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Abstract 27 

Angiogenesis is a stepwise process leading to blood vessel formation. In the vertebrate retina, 28 

endothelial cells are guided by astrocytes migrating along the inner surface, and the two 29 

processes are coupled owing to a tightly regulated cross-talk between the two cell types. Here, 30 

we investigated how the Fat1 Cadherin, a regulator of tissue morphogenesis governing tissue 31 

cross-talks, influences retinal vascular development. Through late-onset inactivation in the 32 

neural lineage, we bypassed its early contribution to eye development, and assessed its 33 

requirement for post-natal retina angiogenesis. We found that neural Fat1 expression regulates 34 

astrocyte maturation, and that its deletion interferes with the astrocyte/endothelial cell cross-35 

talk, thus delaying retinal angiogenesis. Some abnormalities of the vascular architecture 36 

persisted at adult stages, causing an increase in the density of deep vascular retinal layers 37 

associated with changes in distribution of higher order vessels. Altogether, our data identifies 38 

Fat1 as a novel regulator of neurovascular communication, essential for vascular development 39 

and integrity in the retina.   40 

 41 

Author Summary 42 

TO DO 43 

44 



3 

 

 45 

Introduction  46 

The vascular system is dedicated to the distribution to every organ of its nutrients and 47 

oxygen supply, and serves as a vector for hormonal control and immune surveillance. Assembly 48 

of the vascular system involves a process called angiogenesis, by which endothelial cells coalesce 49 

to form vessels, which are subsequently remodeled so as to adapt blood flow to tissue scale. 50 

Whereas the cellular and molecular mechanisms underlying these processes are common to 51 

many organs [1], some vascular properties, such as the capacity of exchange and filtration, are 52 

adjusted in an organ-specific manner, and such adaptations involve tissue-specific cross talks 53 

between endothelial cells and cellular players of each organ. An emblematic example of organ-54 

specific adaptation is the tight barrier function by which central nervous system vasculature 55 

restricts cellular permeability and immune passage, and this specificity is driven by numerous 56 

exchanges of signals between neural and endothelial cells [2].  57 

The retina represents an excellent system for the study of these neurovascular interactions. 58 

In the retina, angiogenesis starts after birth, involving first a phase (between P0 and P7) of 59 

horizontal vascular growth in the plane of the inner-most retinal layer (sharing the space with 60 

axons of retinal ganglion cell (RGC) neurons, as they head out towards the optic nerve). This 61 

process is followed by a phase of perpendicular growth of vessels towards deeper retinal layers, 62 

between P7 and P21, resulting in the successive formation of two additional vascular layers, 63 

called inner and outer plexiform layers, respectively [1, 2]. During the phase of horizontal 64 

vascular growth, endothelial cells (ECs) are preceded by migrating astrocyte progenitor cells 65 

(APCs), which enter the retina through the optic nerve head [3], and spread radially on the inner 66 

retinal surface, reaching the edges of the retina in a few days, ahead of endothelial cell migration 67 

[4]. Astrocyte motility is ensured by PDGF, secreted by the underlying RGC neurons, and 68 

signalling via PDGFRA [5]. APs subsequently undergo partial differentiation, and turn into 69 
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immature astrocytes (IAs), which serve as substrate and guidance cue for the subsequent 70 

migration of EC cells: Ahead of the EC migration front, immature astrocytes secrete VEGF in 71 

response to hypoxia [6]. VEGF acts as a chemo-attractant for EC migration, signalling via its 72 

cognate receptors VEGFRs [7].  73 

As ECs migrate radially on the astrocytic layer, thus allowing the vascular network to 74 

expand, the rise in oxygen level resulting from blood perfusion locally promotes the conversion 75 

of immature astrocytes (IAs) into mature astrocytes (MA), characterized by increased GFAP and 76 

reduced VEGF expression levels proximal to the vascular front [8]. This EC/oxygen-mediated 77 

silencing of VEGF expression in the rear of the vascular front, opposed to the high VEGF levels 78 

induced by hypoxia in the EC-free region ahead of the vascular front [6, 9-11], thus establishes a 79 

gradient of VEGF (high in immature astrocytes, low in mature astrocytes), determining the 80 

outward direction polarity of EC migration [8]. Because of this mutual dependency, molecular 81 

alterations that interfere with astrocyte migration also impact on the progression and 82 

angiogenesis in the postnatal retina [10-14], whereas manipulations interfering with EC 83 

migration rate also result in defective astrocyte maturation [15]. Aside from astrocytes, other 84 

neuronal cell types and signalling systems also contribute to modulate angiogenesis in the 85 

nervous system [2]. Neurons participate in several ways, either by sending pro-angiogenic 86 

factors, such as VEGF itself [16, 17], or by producing negative modulators of angiogenesis such 87 

as the decoy VEGF receptor sFlt1, or Sema3E [16, 18, 19]. Thus, a complex interplay of pro- and 88 

anti-angiogenic factors produced by neural cells is key to orchestrate the timing of angiogenesis.  89 

We previously reported that constitutive deletion of the Fat1-Cadherin gene, aside from its 90 

impact on neuromuscular morphogenesis [20, 21], caused abnormalities of the retinal 91 

vasculature [21], thus identifying Fat1 as a potential novel player in vascular biology. However, 92 

the exact role played by Fat1 had not been elucidated. Fat-like cadherins are known regulators 93 

of tissue-morphogenesis, capable of modulating cell polarity, cell migration, cell growth and cell 94 

fate decisions [22-24]. Their binding to Dachsous-like cadherins triggers bidirectional signalling 95 
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cascades impinging on the planar cell polarity or Hippo/Yap pathways, thereby influencing, both 96 

cell- or non-cell-autonomously, cytoskeletal dynamics and cell fate decisions [22]. Both the 97 

Hippo/YAP [25-28] and the planar cell polarity [29] pathways are known modulators of 98 

angiogenesis. Fat1 and YAP are also commonly involved in an earlier process of eye 99 

morphogenesis and their inactivation results in a congenital malformation called coloboma [30, 100 

31]. Although PCP signalling and YAP activity are mainly thought to act as sensors of mechanical 101 

forces, they may also mediate Fat/Dachsous signalling to shape eye and vessel morphogenesis.  102 

Here, we explored how Fat1 activity influences retinal vascular development in mice. 103 

During postnatal angiogenesis, Fat1 expression was predominantly detected in astrocytes and 104 

Müller glia. Its deletion in the neural lineage using a late-onset CRE driver allowed bypassing its 105 

early morphogenetic activity, rescuing the coloboma found in constitutive knockouts, and led to 106 

a delay in the rate of endothelial cell horizontal migration, associated with a delay in maturation 107 

of astrocytes, manifested by lowered levels of GFAP and Pdgfra. Thus, Fat1 activity in the neural 108 

lineage is required for astrocyte maturation, and its deletion interferes with the 109 

astrocyte/endothelial cell cross-talk, thus delaying retinal angiogenesis. Finally, some 110 

abnormalities of the vascular architecture nevertheless persisted at adult stages, making adult 111 

mice with neural-specific Fat1 ablation an interesting model of neuro-vascular pathology. 112 
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 113 

Results 114 

Constitutive Fat1 disruption impairs eye cup morphogenesis and optic fissure closure 115 

The main objective of the present study is to investigate how Fat1 gene activity in the 116 

postnatal neural lineage contributes to the neurovascular crosstalk at post-natal and adult 117 

stages. However, Fat1 disruption was previously reported to affect the optic cup development 118 

and to result in morphological abnormalities of the eye, with varying severity and penetrance, 119 

ranging from microphthalmic eyes with high numbers of apoptotic cells, altered lens 120 

morphogenesis, to normally sized and shaped eyes, nevertheless exhibiting vascular 121 

abnormality at adult stages [21, 30, 32, 33]. Such a large severity scale implies not only that Fat1 122 

is required at several successive stages, starting with eye development, but also that phenotypic 123 

penetrance of several knockout alleles is incomplete for alterations of each of these functions. 124 

When assessing eye and retinal morphology at developmental ranging from E12.-5 to E14.5 125 

using the knockout allele (Fat1-) that we previously described, we indeed observed a range of 126 

phenotypes resulting from Fat1 disruption (Figure 1A, B), recapitulating known phenotypes [21, 127 

30, 32, 33].  128 

Eye development is a multistep process starting with eye cup morphogenesis in the embryo 129 

[34], and completed postnatally with formation of neuronal and vascular layers [1]. Eye cup 130 

morphogenesis starts with the emergence of the optic vesicles (OV) from the neural tube, to 131 

which they are connected by structures called optic stalks [34, 35]. As the OV bulges out of the 132 

neural tube and grows, its juxtaposition with the head ectoderm triggers a complex 133 

rearrangement of the neural ectoderm, which is induced to invaginate, thus forming a bi-layered 134 

structure, the optic cup (OC) [4]. The optic cup is constituted of an inner layer, forming the 135 

neural retina (NR), and of an outer layer corresponding to the retinal pigmented epithelium 136 

(RPE) [34]. Because the optic cup invagination occurs asymmetrically with respect to the optic 137 
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vesicle, it remains transiently open on its ventral side, the resulting opening being called the 138 

optic fissure (OF) [34, 36, 37]. The OF is later subject to an active morphogenetic process called 139 

ventral closure, during which the ventral edges of the optic cup align against each other and fuse, 140 

thus ensuring continuity of the retina on the ventral side [37]. When the process of ventral 141 

closure is defective, the optic cup remains open, causing a congenital abnormality called 142 

coloboma, which represents a major cause of childhood blindness [37, 38].  143 

At E12.5, around the stage of completion of optic fissure closure, control embryos exhibited 144 

a nearly closed eye cup, with the pigmented ventral edges closely apposed against each other 145 

(Figure 1A). At that stage, a small proportion Fat1-/- embryos (6/23) exhibited severe 146 

microphthalmia, with a drastic reduction in the size of the optic cup, whereas in most others 147 

(17/23) the relative eye size (area occupied by the eye relative to the trunk length) was only 148 

modestly reduced (Figure 1B). In these Fat1-/- embryos without microphthalmic eyes, the optic 149 

fissure had nevertheless failed to close, resulting in a coloboma characterized by a robust 150 

increase in the distance between the ventral edges, recognizable with the limit of the pigmented 151 

epithelium (Figure 1A, C). On coronal sections at E12.5, whereas the retina on anterior sections 152 

appeared comparable between control and Fat1-/- embryos, more posterior sections evidenced a 153 

marked anatomical difference in the ventral region. Whereas ventral edges are nearly fused in 154 

control embryos, a large grove separates ventral edges of Fat1-/- embryos, with mesenchymal 155 

tissues lying in the groove (Figure 1C). At E14.5, whereas all control eyes exhibited a perfectly 156 

continuous ventral retina, all Fat1-/- embryos still presented a distinguishable coloboma, 157 

indicating that the phenotype observed at E12.5 does not correspond to a delay in the closure, 158 

but rather a failure to do so. Thus, Fat1 activity at early stages of eye morphogenesis is required 159 

for optic fissure closure. Such a role was recently shown to be evolutionarily conserved, as Fat1 160 

loss-of-function mutations lead to coloboma in mouse, zebrafish and human, thus adding FAT1 161 

to the list of the list of known regulators of OF closure in which pathogenic variants are 162 

associated with human coloboma [30].  163 
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Delayed Fat1 ablation in the neural lineage bypasses the eye morphogenesis defects 164 

The presence of phenotypes resulting from impaired eye morphogenesis makes the 165 

constitutive knockout unsuitable for studying potential Fat1 involvement at later stages. Thus, 166 

assessing its requirement for neurovascular crosstalk requires deleting its functions in the 167 

neural retinal, only after the completion of eye development processes. Fat1 expression profile 168 

at these stages is not restricted to one single tissue type, but predominant in the mesenchyme 169 

just below the eye cup, in the ciliary margin of the neural retina, and in the RPE (Figure 1D), as 170 

seen by following expression of a Fat1LacZ allele by Salmon Gal staining or anti-β-galactosidase 171 

immunohistochemistry (IHC) on embryo sections. Each of these components may contribute 172 

significantly to eye growth and optic fissure closure, raising the possibility that retina-specific 173 

deletion at an early stage could potentially be detrimental for eye morphogenesis. Furthermore, 174 

the recent study linking FAT1 mutations to coloboma attributes this phenotype to Fat1 activity 175 

in the RPE [30]. To circumvent this, we took advantage of the Nestin-cre line, which allows 176 

neural-specific CRE-mediated excision, but with a slow onset resulting in delayed recombination 177 

[39, 40]. We previously showed that in the developing spinal cord, Nestin-cre-driven deletion of 178 

the HGF receptor Met occurred late enough to only achieve complete Met excision at E13.5 [39]. 179 

This delay was key to preserve early Met function in motor neurons (MNs), so as to address its 180 

functions at later stages of MN development [39]. Irrespective of the potential tissue-specificity 181 

underlying Fat1 activity as a regulator of eye morphogenesis, such a delay in the retina may be 182 

taken advantage of in order to ablate neural Fat1 expression late enough to preserve its putative 183 

activities during morphogenesis stages, and more specifically at the time of optic fissure closure.   184 

To determine if the timing of Nestin-cre-mediated activity in the developing optic cup was 185 

compatible with such an approach, we evaluated recombination efficiency with a Rosa26-based 186 

recombination reporter (R26-YFP [41]), in which YFP expression is conditioned by the cre-187 

mediated deletion of a Lox-STOP-Lox cassette. Once recombined, YFP expression is permanently 188 

driven by the ubiquitous R26 locus, thus allowing tracing of the cells in which CRE was active. 189 
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We analyzed the pattern of YFP expression achieved in Nestin-cre; R26YFP/+ retinas at different 190 

stages. At E13.5, one day after completion of the morphogenetic events governing optic fissure 191 

fusion, whereas whole embryo visualization of YFP expression outlined the whole central 192 

nervous system (CNS), surrounded by an otherwise non-recombined embryonic environment, 193 

illustrating the neural-specificity of Nestin-cre activity, little fluorescence could be detected in 194 

the eye (Figure 2A). To further characterize the extent of cre-mediated excision in the eye, we 195 

next performed YFP IHC on embryo sections at E13.5 and E16.5 (Figure 2A). As expected we 196 

detected robust YFP expression in a large fraction of the CNS, and in almost all cells of the 197 

proliferative epithelium of the lens vesicle. In contrast, recombination activity in the E13.5 optic 198 

cup itself was limited to a few cells in the ventral RPE, and completely absent in the neural retina 199 

at that stage, with no YFP+ cells detected (Figure 2A, top right panel). These results confirm that 200 

at E13.5, when eye morphogenesis is complete, Nestin-cre-driven recombination in the eye is 201 

restricted to the lens epithelium and ventral RPE, but absent from the neural retina, contrasting 202 

with the CNS, where robust recombination has already been achieved. Nestin-cre activity is 203 

delayed in the neural retina until E16.5, when some YFP-expressing cells started to be detected 204 

in several retinal layers encompassing glia and neurons (Figure 2A, bottom panels), indicating 205 

that cre-mediated deletion was ongoing at that stage, while recombination was near complete in 206 

the lens. Finally, in adult retinas, we found that the extent of Nestin-cre-mediated deletion 207 

reached 100% efficiency in Muller Glia, with a complete overlap between YFP and Glutamine 208 

Synthetase (GS) signals, and in astrocytes (labeled with GFAP antibodies) (Figure 2B).  209 

This delayed efficiency thus represents an excellent way of preserving most of Fat1 210 

expression in the optic cup until completion of optic fissure closure, making it unlikely for 211 

Nestin-cre-driven Fat1 deletion to interfere with optic cup morphogenesis, irrespective of the 212 

underlying tissue-specificity of Fat1 activity (and of its proposed requirement in the RPE [30]). 213 

This approach indeed allowed preserving Fat1 function during eye morphogenesis, resulting in 214 

normally shaped eyes in which the process of optic fissure closure had been completed without 215 
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abnormality. Indeed, no significant difference in eye morphology was observed between Nestin-216 

cre; Fat1Flox/- and control embryos at E12.5 and E13.5, indicating that the Fat1-dependent 217 

process of optic fissure closure is indeed fully preserved in such genetic setting (Figure 2B, C). In 218 

conclusion, the Nestin-cre; Fat1Flox/- genetic context appears suitable to study the role of 219 

postnatal and adult Fat1 expression in the neural retina without interfering with the early 220 

process of eye morphogenesis. This tissue-specific approach also allows bypassing non-neural 221 

phenotypes with broad systemic consequences such as those occurring in kidney and muscles 222 

[20, 21, 33, 42], and was previously used to demonstrate that depletion of VEGF-A in the Nestin-223 

cre-derived lineage resulted retinal vascular abnormalities caused by dosage-dependent 224 

lowering of VEGF-A paracrine signalling [43].  225 

Fat1 expression in the post-natal retina  226 

We next explored Fat1 expression in the postnatal retina, during the phase of post-natal 227 

vascular morphogenesis, and asked whether its expression in the neural lineage would justify 228 

the relevance of using Nestin-cre to drive Fat1 ablation. We first took advantage of a Fat1LacZ 229 

knock-in allele, which serves as a faithful readout of the endogenous Fat1 expression domain 230 

[20, 21]. To assess the distribution of Fat1LacZ expression, we performed immunohistochemistry 231 

with anti-β-Galactosidase antibodies on either whole mount retinas (Figure 3A), or retina 232 

sections (Figure 3B), in combination with other markers, including Fat1 antibodies previously 233 

validated in vivo [20, 21]. We first explored Fat1 expression during the phase of horizontal 234 

vascular growth, and monitored β-Galactosidase expression in Flat mounted retinas from P3 235 

Fat1LacZ/+ mice (Figure 3A). At this stage, endothelial cells, detected with the IB4 lectin, have 236 

progressed through approximately one third of the retinal radius, whereas Pax2-expressing 237 

astrocyte progenitor cells (APCs), which lead the way ahead of endothelial cells, have nearly 238 

reached the retinal periphery (around 80% median progression) [2, 44]. Whereas β-239 

Galactosidase expression is unambiguously detected throughout the retina (Figure 3A), it 240 

neither highlights growing vessels (IB4+), nor outlined any transition corresponding to the front 241 
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of astrocyte migration. This suggests that at this stage Fat1 expression mostly occurs in the 242 

underlying neural retina, rather than in progressing endothelial cells.  243 

To further characterize in which cell types Fat1 is present, we next immunostained sections 244 

of P5 Fat1LacZ/+ retinas, combining β-Galactosidase antibodies with markers of various cell types 245 

(Figure 3B, Figure S1). As suggested by the flat mount observations, we indeed detected a robust 246 

β-Galactosidase signal in a deeper layer, called neuroblast cell layer (NBL), in which 247 

neurogenesis is still actively occurring, the layering organization being incompletely achieved at 248 

that stage. In this deeper layer, β-Galactosidase signal closely overlapped with Glutamine 249 

Synthetase (GS, Glul gene) signal, mainly marking Mueller Glia (Figure 3B). In addition, we also 250 

detected Fat1LacZ expression in the innermost retinal layer (RGC layer), in cells exhibiting high 251 

levels of Pdgfra and GS, corresponding to APCs (Figure 3B, middle panels). Fat1LacZ expression 252 

was also apparent in GS Pdgfra -negative cells located just below the astrocyte layer 253 

(arrowheads, Figure 3B upper panels), likely corresponding to RGC neurons. In contrast, 254 

complementary analyses with additional cell type markers confirmed the absence of Fat1 255 

expression in endothelial cells (Figure S2). Thus, most Fat1 expression occurs in the neural 256 

lineage, matching with the Nestin-cre lineage. 257 

Fat1 was previously shown to be expressed in vascular smooth muscle cells (VSMCs), where 258 

it cooperates with the transcriptional co-repressor atrophin to orient their migration [45, 46], 259 

and where it modulates the OXPHOS pathway [47]. Fat1 was also identified as part of a gene 260 

expression signature characterizing arterial endothelial cells [48]. Nevertheless, activation of 261 

Fat1LacZ expression in VSCM or in a pattern highlighting arteries at a higher level than veins, was 262 

only detected at the end of the period of horizontal growth, and persisted at older stages, as 263 

visualized by X-gal stainings on P7 or P21 retinas (Figure 3C). Thus, although Fat1 expression is 264 

turned on in a pattern consistent with expression in VSCM and arterial endothelial cells, this 265 

expression arises too late to influence the period of horizontal vascular growth. Thus, during the 266 
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period of postnatal angiogenesis, astrocytes represent the likeliest site where Fat1 expression 267 

might be relevant for endothelial cell migration.   268 

Neural Fat1 ablation slows astrocyte and endothelial cell horizontal migration 269 

To start exploring whether neural Fat1 activity was required for postnatal angiogenesis, we 270 

first analyzed the progression of endothelial cells and astrocytes in retinas from control and 271 

Nestin-cre; Fat1Flox/- pups (also referred to as Fat1Nestin mutants; see comment in methods) 272 

(Figure 4), a situation in which non-mutant endothelial cells progress in a Fat1-deleted neural 273 

territory. As shown above, this context ablates most of Fat1 expression in the retina, while fully 274 

preserving eye morphology (Figure 2). We first evaluated the extent of vascular progression at 275 

P3 and P7, on whole retinas immunostained with endothelial cell markers (CD31 and the lectin 276 

GS-IB4). Vascular progression was assessed on flat mounted retinas, by measuring the distance 277 

between the center of the retina and the distal front of vascular growth, and plotting it as 278 

percentage of the corresponding retinal radius (i.e. distance to migrate). At P3, in controls 279 

Fat1Flox/- pups, the endothelial front had progressed to a median of ~50% of the retinal radius, 280 

whereas Fat1Nestin pups exhibited a marked delay in vascular growth compared to control mice, 281 

with a median progression of 38% of the retinal radius, representing 80% of the median 282 

progression in controls (Figure 4A,C, left plot). At P7, whereas vascular progression in control 283 

mice had reached ~80% of the vascular radius, Fat1Nestin retinas only exhibited a modest, 284 

although significant, shortening of the vascular coverage, with a median progression of 73% 285 

(close to 95% of the control progression) (Figure 4B,C, right plot). A delay of vascular 286 

progression was also observed in constitutive Fat1-/- mutant retinas, even when restricting this 287 

analysis to quadrants not affected by the morphological abnormalities associated with the 288 

coloboma (Figure S2). Altogether, our data show that Neural-specific Fat1 deletion transiently 289 

delays endothelial cell progression suggesting that Neural Fat1 activity influences the 290 

speed/rate of endothelial cell migration. 291 
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Given the pattern of CRE activity, the delayed horizontal progression of endothelial cells 292 

observed in Fat1Nestin retinas unambiguously represent non-cell-autonomous consequences of 293 

Fat1 ablation in the neural lineage. We therefore asked whether this phenotype was associated 294 

with alterations in the distribution of cell types included in the Nestin-cre lineage and known to 295 

play an active role during vascular progression. Among those, astrocytes and astrocytes 296 

progenitors (APs) play an active role driving endothelial cell migration [8, 49], and expressed 297 

robust Fat1 expression (Figure 3B). Astrocyte distribution can be followed with the astrocyte 298 

marker glial fibrillary acidic protein (GFAP). GFAP is present at low levels in immature 299 

astrocytes, in the EC-free distal portion, and at high levels in mature astrocytes in the EC-300 

covered region, reflecting their switch from immature/proliferative to mature phenotype [4, 8, 301 

9] (Figure 4). We therefore analysed GFAP distribution in retinas from Nestin-cre; Fat1Flox/- 302 

mutants, compared to controls, to determine whether astrocyte distribution/maturation was 303 

dependent on Fat1 activity. The sharp transition in the intensity of GFAP signal coincides with 304 

the front of endothelial cell migration (Figure 4A, 4B; dotted line). As expected, the position of 305 

the transition between GFAPhigh and GFAPlow levels matched the degree of vascular progression, 306 

in control and mutant contexts, reproducing the delay observed in Nestin-cre; Fat1Flox/- retinas, 307 

robust at P3, and milder at P7 (Figure 4A-C). Nevertheless, even in the region covered by 308 

endothelial cells, GFAP intensity appeared lower in mutant retinas. We therefore used image 309 

processing to assess the effect on GFAP signal intensity. GFAP intensity was measured along a 310 

band spanning from the retina center to the periphery, and the sum of intensity was calculated. 311 

When plotting the sum of intensity throughout the retinal radius (fully encompassing both 312 

vascularized and non-vascularized areas), this analysis confirmed the global lowering of GFAP 313 

level throughout the retina, not only at P3 (Figure 4D, left plot), but also at P7 (Figure S2). 314 

However, a large part of this reduction may be accounted for by the delay in EC migration, since 315 

astrocyte maturation (i.e the sharp increase in GFAP level) is driven by the contact with 316 

endothelial cells and their sensing of the oxygen supply associated with incoming blood  [8, 10, 317 

11]. We therefore analysed GFAP levels in a small window, proximal to the vascular front 318 
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(outlined by a yellow dotted line), where all astrocytes have normally acquired a mature 319 

phenotype. This analysis (Figure 4D, middle plot, window 100-500) also uncovered a strong 320 

lowering in GFAP levels in Fat1Nestin retinas compared to controls indicating defective or delayed 321 

astrocyte maturation (Figure 4D, right plot).  322 

Neural Fat1 ablation destabilizes the astrocyte layer 323 

Although endothelial cell progression is only delayed, with a partial recovery leading to a 324 

relatively modest residual effect at P7, we nevertheless consistently observed patches devoid of 325 

vascular cells in the rear of the EC migration front of Fat1Nestin retinas (Figure 4B, 5A, asterisks). 326 

Similar irregularities in the vascular/astrocytic layer were also observed in Fat1-/- retinas 327 

(Figure 5A). These patches were observed in the layer containing endothelial cells and 328 

astrocytes, and were characterized by a lack of both endothelial cells and astrocytes, as indicated 329 

by the match in shape between CD31 and GFAPhigh distribution (Figure 4B asterisk, Figure S2). 330 

They appeared rounded, irrespective of their size and position, as if resulting from a rupture in 331 

the vascular layer, followed by tissue-retraction. The underlying retinal structure was preserved, 332 

as indicated for example by the unaffected coverage of the retina by microglia (Figure S2), thus 333 

suggesting that these patches specifically resulted from interruptions of the layer containing 334 

astrocytes and endothelial cells, while preserving the underlying layers. Thus, even if the effect 335 

on migration rate of endothelial cells and astrocytes is transient, it locally leads to dissociation of 336 

the EC/Astrocyte layer from the underlying neural retina, potentially indicating a compromised 337 

adhesion between the astrocytes and underlying Mueller glia.  338 

We next analysed astrocyte morphology at higher resolution. The sharp boundary in GFAP 339 

level seen at low magnification (Figure 4) corresponds at higher resolution (Figure 5), to an 340 

increase in the density of the GFAP+ fibrillary meshwork in areas where astrocytes are in 341 

contact with endothelial cells, compared to the so-called hypoxic areas. At this resolution, this 342 

analysis (carried in both Fat1-/- and Nestin-cre; Fat1Flox/- retinas at P7) confirmed that the 343 

lowering in GFAP levels reflected a lower fibril density, and uncovered irregularities in the 344 
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fibrillary meshwork (Figure 5A, 5B). Such changes in GFAP coverage were observed 1) in the 345 

vascularized areas (in mature astrocytes, in proximal areas in the rear of the EC front; First row 346 

in Figure 5B), 2) at the level of the EC migration front (tip cells, where astrocytes undergo their 347 

transition;Second row in Figure 5B), and 3) in distal regions ahead of the vascular front, in pre-348 

vascular APCs (3rd row in Figure 5B). In these pre-vascular areas, the meshwork of GFAP-349 

positive fibrils delimits non-stained spaces, which appear larger or more irregular in size in 350 

mutant retinas (Fat1-/- and Fat1Nestin; Figure 5B, distal). The presence of such morphological 351 

alterations in pre-vascular astrocyte-progenitors rules out the possibility that defects in 352 

maturation would exclusively be secondary to delayed EC migration, thus reinforcing the 353 

possibility that Fat1 activity directly influences astrocyte phenotype, even prior to their 354 

maturation.   355 

Neural Fat1 ablation delays astrocyte maturation 356 

To complete our characterisation of defective astrocyte maturation, we next examined 357 

expression of Pax2 and Pdgfra in P3 retinas (Figure 6). PDGF is a key contributor that feeds 358 

astrocyte progenitor (AP) migration: Secreted by retinal ganglion cells, PDGF acts on APs/IAs 359 

expressing its receptor Pdgfra, to promote their migration [5, 7, 14]. Similar to GFAP staining, 360 

Pdgfra levels are correlated with astrocyte maturation, although the increase associated with 361 

maturation is not as abrupt as that of GFAP, but is visible though a steady slope between the AP 362 

migration front and the vascular front, with lowest levels in distal APs, with highest levels 363 

observed in MAs in the vascularized/proximal retina (Figure 6A-C). To evaluate changes in 364 

Pdgfra levels, we analysed staining intensity across the retinal radius using the same method as 365 

used earlier (Figure 6C), and plotted the sum of intensity corresponding to either the full span or 366 

windows corresponding to pre or post-vascular areas (Figure 6D). This analysis confirmed not 367 

only the overall lowering of Pdgfra levels in Fat1Nestin retinas compared to controls (Figure 6D, 368 

left plot), again consistent with the delayed EC migration dynamics, but also a robust lowering at 369 

the level of the transition zone (Figure 6D, middle segment) and in the pre-vascular zone (Figure 370 
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6D, distal segment), consistent with a flattening of the slope of Pdgfra levels in non-vascularized 371 

astrocytes. In contrast, no significant change was observed between mutant and control retinas 372 

in the proximal-most region, where Pdgfra levels plateau at their highest level in MAs (Figure 373 

6D, proximal segment).  374 

By highlighting nuclei of migrating APCs and IAs [4, 11, 14], Pax2 staining allows assessing 375 

changes in cellular numbers/density, and in the distance travelled through the retina. At P3 in 376 

control retinas, the overall distance covered by astrocytes (between the retina center and the 377 

front of astrocyte migration) represented nearly the full radius (~90%, Figure 5B, 5D). Whereas 378 

we only detected a modest shortening of the distance run by Pax2-positive cells in mutant P3 379 

retinas of Fat1Nestin mice (Figure 6E, left plot), most of the changes in Pdgfra levels described 380 

above (Figure 6D) occurred in areas where we did not detect significant changes in the density 381 

of Pax2+ cells (Figure 6E, density plot in proximal and middle segments). This indicates that the 382 

lowering in Pdgfra levels is not the mere consequence of a reduced astrocyte density, but a true 383 

effect on expression levels, hence on astrocyte maturation. However, given the key role of Pdgfra 384 

signalling for astrocyte migration, the small shortening of the distance of migration, and the 385 

lowering in the density of Pax2+ cells in pre-vascular (distal) regions (Figure 6E, distal segment) 386 

are likely a consequence of the lowered Pdfgra level in the distal-most migrating APCs.  387 

 Altogether, our results indicate that Fat1 deletion interferes with maturation of astrocyte 388 

progenitors into immature astrocytes. One of the earliest manifestations is a lowering of Pdgfra 389 

expression, affecting the rate of astrocyte migration, and consequently the rate of endothelial 390 

cell progression in the post-natal retina. Although these effects are transient, Fat1 deletion also 391 

compromises adhesion between the astrocytes and underlying Mueller glia. 392 

Neural-specific Fat1 ablation leads to abnormal architecture of adult retinal vasculature  393 

To evaluate the consequences of post-natal phenotypes on adult retinas, we next explored 394 

the anatomy of the vascular network in control and Fat1Nestin mutant retinas, by analyzing the 395 
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layered structure of the retinal vasculature after immune-labelling of whole mount retinas with 396 

endothelial markers (CD31, as shown in Figure 7, but also GS-IB4, or Claudin5, shown in Figure 397 

8). Retinas are flat mounted with their inner side (vitreal side) on the top, and we image either a 398 

whole retina quadrant at low resolution, or image the distinct layers at higher resolution (Figure 399 

7A). The adult retinal vascular network is organized in three layers (Figure 7B), intercalated 400 

with neuronal layers (see also Figure S2). The large vessels (arteries and veins) radiate through 401 

the plane of the retina, along its inner side, from the center to the periphery, sharing space and 402 

direction with axons of retinal ganglion cell (RGC) neurons, forming the so-called nerve fiber 403 

layer (NFL) [1]. This inner layer is thus constituted of the veins and arteries, and of their first 404 

order ramifications. These first order branches further ramify into smaller branches with 405 

diameter decreasing with the hierarchical level, and plunge deeper in the retina via vertical 406 

branches. At two distinct retinal levels, respectively corresponding to the interface between the 407 

inner nuclear layer (INL) and outer nuclear layer (ONL) and between the ONL and the rods and 408 

cone layer (Figure S2), these vessels make 90° turns, and establish two honeycomb-like 409 

horizontal vascular networks (mostly composed of capillaries), respectively called the inner, and 410 

outer plexiform layers (IPL and OPL, Figure 7B). Once retinas are flat-mounted, it is possible to 411 

acquire images of fluorescent labeling throughout the depth of the retina (without the need for 412 

specific clearing method), and to process separately the focal planes corresponding to the three 413 

layers. Thus, 3 images of fixed areas are either sequentially acquired or extracted from a stack to 414 

visualize the 3 vascular levels for a same position in the retina (indicated by a yellow-dotted 415 

square in Figure 7A, top row). The three layers are then assigned a different virtual color, and 416 

merged as a flat image of to reconstitute the whole vasculature in the area (Figure 7B, bottom 417 

row).   418 

Overall, the layered structure of retinal vasculature and the global vessel hierarchy were 419 

relatively preserved in adult Fat1Nestin retinas. Nevertheless, we noticed on mosaic images of 420 

retina quadrants, that Fat1Nestin retinas exhibited a different relative distribution of veins and 421 
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arteries: Whereas in control retinas, veins typically form by convergence of collecting vessels 422 

towards the edge of the retina, where they coalesce into larger veins, which in turn fuse 423 

(arrowhead, Figure 7A) to form one large vein directly returning to the center to exit the retina 424 

through the optic stalk, we frequently observed that in Nestin-cre; Fat1Flox/- retinas, only the 425 

proximal portions of large veins could be distinguished in the NFL (starting from a discrete point 426 

found in random position along the retinal radius, arrowhead in mutant retina, Figure 7A). When 427 

imaging the 3 layers around such a point, we could observe a transition between a collecting 428 

vessel running in the deep OPL layer, suddenly turning upward and emerging in the upper layer, 429 

(Figure 7B, D).  430 

To quantify the impact of this change, we used a quantitative morphometric approach. We 431 

evaluated vessel density in the three layers, by measuring in fixed areas for each of them, the 432 

cumulated vascular length (measured in ImageJ, using the NeuronJ addin), and the number of 433 

intersections (representing either intersections between vertical and horizontal branches, or 434 

junctions of several horizontal branches) (Figure 7E). This method uncovered an increased 435 

vascular density (with increased cumulated length and number of intersections) in the deep 436 

layer (OPL) of Nestin-cre; Fat1Flox/- retinas compared to controls (Figure 7E). Furthermore, the 437 

complexity of branching patterns was also significantly increased in the OPL of Nestin-cre; 438 

Fat1Flox/- compared to Fat1Flox/- control mice (Figure 7F), with more intersections representing 439 

junctions of larger numbers of vascular segment (junctions of 4, 5 and 5 segments), and less 440 

junctions associating one vertical and one horizontal segment. Overall, this analysis reveals that 441 

Fat1 ablation in the neural lineage leads to the emergence of large collecting vessels in deep 442 

vascular layers, associated with an increased vascular density.  443 

Given the postnatal phenotype in astrocytes described above, we next wondered whether 444 

the observed alterations of the adult vascular architecture might be correlated with changes in 445 

the astrocyte distribution. Starting from the stage when astrocyte migration is completed, the 446 

vascular remodelling leading to the appearance of higher order vessels is associated with a 447 
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redistribution of astrocytes in tight association with large vessels in the NFL (Figure 4B), with a 448 

strong bias towards veins in adult retinas (Figure 8A). Thus, in adults, veins are distinguishable 449 

from arteries by their higher astrocytic coverage, as well as by their lower intensity of IB4-450 

binding (Figure 8A). Interestingly, we noticed that the point of transition described above, 451 

where veins shift from deep layers to the NFL in Nestin-cre; Fat1Flox/- mutant retinas (yellow 452 

arrowheads in Figure 7A, 8A, 8B; arrows in Figure 7B) was marked by a hole in the astrocyte 453 

coverage (Figure 8A, asterisk), reminiscent of the irregularities observed in P7 retinas. We 454 

cannot distinguish whether these astrocyte-free zones are the same as those observed in post-455 

natal retinas, which would have persisted till adulthood, or whether they have formed de-novo.   456 

Neural Fat1 ablation alters vascular integrity 457 

Intrigued by the increase in vascular density and complexity in deep layers of Fat1Nestin 458 

mutant, we next asked whether we might identify other signs that deep vessels, which are 459 

normally exclusively capillaries, might have acquired characteristics of higher order vessels. One 460 

such characteristic is the presence of vascular smooth muscle cells (vSMCs), identified by 461 

expression of Smooth muscle actin α (αSMA, also referred to as Acta2 for actinα2) (Figure 8B). 462 

Mosaic images of flat-mounted retinas show that large vessels are strongly decorated with 463 

vSMCs, which are also present on first order arterial ramifications (Figure 8B). Instead, imaging 464 

of deep vascular layers (in yellow-dotted squares), reveals that deep capillaries are almost 465 

completely devoid of vSMCs in control retinas. In contrast, in mutant retinas, we detected spots 466 

in the OPL where many capillary segments were decorated with vSMCs, even in areas in which 467 

they do not show high degree of convergence associated with collecting vessels (as in Figures 7B 468 

or 8C). Thus the increased vascular complexity of deep layers is associated with vSMC 469 

recruitment. Given that vSMCs do not derive from the Nestin-cre lineage, this phenotype 470 

therefore represents an additional non-cell autonomous consequence of Fat1 depletion.    471 

Finally, we found in few cases (2 out of 5 Fat1Nestin mutant retinas analysed, but none of the 472 

controls), an upregulation of PLVAP (Figure 8C), an adhesion molecule characteristic of vessels 473 
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with endothelial fenestrations, the silencing of which being necessary to ensure blood brain 474 

barrier integrity in central nervous system vessels [50, 51]. This increase was however not 475 

associated with a lowering of the tight junction protein Claudin5 (Figure 8B, 8C), also considered 476 

key to ensure high endothelial barrier function. Thus, the non-cell autonomous consequences of 477 

Fat1 ablation in the neural lineage can lead in some cases to molecular changes typical of altered 478 

blood brain barrier integrity. This implies that Fat1 activity in the neural lineage (including 479 

astrocytes and Mueller glia), is necessary for the maintenance of vascular integrity and barrier 480 

function.  481 

Discussion 482 

In this manuscript, we investigated how the Fat1 Cadherin modulates retinal vascular 483 

development and integrity. As Fat1 is required for optic cup closure during development, we 484 

bypassed this early requirement by disrupting its activity in the late neural linage owing to 485 

delayed Nestin-cre activity in the retinal epithelium, peaking only after completion of eye 486 

morphogenesis, thus preserving eye morphogenesis. In this context, we found that Fat1 487 

expression in the neural lineage, predominantly occurring in Astrocytes and Muller glia, is 488 

required for migration and maturation of astrocyte progenitors in the post-natal retina, as 489 

measured through lowering in levels of GFAP and Pdgfra expression. Alteration of both 490 

processes in Fat1Nestin mutants consequently delays retinal angiogenesis, and also results in 491 

stochastic detachments of astrocytes from the underlying layers. Although transient, some 492 

abnormalities nevertheless persisted at adult stages, with an increase in the density of deep 493 

vascular layers associated with changes in distribution of higher order vessels. Thus, Fat1 494 

activity in the neural lineage is required for astrocyte maturation, and its deletion interferes 495 

with the astrocyte/endothelial cell cross-talk, thus delaying retinal angiogenesis.  496 
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Mechanisms of astrocyte maturation and coupling with angiogenesis 497 

Our study has uncovered a key role of Fat1 signalling in astrocyte maturation, the 498 

suppression of which affects both the transition from astrocyte progenitors to immature 499 

astrocytes, ahead of the vascular migration front, and further maturation of astrocytes in 500 

vascularized retina. Whereas the latter aspect is likely a complex consequence of the delayed 501 

progression of endothelial cell migration, the first aspect is likely to represent the most direct 502 

consequence of Fat1 deficiency in astrocytes, manifested by a lowering of Pdgfra protein levels 503 

(Figure 6). As astrocyte progenitors migrate towards the retinal periphery, their expression of 504 

Pdgfra gradually increases, thus tuning their sensitivity and responsiveness to PDGF produced 505 

by the underlying RGC neurons. One of the functions assigned to PDGF/PDGFRA signalling in 506 

astrocytes is to promote their migration [5]. Inhibition of PDGFRA signalling in the postnatal 507 

retina, by infusion with function blocking antibodies [5] or by Pdgfra ablation in the astrocyte 508 

lineage [14], was shown to abrogate migration of astrocyte progenitors, and to consequently 509 

suppress the attractive VEGFA gradient for ECs, thereby blocking their horizontal migration [5, 510 

14]. In contrast, gain of PDGFR signalling (in transgenic mice overexpressing PDGF-A) induced 511 

an increase in astrocyte and vessel density, nevertheless also slowing migration [5]. The 512 

flattened slope of Pdgfra increase observed in Fat1-deficient astrocytes implies that Pdgfra 513 

expression level is regulated by Fat1 signalling, likely acting in astrocytes themselves. Although 514 

we indeed detected a delay in astrocyte migration, this effect was relatively modest at P3, and 515 

only had little impact on the astrocyte density near the front of astrocyte progression. In 516 

contrast, the astrocyte maturation phenotype was associated with a robust delay in the rate of 517 

endothelial cell migration across the retina.   518 

 Astrocyte maturation and endothelial cell (EC) migration are indeed tightly coupled. A key 519 

contributor in this coupling is the oxygen supplied by blood perfusion of the newly formed 520 

vessels, which converts immature astrocytes into mature astrocytes [8, 10, 11], in part by 521 

promoting GFAP expression, and by repressing VEGF expression, otherwise induced by hypoxia 522 
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[8-11]. Aside from oxygen, other EC-derived factors also contributing to astrocyte maturation 523 

include ApelinJ [52] or LIF [53, 54].  Thus, interfering with EC migration, for example by 524 

exposure of the retina to VEGF signalling inhibitors [15], leads to a delay in astrocyte 525 

maturation. Conversely, mutations affecting astrocyte migration or maturation alter the 526 

formation of the VEGF gradient (by changing its topographical coordinates), thus resulting in an 527 

impaired EC chemoattraction [13, 14, 55, 56].  528 

The fact that lowered Pdgfra signalling lead to delayed EC migration, both in Fat1Nestin 529 

retinas and in situations of biochemical or genetic inhibition of Pdgfra signalling [5, 14], suggests 530 

that VEGF production by immature astrocytes is also regulated by Pdgfra signalling. This 531 

supports a model in which there would be a Pdgfra signalling level threshold for robust 532 

induction of VEGF expression, in addition to the oxygen/hypoxia threshold silencing VEGF 533 

expression in contact with ECs. Thus, a small change in the slope of Pdgfra level, such as the one 534 

observed in Fat1Nestin retinas, may result in a positional change in the coordinates of the ON and 535 

OFF boundaries, and thus in the width of the VEGF+ zone, consequently affecting the slope of the 536 

VEGF gradient itself.   537 

Another interesting phenotype is the presence of “avascular” patches, in which both 538 

astrocytes and endothelial cells are missing, as if resulting from a rupture of adhesion between 539 

astrocytes and the underlying layers. Such holes were also seen in context of mutations affecting 540 

the integrity of the inner limiting membrane (ILM). The ILM is a layer of extracellular matrix, 541 

enriched in laminins and collagens, delimiting the border between the inner surface of the retina 542 

and the vitreous cavity [57]. Mutations in several of these components, such as Lama1 [58, 59] 543 

or Lamb2/c3 [55], or in ECM receptors such as the dystroglycan complex [14, 60], alter ILM 544 

integrity, and are associated with vitreoretinopathies [55, 58-60]. The ILM provides a substrate 545 

for the migration of astrocyte progenitors, which navigate between the ILM and Müller glia, and 546 

mutations affecting ILM integrity also interfere with astrocyte migration, consequently 547 

interfering with retinal angiogenesis [14, 55]. Whereas some of the ECM components are 548 
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produced by the lens, others are secreted and modified by Mueller glia, and the disruption of this 549 

process is sufficient to alter astrocyte migration and angiogenesis [14, 57]. It will be interesting 550 

to determine if altered ILM integrity can indeed be a potential cause for some of the a-vascular 551 

patches observed in Fat1Nestin retinas and whether this phenotypes results from suppression of 552 

Fat1 activity in astrocytes or in Mueller glia.  553 

Impact for vascular pathologies 554 

Retinal vascular pathologies are becoming a major medical challenge, with the widespread 555 

occurrence of age-related macular degeneration, diabetic retinopathies or stroke [61]. The 556 

present study identifies Fat1 as a novel modulator of astrocyte maturation, the deletion of which 557 

in neural lineages impacts on the astrocyte/endothelial cell coupling, thus delaying postnatal 558 

angiogenesis, and leads to persistent vascular phenotypes in adult retinas. At present, we 559 

haven’t distinguished whether these adult phenotypes represent persistent consequences of the 560 

early abnormalities, or whether they highlight an additional role of Fat1 during adult 561 

vasculature homeostasis. The increased vascular density and the presence of large collecting 562 

vessels in deep layers of Fat1Nestin retinas are consistent with the possibility of 563 

neovascularization events occurring at adult stages, such as those occurring after transient 564 

ischaemic events or vessel ruptures, owing to the capacity of hypoxia to induce VEGF expression. 565 

Although so far, none of the genome wide association studies has identified FAT1 mutations as 566 

being causally involved in any of the known human retinal pathologies, genetic and/or 567 

regulatory FAT1 alterations have been associated with a neuromuscular pathology frequently 568 

associated with retinal vascular symptoms [21, 62, 63]. The present study links Fat1 dysfunction 569 

to defective neurovascular communication and emphasises the key roles of astrocytes, Müller 570 

glia and neurons in the maintenance of vascular integrity. 571 

 572 

 573 

574 
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 575 

Experimental procedures 576 

 577 

Mouse Lines 578 

The mouse lines used in this study are described in supplementary Table 1, providing for 579 

each the Mouse Genome Informatics (MGI) reference number and link to the information page, a 580 

brief description of how it was made, and the reference to the article describing their 581 

production. These include three mutant alleles of the Fat1 gene, all described and characterized 582 

in our previous studies [20, 21]: Fat1LacZ genetrap allele (Fat1Gt(KST249)Byg, [64]), in which LacZ 583 

expression reproduces that of the endogenous Fat1 locus; a Fat1Flox conditional allele 584 

(Fat1tm1.1Fhel), in which exons 24 and 25 (the latter containing the transmembrane domain) are 585 

flanked by LoxP sites; and the constitutive knockout allele Fat1- (also known as Fat1∆TM, or 586 

Fat1tm1.2Fhel) derived from the Fat1Flox allele by permanent cre-mediated deletion. Tissue-specific 587 

ablation in the neural lineage was achieved with the Nestin-cre line (Tg(Nes-cre)1Kln line, [40]). 588 

We used the Rosa26-YFP line (Gt(ROSA)26Sortm1(EYFP)Cos line (Jackson laboratory mouse strain 589 

006148, [41]) as reporter of cre-mediated activity. Some of the embryos in which we study the 590 

coloboma phenotype also carry the transgenic line MLC3F-2E-LacZ (also known as Tg(Myl1-591 

lacZ)1Ibdml, [65, 66]). Genotyping is carried out as previously described for each line. 592 

Genotyping oligos are provided in Table 1.  593 

As recently mentioned in a survey of various cre-lines [67], the Nestin-cre line exhibits a 594 

noteworthy amount of activity not only in the female germline (as previously known [43]), but 595 

also in the male germline. Thus, when the transgene is carried by the same individual as the 596 

Floxed allele, Cre activity in the male germline can lead to the transmission by males of a Fat1- 597 

recombined allele instead of the non-recombined allele (approximately 50% in the present 598 

study). Presence or absence of the recombined allele was evaluated by PCR. The crosses meant 599 
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to produce mutants and littermate controls involved a Nestin-cre; Fat1Flox/+ or Nestin-cre; 600 

Fat1Flox/Flox male, mated with Fat1Flox/Flox females, which therefore represented a source of non-601 

recombined allele. Thus, mutants derived from these crosses can be Nestin-cre; Fat1Flox/Flox or 602 

Nestin-cre; Fat1Flox/- (the two genotypes being pooled in our quantifications, and collectively 603 

called Fat1Nestin), whereas controls can be Fat1Flox/Flox, Fat1Flox/- (the two genotypes being also 604 

pooled), even when they did not inherit the cre transgene. We also included some Nestin-cre; 605 

Fat1Flox/+ or Nestin-cre; Fat1+/+ controls in adult studies and obtained similar results. 606 

Animals were maintained and sacrificed in accordance with institutional guidelines. Mice 607 

were sacrificed at P3, P5, or P7 for post-natal studies, whereas for collection of adult samples, 608 

they were first anesthetized with lethal doses of Ketamin and Xylasine, and euthanized by 609 

transcardiac perfusion with 4% PFA.   610 

Immunohistochemistry (IHC) 611 

Embryos were collected in cold PBS (on ice), and fixed in 4% paraformaldehyde (PFA) (in 612 

Phosphate buffered saline (PBS)) for 3-5 hours. They were then rinsed 3 times in cold PBS, and 613 

cryo-protected by overnight immersion in 25% sucrose in PBS at 4°C. Embryos were embedded 614 

in a mix of 7.5% Gelatin; 15% sucrose. While this mix is kept liquid at 42°C, a small volume is 615 

added to an embedding mold, in which the embryo/retina is then inserted and oriented, while 616 

solidification is obtained by placing the mold on ice. Once solidified, the position/orientation of 617 

the sample is indicated with a marker, prior to freezing the sample in isopentane, kept cold in a 618 

carbo-ethanol bath (dry ice/ethanol). Frozen samples are cryosectionned with a Zeiss Cryostat 619 

(10um thick), and sections are kept at -20°C until use. Retinas were dissected from adult or 620 

neonate mice after transcardiac perfusion with fresh 4% Paraformaldheyde (PFA) in phosphate 621 

buffered Saline (PBS)), and were post-fixed for approximately 1-2 hours in 4% PFA, and then 622 

rinsed in PBS. They were then either used directly for whole-mount immunohistochemistry 623 

(IHC), or cryoprotected and embedded/frozen for cryostat sectioning as described above, to 624 

perform IHC on sections.  625 
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For IHC, cryostat sections or free floating retinas are first incubated in PBS, 0.3% triton-X-626 

100 for permeabilization. They are then subjected to a bleaching step in 6% hydrogen peroxide 627 

(H202) (mixing 1 Volume of 30% H2O2 with 4 Volumes PBS, 0.3% triton), for 30 minutes. For 628 

some antibodies (listed in Supplementary Table 2), a step of heat induced epitope retrieval 629 

(HIER) is carried out prior to antibody incubation, by incubating sections in HIER solution at 630 

95°C for 5-10 minutes. The HIER solution (recipe) is preheated until it starts boiling. Sections, 631 

pre-stabilized in cold HIER solution, are placed in the boiling HIER solution for a fixed time. 632 

Sections or floating Retinas are then rinsed again (3 times) in PBS, 0.3% triton-X-100, and 633 

incubated in a blocking solution containing: 20% Newborn Calf Serum (NCS), 0.3% Triton X-100, 634 

and PBS, together with the desired antibodies. When performing staining with the Isolectin IB4, 635 

1mM of CaCl2 and 1mM MgCl2 were added to all solutions, to allow efficient Lectin binding.  636 

Incubations with primary antibodies or Lectin were carried out in blocking solution (with 637 

Ca/Mg), overnight at 4°C, under agitation. Additional antibodies were Rat anti-PECAM (CD31), 638 

Alexa488 conjugated anti-Claudin 5 antibody, Rat anti-PLVAP (MECA-32 clone), SMA-Alexa488 639 

conjugated, Rabbit anti-Iba1 antibody. Following incubation with primary antibodies, retinas 640 

were rinsed multiple times in PBS 0.3% Triton X-100 (at least 5 times 30 minutes). Incubations 641 

with secondary antibodies were performed in blocking solution for 1h30 at room temperature, 642 

under agitation (or overnight at 4°C), after which samples are rinsed again multiple times (min 5 643 

times) in PBS 0.3% Triton X-100. After completing the immunostainings, Retinas were flat 644 

mounted and covered with Mounting medium containing Prolong Gold antifade reagent and 645 

DAPI (ref). Images were acquired on a Zeiss AxioImager Z1 equipped with Apotome.   646 

Imaging and Quantification methods 647 
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 914 

Figure Legends 915 

 916 

 917 

Figure 1: Fat1 disruption causes ventral Coloboma phenotype. (A, B) The Coloboma phenotype was 918 

analyzed on whole mount control or Fat1-/- embryos at E12.5 (A) and E14.5 (B), in which muscles are stained 919 

with X-gal owing to the Mlc3F-2E transgene. (C) Immunohistochemistry analysis of the retina in wild type and 920 

Fat1-/- embryos E12.5 on successive transverse sections (horizontal with respect to the eye) at two levels of the 921 

retina (indicated with horizontal dotted lines labelled as C1 and C2 in (A)), with DAPI nuclear staining (blue), 922 

anti-neurofilament (white), anti-Pax7 (red) and anti-Myh1 (green). (D) Fat1 expression is visualized by Salmon 923 

gal staining (left panel), or by anti-β-galactosidase (middle/right panel) immunostaining on neighboring serial 924 

coronal sections of a Fat1LacZ/+ E13.5 embryo (angle of sections indicated with a vertical dotted line labelled as 925 
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D in panel (A)).. High levels of Fat1 expression are detected in periocular mesenchyme (POM), with a ventral 926 

hotspot, whereas expression in the neural retina is mostly confined to the ciliary margins (of both the NR and 927 

RPE), and to the lens. (E, F) quantifications. CM: ciliary margins; l: lens; NR: neural retina; POM: peri-ocular 928 

mesenchyme; RPE: retinal pigmented epithelium; vPOM: ventral periocular mesenchyme. ONL: photoreceptor 929 

outer nuclear layer; OPL: outer-plexiform layer; INL: inner nuclear layer. Scale bar: TODO.  930 

 931 

Figure 2 : Nestin-cre-driven recombination in the neural retina is delayed until after E13.5, thus 932 

bypassing stages of optic cup morphogenesis. (A-B)  Activity of the Nestin-cre line in the developing eye was 933 

evaluated at E13.5 (A, upper panels), E16.5 (A, lower panels), or in adult mice (B), by following activation of 934 

YFP expression in a Nestin-cre; R26YFP/+ embryo, either by observing direct fluorescence in a whole embryo (A, 935 

top left), or by anti-YFP staining on retina sections, combined with DAPI (blue). (A) At E13.5, in contrast to the 936 

widespread YFP expression in the nearby thalamus, YFP expression in the eye is restricted to the lens placode, 937 

and a small subset of cells in the ventral-most retinal pigmented epithelium, whereas the neural retina is 938 

completely devoid of CRE activity. At E16.5, YFP is detected in some cells in the neural retina, among which 939 
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progenitors and neurons, mostly concentrated in the dorsal-proximal segment, whereas it is detected in virtually 940 

all cells in the lens except the center (also devoid of nuclei). (B) In adult Nestin-cre; R26YFP/+ retina sections, 941 

YFP immunostaining (green) is combined with antibodies against Glutamine Synthetase (GS, red, left panels) or 942 

GFAP (red, middle panels). Inserts show higher magnifications of the regions highlighted by dotted lines, 943 

showing cell bodies of Mueller Glia (MG) in the Inner Nuclear Layer (INL, Left panels), or astrocytes in the 944 

innermost cellular layer. This analysis confirms that the Nestin-cre-derived lineage includes all MG, and most 945 

astrocytes. (C) The morphology of the eye was analyzed at E12.5 (top) and E13.5 (bottom) to compare Nestin-946 

cre; Fat1Flox/Flox with control Fat1Flox/Flox embryos (also featuring muscles in blue owing to the MLC3F-2E 947 

transgene). (D) Quantifications of the width of the ventral optic fissure indicate that the limited and delayed 948 

activity of Nestin-cre in the neural tissue has fully preserved the functions exerted by Fat1 to control eye 949 

morphogenesis. As a result, Nestin-cre; Fat1Flox/Flox embryos exhibit a normally shaped eye, allowing studying 950 

the consequences of neural-specific Fat1 ablation at later stages of retina development.  951 

952 
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 953 

Figure 3: Fat1 expression in the post-natal retina. Fat1 expression was followed using the Fat1LacZ 954 

reporter allele in retinas from P3, P5, P7, and P21 mice, and detected in whole mount retinas (A, C), or on 955 

cryosections (B), by immunohistochemistry with anti-β-galactosidase antibodies (A, B), or by X-gal staining 956 

(C). (A) Flat-mounted P3 retinas of Fat1LacZ mice shows a widespread distribution of β-galactosidase expression, 957 
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not restricted to the regions covered by endothelial cells (identified with IB4 staining, white, the maximum 958 

extent being marked as vasc. front), or astrocyte progenitors (identified with Pax2 antibodies, green, the 959 

maximum distance being marked as Astro front). (B) Analysis by immunohistochemistry on cross-sections of 960 

Fat1LacZ retinas at P5, with antibodies against β-galactosidase (green), Glutamine Synthetase (GS, red), Pdgfra 961 

(red). Cell nuclei were labeled with DAPI. The middle and bottom row panels show high magnification of the 962 

regions highlighted with white-dotted areas, focusing on the astrocyte layer (middle row), and an area in the 963 

neuroblast layer (NBL), where cell bodies of Mueller glia are found.  (C) β-galactosidase activity is detected in 964 

P7 and P27 Fat1LacZ retinas by X-gal staining. Flat mounted presentations allow detecting signal in scattered 965 

cells throughout the RGC layer, as well as along arteries (a) but not veins (v). Scale bar: TO DO.  966 

 967 

Figure 4: Fat1 ablation in the neural lineage delays endothelial cell horizontal progression through 968 

the postnatal retina. Flat mounted retinas from Fat1Flox/- controls, and Nestin-cre ; Fat1Flox/- mutant pups at P3 969 

(A), and P7 (B), after immunohistochemistry with the GS-IB4 lectin (green), an antibody against GFAP (red, A; 970 
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white, B), and an antibody against CD31 (red, B). Upper pictures feature an entire quadrant of retina. Lower 971 

pictures in (A) and (B) correspond to the dotted boxes (extending from the center to periphery of the retinas) in 972 

which the quantifications shown in (C and D) were carried out. (C) The distance covered by IB4-positive 973 

endothelial cells was measured along the center-to-periphery axis, and expressed as percentage of the retinal 974 

radius, at P3 (left plot), and P7 (right plot). (D) The intensity of GFAP staining was quantified along the radius 975 

of each retina (in dotted areas), and the average intensity distribution plotted for each genotype (D, left plots). 976 

The sum of signal intensity was calculated for a window spanning the distances schematically represented below 977 

the images in (A), the width of which is indicated (in pixel coordinates) below each plot (D), covering either the 978 

full width of endothelial layer (left plot, 100-2500), a small window proximal to the front of migration (middle 979 

plot, 100-500, even in mutant retinas), or spanning the migration front (right plot, 500-1000).  980 

 981 
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 982 

Figure 5: Fat1 ablation in the neural lineage alters astrocyte maturation. Flat-mounted retinas from 983 

Fat1Flox/- controls, and Nestin-cre ; Fat1Flox/- mutant pups at P7 after immunostaining with antibodies against 984 

CD31 (red) and against GFAP (green). Upper pictures (A) represent an area of the retina spanning from near the 985 

center (to the left), where the astrocyte layer is covered by endothelial cells, to the distal most part of the retina 986 

(to the right), where GFAP levels are low in absence of vascular coverage. Lower pictures in (B) correspond to 987 

the dotted boxes highlighted in (A), visualizing for each genotype, a region in the vascularized area (rear); at the 988 

level of tip endothelial cells (tip); and in the “avascular” distal region (front).   989 
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 990 

Figure 6: Fat1 ablation in the neural lineage interferes with migration and maturation of astrocyte 991 

progenitors. Flat-mounted retinas from Fat1Flox/- and Nestin-cre; Fat1Flox/- mice at P3 stained with Pdgfra (red), 992 

and Pax2 (green) antibodies. (A) Upper pictures feature an entire quadrant of retina, while the lower pictures 993 

correspond to the dotted boxes (extending from the center to periphery of the retinas) in which the 994 

quantifications shown in (C-E) were carried out. (B) High magnification images corresponding to the zones 995 

within the dotted boxes, highlighted by the signs * and #, corresponding to the areas defined as middle and distal 996 

in the quantifications. Because of the mild shortening of the distance covered by astrocytes, we purposely 997 

positioned the “distal#” area posterior to the astrocyte front, even in mutant retinas. (C) Pdgfra signal intensity 998 

was measured along the center-to-periphery axis, and plotted along the proximo-distal axis.  (D) For each retina, 999 
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the sum of Pdgfra intensity (expressed as percentage of the median value of controls) was calculated for either 1000 

the full radius (left plot), or for segments outlined in (C), defined as proximal, middle and distal. 1001 

 1002 

Figure 7: Adult mice with neural Fat1 ablation model vascular pathology. (A, B) Images of flat 1003 

mounted Fat1Flox/- and Nestin-cre; Fat1Flox/- retinas from control adult mice, immunostained with CD31 1004 

antibodies, visualizing either one retina quadrant (A), or high magnification images of the 3 vascular layers in 1005 

the squared dotted regions (B), with each of the 3 images corresponding to Maximal Intensity projections (MIP) 1006 

of optical stacks as schematized in (C), corresponding respectively to the Nerve fiber layer (NFL), Inner 1007 

plexiform layer (IPL), and outer plexiform layer (OPL. MIPs of each layer were assigned different colors, and 1008 

merged (bottom panels). (C) Schematic representation of the vascular organization in flat-mounted adult retinas 1009 

(from control mice) showing on the left side the levels within the retinal depth corresponding to the layer images 1010 
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shown in (B), and on the right side, a schematic representation of vessel identity (with arteries and arterioles in 1011 

red,, veins and venules in blue, and capillaries in grey) and their distribution in vascular layers. (D) Schematic 1012 

representation of the changes in vascular distribution occurring in Nestin-cre; Fat1Flox/- retinas. (E, F) 1013 

Quantitative morphometric analysis of changes in the vascular architecture of deep retinal layer vessels caused 1014 

by neural Fat1 ablation: (E) Plots representing the change in total vessel length per area (left plot), and number 1015 

of junctions (right plot) measured in defined area, normalized to the median value of control mice (set to 100%), 1016 

each dot representing one mouse. (D) Vascular network complexity is evaluated by quantifying the number of 1017 

junction between branches (vertical/horizontal) associated with each intersection in the deep vascular layer. The 1018 

plot represents (for each genotype, one dot per mouse), the percentage of intersections with each complexity 1019 

range, as represented schematically below the graph.  1020 

 1021 

Figure 8: Adult mice with neural Fat1 ablation exhibit disrupted blood brain barrier. (A) Images of 1022 

flat-mounted retinas immunostained with: (A, B) IB4 (green) and GFAP (red); (C, D) Claudin5 (Cldn5, green) 1023 

and αSMA (Acta2, red); (E) Cldn5 (green) and PLVAP (red), visualizing either a quadrant (A, C), or regions 1024 

highlighted in (A, C) with yellow-dotted squares.  1025 

1026 



47 

 

Supplementary Figure Legends 1027 

 1028 

 1029 

Figure S1: title. Complement expression 1030 

 1031 

Figure S2: title. SCHEMES + Complement phenotype  1032 

 1033 
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