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Abstract

Here we present a detailed study of the major events in the retinal histogenesis in a slow-developing elasmo-

branch species, the small-spotted catshark, during embryonic, postnatal and adult stages using classical histologi-

cal and immunohistological methods, providing a complete neurochemical characterization of retinal cells. We

found that the retina of the small-spotted catshark was fully differentiated prior to birth. The major develop-

mental events in retinal cell differentiation occurred during the second third of the embryonic period. Matura-

tional features described in the present study were first detected in the central retina and, as development

progressed, they spread to the rest of the retina following a central-to-peripheral gradient. While the formation

of both plexiform layers occurs simultaneously in the retina of the most common fish models, in the small-spotted

catshark retina the emergence of the outer plexiform layer was delayed with respect to the inner plexiform

layer. According to the expression of the markers used, retinal cell differentiation followed a vitreal-to-scleral

gradient, with the exception of Müller cells that were the last cell type generated during retinogenesis. This

vitreal-to-scleral progression of neural differentiation seems to be specific to slow-developing fish species.

Key words: cell differentiation; development; elasmobranch; immunohistochemistry; retinogenesis.

Introduction

The retina is probably the most widely studied tissue for the

determination of the mechanisms involved in cell fate

determination in the nervous system. It begins as a pseud-

ostratified neuroepithelium consisting of a single sheet of

undifferentiated neuroepithelial cells with uniform mor-

phology that generate most of the retinal cell types (Turner

& Cepko, 1987; Malicki, 2004). The topography of cytogenesis

in the developing vertebrate retina can be analysed by

monitoring the chronotopographical appearance of the lay-

ered retinal structure and functional synapses, the cessation

of the mitotic activity in the ventricular layer of the retina,

and the appearance of a variety of neurochemical molecules

selectively expressed by retinal cell types (Sharma &

Ungar, 1980; Rapaport & Stone, 1983; Robinson et al. 1985;

Stone et al. 1985; Young, 1985; Harman & Beazley, 1987;

Prada et al. 1991; Reese et al. 1996; Bytyqi & Layer,

2005; Candal et al. 2005a; Francisco-Morcillo et al. 2006;

Bejarano-Escobar et al. 2009, 2010). Thus, the pattern of

cessation of cytogenesis, monitored by the disappearance

of mitotic figures in the ventricular surface of the retina, is

closely coincident in space and time with the development

of the outer plexiform layer (OPL; Rapaport & Stone, 1983;

Robinson et al. 1985; Stone et al. 1985; Harman & Beazley,

1987). Antibodies against neuron- and glial-specific

molecules are well suited to verifying the presence of

functional synapses and to describing the onset of retinal

cell differentiation. Thus, the onset of functional synapses

can be followed immunohistochemically using antibodies

against the transmembrane synaptic vesicle glycoprotein

SV2 (Okada et al. 1994; Bergmann et al. 1999; Bejarano-

Escobar et al. 2010). Antigens like TUJ1, against neuron-

specific class III b-tubulin (Snow & Robson, 1994, 1995;

Francisco-Morcillo et al. 2005; Sharma & Netland, 2007) or

Islet1 (Isl1) transcription factor (Austin et al. 1995; Galli-Resta
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et al. 1997; Francisco-Morcillo et al. 2005, 2006; Edqvist et al.

2006; Elshatory et al. 2007; Bejarano-Escobar et al. 2009,

2010) are expressed in different subpopulations of cells in

the adult retinal tissue, but are considered as early markers

of ganglion cell differentiation because they are selectively

expressed by the first postmitotic neuroblasts during their

migration from the germinal epithelium in the outer retina

to more vitreal layers. Calbindin (CB), a member of the

family of calcium-binding proteins, has been detected in

many retinal neurons in the adult and developing retinal

tissue (Hamano et al. 1990; Pasteels et al. 1990; Ellis et al.

1991; Vecino et al. 1993; Francisco-Morcillo et al. 2006;

Hendrickson et al. 2007). Photoreceptor maturation has

been monitored with antibodies against opsins (Hagedorn

et al. 1998; Candal et al. 2005a; Villar-Cheda et al. 2008;

Bejarano-Escobar et al. 2009, 2010). The a-subunit of the

guanine nucleotide-binding protein Go (Goa) is exclusively

present in ON bipolar cells (Vardi et al. 1993; Vardi, 1998;

Haverkamp & Wassle, 2000; Elshatory et al. 2007). Glutamine

synthetase (GS) is specifically expressed by Müller cells in the

adult and developing retina (Mack et al. 1998; Peterson et al.

2001; Lillo et al. 2002; Bejarano-Escobar et al. 2009, 2010).

The maturation of the vertebrate retina begins in the

posterior eye cup and follows a central-to-peripheral sweep,

as has been described in fish (Sharma & Ungar, 1980; Vecino

et al. 1993; Hagedorn et al. 1998; Doldán et al. 1999; Hu &

Easter, 1999; Peterson et al. 2001; Candal et al. 2005a,b;

Kitambi & Malicki, 2008; Bejarano-Escobar et al. 2009,

2010), amphibians (Holt et al. 1988), reptiles (Francisco-

Morcillo et al. 2006), birds (Prada et al. 1991; Snow &

Robson, 1994; Francisco-Morcillo et al. 2005) and mammals

(Rapaport et al. 1985, 2004; Young, 1985; Reese et al. 1996).

However, not all cell phenotypes are generated at the same

time. Retinogenesis in vertebrates proceeds in a precise

chronological order, with the seven principal cell types

generated in successive phases (Kahn, 1974; Sharma & Ungar,

1980; Young, 1985; Holt et al. 1988; LaVail et al. 1991; Prada

et al. 1991; Rapaport et al. 2004; Francisco-Morcillo et al.

2006; Bejarano-Escobar et al. 2009, 2010). Thus, retinal

ganglion cells are generated first, followed in overlapping

phases by horizontal cells, cone photoreceptor cells,

amacrine cells, rod photoreceptor cells, bipolar cells and,

finally, Müller glial cells (Young, 1985; Marquardt & Gruss,

2002; Rapaport et al. 2004; Lamb et al. 2007). However, in

some fish species, autoradiographic and immunohistochemi-

cal techniques have revealed that the disappearance of

proliferative activity and the expression of several neuronal

retinal markers set up approximately according to a vitreal to

scleral gradient of cell differentiation (Sharma & Ungar,

1980; Vecino et al. 1993; Doldán et al. 1999; Candal et al.

2005b; Harahush et al. 2009; Ferreiro-Galve et al. 2010a).

Although an extensive literature already exists on fish ret-

inal differentiation (Vecino et al. 1993; Doldán et al. 1999;

Fishelson & Baranes, 1999; Hu & Easter, 1999; Peterson et al.

2001; Candal et al. 2005a,b, 2008; Ferreiro-Galve et al. 2008,

2010a,b; Kitambi & Malicki, 2008; Bejarano-Escobar et al.

2009, 2010; Harahush et al. 2009), most of them are con-

ducted in bony-fish, and data concerning gene expression

patterns, birthdates, differentiation and the ontogenic

expression of selective neuromarkers in specific cell popula-

tions in the retina of elasmobranchs are sparse (Fishelson &

Baranes, 1999; Sauka-Spengler et al. 2001; Plouhinec et al.

2005; Ferreiro-Galve et al. 2008, 2010a,b; Harahush et al.

2009). Oviparous sharks present attributes typically associ-

ated with precocial species, such as large egg size, small egg

number, slow ontogeny and relatively large size at hatch-

ing. Moreover, recent studies show that, at hatching, the

retinas of different shark species are fully developed, as in

the rest of precocial fish species (Fishelson & Baranes, 1999;

Ferreiro-Galve et al. 2008, 2010a,b; Harahush et al. 2009).

The aim of the present study was to elucidate the chrono-

topographical distribution of different cell markers during

development of the retina in a single species of elasmo-

branch, the small-spotted catshark, also named the lesser-

spotted dogfish, or simply dogfish, Scyliorhinus canicula

(Linnaeus, 1758). We discuss our results in the context of

the developmental profile described for the retina of differ-

ent fish species as well as other classes of vertebrates.

Materials and methods

A total of 72 embryos, hatchlings and adults of the small-

spotted catshark were included in the present study

(Table 1). Fertilized eggs were obtained from adult females

collected in the western Mediterranean by local fishing ves-

sels. The eggs were transferred to the laboratory and main-

tained in an indoor tank of well-aereated seawater, kept

clean by means of an external filter device. Nitrite concen-

tration and water density were monitored during the

experiment. The water temperature ranged from 15 �C to

Table 1 Specimens of small-spotted catshark included in the present

study. The embryos are given according to the developmental stage

(St) of Ballard et al. (1993), and their age (from ‘day 1’, the first day

of incubation) and body length (the distance between the tip of the

snout and the end of the caudal fin).

Specimens Body length (mm) n

St25 18 2

St27 19–22 3

St28 22–23 4

St29 22–31 5

St30 29–31 6

St31 30–34 6

St32-early 42–60 8

St32-late 61–75 8

St33 75–84 10

St34 80–85 8

Hatching (P0) 85–92 10

Adult 400 2
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18 �C. At this temperature the average time of incubation

was 175 days. The eggs were opened after having roughly

estimated the developmental degree of the embryos

through the transparent walls of the capsule, and the

embryos were then carefully removed. Embryos and newly

hatched specimens were overanaesthetized with 0.04% tri-

caine methane sulphonate (MS-222; Sigma Chemical, Poole,

UK) in elasmobranch buffer (EB: 16.38 g L)1 NaCl;

0.89 g L)1 KCl; 1.11 g L)1 CaCl2; 0.38 g L)1 NaHCO3;

0.06 g L)1 NaH2PO4; 21.6 g L)1 urea; pH 7.2) or sea water,

respectively, and then fixed (see below). Digital images

were captured with a Digital Camera DS-5Mc (Nikon)

attached to a Stereoscopic Microscope SMZ-1000 (Nikon).

Their total length, measured from the anterior end of the

head to the tip of the tail, was between 18.0 and 400.0 mm

(Table 1).

The degree of development of the embryos was esti-

mated according to the stages (St) established by Ballard

et al. (1993). The stages are based on external anatomical

features, and are numbered from 1 (fertilization and begin-

ning of the zygote segmentation) to 34 (just before hatch-

ing). The embryos included in the present study ranged

from St25 to St34. We divided St32 into St32-early and

St32-late because: first, it is a long stage of about 50 days at

15–18 �C, during which numerous changes take place

gradually at variable rates (Ballard et al. 1993); second,

many morphological, histological and neurochemical

differences relating to the visual system were found in the

present St32 embryos; and third, differentiation of many

retinal cell types occurs during this stage. Figure 1 shows

embryos belonging to several developmental stages and

also a new hatched specimen.

Tissue processing

Histogenetic processes in the small-spotted catshark retina

were examined in semi-thin (morphological analysis) and

cryostat sections (immunohistochemical analysis). Embryos

and hatchlings were fixed by immersion in different fixative

solutions (see below). Adult individuals were previously per-

fused in situ with EB followed by the fixative solution.

For morphological analysis, some embryos and postnatal

specimens were immersed in a mixture of 2% glutaralde-

hyde and 2% paraformaldehyde (PFA) in EB for 8 h at 4 �C.

They were then rinsed in EB, postfixed in 2% osmium

tetroxide for 2 h, dehydrated in a graded series of acetone

and propylene oxide, and embedded in Spurr’s resin. Serial

frontal 2-lm sections were cut in a Reichert Jung micro-

tome. The sections were stained with 1% toluidine blue in

1% aqueous borax.

A B C D

E F G

I J K

H

Fig. 1 Stereo microscope images of embryos (A–J), according to developmental stages (St) of Ballard et al. (1993), and a newly hatched specimen

(K) of small-spotted catshark illustrating the external gross anatomical changes of the eye. The optic anlagen are prominent at St25 (A). A faint

pigmentation in the RPE is first observed at St29 (arrowheads in D). At St30, the eye is circled with pigment (E). Stage 32 is subdivided into St32-

early and St32-late (G, I). At St32-early, black, conspicuous pigmentation has completely encircled the eye (G). At St 32-late, the eye has attained

a mature appearance (H) and a faint pigmentation is visible on the body. P0, newly hatched specimen. Scale bars: 2 mm (A–D); 4 mm (E, F);

6 mm (G); 7 mm (H); 10 mm (I–K).
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For immunohistochemical analysis, embryos and hatch-

lings were fixed by immersion in 4% PFA in EB or in metha-

nol ⁄ acetone ⁄ water (2 : 2 : 1), for 12–24 h, depending on

their size, at 4 �C. Adult sharks were previously perfused in

situ with EB followed by 4% PFA in EB, and postfixed by

immersion for 6 h at 4 �C in the same fixative. The eyes were

removed and immersed for 12 h in the same fixative solution.

Tissues were gradually hydrated and immersed in phos-

phate-buffered saline, then cryoprotected, soaked in embed-

ding medium, frozen and freeze-mounted onto aluminium

sectioning blocks. Cryostat sections, 15 lm thick, were cut in

the frontal plane. Sections through different retinal areas

were thaw-mounted on SuperFrostªªPlus slides (Menzel-

Glaser, Germany), air-dried and stored at )80 �C until use.

Immunohistochemical studies

Primary and secondary antibodies used in the present study

are summarized in Table 2. All primary antibodies used in

this report were widely used in neuroanatomical studies in

the central nervous system of different groups of verte-

brates. They cross-react with antigens present in the small-

spotted catshark tissue, showing similar staining patterns to

those previously described in the fish retina and in the ret-

ina of other vertebrates.

Single- and double-immunohistochemical studies were

performed as described in Bejarano-Escobar et al. (2009,

2010). Control experiments were performed by omitting

the primary antibodies and were always negative. Sections

were coverslipped with Mowiol for observation. In all cases,

the sections were observed using an epifluorecence, bright-

field Nikon EOS-600 microscope, and photographed with a

digital camera (Axiocam HRc). Some of the double-immuno-

labellings were photographed with a Nikon D-Eclipse C1

confocal laser-scanning microscope. Graphical enhancement

and preparation for publication were performed in Adobe

Photoshop (v.CS4).

Results

Formation of retinal layers and disappearance of the

mitotic activity in the ventricular zone

The development of retinal lamination was analysed in

toluidine blue-stained semi-thin sections. We labelled the

small-spotted catshark cryostat sections with antibodies to a

cell cycle-related protein, anti-phosphohistone H3 (pHisH3),

which labels cells in the M phase (Ajiro et al. 1996; Fischer

& Reh, 2000). The neural retina remained undifferentiated

during the earliest stages of development included in the

present study (St25–29). Thus, at St29 the neuroretina con-

sisted of a neuroblastic layer (NbL) of densely packed cells

with abundant mitotic figures in the scleral-most region

(Figs 2A,B and 3A), which is consistent with the known

position of M-phase retinal progenitors. At St31, while a

massively proliferating retinal neuroepithelium was

observed in the peripheral retina, the central sensory retina

consisted of a ganglion cell layer (GCL) separated from the

neuroblastic cell mass by a thin inner plexiform layer (IPL;

Fig. 2C,D). Most of the mitotic figures were observed in the

ventricular side of the retina (Figs 2C,D and 3B,C), although

‘ectopic mitoses’ primarily located within the inner region

of the NbL were occasionally observed (Figs 2C,D and 3B,C).

The mitotic spindles of dividing cells in the inner NbL did

not appear to be preferentially oriented in any particular

plane. At St32-late the developing OPL became apparent in

the central and mid-peripheral parts of the retina

(Fig. 2E,F), but was not distinguishable in the peripheral

region (Fig. 2E,G). At this stage, pHisH3-immunoreactive

cells were restricted to the scleral surface of mid-peripheral

and peripheral areas (Fig. 3D,E). At the hatching stage (P0),

the typical multilayered structure of the vertebrate retina

was observed in the central region (Fig. 2H). The neuroepi-

thelial organization of the pure-proliferating ciliary mar-

ginal zone (CMZ) was observed in the peripheral-most

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

Primary antibody Working dilution Antibody suppliers (Reference)

Mouse anti-glutamine synthetase monoclonal antibody 1 : 200 Chemicon (Ref. MAB302)

Mouse anti-Islet-1 monoclonal antibody (clone 39.4D5) 1 : 5 Developmental Studies Hybridoma Bank (DSHB)

Mouse anti-SV2 monoclonal antibody 1 : 10 DSHB

Mouse anti-TUJ1 monoclonal antibody 1 : 100 Abcam (Ref. ab14545)

Rabbit anti-bovine rod opsin polyclonal antibody, CERN-922 1 : 1000 Gift from Dr Willem J. DeGrip

Rabbit anti-calbindin polyclonal antibody 1 : 1000 Swant (Ref. CB-38a)

Rabbit anti-calretinin polyclonal antibody 1 : 2000 Swant (Ref. 7699-4)

Rabbit anti-Goa polyclonal antibody 1 : 500 Millipore (Ref. 07-634)

Rabbit anti-phospho-Histone H3 polyclonal antibody 1 : 500 Millipore (Ref. 06-570)

Secondary antibodies

Alexa Fluor 488 goat-anti-mouse IgG antibody 1 : 200 Molecular Probes, the Netherlands (Ref. A-11001)

Alexa Fluor 594 goat-anti-rabbit IgG antibody 1 : 200 Molecular Probes, the Netherlands (Ref. A-11012)

Anti-mouse IgG biotin conjugate 1 : 100 Sigma (Ref. B-7264)

Anti-rabbit IgG biotin conjugate 1 : 50 Sigma (Ref. B-7389)
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retina (Fig. 2I). Adjacent to this region, we distinguished

the transition zone (TZ) described by Ferreiro-Galve et al.

(2010a) in the shark retina, formed by an IPL that separated

the presumptive GCL and the outer NbL (Fig. 2I). pHisH3-

immunoreactive mitotic figures were restricted in newly

hatched animals to the scleral parts of the CMZ and TZ

(Fig. 3F).

Neurochemical study

Expression patterns in the mature shark retina

We selected several antibodies against neurochemical mac-

romolecules selectively expressed by retinal cell types to

monitor the cell differentiation process in the small-spotted

catshark retina. Some of these antibodies, such as TUJ1 or

Isl1, are considered early markers of ganglion cell differenti-

ation in the retinal tissue. However, with the advance of

development, these proteins are expressed by cells other

than retinal ganglion cells. Therefore, we investigated the

developmental expression of all markers used and identi-

fied the cell types expressing them to gain a better under-

standing of whether preferred expression of them in

certain retinal neurons plays a cell-specific role, or whether

it is only a part of an intrinsic developmental program. The

expression patterns for the different cell markers in the

mature tissue are reported first so as to establish a set of

referents with which to compare other stages. Essentially,

the same labelling for the different antibodies was

A

B

C ED

G H IF

Fig. 2 Toluidine blue-stained semi-thin transverse sections showing emergence of the retinal layers in the developing small-spotted catshark retina.

Boxed areas in (A, C, E) are shown at higher magnification in (B, D, F, G). (A, B) At St29 retinal lamination was absent and the retina was

occupied by a neuroepithelium with abundant mitotic figures in the scleral surface (arrowheads in B). (C, D) At St31 retinal lamination was

restricted to the central retina (delimited by arrows in C), showing a GCL and an external NbL with abundant mitotic figures in the scleral-most

region (black arrowhead in D) and sparse extra-ventricular mitosis (white arrowhead in D). These nuclear layers are separated by a non-cellular

layer, the presumptive IPL. (E–G) At St32-late, the two plexiform layers were clearly distinguished (E–G) except in the peripheral retina, where only

the presumptive GCL, IPL and external NbL were observable (E, G). (H, I) At hatching (P0) the typical cytoarchitecture of the adult retina was

clearly observable (H), with the exception of the peripheral-most region, occupied by the CMZ, and a special tissue denominated transition zone,

where the OPL was not evident (I). Sparse mitotic figures were observable in the peripheral retina (arrowhead in I). Scale bars: 100 lm (A, C);

200 lm (E); 25 lm (B, D, F–I). CMZ, ciliary marginal zone; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; NbL,

neuroblastic layer; ONL, outer nuclear layer; OPL, outer plexiform layer; TZ, transition zone.
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observed in P0 and adult small-spotted catshark retinas,

therefore only images of P0 shark retinas are shown. Thus,

immunoreactivity against TUJ1 antibody was intense in cells

located at the scleral-most part of the inner nuclear layer

(INL) including their projections in the OPL (Fig. 4A,B). Cal-

retinin (CR), a horizontal cell marker in the developing and

adult shark retina (Ferreiro-Galve et al. 2010b), colocalized

with TUJ1 in this retinal region (Fig. 5A–C). In addition,

strong TUJ1 staining was present in scarce radially oriented

cell processes located in the INL, in amacrine cell bodies, in

the IPL, and in the optic fibre layer (OFL; Fig. 4A,B). More-

over, intense immunoreactivity was found in fascicles of

axons that leave the eye through the optic nerve head

(ONH; Fig. 4B). Isl1 expression was detected in the nuclei of

some horizontal, bipolar and amacrine cells, and in most of

the ganglion cells (Fig. 4C). Both the OPL and IPL were

heavily immunostained with the anti-SV2 antibody

(Fig. 4D). Faint immunoreactivity was also observed in cell

processes throughout the INL (Fig. 4D). Numerous

CB-immunoreactive bipolar and amacrine cells were

observed (Fig. 4E). Many of the CB-immunoreactive bipolar

cells exhibited thick processes (Landolt’s club) that ran

towards the outer limiting membrane (OLM; Fig. 4E). Both

the OPL and IPL appeared also faintly immunostained

(Fig. 4E). Colocalization experiments for TUJ1 and CB

revealed that TUJ1-immunoreactive horizontal cells never

expressed CB (Fig. 5D–F). Furthermore, double-labelling

experiments also revealed that both the bipolar and ama-

crine CB-immunoreactive cells were distinct from the bipolar

and amacrine Isl1-positive cells, and no double-labelled cells

were detected (Fig. 5G–I). Rod opsin-immunoreactive peri-

karya were located at various levels within the outer nuclear

layer (ONL; Fig. 4F). Occasional opsin-immunoreactive cells

were observed in the INL (Fig. 4F). Goa-immunoreactive

A B

C

E

F D

Fig. 3 pHisH3 immunoreactivity distribution

in the developing small-spotted catshark

retina. The boxed area in (B) is shown at

higher magnification in (C). (A–C) Between

St29 and St31, numerous pHisH3-positive

mitotic cells were distributed throughout the

ventricular surface (A–C; arrowheads in C).

Occasionally, extraventricular mitoses were

observed in more internal layers of the retina

(asterisk in C). (D, E) At St32-late pHisH3

immunoreactivity disappeared from the

central retina, becoming restricted to mid-

peripheral and peripheral areas (delimited by

arrows in D; arrowheads in E). (F) At P0

mitotic immunoreactive figures were only

detected in the peripheral-most retina

(arrowheads). Scale bars: 100 lm (A, B, D);

25 lm (C, E, F). CMZ, ciliary marginal zone;

GCL, ganglion cell layer; INL, inner nuclear

layer; IPL, inner plexiform layer; OPL, outer

plexiform layer; TZ, transition zone.
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bipolar cell perikarya were observed in the scleral-most part

of the INL (Fig. 4G). Immunoreactivity was also observed in

their thick axonal (inner) processes running to the IPL, and

in both the OPL and the IPL (Fig. 4G). All Goa-expressing

bipolar cells also expressed Isl1 (Fig. 5J–L). GS-immunoreac-

tive Müller cell perikarya were arranged in a single row and

located in the vitreal half of the INL (Fig. 4H). Two immuno-

reactive processes emerged from the cell body towards the

OLM and the inner limiting membrane (ILM; Fig. 4H). Müller

cell processes that branched in the OPL, near the photore-

ceptor nuclei, appeared moderately immunostained

(Fig. 4H). Therefore, the antibodies used in the present

study stain most of the cell types that one can find in the

adult small-spotted catshark retina.

Neurochemical profiles during shark retinal ontogeny

No immunoreactivity was observed for any of the markers

investigated in this study until St28 (not shown). By this

stage, although the small-spotted catshark retina was

occupied by a proliferating neuroepithelium with no

apparent morphological signs of differentiated neurons,

TUJ1 immunohistochemistry revealed two different types

of labelled cells restricted to central regions of the retina

(Fig. 6A–C). The first type has round somata near the vitre-

al surface (Fig. 6A,C), in close relationship with immunore-

active axons that run parallel to the vitreal surface of the

neuroretina (Fig. 6A–C). These cells did not show processes

extending towards the scleral surface, and therefore

appeared to be post-migratory (Fig. 6C). The second type

A C D

E F G H

B

Fig. 4 Patterns of expression of cell markers in the small-spotted catshark retina at hatching (P0). (A, B) TUJ1 immunoreactivity was detected in

many horizontal and amacrine cells, in sparse ganglion cells, in fine processes oriented along the vitreo-scleral axis (asterisks), and in the OFL.

Strong immunoreactive ganglion cell axons were also observed in the ONH (B). (C) Isl1 immunoreactivity was detected in the nuclei of

subpopulations of horizontal, bipolar, amacrine and ganglion cells. (D) The IPL and OPL were highly immunoreactive to the SV2 antibody. Fine

processes distributed throughout the INL appeared faintly immunostained. (E) Immunoreactivity against CB was mainly detected in bipolar and

amacrine cells. Many bipolar cells exhibited apical processes that ran towards the OLM (arrowheads). Descending appendages from amacrine cells

were also observed. The OPL and IPL appeared faintly immunostained. (F) Most of the photoreceptor cells were labelled with CERN-922 antibody.

Occasional opsin-immunoreactive cells were observed in the INL (arrow). (G) Goa-immunopositive cell bodies were located in the scleral part of the

INL. Fine long immunoreactive processes that reached the IPL (asterisks) were also immunolabelled. The IPL and OPL were immunoreactive. (H) GS

staining was evident in cell somata located in the vitreal half of the INL, and in vitreal and scleral processes of radially oriented cells. The OLM, ILM

and OPL also appeared stained. Scale bars: 25 lm (A, C–H); 100 lm (B). ac, amacrine cell; bc, bipolar cell; CB, calbindin; gc, ganglion cell; GCL,

ganglion cell layer; hc, horizontal cell; ILM, inner limiting membrane; INL, inner nuclear layer; IPL, inner plexiform layer; mc, Müller cell; OFL, optic

fibre layer; OLM, outer limiting membrane; ONH, optic nerve head; ONL, outer nuclear layer; OPL, outer plexiform layer.
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was bipolar shaped, showing ovoid somata located at vari-

ous depths and vitreo-scleral processes spanning the neu-

roepithelium (Fig. 6A–C). At this stage, scarce faintly

labelled Isl1-positive ovoid nuclei were dispersed over the

NbL, some of them located in the vitreal-most region

(Fig. 6D,E). At St29, TUJ1 (Fig. 7A–C) and Isl1 (Fig. 7D,E)

expression reached more peripheral regions, and the

labelled cells increased in number. The expression patterns

were very similar to that observed in the previous stage,

although many of the Isl1-positive cells were located in

the vitreal margin of the central retina (Fig. 7D,E). At this

stage the first SV2 immunoproducts were detected in slen-

der cell processes oriented along the vitreo-scleral axis,

mainly restricted to the central region of the retina

(Fig. 7F,G). Strong immunoreactive ganglion cell axons

were also observed in the optic nerve (Fig. 7F). The IPL

became recognizable in a small region of the central retina

at St30 (not shown), and it could be clearly observed at

A B C

D E F

G H I

J K L

Fig. 5 Photomicrographs of P0 small-spotted catshark retina to illustrate the colocalization of CR (green) and TUJ1 (red) (A–C), TUJ1 (green) and

CB (red) (D–F), Isl1 (green) and CB (red) (G–I), and Goa (green) and Isl1 (red) (J–L). (A–C) Panels show localization of TUJ1 in CR-immunoreactive

horizontal cells (arrows). (D–F) CB was not expressed in TUJ1-immunoreactive horizontal cells. (G–I) Panels illustrate the same section labelled for

Isl1 and CB, where no colocalization was detected. (J–L) Goa-immunoreactive bipolar cells also expressed Isl1 (arrows). Scale bars: 25 lm (A–I);

15 lm (J–L). CB, calbindin; CR, calretinin; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer.
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St31 with antibodies against SV2, reaching the mid-periph-

eral area (Fig. 8A,B). Isl1-positive cells were detected on

either side of the developing IPL, corresponding to differ-

entiating amacrine and ganglion cells (Fig. 8C,D). CB was

first detected in the small-spotted catshark retina by this

stage in cells located in the inner and outer regions of the

NbL in the central retina (Fig. 8E), although the scleral

population of immunoreactive cells disappeared in the

peripheral region (Fig. 8F). The IPL also displayed a faint

immunoreactivity (Fig. 8E,F). At St32-early the retinal layer-

ing was completed in the central retina with the emer-

gence of the OPL (Fig. 2F) that already showed moderately

SV2 immunoreactivity (Fig. 9A). At this stage most of the

cell types located in the scleral region of the retina

became differentiated. Thus, sparse horizontal cells and

photoreceptors were labelled for the first time with TUJ1

(Fig. 9B) and CERN-922 (Fig. 9C,D) antibodies, respectively.

However, photoreceptor cells showed morphological

features of immaturity, with elongated cell bodies with no

clear distinction between the inner and outer segments

(Fig. 9D). At this stage, the first nuclei of horizontal ⁄
bipolar Isl1-immunoreactive cells could be distinguished

(Fig. 9E), and the number of CB-immunoreactive bipolar

cells progressively increased (Fig. 9F). At St32-late the

expression patterns for TUJ1 (Fig. 10A), Isl1 (Fig. 10C), SV2

(Fig. 10E), CB (Fig. 10G) and CERN-922 (Fig. 10I) began to

resemble those observed in the P0 retina in most of the

retinal tissue, although features of immaturity were visible

with the same markers in the peripheral retina

(Fig. 10B,D,F,H,J, respectively). At St32-late, Goa staining

was primarily seen in the central retina in faintly stained

cell bodies located in the scleral-most part of the INL, from

which dendrites emanated towards the OPL (Fig. 10K).

Bipolar cell processes that extended into the IPL were also

stained (Fig. 10K). By this stage the enzyme GS was also

first detected, restricted to cell somata arranged in a single

A

D

B

C

E

Fig. 6 Early immunochemical markers in the

embryonic small-spotted catshark retina at

St28. The boxed areas in (A, D) are shown at

higher magnification in (B, C, E). (A–C) The

pattern of TUJ1 immunolabelling showed

several postmitotic cells with large somata

bordering the vitreal surface (white arrow in

C). In the region of the presumptive OFL,

several TUJ1-positive processes could also be

seen (asterisks in B, C). Bipolar-shaped cells

(A, black arrows in B, C) with processes

oriented perpendicular to the vitreal and

scleral surfaces (arrowheads in B, C) were also

observed. (D–E) Ovoid nuclei were faintly

labelled with anti-Isl1 antibody (D, black

arrows in E). They were mainly concentrated

in the central retina and dispersed over the

neuroepithelium, although some of them

were located close to the vitreal surface

(white arrows in E). Scale bars: 100 lm

(A, D); 25 lm (B, C, E). NbL, neuroblastic

layer.
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row located close to the vitreal region of the INL and to

slender processes that emerged from the cell bodies

towards the OLM and the ILM (Fig. 10L). The onset of the

appearance and expression pattern of the various cell

markers used are summarized in Fig. 11.

Taken together, our findings indicate that different

immunoreactivities appeared progressively in the develop-

ing small-spotted catshark retina following a central-

to-peripheral gradient. Moreover, retinal cell differentiation

followed a vitreal-to-scleral gradient in this species, with the

A

F

D

B

C

E

G

Fig. 7 Early immunochemical markers in the

embryonic small-spotted catshark retina at

St29. The boxed areas in (A, D, F) are shown

at higher magnification in (B, C, E, G). (A–C)

Many TUJ1-positive somata were found in the

central retina with their cell bodies located at

varying distances from the vitreal surface

(black arrows in B, C) and in the presumptive

GCL (white arrows in B, C). Immunoreactive

vitreo-scleral processes (arrowheads in B, C)

and optic axons (asterisks in B, C) were

distinguishable. (D, E) The number of Isl1-

positive nuclei increased by this stage (D,

arrows in E). Many of these immunoreactive

nuclei were close to the inner surface of the

neuroretina (white arrows in E). (F, G) Radial

cell prolongations immunoreactive for SV2

were dispersed throughout the

neuroepithelium by this stage, mainly in the

central retina. Strong immunoreactive

ganglion cell axons were observed in the

optic nerve. Scale bars: 100 lm (A, D, F);

25 lm (B, C, E, G). NbL, neuroblastic layer;

ON, optic nerve.
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A

E

C

DB

F

Fig. 8 Immunochemical markers in the

embryonic St31 small-spotted catshark retina.

The boxed areas in (A, C) are shown at

higher magnification in (B, D). (A, B) SV2

immunoreactivity was mainly confined to the

IPL (delimited by double arrowheads),

although radial cell processes were also

immunostained (B). (C, D) Many Isl1-

immunoreactive nuclei abutting either side of

the anlage of the IPL (arrows in D) were

observed by this stage. (E, F) CB was detected

throughout the retina in abundant cell somas

located in the presumptive amacrine cell

layer. Many of these cells sent

immunoreactive descending processes to the

IPL (arrowheads in E), which appeared faintly

immunostained too. Restricted to the central

retina, scarce immunoreactive somas were

detected in the scleral half of the NbL (arrows in

E). Scale bars: 100 lm (A, C); 25 lm (B, D–F).

CB, calbindin; IPL, inner plexiform layer; NbL,

neuroblastic layer; ON, optic nerve.
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exception of Müller cells that were the last cell type gener-

ated during retinogenesis.

Discussion

Ontogenetic processes in the retina of fish species commonly

used as models for retinal development are difficult to

define due to the rapid development to maturity. In con-

trast, small-spotted catshark is a precocial elasmobranch spe-

cies showing an embryological development lasting

175 days. The present study shows that retinal cell differen-

tiation in this species begins at St28 (embryonic day 46, E46),

and at time of release the retina is fully differentiated. The

analysis of this precocial slow-developing fish with large

eyes allows examination of details that may be underesti-

mated in fast-developing fish with small eyes. Therefore, the

retina of small-spotted catshark constitutes an exceptional

model in which to study cell retinogenesis due to the pro-

tracted embryonic period relative to other fish species. The

results obtained in the present study are discussed below.

A

E

B

DC

F

Fig. 9 Neurochemical profiles in the

embryonic central retina at St32-early. The

boxed area in (C) is shown at higher

magnification in (D). (A) SV2 antibody

revealed the emergence of the OPL in the

central retina. Furthermore, strong

immunoreactivity was detected in the IPL.

(B) The rounded TUJ1-immunoreactive somas,

located close to the OPL, represented putative

differentiating horizontal cells (arrows).

Immunostaining was detected also in

amacrine cells (large arrowheads), in

descending cell prolongations (small

arrowheads) located in the INL, IPL and OFL.

(C, D) Scarce opsin-immunoreactive

photoreceptor cells, showing morphological

features of immaturity, were observed in the

ONL. (E) Isl1 antibody recognized for the first

time cell nuclei located in the outer region of

the INL (arrows). Immunoreactivity was also

found in most of the ganglion cells and in a

subpopulation of amacrine cells located in

the innermost region of the INL (arrowheads).

(F) CB immunoproducts were found in somas

located in the outer region of the INL

(arrows), and in cell perikarya (large

arrowheads) and their processes (small

arrowheads) in the vitreal part of the INL.

Scale bars: 25 lm (A, B, D–F); 100 lm (C).

CB, calbindin; GCL, ganglion cell layer; INL,

inner nuclear layer; IPL, inner plexiform layer;

OFL, optic fibre layer; ONL, outer nuclear

layer; OPL, outer plexiform layer.
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Gradients of histogenesis and cell differentiation in

the small-spotted catshark retina

The general pattern of ripening of the retinal layers and

the appearance of neurochemical profiles in the developing

small-spotted catshark retina follow a central to peripheral

gradient as in the rest of vertebrates (Sharma & Ungar,

1980; Young, 1985; Prada et al. 1991; Vecino et al. 1993;

Reese et al. 1996; Doldán et al. 1999; Hu & Easter, 1999;

Peterson et al. 2001; Candal et al. 2005a,b, 2008; Francisco-

Morcillo et al. 2006; Kitambi & Malicki, 2008; Bejarano-

Escobar et al. 2009, 2010). The disappearance of the mitotic

activity in the ventricular surface of the retina, followed in

the present study with antibodies against pHisH3, parallels

the central to peripheral sweep of differentiation, as has

been reported in the retina of mammals (Rapaport & Stone,

1983; Robinson et al. 1985; Stone et al. 1985; Harman &

Beazley, 1987). With this marker, we found sparse ‘ectopic

mitoses’ located vitreally in the NbL of the small-spotted

catshark developing retina. ‘Ectopic mitoses’ have previ-

ously been described in the developing retina of various

vertebrate species (Robinson et al. 1985; Smirnov &

Puchkov, 2004; Godinho et al. 2007; Boije et al. 2009).

Recently, Boije et al. (2009) have demonstrated that all or a

clear majority of vitreal mitoses are undertaken by the

horizontal cell committed precursors in the chick retina.

Additionally, our results reveal that different matura-

tional features also progressed in a vitreal to scleral manner.

Thus, we showed that the OPL evolved much later (St32-

early) than the IPL (St30). This delay in the OPL formation

with respect to the IPL has been described in the retina of

chick (Drenhaus et al. 2007) and different mammals

(Young, 1985; Reese et al. 1996; Rapaport et al. 2004). How-

ever, the emergence of both plexiform layers occurred

simultaneously in the retina of different fish (Vecino et al.

1993; Doldán et al. 1999; Kitambi & Malicki, 2008; Bejarano-

Escobar et al. 2009, 2010) and the turtle Mauremys leprosa

(Francisco-Morcillo et al. 2006).

A B C D

E F G H

I J K L

Fig. 10 Neurochemical profiles in the central (A, C, E, G, I, K, L) and peripheral (B, D, F, H, J) embryonic small-spotted catshark retina at St32-late.

(A–J) While the labelling patterns described for the different markers in the central and mid-peripheral retina resembled those observed at

hatching day, the peripheral areas (delimited by dashed lines in B, D, F, H, J) resembled undeveloped retinas. Arrows in (A) point to

immunoreactive horizontal cells. Large arrowheads in (A) point to immunoreactive amacrine cells. Small arrowheads point to fine immunoreactive

processes descending the INL in (A), bipolar cells Landolt’s club in (G) and opsin-immunoreactive cells in the INL in (I, J). (K) Bipolar cells with their

cell bodies (arrows) located close to the OPL and their processes extended towards both OPL and IPL (asterisks) were detected for the first time

with antibodies against Goa protein. (L) GS immunoreactivity was seen in the developing INL, with the stained cell bodies localized in the proximal

part of the prospective INL (arrows), and two slender processes extending towards the OLM and the ILM. Scale bars: 25 lm (A, C, E, G, I, K, L);

100 lm (B, D, F, H, J). CB, calbindin; CMZ, ciliary marginal zone; GS, glutamine synthetase; ILM, inner limiting membrane; INL, inner nuclear layer;

IPL, inner plexiform layer; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; TZ, transition zone.
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Furthermore, the immunohistochemical analysis shows

that the neuronal differentiation process progresses in a

vitreal to scleral direction in the developing small-spotted

catshark retina, coinciding with previous studies conducted

in the brown-banded bamboo shark (Chiloscyllium puncta-

tum) retina, assessed by light and transmission-electron

microscopy (Harahush et al. 2009). These data agree with

studies conducted in the fish retina that showed a gradual

loss of proliferative cells in a vitreo-scleral fashion (Sharma

& Ungar, 1980; Negishi et al. 1990; Hagedorn & Fernald,

1992; Candal et al. 2005a). However, Müller cells in the

developing small-spotted catshark constitute the cell type

that differentiated last, in agreement with previous studies

of the retinas of different vertebrates (Young, 1985; Prada

et al. 1991; Rapaport et al. 2004; Francisco-Morcillo et al.

2006; Bejarano-Escobar et al. 2009, 2010). Structural analy-

ses in the mammalian retina suggest nearly simultaneous

differentiation of the Müller cells and the ganglion cells

(Uga & Smelser, 1973; Kuwabara & Weidman, 1974). More

recently, an ultrastructural study developed in the

embryonic retina of the brown-banded bamboo shark,

Chiloscyllium punctatum (Harahush et al. 2009), has shown

that Müller cell somata or their processes are present at

early stages of retinal development, simultaneously with

ganglion cell differentiation. These authors claim that the

early presence of Müller cells within the retina provides a

scaffold for the orientation and migration of differentiating

neuroblasts. We did not observe cells exhibiting the typical

morphological features of Müller cells in carefully examined

toluidine blue-stained semi-thin sections of the developing

small-spotted catshark retina before St32-late, the moment

at which they started to express GS. The determination of

the timing of Müller cell differentiation in the fish

retina and identification of new early markers represent

interesting avenues for future research.

Neurochemical profiles during small-spotted catshark

retinal differentiation

Although the precise involvement of the antigens described

in the present study in retinal development is unclear,

their patterns of expression indicate that many of them

may be necessary for neuronal and glial differentiation.

Some of them allowed us to identify retinal cells in the

pre-laminated retina, such as TUJ1 (Watanabe et al. 1991;

Snow & Robson, 1994, 1995; Sharma & Netland, 2007) and

Isl1 (Austin et al. 1995; Galli-Resta et al. 1997; Francisco-

Morcillo et al. 2005, 2006; Edqvist et al. 2006; Elshatory

Fig. 11 Schematic diagram of the onset of cell marker expression in the central retina for the different retinal cell types. The earliest detectable

time of cell marker onset in a cell population is indicated as dots. Note that sometimes not all cells within a certain cell population are necessarily

labelled, for instance Is1 amacrine cells or CB bipolar ⁄ amacrine cells. The time course of expression of different cell markers showed a vitreal to

scleral progression of cell differentiation in the shark retina. CB, calbindin; GS, glutamine synthetase; OPL, outer plexiform layer
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et al. 2007; Bejarano-Escobar et al. 2009, 2010) that have

been reported to be early markers for ganglion cells. Thus,

TUJ1-immunoreactive cells were first detected in the

developing small-spotted catshark retina in large somata

bordering the presumptive ILM. In the region of the pre-

sumptive OFL, several TUJ1-positive processes can also be

seen. Moreover, spindle-shaped cells distributed through-

out the neuroepithelium sending axon-like processes

into the region of the OFL were labelled too. Abundant

Isl1-immunoreactive nuclei coincide chronotopographically

with TUJ1-labelled cells. The first cells generated during

development of the vertebrate retina are the ganglion cells

(Kahn, 1974; Young, 1985; Prada et al. 1991; Snow &

Robson, 1994; Hu & Easter, 1999; McCabe et al. 1999;

Francisco-Morcillo et al. 2006; Bejarano-Escobar et al. 2009,

2010). Therefore, the first differentiating ganglion cells in

the small-spotted catshark retina appeared at St28.

Coinciding with the emergence of the IPL, subpopula-

tions of Isl1- and CB-immunoreactive amacrine cells were

arranged along the inner region of the NbL. In all verte-

brates investigated, Isl1 is present in a subpopulation of

amacrine cells even during early stages of development

(Galli-Resta et al. 1997; Edqvist et al. 2006; Francisco-

Morcillo et al. 2006; Elshatory et al. 2007; Bejarano-Escobar

et al. 2009, 2010). CB is present in subpopulations of

amacrine cells in the retina of fish (Vecino et al. 1993;

Weruaga et al. 2000; Villar-Cheda et al. 2006; Graña et al.

2008; Morona et al. 2011) and other vertebrates (Pasteels

et al. 1990; Ellis et al. 1991; Pochet et al. 1991; Völgyi et al.

1997; Deng et al. 2001; Loeliger & Rees, 2005; Francisco-

Morcillo et al. 2006; Morona et al. 2007). However, many of

the studies conducted on fish retinas have reported that CB

is absent from amacrine cells (Doldán et al. 1999; Weruaga

et al. 2000; Huesa et al. 2002).

CB immunoreactivity is typical in bipolar cells in verte-

brates from lampreys through mammals (Pasteels et al. 1990;

Pochet et al. 1991; Vecino et al. 1993; Doldán et al. 1999;

Weruaga et al. 2000; Deng et al. 2001; Chiquet et al. 2002;

Cuenca et al. 2002; Huesa et al. 2002; Francisco-Morcillo

et al. 2006; Villar-Cheda et al. 2006; Morona et al. 2011),

with the exception of nocturnal primates and rodents

(Wässle et al. 1998; Chiquet et al. 2002). CB-immunoreactive

bipolar cells were found in the developing retina of small-

spotted catshark from St31 onwards, although the number

of labelled cells and immunostaining intensity increased

markedly with development. Many of these labelled cells

send out Landolt’s club processes that terminate amidst the

epithelial cell processes and in close relation to photorecep-

tors, as has been described in sturgeon (Huesa et al. 2002)

and sea lamprey (Villar-Cheda et al. 2006). We used another

two antibodies that identified bipolar cells in the shark

retina, Goa and Isl1. We found that bipolar cells expressing

Goa also expressed Isl1, as has been described in the mouse

retina (Elshatory et al. 2007). However, CB and Isl1 did not

overlap in bipolar cells.

We have studied the maturation of horizontal cells by

using the appearance of TUJ1 and Isl1 antigens as markers,

in coherence with the results described previously (Edqvist

et al. 2006; Francisco-Morcillo et al. 2006; Sharma &

Netland, 2007; Bejarano-Escobar et al. 2009, 2010). How-

ever, Isl1 is not expressed in horizontal cells in the develop-

ing and adult mouse retina (Elshatory et al. 2007). Both

markers were first detected in presumptive horizontal cells

by St32-early, coinciding with the emergence of the OPL.

Finally, the first opsin-expressing photoreceptors were

detected at St32-early in the presumptive ONL. In addition,

labelled cells were also observed in the INL of embryonic

and perinatal specimens, extending long processes along

the vitreo-scleral axis. These ectopic opsin-immunoreactive

cells have been also described during development of the

rat retina (Gunhan-Agar et al. 2000; Gunhan et al. 2003).

The presence of these neurons outside their normal retinal

layers reflects migration errors during early development

(Gunhan et al. 2003).

Conclusions

Elasmobranchs occupy a key phylogenetic position as an

out-group to osteichthyans, and therefore knowledge of

their retinal organization and development is essential to

assess the ancestral condition in gnathostomes and evolu-

tion of retinogenesis in vertebrates. In summary, the pres-

ent findings, together with data from the literature,

indicate that: first, the protracted gestational period, which

is comparable to that of humans and other large mammals,

of small-spotted catshark make it a highly valuable model

for developmental studies of the visual system; second,

small-spotted catshark retina is fully differentiated and

functional prior to birth; third, retinal maturational features

follow a central-to-peripheral gradient, as in other classes

of vertebrates; and fourth, the vitreal-to-scleral progression

of histogenesis and neural differentiation in the fish retina

seems to be specific to slow-developing species.
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Villar-Cheda B, Ábalo XM, Anadón R, et al. (2006) Calbindin and

calretinin immunoreactivity in the retina of adult and larval

sea lamprey. Brain Res 1068, 118–130.

ªª 2012 The Authors
Journal of Anatomy ªª 2012 Anatomical Society

Retinogenesis in the small-spotted catshark, R. Bejarano-Escobar et al.334
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