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A B S T R A C T   

Planar cell polarity (PCP) is evolutionary conserved and play a critical role in proper tissue development and 
function. During central nervous system development, PCP proteins exhibit specific patterns of distribution and 
are indispensable for axonal growth, dendritogenesis, neuronal migration, and neuronal differentiation. The 
retina constitutes an excellent model in which to study molecular mechanisms involved in neural development. 
The analysis of the spatiotemporal expression of PCP proteins in this model constitutes an useful histological 
approach in order to identify possible roles of these proteins in retinogenesis. Immunohistochemical techniques 
revealed that Frz6, Celsr1, Vangl1, Pk1, Pk3, and Fat1 were present in emerging axons from recently differen-
tiated ganglion cells in the chicken retina. Except for Vangl1, they were also asymmetrically distributed in 
differentiated amacrine cells. Pk1 and Pk3 were restricted in the outer nuclear layer to the outer segment of 
photoreceptors. Vangl1 was also located in the cell somata of Müller glia. Given these findings together, the 
distribution of PCP proteins in the developing chicken retina suggest essential roles in axonal guidance during 
early retinogenesis and a possible involvement in the establishment of cell asymmetry and maintenance of retinal 
cell phenotypes.   

1. Introduction 

Planar cell polarity (PCP) consists in a coordinate alignment of cells 
across a tissue plane. Initial and important studies have been carried out 
in the wing of Drosophila melanogaster to establish the features and 
function of the proteins involved in it, in both adult and developing 
tissues (Das et al., 2002; Bastock et al., 2003). All these developmental 
events are regulated by two different pathways: the Fat-Dachsous 
(Ft-Ds) group and the Frizzled-PCP core (Fz-PCP) (Singh and Mlodzik, 
2012; Devenport, 2014). The first one is commanded by the interaction 
of the extracellular domains of the protocadherins Fat (Fat) and 
Dachsous (Ds) that are located at the plasma membrane of neighbour 
cells and by a Golgi’s transmembrane kinase named Four-Jointed (Fj) 
that regulates this extracellular interaction between Ft and Ds (Deven-
port, 2014). On the other hand, Fz-PCP is constituted by transmembrane 
proteins like Frizzled (Fz, Fzd1-10 in vertebrates), Van Gogh/Strabismus 
(Vang/Stbm, Vangl1 and Vangl2 in vertebrates) and Flamingo (Fmi, also 
known as Celsr1-3 in vertebrates) and by cytoplasmatic proteins like 

Dishevelled (Dsh, Dvl1-3 in vertebrates), Prickle (Pk) and Diego (Dgo). 
Components of both pathways are functionally conserved in verte-

brates and are also involved in essential morphogenetic processes during 
embryonic development, for example appropriate limb development 
direction (Gao et al., 2018) or to support spermatogenesis (Li et al., 
2020) (for reviews, see Goodrich and Strutt, 2011; Butler and Wall-
ingford, 2017). At very early stages of development, PCP signaling 
controls the establishment of left-right asymmetry (Axelrod, 2020). 

The core PCP genes also plays an essential role in the development 
and function of the central nervous system (CNS). Indeed, it has been 
described that most of the PCP components are thoroughly expressed 
and play a fundamental role in CNS organogenesis (Tissir and Goffinet, 
2010), neural tube closure (Butler and Wallingford, 2018), and axonal 
outgrowth and guidance and synapse formation (Zou, 2020). Related to 
sense systems, the majority of the studies have been carried out in the 
inner ear (Duncan et al., 2017; Najarro et al., 2020), pointing that some 
PCP components are crucial proteins for the correct orientation of the 
hair cells. Given its well-known and highly ordered structure, the neural 
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retina also offers an ideal model to study the possible role of PCP pro-
teins in the mechanisms involved in assembling neural synapses and cell 
morphology. Fzd genes are expressed in different embryo tissues during 
early stages of development including the eyes (Fuhrmann et al., 2003; 
Seigfried et al., 2017; Onishi et al., 2020). In the case of the retina, Fzd3 
is required for retinal axon guidance (Hua et al., 2014) and is also 
involved in morphological maturation of bipolar cells, and in the 
establishment of synapses between rods and bipolar cells (Shen et al., 
2016). Little is known about Celsr proteins distribution in the eye tis-
sues. It has been described that Celsr3 is involved in the differentiation 
process of a subset of inhibitory amacrine and bipolar cells in the 
zebrafish retina (Lewis et al., 2011, 2015). The expression and function 
of Vangl1 during eye development remain unexplored, but it has been 
described that Vangl2 is essential for the establishment of the ganglion 
cell axon correct trajectories (Rachel et al., 2000; Torban et al., 2007). 
Mutations on Prickle genes lead to defects in photoreceptor maturation 
(Liu et al., 2013), abnormal neurite growth of subtypes of retinal cells 
(Mei et al., 2014), and severe retinal deficiencies (Yu et al., 2020). 
Fat-like cadherins are required for morphogenesis of eye rudiment. The 
deletion of some of the members of the Fat-genes leads to ocular defects 
in mouse and zebrafish (Ciani et al., 2003; Sugiyama et al., 2016; Lah-
rouchi et al., 2019). These proteins also regulate angiogenesis and 
astrocyte maturation in the vertebrate retina (Caruso et al., 2013; 
Helmbacher, 2020). Fat-cadherins also guide cell migration in vivo 
during mouse retinal development (Deans et al., 2011) and are involved 
in lens epithelial cell polarity (Sugiyama et al., 2016). 

In addition to these functional studies about the implication of PCP 
proteins during visual system development in vertebrates, little is known 
about the distribution of PCP components in the developing retina (Van 
Raay and Vetter, 2004). In fact, a comprehensive study of the expression 
of multiple proteins throughout all stages of retinal development in a 
single avian species is missing to date. 

Birds are a reliable developmental model in retinal research. Among 
key features of this developmental system, they have large eyes and 
ready availability of embryos, and also detailed events of histogenesis 
and cell differentiation have been largely described (Prada et al., 1991; 
Morino et al., 1996; Drenhaus et al., 2003, 2004; Francisco-Morcillo 
et al., 2005; da Costa-Calaza and Gardino, 2010; Álvarez-Hernán et al., 
2018, 2020; 2021; de Mera-Rodríguez et al., 2019). In this report, we 
investigated the distribution of several PCP proteins in the developing 
retina of the chicken (Gallus, Linnaeus 1758). Our results show that most 
of the proteins studied are detected in the chicken developing retina in 
overlapping patterns, suggesting an essential role for axonal guidance 
during early retinogenesis. 

2. Material and methods 

2.1. Animals and tissue processing 

All animals were treated according to the regulations of the Euro-
pean Union 130 (EU Directive, 2010/63/EU) and Spain (Royal Decree 
53/2013). A total of 30 White Leghorn (G. gallus) embryos were used in 
the present study (Table 1). The eggs were incubated in a rotating egg 
incubator (Masalles S.A.) at 37.5 ◦C and 80–90% humidity. Chick em-
bryos were harvested at various times (Table 1). They were fixed with 
paraformaldehyde (PFA) 4% in phosphate-buffered solution (PBS) (0.1 
M, pH 7.4) overnight at 4oC. For immunohistochemical analysis, 

samples were rinsed in PBS and then cryoprotected with PBS-Sucrose 
(15%) overnight at 4 ◦C, soaked in embedding medium, frozen onto 
sectioning blocks and store at − 80 ◦C. Cryostat sections (20 μm thick) 
were cut in frontal plan. Sections were thaw mounted on Superfrost® 
Plus slides (Menzel-Glässer, Germany), air dried and stored at − 20 ◦C. 

2.2. Immunohistochemistry 

Working dilutions and sources of primary and secondary antibodies 
used in the present study are summarized in Table 2. Antigen retrieval 
was done by soaking the sections for 30 min in 90 ◦C citrate buffer, 
cooled to room temperature, and washed several times in 0.1% Triton-X- 
100 in PBS (PBS-T) and then pre-blocked in 0.2% gelatin, 0.25% Triton- 
X-100, Lys 0.1 M in PBS (PBS-G-T-L) for 1 h. Sections were incubated 
with the primary antibody in a humidified chamber at RT overnight. 
Then, slides were washed twice in PBS-T and in PBS-G-T and then 
incubated with the secondary antibody for 2 h at RT in a humidified 
chamber. Then, sections were washed two times in PBS-T in darkness 
and incubated with DAPI (4’,6-diamidino-2-phenylindole) for 10 min at 
room temperature followed by two washes in PBS in darkness. Finally, 
slides were mounted with Mowiol (polyvinyl alcohol 40–88, Fluka, 
Ref. 81,386). 

2.3. Image acquisition and processing 

Immunolabeled sections of G. gallus embryos were observed using an 
epifluorescence, bright field Nikon Eclipse 80i microscope and photo-
graphed using an ultra-high-definition Nikon digital camera DXM1200F. 
Graphical enhancement and preparation for publication were performed 
in Adobe Photoshop (v-CS4). 

Table 1 
Stages and number of embryos of G. gallus used in the present study.  

Stages N Incubation time 

E3 (HH19) 10 68–75 h 
E6 (HH29) 8 144 h 
E8 (HH34) 6 192 h 
E15 (HH41) 6 360 h  

Table 2 
Immunoreagents, working dilutions, and sources of primary and secondary 
antibodies used in the present study.  

Primary antibody Working 
dilution 

Antibodies suppliers 

Goat anti-FRIZZLED-6 
polyclonal antibody 

1:200 RyD Systems (Ref. AF1526) 

Rabbit anti-CELSR1 polyclonal 
antibody 

1:200 Millipore (Ref. 2398942) 

Rabbit anti-VANGL1 polyclonal 
antibody 

1:200 Sigma (Ref. HPA025235) 

Rabbit anti-PRICKLE1 
polyclonal antibody 

1:200 Sigma (Ref. HPA001379) 

Rabbit anti-PRICKLE3 
polyclonal antibody 

1:200 Sigma (Ref. HPA001442) 

Rabbit anti-FAT1 polyclonal 
antibody 

1:200 Sigma (Ref. HPA023882) 

Mouse anti-Parvalbumin 
monoclonal antibody 

1:200 Chemicon International 
(Ref. MAB1572) 

Mouse anti-Prox1 monoclonal 
antibody 

1:200 Sigma (Ref. P0089) 

Mouse anti-SV2 monoclonal 
antibody 

1:200 DSHB (Ref. AB_2315387) 

Mouse anti-Glutamine 
Synthetase monoclonal 
antibody 

1:200 Millipore (Ref. MAB302) 

Mouse anti-ISLET1 (40.2D6) 
monoclonal antibody 

1:200 DSHB (Ref. AB_528,315) 

Mouse anti-β Tubulin III 
(neuronal) monoclonal 
antibody 

1:200 Sigma (Ref. T8578-100UL) 

Mouse anti-acetylated α Tubulin 
monoclonal antibody 

1:200 Santa Cruz Biotechnology, INC. 
(Ref. Sc-23950) 

Secondary antibody Working 
dilution 

Antibodies suppliers 

Alexa Fluor 594 goat anti-rabbit 
IgG 

1:200 Molecular Probes 
(Ref. A11037) 

Alexa Fluor 488 anti-mouse IgG 1:200 Molecular Probes 
(Ref. A11029)  
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2.4. Sequence analysis of PCP proteins 

Protein ortholog sequences of FZD6, CELSR1, VANGL1, PK1, PK3, 
and FAT1 were retrieved using ENSEMBL web server from Homo sapiens, 
Mus musculus, Gallus gallus, Danio rerio, and Drosophila melanogaster. A 
multiple sequence alignment for each set of orthologs was generated 
using CLUSTAL and distances between each pair of sequences was 
estimated using the Neighbour-Joining algorithm. 

3. Results 

3.1. Immunohistochemical distribution PCP proteins in the laminated 
retina of Gallus gallus 

We first analyzed the sequence conservation of the PCP proteins in 
G. gallus compared to other model species. Specifically, we assessed the 
molecular taxonomy of FZD6, CELSR1, VANGL1, PK1, PK3, and FAT1 in 
Homo sapiens, Mus musculus, Danio rerio, and Drosophila melanogaster. We 
observed a similar pattern among these proteins (Fig. S1), being G. gallus 
sequences more similar to human and murine proteins in comparison to 
fish or fly proteins. This result supports the idea of G. gallus as a model to 
study PCP proteins. 

The distribution of PCP proteins in the developing G. gallus retina 
was carefully examined from E3, coinciding with the differentiation of 
the first ganglion cell neuroblasts (McCabe et al., 1999; Francisco--
Morcillo et al., 2005; Bejarano-Escobar et al., 2015; de Mera-Rodríguez 
et al., 2019), to E15, an stage in which retinal cell types concluded their 
morphological differentiation and the different retinal layers were well 
established (Drenhaus et al., 2007; de Mera-Rodríguez et al., 2019). The 
chronotopographical distribution of PCP proteins in the developing 
retinal tissue followed a central-to-peripheral and a vitreal-to-scleral 
gradients, in concordance with the gradients described for retino-
genesis in birds (Prada et al., 1991; Drenhaus et al., 2007; 

Álvarez-Hernán et al., 2018, 2021; de Mera-Rodríguez et al., 2019). 
The patterns of staining for the different PCP proteins were first 

determined at E15 so as to establish a set of referents with which to 
compare the embryonic stages. Two of the proteins of the Fzd complex, 
Fzd6 (Fig. 1A–D) and Celsr1 (Fig. 1E-P), were immunolocalized in 
subpopulations of cells located in the GCL, amacrine cell layer, and 
horizontal cell layer. Some of the Fzd6-/Celsr1-immunoreactive cells 
located in the inner region of the INL were co-labeled with parvalbumin 
(PV) (Fig. 1A-L), a calcium binding protein that has been shown to be 
expressed in a subpopulation of amacrine cells in the developing and 
mature chicken retina (Sanna et al., 1992). These proteins were mainly 
located in the dendritic arbor extended towards the IPL (Fig. 1B’-D′, 
J-L). Furthermore, to explore the cellular localization of Fzd6 and Celsr1 
in the outer region of the INL, we also used antibodies against Prox1, 
which label all horizontal cells in the avian retina (Edqvist et al., 2008; 
Boije et al., 2009; Álvarez-Hernán et al., 2021). Fzd6 (not shown) and 
Celsr1 (Fig. 1M–P) were found to co-label with Prox1 in the outer region 
of the INL (Fig. 1M–P). 

Looking at the distribution of PCP proteins of the Vangl complex in 
the layered retina, a strong Vangl1 immunoreactivity was detected in 
cell processes located both in the IPL and in the OPL (Fig. 2A–H), that 
could be also identified with antibodies against SV2 (Fig. 2A–D), a 
marker of synaptic vesicles in the vertebrate retina (Bejarano-Escobar 
et al., 2014; Álvarez-Hernán et al., 2013, 2019, 2019; Pavón-Muñoz 
et al., 2016). Vangl1 immunoreactivity was also detected both in cells 
located in the GCL (Fig. 2A–H), in the layer where the cell somata of 
glutamine synthetase (GS)-immunoreactive Müller cells are located 
(Fig. 2E–H). Moreover, Vangl1 immunoreactivity was strongly detected 
in the photoreceptor layer (Fig. 2A–H). 

Pk1 and Pk3 proteins showed similar distributions in the chicken 
laminated retina (Fig. 2I-P) and were detected in the GCL, amacrine cell 
layer, horizontal cell layer, and photoreceptor cell layer. Double labeling 
experiments showed that many PV-immunoreactive amacrine cells also 

Fig. 1. Immunochemical analysis of Fzd6 (A–D) and Celsr1 (E–P) in the central region of the E15 chicken retina. DAPI staining (A,E,I,M) showed the multilayered 
structure of the retina. Both proteins were detected in the GCL (arrowheads), in a subpopulation of amacrine cells (arrows), and in the horizontal cell layer (double 
arrowheads). Double labeling Fzd6/PV (A–D), Celsr1/PV (E–L) and Celsr1/Prox1 (M–P) revealed a partial co-expression of these proteins in a subpopulation of 
amacrine (arrows in B-D, F–H, J-L) and horizontal cells (double arrowheads in N–P) respectively. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars: 50 μm in A-H; 5 μm in B’-D’; 25 μm in I-L, and M-P. 
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expressed PK1 (Fig. 2I-L) and PK3 (Fig. 2M–P). To identify the photo-
rreceptors in the developing and mature retina of birds, the antibody 
against visinin has been widely used (Bruhn and Cepko, 1996; 
Álvarez-Hernán et al., 2020; 2021). We found visinin+/Pk1+ (not 
shown) and visinin+/Pk3+ photoreceptors (Fig. 2Q–T) in the laminated 
chicken retina. However, while visinin was expressed in the entire 
photoreceptor cell body (Fig. 2S,T), Pk1 and Pk3 proteins were 
restricted to the outer segments of these cells (Fig. 2R,T). 

Regarding the Ft-Ds pathway, the expression of the protocadherin 
Fat1 was detected in the GCL (Fig. 3B–D; F–H). Furthermore, double 
immunohistochemistry revealed that some of the Fat1-immunoreactive 
amacrine cells also expressed PV (Fig. 3B–D). In the more external 
retina, Fat1 immunoreactivity was detected in the OPL, externally to the 
Prox1-immunoreactive horizontal cell somata (Fig. 3E–H; F’-H′). 

3.2. Distribution of the PCP components in the developing retina of Gallus 
gallus 

In the undifferentiated retina of E3 embryos, Fzd6-, Celsr1-, and 

Vangl1-proteins were mainly located in the vitreal and in the scleral 
surface of the neuroblastic layer (NbL) (Fig. 4). At E6, the neural retina 
was still composed of a NbL and the Fzd6-/Celsr1-labeling became more 
intense in cell somata located in the vitreal surface (Fig. 5A–G). Most of 
the Celsr1 immunoreactive cells located in the most-vitreal region of the 
NbL were also labeled with the transcription factor Isl1 (Fig. 5D–G, E’- 
G′), that is expressed by differentiating ganglion cells (Álvarez-Hernán 
et al., 2013; Martin-Partido and Francisco-Morcillo, 2015; Bejar-
ano-Escobar et al., 2015; Luo et al., 2019). Isl1-immunoreactive 
migrating neuroblasts located in more external layers did not express 
Celsr1 (Fig. 5E–G). Faint immunoreactivity against Fzd6 and Celsr1 was 
found in the optic fibre layer (OFL), that appeared strongly labeled with 
antibodies against α-Tubulin-(α-Tub) (Fig. 5H–K), a ganglion cell axon 
marker in the developing and mature vertebrate retina (Sale et al., 1988; 
Senut et al., 2004; Fausett and Goldman, 2006). 

On the contrary, at E6 Vangl1 immunoreactivity was mainly 
restricted to the OFL and to the presumptive photoreceptor cell layer 
(Fig. 6). We also detected in Vangl1-positive axons other early markers 
of ganglion cell axons in the developing avian retina (Snow and Robson, 

Fig. 2. Distribution of Vangl1 (A–H), Pk1 (I–L) and Pk3 (M–T) in the central region of the E15 chicken retina. DAPI staining (A,E,I,M,Q) showed the multilayered 
structure of the retina. These PCP proteins were all detected in the GCL (asterisks) and in the photoreceptor cell layer (arrowheads). Strong Vangl1 immunoreactivity 
co-express with SV2 labeling in the IPL and OPL (crosses in B-D). Vangl1 was detected in the cell bodies of GS-immunoreactive Müller cells (double arrowheads in 
F–H). Pk1 and Pk3 proteins were found in a subset of PV-immunoreactive amacrine cells (arrows in I–P) and in the horizontal cell layer (triple arrowheads). Pk3 
immunoreactivity in the ONL was restricted to the outer segments of visinin-positive photoreceptors (arrowheads in Q-T). GCL, ganglion cell layer; INL, inner nuclear 
layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars: 50 μm in A-P; 5 μm in J’-L’; 25 μm in Q-T. 
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1994; Bergmann et al., 1999; Álvarez-Hernán et al., 2021), such as 
tubulin β class III (TUJ1) (Fig. 6D–G) and SV2 (Fig. 6H-O). Double 
immunolabeling techniques also demonstrated that 
Vangl1-immunoreaction was detected earlier in growing axons than SV2 
(Fig. 6L–O). Pk1 and Pk3 proteins presented similar distribution in the 
undifferentiated chicken retina (Fig. 7). At E3, these proteins were 
mainly restricted to the vitreal surface (Fig. 7A–C; G-I), while in the E6 
retina stained cell bodies located in the vitreal and scleral surfaces 
(Fig. 7D–F; J-L). 

At E8, Fzd6, Celsr1, Vangl1, Pk1 (Fig. S2), and Pk3 (not shown) 
showed a similar staining patterns to those described in the E15 retina. 
However, Vangl1 immunoreactivity was still absent in the Müller cell 
somata (Figs. S2G–J). Müller cells in the developing chicken retina 
constitute the cell type that differentiated last (Prada et al., 1991), and 
the earlier specific cell markers were found at E11 (Linser and Moscona, 
1981; Doh et al., 2010). 

The protocadherin Fat1 was immunodetected in the vitreal surface of 
the E3 chicken retina (Fig. 8A–C). At E6, Fat1 immunoreactivity was 
mainly detected in cell somata located near the vitreal surface of the NbL 
(Fig. 8D–F). As development proceeded, the overall number of Fat1- 
immunoreactive cells increased and by E8 (Fig. 8G–I) included cells 
located in the GCL and in the inner region of the INL. Strong immuno-
reactivity against Fat1 was also detected in the OPL (Fig. 8G–I). 

Therefore, most of the PCP proteins described in the present study 
were detected very early during development of the chicken retina. 
Many of them were strongly expressed in the ganglion and amacrine 
cells. Some of them were also found in the dendrites and axons located in 
the plexiform layers and in the OFL. All these data are summarized in 
Fig. 9 and Table S3. 

4. Discussion 

Here we provide a detailed description of the spatiotemporal 
expression of different PCP components in the developing avian retina. 
To our knowledge, this is the first report in which is described the 
protein distribution of Celsr1, Vangl1, Pk3, and Fat1 in the retina of 
vertebrates, and the immunohistochemical pattern of Fzd6 and Pk1 in 
the avian retina. We observed that these proteins are expressed in a 
tissue and cell-specific fashion. Most of them are detected very early in 
axons emerging from differentiating ganglion cells and in their cell 
somata. Subpopulations of amacrine and horizontal cells also expressed 
many of the PCP proteins included in the present study. Finally, some of 
them are located in Müller cells, in specific segments of the 

photoreceptor cells and in the plexiform layers. 
All these results are discussed below, comparing their expression 

patterns in the developing chicken retina with those previously 
described in other vertebrate retinas for the same proteins or proteins 
from their families. Finally, attending to their chronotopographical 
expression during development, we suggest some possible roles for these 
proteins in retinogenesis and maintenance of retinal phenotypes. 

4.1. Fzd6 

Intense Fzd6 immunoreactivity was found in the ganglion cell 
somata and their axons in the early developing and mature chicken 
retina, in concordance with results obtained in mice (Liu et al., 2003; de 
Iongh et al., 2006). However, immunoreactivity against this protein in 
amacrine and horizontal cells has never been described in the vertebrate 
retina. The staining pattern observed in the chicken retina for Fzd6 is 
very similar to that described for Fzd3, other member of the Fzd family, 
shows an identical distribution in the developing and mature mouse 
retina (Shen et al., 2016). Other family members such as Fzd5 and Fzd8 
were also found in a subset of amacrine cells in the developing mouse 
(Liu and Nathans, 2008; Liu et al., 2012). 

It has been demonstrated that ganglion cells differentiate normally 
and amacrine and horizontal cells stratify correctly in the plexiform 
layer in Fzd3 KO mouse (Hua et al., 2014; Shen et al., 2016). Similarly, 
retinal neurons in KO mice for Fzd8 were developed correctly (Liu and 
Nathans, 2008). Therefore, Fzd3 and Fzd8 seem not to be required for 
differentiation and maintenance of phenotypes of these retinal cell 
types. Fzd6 and Fzd3 show a similar distribution in the vertebrate retina, 
but also in other neural systems. They share redundant functions regu-
lating neural tube closure and the planar orientation of hair bundles in 
the auditory and vestibular sensory cells (Wang et al., 2006). Further-
more, they also control the establishment of axonal projections in the 
CNS (Hua et al., 2013). All these results suggest that Fzd6 and Fzd3 
could act redundantly in control different developmental processes 
during retinal development. 

4.2. Celsr1 

Celsr cadherins (Celsr1, Celsr2, and Celsr3) are ubiquitously expressed 
in many tissues during development (Wang et al., 2014), including the 
CNS (Tissir and Goffinet, 2006). In the case of the developing retina, it 
has been described Celsr3 expression pattern and function in the 
zebrafish (Lewis et al., 2011, 2015), but the distribution of other family 

Fig. 3. Distribution of Fat1 in the central region of the E15 chicken retina. DAPI staining (A,E) showed the multilayered structure of the retina. Fat1 immunore-
activity was found in the GCL (double arrowheads), in a subset of amacrine cells (arrows), some of them also immunoreactive against PV (arrowheads) and in the OPL 
(crosses), externally to the Prox1-immunoreactive horizontal cell somata (E–H). GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer 
nuclear layer; OPL, outer plexiform layer. Scale bars: 50 μm in A-H; 5 μm in B’-D’. 

G. Álvarez-Hernán et al.                                                                                                                                                                                                                      



Experimental Eye Research 209 (2021) 108681

6

members in this tissue, such as Celsr1, remained unknown. Celsr1 
immunohistochemistry in the E3-E6 chicken retina revealed staining in 
the presumptive GCL and in the NFL. As development proceeded, Celsr1 
was also localized in amacrine and horizontal cells. In the zebrafish 
retina, Celsr3 shows a similar staining pattern, being detected in the GCL 
and in the amacrine cell layer, but in contrast, is absent from horizontal 
cells (Lewis et al., 2011, 2015). 

Celsr1 and Celsr3 are closely related to some processes in neural 

development, such as dendritic and axon development or neuronal 
migration (Qu et al., 2010; Feng et al., 2012). Therefore, these proteins 
could be functionally implicated in proper dendritic and axonal target-
ing in these neuronal cell types in the vertebrate retina. 

4.3. Vangl1 

Vangl1 immunoreactivity has not previously been described in the 

Fig. 4. Distribution of Fzd6 (A–C), Celsr1 (D–F), and Vangl1 (G–I) in the E3 chicken retina. DAPI staining (A,D,G) showed that neural retina was composed of a NbL. 
PCP-components were restricted to the vitreal (arrows) and scleral (arrowheads) surfaces of the undifferentiated retina. L, lens; NbL, neuroblastic layer. Scale bar: 
100 μm. 

G. Álvarez-Hernán et al.                                                                                                                                                                                                                      



Experimental Eye Research 209 (2021) 108681

7

vertebrate retinal tissue. This protein was detected in the NbL and in the 
three nuclear layers of the laminated retina. During early stages of ret-
inogenesis, it was detected in early ganglion cell axons, showing a 
similar location to that described for Vangl2 in the NbL of the mouse 

retina (Torban et al., 2007; Leung et al., 2015). Those authors demon-
strated that Vangl2 could be considered as an early marker of ganglion 
cell axons. In the present study, we demonstrated that Vangl1 was 
detected in axons emerging from newborn ganglion cells earlier than 

Fig. 5. Distribution of Fzd6 (A–C) and Celsr1 (D–K) in the E6 chicken retina. DAPI staining (A,D,H) showed that neural retina was composed of a NbL. Fzd6- 
immunoreactivity was restricted to cell somata located in the vitreal region of the NbL (arrows) and to the OFL (asterisks). Cels1 immunoreactivity revealed a 
partial co-expression with Isl1 immunoreactive nuclei (arrows in G). Isl1-immunoreactive migrating neuroblasts (arrowheads) were also negative for Celsr1 labeling. 
α-Tub immunoreactive ganglion cell axons located in the OFL appeared faintly labeled with antibodies against Celsr1 (asterisks in I). NbL, neuroblastic layer. Scale 
bars: 25 μm in A-C; D-G; 5 μm in E’-G’; 50 μm in H–K. 

Fig. 6. Distribution of Vangl1 in the E6 chicken retina. DAPI staining (A,D,H,L) showed that neural retina was composed of a NbL. Vangl1-immunoreactivity was 
detected in the OFL (asterisks) and in the presumptive photoreceptor cell layer (double arrowheads). Vangl1 immunoreactive ganglion cell axons were also labeled 
with antibodies against TUJ1 (asterisks in E-G). Optic axons were also immunoreactive against SV2 (H–O), but Vangl1-immunoreactivity (arrowheads in M,O) was 
detected in more peripheral regions than SV2 labeling (arrows in N,O). NbL, neuroblastic layer. Scale bars: 25 μm in A-C; D-K. 100 μm in L-O. 
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SV2, an early marker of ganglion cell differentiation in the developing 
retina of fish (Bejarano-Escobar et al., 2010, 2012, 2012; Pavón-Muñoz 
et al., 2016), amphibians (Álvarez-Hernán et al., 2013), birds (Berg-
mann et al., 1999; Álvarez-Hernán et al., 2018), and mammals (Okada 
et al., 1994). Therefore, both proteins were detected in emerging gan-
glion cell axons in the vertebrate retina. 

In the laminated retina, Vangl1 was also detected in the ganglion cell 
somata in the developing chicken retina. Vangl1 mRNA was present in 
most of the cells located in the GCL in the larval retina of zebrafish 
(Jessen and Solnica-Krezel, 2004), but was absent in the cell somata of 
ganglion cells in the mouse retina (Tissir and Goffinet, 2006). Vangl1 
signal was also detected in the middle part of the INL co-localizing with 
GS. It was only detected in E15 chicken retinas because Müller cells are 
the last cell type generated during retinogenesis in birds (Prada et al., 
1991). Most of the PCP components are restricted to retinal neural 
lineage, with the exception of Fzd5 (Liu and Nathans, 2008), Fat1 
(Helmbacher, 2020), and Vangl1 (present study) that are expressed in 
Müller glia and astrocytes in the retinal tissue. Finally, Vangl1 was 
strongly expressed in the developing and mature chicken photoreceptor 
layer. Immunohistochemistry using Vangl1 antibodies clearly showed 
that this protein was restricted to outer segments of the mature chicken 

photoreceptors. Again, Vangl2 mRNA expression is strongly detected in 
the photoreceptor layer in the larval zebrafish retina (Song et al., 2016). 
These authors demonstrated that Vangl2 and Arl13 b interact in a spe-
cific protein complex essential for photoreceptor outer segment devel-
opment and stability. 

All these data clearly show that Vangl1 (present study) and Vangl2 
(Leung et al., 2015; Song et al., 2016) show a similar staining pattern in 
the developing and mature vertebrate retina, with the exception of the 
Vangl1 expression in the Müller cells. It has also been described that 
Vangl1 and Vangl2 are coexpressed in many areas of the embryo, such as 
the cochlea, heart, skin, and kidneys (Torban et al., 2008). Many authors 
also suggest redundant functions for both proteins during development 
of the CNS (Torban et al., 2008; Belotti et al., 2012; Song et al., 2016). 
Belotti et al. (2012) demonstrated that both proteins could interact 
physically to form an active protein complex. Therefore, in the devel-
oping retina, these results may suggest that both proteins could interact 
to regulate key roles attributed to Vangl2, such as early axon guidance or 
projections of retinal neurons throughout the INL and the ONL (Leung 
et al., 2015). However, additional experimentation will be required to 
test this hypothesis at the molecular level. 

Fig. 7. Distribution of Pk1 (A–F) and Pk3 
(G–L) in the E3 (A-C; G-I) and E6 (D-F; J-L) 
chicken retina. DAPI staining (A,D,G,J) 
showed that neural retina was composed of a 
NbL. At E3, Pk1 was restricted to the vitreal 
surface of the NbL (arrows). At E6, Pk1 
immunoreactivity concentrates in cell 
somata located both in the vitreal (arrow-
heads in E-F) and scleral (double arrowheads 
in E-F) of the NbL. Pk3 showed identical 
pattern of immunoreactivity by these early 
stages (arrows, arrowheads, and double ar-
rowheads in G-L). L, Lens; NbL, neuroblastic 
layer. Scale bars: 100 μm in A-C; G-I; 50 μm 
in D-F, J-L.   
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4.4. Pk1 and Pk3 

For the Pk family, Pk1 and Pk3 showed identical immunoreactivity 
in the developing chicken retina. The results obtained for Pk1 in the 
chicken retina were highly coincident with those described for the same 

protein in the developing and mature mouse retina (Liu et al., 2013). 
Pk1 is detected in both species in early differentiating ganglion cells and 
their axons. At more advanced stages, Pk1 expression in the INL is 
restricted to a subpopulation of amacrine cells, in a subpopulation of 
amacrine neurons the newborn was also detected in a subpopulation of 

Fig. 8. Distribution of Fat1 in the E3 (A–C), 
E6 (D–F), and E8 (G–I). DAPI staining (A,D, 
G) showed the cytoarchitecture of the neural 
retina. At E3 (A–C) Fat1 was expressed in the 
vitreal surface of the retina (arrowheads). 
Fat1 immunoreactive ganglion cells were 
detected at E6 (asterisks in D-F) and E8 
(asterisks in G-I). At E8, Fat1 immunoreac-
tivity extended to a subset of amacrine cells 
(arrows) and to the OPL (crosses in G-I). 
GCL, ganglion cell layer; INL, inner nuclear 
layer; IPL, inner plexiform layer; NbL, neuro-
blastic layer; ONL, outer nuclear layer; OPL, 
outer plexiform layer. Scale bars: 100 μm in 
A-C; 50 μm in D-F and G-I.   

Fig. 9. Distribution of Fzd6 (A), Celsr1 (B), Vangl1 (C), Pk1 (D), Pk3 (E), and Fat1 (F) in the laminated chicken retina. Labeled retinal elements appear coloured in 
the scheme. AC, amacrine cell; BC, bipolar cell; GCL, ganglion cell layer; GC, ganglion cell; HC, horizontal cell; INL, inner nuclear layer; IPL, inner plexiform layer; MC, Müller 
cell; ONL, outer nuclear layer; OPL, outer plexiform layer. 
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amacrine neurons that has been identified as cholinergic starburst 
amacrine cells in the mouse (Liu et al., 2013). Finally, Pk1 was detected 
in differentiating chicken photoreceptors and restricted to the outer 
segments of these cells in E15 retinas. In the mouse, Pk1 is weakly 
expressed throughout the ONL (Liu et al., 2013). These authors also 
found that Pk1 knock-down in the neonatal retina leads to defects in 
inner and outer segments of photoreceptors, suggesting a role for this 
PCP component in rod photoreceptor morphogenesis. 

Concerning the results obtained to Pk3, its staining pattern has never 
been described in the vertebrate retina. Recently, it has been shown that 
Pk3 KO mouse displayed retinal deficiencies, such as significant de-
creases in the number of RGCs and abnormal vasculature (Yu et al., 
2020), and therefore, this protein could be involved in ocular morpho-
genesis during development. 

4.5. Fat1 

Although several studies described the distribution and the possible 
implication of Fat3 in retinal development, little is known about Fat1 in 
this tissue and, to our knowledge, this is the first study in which is 
described the chronotopographical distribution of this protein in the 
developing visual system of vertebrates. Fat1 was immunodetected in 
the early differentiating ganglion cell somata and their axons, coinciding 
with the Fat3 mRNA and protein distributions in the mouse GCL at 
perinatal and postnatal stages (Nagae et al., 2007; Deans et al., 2011). 
Fat1 was also localized to the portion of the leading process of amacrine 
cells in the chicken retina. Fat3 is also asymmetrically localized in the 
dendritic processes of amacrine cells that expands into the IPL (Nagae 
et al., 2007; Krol et al., 2016; Horne-Badovinac, 2017) and is a critical 
regulator of dendrite morphogenesis in amacrine cells and their 
migration in the mouse retina (Deans et al., 2011). Therefore, Fat1 and 
Fat3 distributions are highly coincident in the vertebrate retina, except 
for the strong expression detected in the OPL for Fat1, that was absent in 
the laminated mouse retina (Nagae et al., 2007). 

5. Conclusions 

Taken together, our results clearly show that PCP proteins are spe-
cifically distributed in the retina at different stages of development and 
show a complex and partially overlapping immunohistochemical pat-
terns. Their distribution at early stages of retinogenesis suggest that they 
may provide a combinatorial adhesive code that favors the guidance of 
retinal ganglion cells throughout the visual pathways. This PCP 
signaling influence on axon guidance has previously been described in 
the developing CNS (Davey and Moens, 2017; Onishi et al., 2020). 
Furthermore, the asymmetrical distribution of some of these proteins in 
differentiating retinal cell types may suggest an additional possible role 
in the genetic regulation of neuronal morphogenesis in amacrine and 
photoreceptor cells (Deans et al., 2011; Liu et al., 2013). 
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