle distributions in WT retinal explants with α-DG and β1-Int 966 

function blocking antibodies. B. Quantification of ratios of symmetric and 967 

asymmetric spindle angles in WT retinal explants. C. Mitotic spindle angle 968 

distributions in Lamb2-/- retinal explants that have been rescued by laminin 521 969 

addition, with α-DG and β1-Int function blocking antibodies. D. Quantification of 970 

ratios of symmetric and asymmetric spindle angles in retinal explants. 971 

 972 

Figure 5: β2-containing laminins regulate RPC proliferation via DG and β1-973 
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Intergin. 974 

A. Mitotic density quantification of WT and Lamb2-/- retinal flat-mounts. B. Mitotic 975 

index quantification of WT and Lamb2-/- retinal cross sections. n≥3 per 976 

measurement. C. PH3 staining of mitotic RPCs at the apical surface of flat-977 

mounted retinal explants.  D. Quantification of mitotic densities in retinal explants. 978 

E. Quantification of mitotic densities in WT retinal explants with α-DG and β1-Int 979 

function blocking antibodies. F. Quantification of mitotic densities in Lamb2-/- 980 

retinal explants that have been rescued by laminin 521 addition, followed by α-981 

DG and β1-Int function blocking antibodies. All data are shown as mean ± SEM. 982 

 983 

Figure 6: Laminin β2 deletion alters RPC cell fate.  984 

A. Schematic of the developmental progression of cell type differentiation in 985 

mouse retina (modified from (Young, 1985). Dashed lines indicate time points at 986 

which mitotic densities and indices were measured. Green signifies unaltered 987 

proliferation, red - diminished proliferation in Lamb2-/- retinas compared to WT. B. 988 

Example of fate-tracking experiment where mice were injected with EdU at P0. 989 

Chx10: bipolar cells (green), Ssox9: Müller glia (purple). Dashed lines delineate 990 

outer nuclear layer (ONL), which is dysmorphic in Lamb2-/- retinas. C-E. 991 

Quantification of the fate-tracking experiments with proliferating RPCs labeled at 992 

P0-P3-P5. Relative percentages of labeled cells at each time point that are 993 

located in the ONL - rods (C), double labeled EdU/Chx10 bipolar cells in the INL 994 

(D), and double labeled EdU/Sox9 Müller glia in the INL (E). n≥3 for all data 995 

points. Data are shown as mean ± SEM. 996 
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 997 

Figure 7: Laminin β2 deletion shifts RPCs towards Olig2+ lineage.  998 

A. E15.5-P5 developmental series of retinal cross sections stained for Olig2 and 999 

Chx10. The numbers of Olig+ and Chx10+ cells were determined by counting in 1000 

cross sections. B. Quantification of Olig2+ RPCs. The numbers of Olig2+ cells 1001 

were unaffected during embryogenesis, but were altered during the postnatal 1002 

development in Lamb2-/- retinas. C. Quantification of Chx10+ RPCs. The 1003 

numbers of Chx10+ cells were unaffected during embryogenesis, but declined 1004 

more rapidly during postnatal development in Lamb2-/- retinas. D. Ratio of Olig+ 1005 

RPCs to Chx10+ RPCs throughout development. The ratios were unaffected 1006 

during embryogenesis, but became significantly increased during postnatal 1007 

development in Lamb2-/- retinas. Data represented as mean ± SEM. 1008 

 1009 

Figure 8: Deletion of laminin β2 leads to overproduction of rod 1010 

photoreceptors and underproduction of bipolar cells and Müller glia. 1011 

A-B. Extended focus view of z-stacks from OPL and adjacent part of INL in flat-1012 

mount retinas stained for calbindin (horizontal cells) and cone arrestin (cone 1013 

photoreceptors). The numbers of horizontal cells and cone photoreceptors were 1014 

determined by counting in retinal flat-mounts and were found to be unaffected in 1015 

the Lamb2-/- retinas. C-D. Quantification of cone photoreceptor and horizontal 1016 

cell densities. E-F. Syntaxin-1 staining of retinal sections labeling amacrine cells. 1017 

G. Quantification of the amacrine cell numbers. H-I. Hoechst staining of retinal 1018 

cross sections. J. Quantification of rows of cells in the photoreceptor layer. K-L. 1019 
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Chx10 (bipolar cells) and Sox9 (Müller glia) staining of retinal cross sections. M-1020 

N. Quantification of bipolar cells and Müller glia. All data are shown as mean ± 1021 

SEM. 1022 

 1023 

Figure 9. Laminin β2 regulates RPC proliferation and cell fate decision by 1024 

modulating mitotic spindle orientation via dystroglycan  1025 

Contact between mitotic RPCs and the ILM is established through the basal 1026 

process and the signaling is mediated via multiple receptors. This interaction 1027 

provides orientational and signaling cues ensuring proper retinal development. A. 1028 

Dystroglycan regulates the orientation of the RPC mitotic spindle. Most cell 1029 

divisions are symmetric, contributing to the progenitor pool maintenance and 1030 

ensuring orderly cell cycle exit during development. B. Loss of laminin β2 leads 1031 

to disrupted ILM, which fails to provide proper cues to the mitotic RPCs. Mitotic 1032 

RPCs lose their basal processes, disrupting dystroglycan-mediated signaling. As 1033 

a result, the mitotic axis shifts towards asymmetry, accompanied by cell cycle 1034 

exit. This leads to overproduction of rods at the expense of the bipolar cells (BC) 1035 

and Müller glia (MG). 1036 




















