
For Peer Review
Gradual Morphogenesis of Retinal Neurons in the Peripheral Retinal 

Margin of Adult Monkeys and Humans 

Journal: The Journal of Comparative Neurology 

Manuscript ID: JCN-08-0014.R4 

Wiley - Manuscript type: Research Article 

Keywords:
neuronal differentiation, ciliary body, photoreceptors, retinal 
progenitors, stem cells, primates 

John Wiley & Sons

Journal of Comparative Neurology



For Peer Review

Associate Editor: Paul E. Sawchenko 

Gradual Morphogenesis of Retinal Neurons in the Peripheral Retinal 

Margin of Adult Monkeys and Humans

GEMA C. MARTÍNEZ-NAVARRETE,1 ANTONIA ANGULO,2 JOSÉ MARTÍN-

NIETO,1,3 AND NICOLÁS CUENCA1,3*

1Departamento de Fisiología, Genética y Microbiología, Facultad de Ciencias, 

Universidad de Alicante, E-03080 Alicante, Spain

2Departamento de Óptica, Farmacología y Anatomía, Escuela Universitaria de Óptica y 

Optometría, Universidad de Alicante, E-03080 Alicante, Spain

3Instituto Multidisciplinar para el Estudio del Medio, Universidad de Alicante, E-03080 

Alicante, Spain

*Correspondence to: Nicolás Cuenca, Departamento de Fisiología, Genética y 

Microbiología, Universidad de Alicante, Campus Universitario San Vicente, Apartado 

99, E-03080 Alicante, Spain. Phone: +34-96-590-3400 ext. 3060. Fax: +34-96-590-9569.

E-mail: cuenca@ua.es

Abbreviated title: Morphogenesis in adult primate retinas

Indexing terms: neuronal differentiation, ciliary body, photoreceptors, retinal 

progenitors, stem cells, primates

Grant sponsor: Ministerio de Educación y Ciencia; Grant number: BFU2006-00957/BFI; 

Page 1 of 74

John Wiley & Sons

Journal of Comparative Neurology

mailto:cuenca@ua.es


For Peer Review

Grant sponsor: Ministerio de Sanidad y Consumo; Grant number: RETICS 

RD07/0062/0012; Grant sponsor: ONCE; Grant sponsor: FUNDALUCE (to N.C.); Grant 

sponsor: Generalitat Valenciana; Grant number: GV06/197 (to J.M.-N).

Page 2 of 74

John Wiley & Sons

Journal of Comparative Neurology



For Peer Review

ABSTRACT

The adult mammalian retina has been for long considered to lack neurogenerative 

capacity. However, retinal stem/progenitor cells which can originate retinal neurons in 

vitro have been recently reported in the ciliary body of adult mammals. Here we have 

explored the possibility of retinal neurogenesis occurring in vivo in adult monkeys and 

humans. We have found the presence of cells expressing molecular markers of neural and 

retinal progenitors in the non-laminated retinal margin and ciliary body pars plana of 

mature primates. By means of imunohistochemistry and electron microscopy we have 

also observed photoreceptors and other retinal cell types in different stages of 

morphological differentiation along the peripheral retinal margin. These findings allow us 

to extend to primates the idea of neurogenesis aimed at retinal cell turnover throughout 

life.
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INTRODUCTION

Traditionally, it has been thought that through evolution the adult mammalian central 

nervous system (CNS) has lost its capacity for neurogeneration (Ming et al., 2005). 

However, neural stem cells have been found in rodents and primates mainly in the 

subventricular zone of the lateral ventricle and the subgranular zone of the dentate gyrus 

(Doetsch, 2003; Emsley et al., 2005). These regions supply newly-formed neurons to the 

olfactory bulb and the hippocampus, respectively, supporting a space-restricted 

neurogenesis through life. 

The neural retina is an extension of the CNS with a well characterized laminar 

structure. During embryonic development, retinal progenitor cells exit the cell cyle and 

follow a stereotyped temporal differentiation sequence in which cone photoreceptors, 

horizontal, amacrine and ganglion cells develop during early histogenesis, whereas rod 

photoreceptors, bipolar neurons and Müller glial cells generate during late retinogenesis 

(Marquardt and Gruss, 2002; Hatakeyama and Kageyama, 2004; Klassen et al., 2004). 

This process is complete in the first several postnatal weeks (LaVail et al., 1991; 

Rapaport et al., 1996, 2004; Zhao et al., 2005). Neurogenesis has not been reported in the 

mature retina of mammals; hence these animals are thought to essentially lack 

regenerative capacities in adulthood (Amato et al., 2004; Moshiri et al., 2004; Reh and 

Fischer, 2006). 

In contrast, in lower vertebrates such as fish and amphibians, the continuous growth 

of the eye is accompanied by retinogenesis from neural stem cells occurring through life 

at the peripheral margin of the retina, in the so-called ciliary margin zone (CMZ) (Harris 

and Perron, 1998; Reh and Levine, 1998; Amato et al., 2004; Hitchcock et al., 2004). In 
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postnatal birds, proliferation and differentiation of neurons and glia also occurs at the 

retinal margin, in a zone highly reminiscent of the CMZ (Fischer and Reh, 2000; Kubota 

et al., 2002), although the neurogenic potential of retinal progenitors is highly restricted 

as compared to fish and amphibians (Reh and Fischer, 2006). 

The presumptive presence in mammals of a region analogous to the CMZ currently

constitutes an issue of growing research interest, given its potential implication as a stem-

cell source for supporting retinal neurogenesis in the adult, in order to replace neurons 

that become normally lost through life or as a consequence of retinal disease and injury. 

A population of rare undifferentiated cells displaying stem-cell properties in vitro has 

been isolated from the epithelium of the ciliary body of adult rodents and other mammals 

(Ahmad et al., 2000; Tropepe et al., 2000), including humans (Coles et al., 2004). These 

cells generate neurospheres in culture that contain multipotent cells expressing the neural 

precursor cell marker, nestin, as well as markers of retinal progenitors. They are also able 

to differentiate into a variety of retinal neurons and glia in vitro (Ahmad et al., 2004; 

Coles et al., 2004; Engelhardt et al., 2004; Das et al., 2005; Mayer et al., 2005). However, 

the presence of differentiating neurons has not been shown in the normal adult 

mammalian eye in vivo. In this work we have addressed the possibility of retinal 

neurogenesis taking place in mature primates. Undifferentiated cells expressing 

molecular markers of retinal stem/progenitors were found in both the ciliary body and the 

far peripheral retina of adult monkeys and humans. As well, we here report the presence 

of photoreceptors and other retinal cell types undergoing a process of gradual 

morphogenesis along the peripheral retinal margin of primates.
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MATERIALS AND METHODS

Biological material

Cynomolgus, long-tailed monkeys (Macaca fascicularis) from both sexes were obtained 

from the Biomedical Primate Research Center (Ryswyk, The Netherlands), and kept as 

described (Barcia et al., 2003; Martínez-Navarrete et al., 2007) at the animal care facility 

of the Universidad de Murcia, Spain. Experiments were performed in compliance with 

the institutional guidelines set by this and the Universidad de Alicante. All animal 

handling was carried out in accordance with the International Primate Society, the 

European Directive 86/609/EEC and the National Institutes of Health. Young adult 

macaques (5-6 years old) were administered a lethal pentobarbital injection (50 mg/kg, 

i.p.) after ketamine anesthesia (10 mg/kg, i.m.), and the eyeballs were immediately 

enucleated following sacrifice. No individual was killed solely for the purpose of the 

experiments reported here, but instead other body parts were harvested by different 

researchers for a range of unrelated experiments. Post-mortem human eyes from donors 

in the 45-60 year-old range were obtained from the Utah Lions Eye Bank (Salt Lake City, 

UT). A total of five monkey and three human eyes were fixed in 4% paraformaldehyde 

(PFA) in 0.1 M sodium phosphate buffer, pH 7.4 (PB), for 1 h and then subjected to 

sucrose cryoprotection (Cuenca et al., 2005b).

Antibody characterization

All the primary antibodies of this work (summarized in Table 1) have been 

utilized in several previous studies and are well characterized by us and other authors 

regarding specific-cell-type immunostaining. 
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The mouse monoclonal IgG1 to arrestin, a universal primate cone marker, was 

developed by MacLeish’s group using as immunogen a macaque light-adapted retina 

extract (Wikler et al., 1997). Its antigen was identified upon immunoprecipitation from 

human retinal lysates followed by liquid chromatography/mass spectrometry, and its 

epitope mapped to the arrestin cell surface-exposed divergent loop, amino acids 151-162 

(Zhang et al., 2003). This antibody gives a single band of 44-46 kDa on Western blots of 

human retina and has been widely used to label cones in the adult primate retina (Wikler 

et al., 1997) and retinal margin (Chen et al., 2000).

The mouse monoclonal IgG1 to calbindin (CB) from Sigma was obtained by using 

as immunogen purified bovine kidney CB-D-28K. This protein is a marker for cones and 

subsets of horizontal and cone bipolar cells in the primate retina. This antibody has been 

widely used for immunohistochemistry to label these neuronal types on human and 

monkey retinal sections (Fischer et al., 2001; Kolb et al., 2002; Martínez-Navarrete et al., 

2007). 

The goat polyclonal affinity-purified IgG to CHX10 from Santa Cruz was raised 

by using as immunogen a peptide encompassing the amino acids 44 to 61 of human 

CHX10 (sequence PPSSHPRAALDGLAPGHL), sequenced both by MALDI-TOF TOF 

and nanoESI QTOF. This transcription factor is taken as a marker of uncommitted retinal 

progenitors and bipolar cells in mammals, including humans (Percin et al., 2000; Coles et 

al., 2004). This antibody gives a single, 46 kDa band on Western blots of mouse eye 

extracts according to the manufacturer. The pattern we obtain with this IgG on retinal 

immunohistochemistry is the same previously reported.
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The polyclonal antiserum against calretinin (CR) from SWant was developed by 

immunizing goats with human recombinant CR. This is a long-known specific marker for 

AII amacrine cells in the primate retina. This antibody gives in our hands a band of 29 

kDa on Western blots of monkey retinal extracts, and the immunostaining pattern 

obtained in the macaque retina (Cuenca et al., 2005a) is perfectly coincident with that 

described using other anti-CR antibodies on monkey (Kolb et al., 2002) and human 

(Linberg et al., 2001) retinal sections.

The rabbit polyclonal affinity-purified IgG obtained by Saari’s group (Anderson 

et al., 1986) using purified bovine cellular retinaldehyde-binding protein (CRALBP) as 

immunogen is highly specific and yields a single band of ca. 35 kDa on Western blots of 

mammalian retinal extracts (Anderson et al., 1986; Sarthy, 1996). It has been widely 

applied to stain Müller glial cells, including those in the macaque retinal margin (Fischer 

et al., 2001). 

The polyclonal antiserum to γ-aminobutyric acid (GABA) was raised by Pow et 

al. (1995) by immunizing rats with a PFA conjugate of GABA. Since then it has been 

proven effective by many groups to specifically immunolabel GABAergic amacrine cells 

in PFA-fixed retinas from a number of mammals (Cuenca et al., 2003; Martínez-

Navarrete et al., 2007), including the monkey (Kolb et al., 2002; Cuenca et al., 2005a).

The rabbit polyclonal purified Ig against microtubule-associated protein-2 

(MAP2) was developed by Chemicon using as immunogen purified rat brain MAP2. It 

yields a double band in the 270-300 kDa range on Western blots of adult rat brain 

(MAP2A and B isoforms), as stated by the manufacturer. MAP2 is expressed by retinal 
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ganglion cells in mammals, including humans (Coles et al., 2004), and this antibody has 

been previously used to immunolabel this cell type (Martínez-Navarrete et al., 2007).

The mouse monoclonal purified IgG1 to nestin, a marker for undifferentiatied 

CNS precursors, was developed by Messam et al. (2000) using as immunogen human 

nestin amino acids 1464-1614 fused to glutathione S-transferase. It yields a single band 

of 220-240 kDa on Western blots of human embryonic brain and has been used to 

immunostain neuronal and glial progenitors in this tissue (Messam et al., 2000; 2002). 

This antibody has also been recently applied to label retinal stem/progenitors that become 

reactivated upon injection of growth factors into the adult rat ciliary body (Abdouh and 

Bernier, 2006). 

The mouse monoclonal IgG1 to the transcription factor PAX6 was obtained from 

the DSHB at the University of Iowa. This antibody was raised by using recombinant 

chicken PAX6 amino acids 1-223 as the immunogen, and yields two bands of ca. 47 and 

39 kDa on Western blots of chicken retina corresponding to two alternatively-spliced 

PAX6 isoforms (Ziman et al., 2003). It has been used to label mouse embryonic retinal 

progenitors and mature amacrine cells (Baümer et al., 2002), as well as progenitors in the 

ciliary body and retinal margin of the adult opposum (Kubota et al., 2002).

The goat polyclonal affinity-purified IgG from Santa Cruz against proliferating-

cell nuclear antigen (PCNA), a marker for dividing cells, was raised by using as 

immunogen a C-terminal peptide encompassing aminoacids 242 to 258 of human PCNA 

(sequence ADMGHLKYYLAPKIEDE), sequenced both by MALDI-TOF TOF and 

nanoESI QTOF. This antibody yields in our hands a single band of 36 kDa on Western 
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blots of monkey and bovine retinas. It has been previously used to label proliferating 

cells in the cortex and hippocampus of mice in vivo (Uhlmann et al., 2002). 

The mouse monoclonal purified IgG2a to protein kinase C (PKC) was developed 

by Santa Cruz by using as immunogen purified bovine PKC, and its epitope mapped to its 

hinge region (amino acids 296-317). It detects the PKCα isoform, a well-known specific 

marker for rod bipolar retinal cells (Mills and Massey, 1999). As stated by the 

manufacturer, this antibody gives a single band of 80 kDa on Western blots of human cell 

lines, and has been previously used for immunohistochemistry on monkey (Cuenca et al., 

2005a) and rodent (Martínez-Navarrete et al., 2007) retinas.

The polyclonal antiserum against parvalbumin (PV) was obtained by SWant by 

immunizing rabbits with purified rat muscle PV. This protein is expressed in the primate 

retina by horizontal and ganglion cells (Endo et al., 1986; Hendrickson et al., 2007), and 

the antiserum has been previously used to visualize monkey horizontal cells (Wässle et 

al., 2000).

The mouse monoclonal purified IgG1 to rhodopsin was obtained and characterized 

by Laird and Molday (1988). Rat rod outer segments (OS) were used as immunogen, and 

its epitope was mapped to rhodopsin N-terminus. This antibody has been proven effective 

to specifically label rod OS in the retina of several mammals, including monkeys (Fischer 

et al., 2001) and humans (Martínez-Navarrete et al., 2007).

The polyclonal affinity-purified IgG raised by Chiu and Nathans (1994) by 

immunizing rabbits with purified human S-cone opsin has been widely used in the field 

to specifically label the OS of human (Cornish et al., 2004) and macaque (Wikler et al., 

1997; Sears et al., 2000) blue cones at pre- and postnatal ages. 
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The mouse monoclonal purified IgG1 against synaptophysin (SYP) from 

Chemicon was originally obtained by Wiedenmann and Franke (1985) using as 

immunogen a bovine brain vesicular fraction. This antibody gives a single 38 kDa band 

on Western blots of such fraction, and stains specifically presynaptic vesicles of CNS 

neurons and a variety of mammalian retinas, according to the manufacturer. It has been

used with the latter purpose on the retinas of several mammals (Wiedenmann and Franke, 

1985; Brandstätter et al., 1996), including the monkey (Martínez-Navarrete et al., 2007).

The polyclonal antiserum to tyrosine hydroxylase (TH) from Chemicon was 

obtained by immunizing rabbits with rat adrenal medulla tumor tissue. This antiserum 

gives a single band of 60 kDa when tested by us on Western blotting of monkey and 

bovine retinal extracts. It stains specifically dopaminergic amacrine cells in the retina of 

mammals, including the monkey (Cuenca et al., 2005a), yielding an immunolabeling 

pattern coincident with that described using other antibodies against TH (Linberg et al., 

2001; Cuenca et al., 2003).

The mouse monoclonal IgG1 to vimentin from DakoCytomation was obtained by 

using as immunogen purified porcine lens vimentin. This protein is a marker for Müller 

glial cells in mammals, including humans (Okada et al., 1990). According to the 

manufacturer, this antibody gives a single band of 57 kDa on Western blots of human 

vimentin+ cell lines, including glioma. It is useful to specifically label Müller cells in the 

retina of a variety of mammals (Taomoto et al., 1998; McGillem and Dacheux, 1999).

Immunohistochemistry

Cryostat 16-µm sections of the ciliary body and far peripheral retina, and retinal whole-

mounts were obtained and processed for immunohistochemistry as previously indicated 
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(Kolb et al., 2002; Cuenca et al., 2005a,b; Martínez-Navarrete et al., 2007). They were 

incubated overnight at room temperature with primary antibodies, in single or double 

combinations, at the dilutions indicated in Table 1 in PB plus 0.5% Triton X-100. Retinal 

whole-mounts were immunostained with primary antibodies at a 1:500 dilution for 4 days 

at 4 ºC. Thereafter, the corresponding species-specific donkey secondary antibodies to 

IgG (Molecular Probes, Eugene, OR) conjugated to Alexa Fluor 488 (green), 546 (red) or 

647 (far red) were applied at a 1:100 dilution for 1 h (vertical sections) or 4-5 h (whole-

mounts). Control slides in which primary antibodies were omitted were processed in 

parallel, with no immunoreactivity found in any case. Fluorescence was detected with a 

Leica TCS SP2 confocal laser-scanning microscope (Leica Microsystems, Wetzlar, 

Germany), using a pinhole diameter of 77 µm. Images were obtained as optical slices 

with a thickness <0.9 µm, sequentially from the green, red and/or far-red channels. 

Images from the latter were subsequently pseudocolored in blue. Brightness and contrast 

were adjusted using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA).

Cell death analysis

Nuclear staining with the Hoechst 33258 reagent (Sigma Chemical) was carried out as 

described (Oh et al., 2005). Apoptosis was analyzed by the terminal deoxynucleotidyl 

transferase-mediated fluorescein-dUTP nick-end labeling (TUNEL) technique using the 

In Situ Cell Death Detection Kit from Roche Applied Science (Penzberg, Germany). 

Monkey retinas treated with 200 U/ml DNase I (Roche) for 10 min at room temperature 

following cell permeabilization served as positive controls.

Electron microscopy

After enucleation, eyecups were fixed by immersion for 1 h in 4% PFA plus 2% 
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glutaraldehyde in PB and processed for transmission electron microscopy as described 

(Cuenca and Kolb, 1998; Kolb et al., 2002). Pieces of peripheral retina including the 

adjacent pars plana were postfixed in 1% OsO4 in PB for 1 h, stained with uranyl acetate, 

dehydrated in a graded series of alcohols, and embedded in Epon 812. Semithin sections 

were stained with toluidine blue, and ultrathin sections were further obtained and 

collected on Formvar-supported slot grids, stained with uranyl acetate and lead citrate, 

and washed. The grids were viewed and sections photographed under a Zeiss 

(Oberkochen, Germany) EM 10 electron microscope.

Quantitative analyses

The density of cones was estimated at 100-µm intervals from the ora serrata in a total of 3 

whole-mount retinas from different individuals after immunostaining with anti-arrestin 

antibodies. The length of synaptic ribbons were measured from electron micrographs of a 

total of 20 cone pedicles. Results were expressed as the mean ± SD.

RESULTS

Cells expressing markers of neural and retinal progenitors in adult primates

In order to address whether retinal stem cells were present in adult primates, vertical 

sections of the anterior region of monkey and human eyes (Fig. 1A) were immunostained 

with antibodies against a neural stem/progenitor cell marker, the intermediate filament 

nestin. We found cells showing nestin expression throughout the cytoplasm in the human 

far peripheral retina, this immunoreactivity beginning to decrease gradually at a distance 

of ca. 1 mm from the ora serrata (Fig. 1B). Two distinct morphological types of nestin+

cells were found: stellate-shaped cells emitting two or three long processes lacking a 
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particular orientation (Fig. 1C,D, arrowheads), and elongated cells arranged 

perpendicularly to the plane of the retina harboring a couple of radially-oriented 

processes, thus morphologically resembling Müller glial cells (Fig. 1D, arrows). In order 

to check the latter possibility, double immunostaining was carried out for nestin and 

cellular retinaldehyde-binding protein (CRALBP), a well-known molecular marker for 

Müller cells. No colocalization between these two proteins was ever found in either the 

human (Fig. 1J) or the monkey (Fig. 1K) peripheral retina. In contrast, extensive 

colocalization of CRALBP was observed with vimentin, another characteristic marker for 

Müller cells (Fig. 1L). The two nestin+ cell subtypes were also found in the non-

pigmented epithelium of the ciliary body pars plana, as illustrated in Figure 1E for 

stellate cells and in Figure 1F for elongated cells. Similar observations were made in the 

monkey far peripheral retina, as illustrated in the whole-mount view shown in Figure 1G. 

With the aim of analyzing whether proliferating cells were present in adult 

primates, immunostaining was carried out for proliferating-cell nuclear antigen (PCNA), 

the DNA polymerase δ auxiliary protein which is characteristically expressed by mitotic 

cells. PCNA+ nuclei were present mainly in the ciliary body pars plana, but also in the far 

peripheral retina (Fig. 1H). Cells simultaneously displaying nestin cytoplasmic staining 

and PCNA nuclear labeling were also found in the primate far peripheral retina (Fig. 1I, 

arrowheads), which was indicative of their nature as proliferating stem/progenitor cells. 

Cells immunoreactive for PCNA became, however, absent early within the laminated 

peripheral retina (data not shown).

In order to identify retina-specific precursors, we performed immunostaining for 

the two phenotypic markers of retinal progenitor cells, the homeobox transcription factors 
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CHX10 and PAX6, whose protein expression profiles have not been previously 

characterized in ocular tissues from embryonic or adult monkeys. As shown in Figure 

2A, cells with CHX10+ nuclei were numerous within the non-laminated retinal margin of 

monkeys, and were also present in the ciliary body pars plana. In contrast, CHX10 

expression in the laminated peripheral retina was restricted to two cell rows within the 

inner nuclear layer (INL). Cells bearing the highest CHX10 immunoreactivity were 

identified at its scleral-most portion, where bipolar-cell bodies predominate, while nuclei 

with weaker staining were located to the amacrine cell sublayer (Fig. 2B). Cells 

exhibiting PAX6+ nuclei were localized both in the retinal margin and the ciliary body 

(Fig. 2C). However, in the laminated peripheral retina antibodies against PAX6 labeled 

cells located in the amacrine cell layer, and to a lesser degree in the ganglion cell layer 

(Fig. 2D). Simultaneous immunolabeling for PCNA and PAX6 failed to reveal any cell 

coexpressing both markers (data not shown). However, double immunostaining for 

CHX10 and PAX6 showed cells containing both transcription factors in their nuclei (Fig. 

3A,C; arrowheads), together with cells displaying single labelings, in both the human 

(Fig. 3A) and monkey (Fig. 3C) peripheral retinal margin. As a difference, no 

colocalization was found for these two proteins in the INL of the laminated retina (Fig. 

3B,D). Here, their segregation into distinct sublayers was evident, with CHX10 

immunoreactivity occupying a more distal location than PAX6 labeling, corresponding to 

bipolar and amacrine cells’ nuclei, respectively.

In the human retina PAX6+ cells were also observed at the outermost INL 

sublayer (Fig. 3B), which could represent horizontal and/or bipolar neurons. 

Coexpression of nestin and CHX10 was found in a number of cells in the non-laminated 
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retinal margin of primates, which showed nestin cytoplasmic staining together with 

CHX10 nuclear labeling (Fig. 3E, arrowheads). No simultaneous expression of these two 

markers was observed in the laminated peripheral retina (Fig. 3F). Double 

immunostaining for CHX10 and calretinin (CR), a molecular marker for mature amacrine 

cells (AII subtype), revealed cells with undifferentiated morphology coexpressing these 

two proteins in the peripheral retinal margin of monkeys (Fig. 2E, arrowheads). 

Segregation of CHX10 and CR labelings in two separate sublayers, corresponding to 

bipolar and amacrine cells, respectively, occurred in the laminated retina (Fig. 2F). 

To assess the possible presence of degenerating cells in the retinal margin, 

staining was carried out with the Hoechst 33258 dye, with no evidence of pyknotic nuclei 

found (Fig. 2G). Labeled cells were not observed using the TUNEL technique (Fig. 2H), 

thus indicating the absence of apoptotic cells in the retinal margin. In contrast, abundant 

TUNEL-reactive cells showed up in DNase I-treated monkey retinal sections, used as a 

positive control (Fig. 2I).

Differentiating retinal neurons in the ciliary body and peripheral retinal margin of 

adult primates

Given our finding of cells with molecular features of retinal progenitors in the pars plana, 

we set to assess whether this zone contained cells expressing markers of mature retinal 

neurons. As shown in Figure 4A, we found in the monkey ciliary body epithelium cells 

showing a round shape and emitting a few short processes which contained arrestin, a 

marker for cone photoreceptors. We were unable to observe in the pars plana cells 

immunopositive for rhodopsin, the prototypic pigment of rod photoreceptors. However, 

we detected undifferentiated cells displaying immunoreactivity for calbindin (CB), a 
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protein marker for cones, some cone bipolars and certain horizontal cells, in both the 

human (Fig. 4B) and monkey (Fig. 4C) pars plana. We also identified in this region cells 

with long processes containing parvalbumin (PV), a marker for horizontal and some 

ganglion cells (Fig. 4D), as well as cells with emerging short neurites expressing the rod 

bipolar-cell marker, protein kinase C (PKC), α isoform (Fig. 4E,F). Other retinal markers 

found in cells in the pars plana lacking a typical neuronal morphology included γ-

aminobutyric acid (GABA), the neurotransmitter of GABAergic amacrine cells (Fig. 4G), 

and CR, the marker for the AII-cell subtype of glycinergic amacrines (Fig. 4H). 

Microtubule-associated protein-2 (MAP2), a ganglion-cell specific protein, was found in 

cells emitting short dendritic processes (Fig. 4I). Finally, radially-arranged cells 

expressing the marker for mature Müller cells, CRALBP, were also present in the ciliary 

body pars plana of monkeys (Fig. 4J). 

Arrestin+ cells were also found in the non-laminated retinal margin of adult 

primates. As illustrated in Figure 5A, cells expressing this cone marker exhibited 

different morphologies in advancing from the ora serrata towards the laminated retina of 

monkeys, seemingly arranging in a gradient of morphological change. Adjacent to the ora 

serrata these cells showed small, round cell bodies lacking both an evident inner segment 

(IS) or OS, but emitting a tiny axonal process (Fig. 5G, arrows). A remarkable arrestin-

immunoreactive spot was visible at the periphery of their cell bodies (Fig. 5E,G,H; 

arrowheads). Beside these, other cells were observed which exhibited a small, flattened 

cell body with a tiny OS (Fig. 5D,F; arrowheads) on top of a short IS. These cells also 

displayed a long and thick axonal projection oriented obliquely to the plane of the retina 

and ending in a large pedicle with several lateral varicosities (Fig. 5A,C,D,F; arrows). A 
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gradual lengthening of their OS and IS was observed in advancing along the retinal 

margin (Fig. 5A,E-B; arrowheads). A minority of these cells expressed the blue-cone 

pigment, S-opsin (Fig. 5A), which near the ora serrata distributed throughout the 

cytoplasm (Fig. 5D,E) but in approaching the laminated retina became restricted to the 

OS, a feature that has been reported for developing cones in fetal human and non-human 

primates (Sears et al., 2000; Xiao and Hendrickson, 2000). Concomitantly, a progressive 

thinning and shortening of their axonal processes was observed, which gradually acquired 

a perpendicular arrangement with respect to the retinal surface (Fig. 5A,B).

Figure 6A shows a whole-mount view of the macaque peripheral retina spanning 

the ora serrata to the laminated retina. Sparse arrestin+ cells were present in the pars plana 

and they had round somata (Fig. 6A,B; arrows) and short processes (Fig. 6D, arrows). 

These cells became more numerous in the non-laminated retinal area close to the ora 

serrata and exhibited an apical arrestin+ spot (Fig. 6B,C; arrowheads). In advancing along 

the retinal margin, cells were found which exhibited short, but evident OS and long axons 

growing parallel to the retinal surface (Fig. 6A, arrowheads), whereas in the laminated 

retina all arrestin+, cone photoreceptors showed well-developed OS (Fig. 6A) and axons 

running beneath their cell bodies perpendicularly to the plane of the retina. A quantitative 

analysis of arrestin-containing cells in the far peripheral retina (data not shown) revealed 

that cone density decreased gradually from the fovea towards the retinal margin, but 

increased therefrom to yield a cone-enriched rim around the ora serrata (Fig. 8A, 

asterisk), as previously reported for adult humans and monkeys (Williams, 1991; Chen et 

al., 2000).

The distribution of rhodopsin was also assessed along the peripheral retinal 
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margin of primates, and a gradient of morphological change was also found for cells 

expressing this rod photoreceptor marker (Fig. 7A). Adjacent to the ora serrata, cells 

exhibited round cell bodies and emitted two short, rhodopsin+ processes, as shown for the 

human (Fig. 7C) and monkey (Fig. 7D) retinal margin. These cells also harbored a 

highly-immunoreactive rhodopsin spot (Fig. 7D, arrowheads). Figure 7A,B illustrates, 

that in advancing towards the laminated retina, rhodopsin+ cells underwent a progressive 

enlargement of their OS (arrowheads) and their axons became longer and obliquely 

oriented (arrows). These morphological changes were accompanied by a gradual 

disappearance of rhodopsin from the axonal process and cell bodies in monkeys, until 

becoming restricted to the OS in the laminated retina (Fig. 7A).

PKC-containing cells were also identified in the non-laminated retina near the 

ciliary body. They had round cell bodies and emitted a few short, fine processes lacking a 

defined orientation across the retina (Fig. 7E,G,H; arrowheads). These neurites acquired a 

polarized orientation with increasing distance from the ora serrata (Fig. 7E), the cells 

thereby gradually exhibiting the proper morphology and arrangement of mature bipolar 

neurons in the laminated retina (Fig. 7I-F).

We used antibodies against CB as a simultaneous marker for cones and for some 

subsets of cone bipolars, horizontal and amacrine cells, in order to analyze the 

relationships between the neuritic processes emitted by these retinal cell types along the 

retinal margin. As apparent from Figure 8A,B, incipient axonal processes from immature 

cones progressively grew towards, and their endings approached, the dendritic terminals 

of their postsynaptic counterparts, i.e. horizontal cells and cone bipolars. These cells, 

although near the ora serrata, were clustered in an apparently disorganized fashion 
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between the two plexiform layers of the retina (Fig. 8E,D), and gradually acquired a 

proper position and differentiated morphology near the laminated retina (Fig. 8C,B). 

Therefore, the refinement of a correct axonal orientation and synaptic organization 

apparently took place in parallel to the development of a mature neuronal morphology. 

To further assess this possibility, we carried out double staining of the peripheral 

retinal margin for PKC and synaptophysin (SYP), a synaptic-vesicle protein. A close 

relationship was found in the incipient outer plexiform layer (OPL) between SYP+ 

photoreceptor axonal endings and (PKC+) rod-bipolar dendritic terminals in the non-

laminated peripheral retina (Fig. 8F, small arrows). Colocalization between these two 

markers was observed in some rod-bipolar cell bodies residing close to the ora serrata 

(Fig. 8F,G; arrowheads). In addition, some cones adjacent to the ora serrata exhibited 

SYP immunostaining throughout the cytoplasm (Fig. 8G, small arrow) whereas, in 

advancing towards the laminated retina, SYP in cones became restricted to their axonal 

endings, and an increase in SYP+ puncta in the inner plexiform layer (IPL) was observed 

(Fig. 8F). 

In the non-laminated retinal margin of primates we also found cells expressing the 

horizontal- and ganglion-cell marker, PV, which exhibited long processes lying 

underneath their cell bodies and running long distances along the retinal margin (Fig. 

9A). These cells lacked, however, the typical rounded somata and dendritic terminals of 

horizontal cells in the laminated peripheral retina (Fig. 9B). In addition, we identified

cells expressing molecular markers of specific amacrine-cell subtypes, such as GABA 

(Fig. 9C), CR (Fig. 9E) and tyrosine hydroxylase (TH) (Fig. 9G). GABA-containing cells 

were found, whose cell bodies spanned virtually the whole retinal margin thickness and 
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emitted a number of processes lacking a particular orientation (Fig. 9C). However, 

GABAergic amacrine-cell bodies in the mature peripheral retina were arranged as a 

monolayer in the INL and formed a well-defined dendritic plexus in the IPL (Fig. 9D). 

Cell bodies immunopositive for CR, the AII amacrine-cell marker, were also found at 

different sublevels within the peripheral retinal margin, and they emitted processes 

radiating in multiple directions without forming a defined dendritic plexus (Fig. 9E). This 

contrasted with the linear arrangement and typical morphology of AII cells in the 

laminated retina INL (Fig. 9F). As for cells expressing TH, the prototypical marker for 

dopaminergic amacrines, they were relatively numerous in the non-laminated peripheral 

retina, where they displayed small somata with an elongated shape and short processes 

randomly oriented without constituting a well-formed plexus (Fig. 9G). However, 

dopaminergic amacrine cells were present at a lower density in the mature retina, and 

their dendrites formed a continuous, complex plexus at the outermost stratum of the IPL 

(Fig. 9H).

Finally, cells expressing the ganglion-cell marker, MAP2, were found in the 

middle of the non-laminated retinal margin. They exhibited one or two short processes 

ending in small, thicker structures resembling growth cones (Fig. 9I). In comparison, 

MAP2+ ganglion neurons in the peripheral retina localized to the ganglion cell layer and 

their dendritic processes extended through all the strata of the IPL (Fig. 9J).

Ultrastructural analysis of photoreceptor differentiation along the retinal margin of 

adult primates

With the aim of ultrastructurally addressing presumptive photoreceptor morphological 

differentiation and synapse formation along the non-laminated peripheral retina, the 
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tissue was further examined by means of transmission electron microscopy. A panoramic 

view of the outermost layer of the retinal margin is shown in Figure 10A, where 

photoreceptors in seemingly different states of morphological maturation could be 

observed, as illustrated by the three magnified pictures of Figure 10D-B. The immature, 

rounded cell in Fig. 10D was located entirely below the outer limiting membrane (OLM), 

but could be ascribed a photoreceptor precursor by virtue of its observable intracellular 

OS disks (arrows). Another cell with a similar morphology and location is shown in 

Figure 10G, in whose interior a hint of OS (white arrow) was seen lying adjacent to the 

nucleus (black arrow). On the basis of their morphology and intracellular position, these 

OS probably corresponded to the highly-immunoreactive spots visible under confocal 

microscopy in cells adjacent to the ora serrata using antibodies to arrestin (Fig. 5G) or to 

rhodopsin (Fig. 7D). Figure 10C shows a photoreceptor in which the OS (arrow) is 

protruding out of the OLM into the subretinal space surrounded by a portion of 

cytoplasm. It also exhibits a mitochondria-rich area (arrowheads) immediately 

underneath the stack of membranous disks that may correspond to an incipient ellipsoid. 

In the photoreceptor in Figure 10B a portion of its OS is visible (arrow) that was no 

longer surrounded by cytoplasm and its IS has completely emerged above the OLM. 

Underneath the OS a region filled with numerous mitochondria typical of an incipient 

ellipsoid is also observable (Fig. 10B, arrowheads). Figure 10F shows another instance of 

an OS (arrows) outpouching of the photoreceptor cell membrane, with its accompanying 

mitochondria-containing ellipsoid hint (arrowheads), whereas in the photoreceptor cell 

shown in Figure 10E the OS had completely evaginated from the cytoplasm and a cellular 

region filled with mitochondria is seen laterally (arrowheads).
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Photoreceptor precursors in the peripheral margin of the retina also exhibited 

abundant vesicles underlying their set of OS membranous disks (Fig. 10E, 11A,B; 

arrows). In some cases the fusion of a number of membrane vesicles yields stacks of 

disks in the process of being added at the base of the OS (Fig. 11B,C; arrows). This 

contrasted with the scarcity and small size of vesicles usually found in photoreceptors in 

the laminated retina, as illustrated in Figure 11D (arrows). More ultrastructural evidence 

of OS-containing cells lying near the ora serrata beneath the OLM being immature 

photoreceptors was the presence in their cytoplasm of a set of striated filamentous 

structures corresponding to a ciliary rootlet (Fig. 11E,F, arrows). Also, a small 

connecting cilium was seen within photoreceptor cells with OS evagination above the 

OLM (Fig. 10C, black arrow), and in cells harboring completely-extruded IS (Fig. 

11G,H; arrow). 

Finally, we also examined the ultrastructure of synaptic terminals in the non-

laminated peripheral retina of monkeys. Figure 12A and C (inset) shows typical cone 

pedicles found in this region. They had a round morphology. Cones in the retinal margin 

exhibited clustered synaptic ribbons, as illustrated in Figure 12B,C (arrows). This 

contrasted with the typical conical, flat-end feet morphology of cone terminals in the 

laminated retina, where ribbon synapses lie at a certain distance from each other (Fig. 

12D). Synaptic ribbons in cone pedicles in the retinal margin exhibited an average length 

of 163 ± 34 nm, which was significantly lower than that measured for pedicles in the 

OPL of the laminated retina (average length 265 ± 14 nm). In advancing along the retinal 

margin, some pedicles were observed seemingly in the process of developing the typical 

triad synapse structure (compare Fig. 12C with D, laminated retina). Ribbon synapses 
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made by rod spherules in this region also lacked the three characteristic elements of triad 

synapses (compare Fig. 13A-C with D). 

Regarding the incipient IPL in the non-laminated retina, it was composed of a 

network of interlaced processes with very few observable synaptic contacts between them 

(Fig. 14A,C; arrow), in contrast with the abundant, well established synapses observed in 

the laminated retina (Fig. 14B,D; arrows). Besides, bipolar-cell axon terminals in this 

region were bigger in size than typical bipolar axonal endings in the laminated retina 

(compare Fig. 14E with F, arrows). 

DISCUSSION

In cold-blooded vertebrates neurogenesis from retinal stem cells paralleling the growth of 

the eye throughout life occurs in the CMZ at the ciliary body-retina interface. This 

process accounts for a persistent supply of new neurons which become incorporated into 

the existing retinal circuitries, and contributes to retinal regeneration following injury 

(Harris and Perron, 1998; Reh and Levine, 1998; Amato et al., 2004; Hitchcock et al., 

2004; Moshiri et al., 2004). In warm-blooded vertebrates, however, retinal histogenesis is 

thought to occur only during early stages of development, and the retina is supposed to 

stop growing well before the animal has reached adult proportions (Perron and Harris, 

2000; Boulton and Albon, 2004; Reh and Fischer, 2006). Nevertheless, stem/progenitor 

cells with the potential of producing retinal neurons are found at both the retinal margin 

and the ciliary body epithelium of the adult chicken and quail (Fischer and Reh, 2000, 

2003; Kubota et al., 2002), although their number and multipotentiality becomes greatly 

reduced with aging (Kubota et al., 2002; Moshiri et al., 2004). As for adult mammals, 
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only a few rare such proliferating cells are visualized in marsupials such as the opposum 

in the ciliary body epithelium and peripheral retinal margin (Kubota et al., 2002), and in 

eutherians such as rodents they appear extremely scarce or absent in vivo (Ahmad et al.

2004; Moshiri and Reh, 2004; Zhao et al., 2005; Abdouh and Bernier, 2006; Dhomen et 

al., 2006; Lord-Grignon et al., 2006). The notion in the field has thus gained prevalence 

that new neuronal addition is lacking in adult mammal retinas, and that the CMZ has 

progressively decreased in vertebrate evolution (Perron and Harris, 2000; Amato et al., 

2004; Klassen et al., 2004; Moshiri et al., 2004; Reh and Fischer, 2006). 

Cells expressing the undifferentiated neural stem/progenitor cell marker, nestin, 

have been isolated from the ciliary body of adult mammals (Ahmad et al., 2000, 2004; 

Tropepe et al., 2000; Engelhardt et al., 2004), including humans (Coles et al., 2004, 

Mayer et al., 2005).  Such cells have been interpreted as constituting retinal stem cells on 

the basis of their capabilities of self-renewal and differentiation into all cell types of the 

retina in vitro. In this work we have analyzed the ciliary body pars plana and the 

peripheral retinal margin of young macaques and mature humans. In both cases we have 

obtained consistent results. We have found that nestin+ cells are not only present in the 

pars plana epithelium, but also in the retinal margin of adult human and non-human 

primates. Further evidence of a subset of nestin+ cells having proliferative capacity in 

vivo, is provided by our finding that a number of them coexpress the dividing-cell 

marker, PCNA. There is also a recent report of cells colabeled for nestin and 

bromodeoxyuridine (BrdU) in the monkey peripheral retina (Tkatchenko, 2006).

Attempts so far to visualize in, or culture stem/progenitor cells from, the laminated neural 

retina of adult mammals (Ahmad et al., 2000; Tropepe et al., 2000; Kubota et al., 2002; 
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Moshiri and Reh, 2004; Zhao et al., 2005; Dhomen et al., 2006; Gu et al., 2007), 

including primates (Coles et al., 2004; Moshiri et al., 2004) have consistently failed. 

Our observation of a gradual disappearance of cells expressing nestin from the ora 

serrata to the far peripheral retina of adult primates is in consonance with the report that 

the number of such cells grown out in vitro from the human far peripheral retina 

increases as one  approaches the ora serrata (Mayer et al., 2005). Also in keeping with 

results from this group, we have observed two different morphological subtypes of 

nestin-expressing cells, either a stellate or a glial shape, that have been interpreted by 

Mayer et al. (2003) as neuronal- and glial-like neural progenitors, respectively. Indeed, 

the morphology and arrangement of the second cell subtype closely resembles that of 

recently found nestin+ neural progenitors projecting radially across the far peripheral 

retina of postnatal mice (Dhomen et al., 2006), which also failed to colabel for CRALBP 

or glial fibrillary protein, another marker for Müller glial cells. Besides, we have found a 

number of cells showing coexpression of nestin and CHX10, as well as cells colocalizing 

CHX10 and PAX6 in their nuclei. These are two retinogenic homeobox transcription 

factors that are expressed by embryonic retinal progenitor cells in vivo (Reh and Levine, 

1998; Marquardt and Gruss, 2002; Amato et al., 2004; Hatakeyama and Kageyama, 2004; 

Djojosubroto and Arsenijevic, 2008) and after their explantation from adult mammals in 

vitro (Ahmad et al., 2000, 2004; Tropepe et al., 2000; Coles et al., 2004; Das et al., 2005; 

Lord-Grignon et al., 2006; Gu et al., 2007).  The colocalization of these markers in the 

nuclei of cells in the ciliary body or retinal margin of postnatal animals is taken as a 

feature of retinal progenitor cells (Fischer and Reh, 2000, 2003; Kubota et al., 2002; Zhao 

et al., 2005; Abdouh and Bernier, 2006). Our results are thus indicative of the presence of 
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retinal stem/progenitor cells in adult primates, some of which exhibit proliferative 

capacity in vivo. 

It is also known that when retinal progenitor cells differentiate into retinal neurons 

during embryonic development, the expression of CHX10 and PAX6 segregates in two 

separate cell sublayers in the INL of the mature retina (Marquardt and Gruss, 2002; 

Ahmad et al., 2004; Hatakeyama and Kageyama, 2004). We have observed that 

colocalization of CHX10 and PAX6 is lost in the primate peripheral retina. Instead, 

immunoreactivity for CHX10 was found in bipolar cells of the adult monkey and human 

retina, and in amacrine cells of the latter, in keeping with previous reports (human, Percin 

et al., 2000; rodents, Liu et al., 1994; Moshiri and Reh, 2004; Abdouh and Bernier, 

2006). Regarding PAX6, we here describe for the first time its expression in amacrine 

and ganglion cells of adult primates, a pattern consistent with that previously reported for 

the mouse and rat retina (Marquardt et al., 2001; Abdouh and Bernier, 2006).

Given that our data are consistent with the existence of retinal progenitors in the 

ciliary body epithelium and peripheral retinal margin, these cells are expected to have the 

potential to differentiate into retinal neurons and glia. In agreement with this, we have 

identified in the pars plana undifferentiated cells expressing a number of markers of 

mature neuronal types. These include photoreceptors, horizontal cells, rod bipolar cells, 

amacrines and ganglion cells, as well as of Müller glia. Several in vivo reports have 

documented the existence of retinal progenitors –but not of neurons– residing in the 

ciliary body of (untreated, wild-type) adult rodents (Kubota et al., 2002; Ahmad et al. 

2004; Abdouh and Bernier 2006; Lord-Grignon et al. 2006). The expression of genes 

encoding arrestin, rhodopsin and other proteins of functional photoreceptors has also 
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been detected previously in human and bovine ciliary body tissue (Bertazolli-Filho et al., 

2001; Salvador-Silva et al., 2005). By means of immunohistochemistry and electron 

microscopy we have observed in humans and monkeys a variety of cell types 

progressively adopting a mature neuronal morphology in advancing along the peripheral 

retinal margin. These cells expressed markers specific for virtually all retinal cell types 

and, furthermore, certain cells could be ascribed to particular amacrine-cell subtypes, 

such as GABAergic, dopaminergic and AII amacrines (cells immunoreactive for GABA, 

TH and CR, respectively). Interestingly, we did not find coexpression of nestin and any 

of the neuronal markers analyzed (data not shown), in line with the notion of nestin 

expression ceasing at the onset of retinal neuronal differentiation, as recently suggested in 

rodents (Dhomen et al., 2006).

Indeed, for cones, rods and bipolar cells we have identified a series of cells in a 

stepwise gradient of morphological change towards mature retinal neurons. The presence 

of cone opsin and rhodopsin throughout the cell body and processes in cells near the ora 

serrata resembles the situation reported for developing photoreceptors of fetal monkeys 

(Sears et al., 2000) and humans (Xiao and Hendrickson, 2000). Analogously, advancing 

towards the laminated retina, visual pigment proteins gradually concentrate in the OS, in 

the same way as occurs during embryonic photoreceptor genesis. In parallel the 

constituent protein of presynaptic vesicles, SYP, initially found throughout the 

cytoplasm, accumulates at the axon terminals of photoreceptors. CB and PKC plus SYP 

immunolabelings revealed that along the retinal margin, photoreceptor axonal endings 

become associated with their specific postsynaptic target cells of the OPL. Therefore, far 

from being a disorganized structure, as previously suggested (see below), we have 
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obtained signs of an apparent development of synaptic organization along the non-

laminated peripheral retina, which parallels spatially the gradient of morphological 

differentiation of retinal neurons. This notion is reinforced by our ultrastructural studies, 

which have provided further indications in favor of an ongoing differentiation process in 

cones and rods in the retinal margin, as schematized in Figure 15B and C, respectively. 

We have obtained evidence of evagination into the subretinal space of OS membranous 

disks from underdeveloped cells lying below the OLM. This tiny OS then gradually 

grows in length along the non-laminated retina in parallel with the formation of the IS 

ellipsoid and myoid. We have also noticed the presence in the peripheral retinal margin 

of axon terminals from cones and rods lacking the three elements of mature ribbon 

synapses, but when approaching the laminated retina they show a typical triad. 

Furthermore, synaptic contacts in the incipient IPL were scarce, but became more 

abundant in approaching the laminated retina in parallel to an increase in SYP levels, as 

revealed by immunohistochemistry.

Three explanations can account for our results: 1) neurodegeneration, 2) halted 

development, and 3) persistent neurogenesis. 1) The concept that the non-laminated 

peripheral retina of primates is a disorganized area where cells would be experiencing a 

degenerative process has traditionally reached some acceptance (Joussen and Spitznas, 

1972). However, we have not obtained any evidence of degenerating cells in this area, 

given the absence of pyknotic nuclei upon Hoechst 33258 staining and the lack of 

TUNEL+ apoptotic cells. Besides, the high density of cones and other cell types we and 

others have seen in the retinal margin rim adjacent to the ora serrata, (human, Williams, 

1991; monkey Chen et al., 2000) retinas, together with the presence of cells coexpressing 
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markers of retinal progenitors (such as nestin and CHX10, CHX10 and PAX6 or CHX10 

plus CR), is difficult to reconcile with the idea of a degeneration zone. Given the 

remarkable gradient of morphological change we have found, interpreting the retinal 

margin as a death zone for retinal neurons where, instead of achieving an increasing 

degree of structural organization towards the laminated retina, development would 

gradually proceed backwards towards the ora serrata, does not sound reasonable. To the 

best of our knowledge, no analogous zone with such a role has been reported elsewhere 

in the CNS. Our ultrastructural evidence was not consistent with that of neuronal 

degeneration either. 

2) Other authors have described immature cones in the monkey retinal margin as 

cells retaining juvenile features into adulthood, i.e., halted at a given, equivalent stage of 

development, as opposed to undergoing active differentiation into cone photoreceptors 

(Chen et al., 2000). In our view, this misconception is due to the previous authors’ failure 

to observe OS hints in whole-mount retinal preparations. In vertical retinal sections, we 

have actually been able to see the tiny OS of photoreceptors together with their increase 

in size along the retinal margin. Also, the cones and rods we have pictured in this region 

show a remarkable morphological resemblance to developing photoreceptors in the fetal 

monkey and human retina (Hogan et al., 1971; Sears et al., 2000; Xiao and Hendrickson, 

2000). Moreover, our observations are not restricted to photoreceptors.  We have actually 

identified all the studied retinal cell types in what appear to be different stages of 

morphological maturation, and not arrested at a single differentiation stage. We have also 

found signs of synaptic activity in the retinal margin.

3) The hypothesis of neurogenesis has been shyly proposed by Fischer et al. 
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(2001) on the basis of what they attributed as neuron-like cells (Reh and Fischer, 2006) 

around cysts in the pars plana and retinal margin of old monkeys. By virtue of the 

similarity of morphological features observed by us under light and electron microscopy 

to those exhibited by fetal primate photoreceptors, together with the expression of retinal 

progenitor and mature neuronal markers, we consider neurogenesis recapitulating 

embryonic development as the most plausible hypothesis to explain our findings in adult 

primates. In order to definitely conclude this, birthdating analyses using BrdU labeling 

together with immunochemistry for markers of mature retinal neurons should be 

undertaken. A body of evidence has accumulated in adult rodents that, despite the 

presence of retinal stem/progenitors in the ciliary body, neurogenesis would normally be 

prevented by endogenous inhibitory factors and/or the lack of proliferation- or 

differentiation-promoting cues keeping them in a mitotically-quiescent state (Ahmad et 

al., 2001, 2004; Tropepe et al., 2000; Moshiri and Reh, 2004; Abdouh and Bernier, 2006; 

Dhomen et al., 2006). However, in rodents the non-laminated retinal margin is very 

small, so precluding the visualization of a constitutively-ongoing neuronal differentiation 

process. In this context, it is illustrative that the estimate made from neurosphere-forming 

assays is that the number of retinal stem cells in the human eye is ca. 100-fold higher than 

in the mouse (Levin et al., 2004). Negative data on adult retinal neurogenesis in the 

literature are largely based on rodent studies, and the primate retina may have different 

mechanisms that allow for a low level and steady-state neurogenic event. So a formal 

proposal can be made that the non-permissive microenvironmental influence is less 

stringent in the retinal margin of primates.
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CONCLUSIONS

Out of the three possibilities discussed above, we favor retinogenesis as the most 

reasonable explanation for our finding of retinal progenitors in adult primates together 

with cells exhibiting different stages of morphological differentiation towards virtually all 

retinal cell types, even displaying molecular features of mature neurons and glia. This 

proposal is supported by a large body of neurogenesis studies carried out in vivo and in 

vitro in non-mammalian vertebrates where retinogenesis in adulthood has been 

conclusively shown. Therefore, the evolutionary advantage of normal retinal cell renewal 

persisting through life constitutes an attractive possibility for adult mammals. Under this 

view, the peripheral retinal margin thus represents in monkeys and humans a region 

where cellular morphological maturation and synaptogenesis is taking place in a fashion 

recapitulating the normal development of retinal cells. Our postulated process of neuronal 

and glial differentiation from precursors in the ciliary body and retinal margin is 

schematized in Figure 15A. Its role can be conceived to allow for a slow-pace, yet 

persistent turnover of retinal circuitries deteriorating with aging. It is likely that previous 

studies concluding that retinal cytogenesis ceases in the first postnatal weeks in primates 

have not specifically addressed this region of the retina (LaVail et al., 1991; Rapaport et 

al., 1996). Hopefully, further knowledge on the cellular extrinsic and intrinsic factors and 

genes involved in adult retinogenesis in primates will prove useful towards the design of 

therapies targeting retinal neurodegenerative disorders (Amato et al., 2004; Boulton and 

Albon, 2004; Klassen et al., 2004; Levin et al., 2004; Djojosubroto and Arsenijevic, 

2008). 
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FIGURE LEGENDS

Fig. 1. Retinal stem/progenitors in the ciliary body and far peripheral retina of humans 

and monkeys. A: The scheme shows the anterior-most, far peripheral retina and adjacent 

ciliary body of the monkey, separated by the ora serrata. In a human section of this region 

immunostained for nestin (B), positive cells are observed in the far peripheral retina 

(C,D) and the ciliary body pars plana (E,F). Arrowheads point to stellate cells and arrows 

to elongated, glial-like cells. Monkey retinal whole-mounts immunostained for nestin or 

PCNA are shown in G and H, respectively, whereas the double immunolabeling for these 

markers in I reveals their colocalization in cells in the non-laminated retina (arrowheads). 

Discontinuous lines indicate the ora serrata, with the ciliary body to the left and the 

retinal margin to the right (G), and the dotted line (H) indicates the peripheral margin to 

laminated retina transition. Double immunostainings of the far peripheral retina of 

humans (J) and monkeys (K,L) for CRALBP plus nestin (J,K) or vimentin (L) are also 

shown. A green-magenta version of this figure is provided on-line as Supplementary 

Figure 1. Scale bars = 100 µm (B), 20 µm (C,F,J-L), 40 µm (D,E,G-I). 

Fig. 2. Retinal progenitors and cell-death analysis in the ciliary body and far peripheral 

retina of primates. Immunolabeling for CHX10 (A,B) or PAX6 (C,D) reveals 

immunopositive nuclei from retinal progenitor cells in the non-laminated retinal margin 

and ciliary body (A,C), and from neurons in the INL of the laminated peripheral retina 

(B,D) of monkeys, whereas a double staining for CHX10 and CR reveals cells in the 

retinal margin coexpressing both markers (E, arrowheads). No such colocalization is 

found in the laminated peripheral retina, where labeling for CHX10 and CR segregates 

into two separate sublayers, where bipolar and AII amacrine cells, respectively, are 
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located (F). Staining with the Hoechst 33258 dye detects only non-pyknotic nuclei in the 

far peripheral retina of monkeys (G), and the TUNEL assay shows the absence of 

degenerating apoptotic cells in this region (H). A DNase I-treated monkey retina is 

shown as a TUNEL-positive control (I). Arrows (A,C,G-I) indicate the ora serrata. IS, 

inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear 

layer; IPL, inner plexiform layer; GCL, ganglion cell layer. A green-magenta version of 

this figure is provided on-line as Supplementary Figure 2. Scale bars = 40 µm. 

Fig. 3. Cells expressing the retinal-progenitor markers CHX10 and PAX6 in the 

peripheral retina of humans and monkeys. A-D: Double immunostaining shows 

colocalization of CHX10 and PAX6 (arrowheads) in the nuclei of retinal progenitors 

around a cyst in the human non-laminated retinal margin (A) and in the analogous region 

of monkeys (C), whereas no coexpression is found in neurons in the laminated human (B) 

or monkey (D) peripheral retina. E,F: Coexpression is also observed for CHX10 (in the 

nucleus) and nestin (in the cytoplasm) in cells in the monkey retinal margin (E, 

arrowheads), whereas it is absent in the laminated retina (F). Retinal layers are 

abbreviated as indicated in the legend of Figure 2. A green-magenta version of this figure 

is provided on-line as Supplementary Figure 3. Scale bars = 40 µm. 

Fig. 4. Undifferentiated cells expressing markers of mature retinal neurons and Müller 

cells in the ciliary body of monkeys and humans. Cells showing positive immunostaining 

for arrestin (A), CB (B,C), PV (D), PKC (E,F), GABA (G), CR (H), MAP2 (I) and 

CRALBP (J) are indicated with arrowheads in the ciliary body of monkeys (A,C-J) and 

humans (B). Arrows point to the ora serrata. Scale bars = 40 µm. 

Fig. 5. Gradient of cone differentiation along the peripheral retinal margin. A-E: Monkey 
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arrestin+ cells (A) experience a gradual morphological change in advancing from the ora 

serrata towards the laminated retina (from right to left). Details of monkey cones with an 

increasing degree of maturation are shown in panels E through B, where growth of their 

OS (arrowheads) along the retinal margin can be observed. These cells include blue 

cones, as evidenced by their coimmunostaining with antibodies against arrestin and S-

opsin (JH455; A-E). F-H: Small cells exhibiting a tiny intracellular OS seen as a 

prominent arrestin-immunoreactive spot (G,H; arrowheads) and a short axon (G, arrows) 

are present near the monkey ora serrata. Farther along the retinal margin, cells show thick 

and longer axons ending in a large pedicle (C,D,F; arrows) and an OS hint (F, 

arrowheads) on top of an incipient IS. Vertical arrows (A,H) indicate the ora serrata. A 

green-magenta version of this figure is provided on-line as Supplementary Figure 4. 

Scale bars = 40 µm. 

Fig. 6. Whole-mount view of the monkey far peripheral retina immunostained for arrestin 

(A). Cells in the non-laminated retina adjacent to the ora serrata (B) are shown at a higher 

magnification in panel C, and arrestin+ cells in the ciliary body are shown in D. In the 

pars plana rounded cells emitting short processes (D, arrows) are visualized, and in the 

retinal margin they exhibit axons running parallel to the retinal surface (A, arrowheads) 

and tiny outer segments, which near the ora serrata appear as prominent arrestin+ spots 

(B,C; arrowheads). L, laminated peripheral retina; NL, non-laminated retinal margin; OS, 

ora serrata; PP, pars plana. Scale bars = 100 µm (A), 10 µm (B-D).

Fig. 7. Gradient of rod and bipolar-cell differentiation along the far peripheral retina of 

monkeys and humans. A-D: Immunolabeling for rhodopsin (RHO) shows rods 

experiencing a gradual morphological change in advancing from the ora serrata (A; 
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arrow) towards the laminated retina of monkeys (from right to left). Adjacently to the 

monkey ciliary body rhodopsin is found throughout the cell (D), but concentrates in the 

incipient intracellular OS (arrowheads). In cells farther apart from the ora serrata of 

monkeys (B) and humans (C) rhodopsin distributes throughout the cytoplasm, including 

their axons (A, small arrows), but becomes gradually confined to their OS (A, 

arrowheads) in advancing towards the laminated retina. E-I: An immunolabeling for 

PKC (E) shows rod bipolar precursors also experiencing a gradual morphological shaping 

in advancing from the ora serrata (arrow) towards the monkey laminated retina (from 

right to left). Details of PKC+ cells with an increasing degree of differentiation are shown 

in I through F, where polarization of their dendritic processes (arrowheads) along the 

retinal margin can be observed. Scale bars = 100 µm (A), 40 µm (B,C,E-I), 20 µm (D).

Fig. 8. Cellular and synaptic organization along the peripheral retinal margin. A-E: Cells 

immunopositive for CB (A) experience a gradual morphological change in advancing 

from the ora serrata towards the laminated retina of monkeys (from right to left). The 

asterisked bracket indicates the retinal margin area immediately adjacent to the ora 

serrata presenting a higher cell density of cones and other cell types. Details of CB+ cells 

with an increasing degree of maturation are shown in panels E through B. F-G: Cells 

colocalizing PKC (green) and SYP (red) are observed near the monkey ora serrata 

(arrowheads), whereas staining for SYP alone is observed for photoreceptor axon 

terminals in the incipient OPL (F, small arrows) and for some cones near the ora serrata 

(G, small arrow). Vertical arrows (A,E-G) point to the ora serrata. A green-magenta 

version of this figure is provided on-line as Supplementary Figure 5. Scale bars = 40 µm. 

Fig. 9. Cells expressing markers of horizontal, amacrine and ganglion cells in the 

Page 46 of 74

John Wiley & Sons

Journal of Comparative Neurology



For Peer Review

peripheral retinal margin and laminated retina of monkeys and humans. Cells 

immunopositive for the horizontal-cell marker, PV (A,B), for the markers of amacrine-

cell subtypes GABA (C,D), CR (E,F) or TH (G,H), and for the ganglion-cell marker 

MAP2 (I,J) are indicated by arrowheads in the non-laminated retina close to the ora 

serrata (arrow) of monkeys (A,C,E,G) and humans (I). Compare the immature 

morphology of these cells with that of fully-developed neurons in the monkey laminated 

retina (B,D,F,H,J). Retinal layers are abbreviated as indicated in the legend of Figure 2. 

Scale bars = 40 µm. 

Fig. 10. Ultrastructural analysis of photoreceptors in the peripheral retinal margin. A: A 

panoramic view of the uppermost retinal sublayers shows different stages of 

photoreceptor maturation in advancing towards the laminated retina of monkeys (from 

right to left). B-G: Boxed cells in panel A are magnified in panels D through B. The most 

immature photoreceptor precursors (D,G) show their OS (white arrows) within cell 

bodies, completely surrounded by cytoplasm (D, arrowheads) and sometimes located near 

the nucleus (G, black arrow). Cells more distant from the ora serrata whose OS (white 

arrows) are evaginating from the cell bodies together with a portion of cytoplasm are 

shown in C and F, and cells with completely-extruded OS are shown in B and E. Black 

arrowheads (B,C,E,F) indicate the mitochondria-rich area beneath OS, and the black 

arrow (C) the connecting cilium. OLM, outer limiting membrane. Scale bars = 10 µm 

(A), 2 µm (B-D), 500 nm (E-G). 

Fig. 11. Outer-segment membranous-disk formation in photoreceptors in the peripheral 

retinal margin. Incipient cones (A) and rods (B) in the non-laminated retina of monkeys 

show a set of membrane vesicles (arrows) in the process of becoming fused to give rise to 
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OS membranous disks (C). These vesicles are far less numerous in the monkey laminated 

retina (D, arrows). Precursors close to the ora serrata of monkeys (E) show an apical set 

of striated filaments corresponding to a ciliary rootlet (magnified in F), whereas cells 

showing fully-evaginated OS (G) exhibit a short connecting cilium (magnified in H). 

Arrows point to ciliary rootlets (F,H). Scale bars = 500 nm (A,E,F), 200 nm (B-D), 2 µm 

(G,H).

Fig. 12. Cone ribbon synapses in the OPL of the peripheral retinal margin. The pedicle of 

a monkey cone in this region is shown in panel A, and a cluster of synaptic ribbons 

formed by the same pedicle (boxed area) is magnified in B. Other synapses observed in 

the monkey non-laminated retina lacking a typical triad structure are shown in C, which 

are formed by a different pedicle (inset). The mature triad morphology typically found in 

the laminated retina is shown in D for the sake of comparison. Synaptic ribbons are 

pointed out by arrows (B-D). Scale bars = 1 µm (A), 200 nm (B-D).

Fig. 13. Rod ribbon synapses in the OPL of the peripheral retinal margin. A: Two 

spherules (s) from monkey rods adjacent to a cone pedicle (p) are shown. Triads were not 

found in rod spherules located in this region, as illustrated in panels B and C, to be 

compared with typical triad synapses formed by rods in the laminated retina (D). Lateral 

elements are pointed out by arrows (B-D). Scale bars = 1 µm (A), 500 nm (B-D).

Fig. 14. Ultrastructural analysis of synaptic organization in the IPL of the peripheral 

retinal margin. Synaptic contacts are scarce in a low-power view of the incipient IPL in 

this region (A), and numerous in the laminated peripheral retina (B) of monkeys. A 

higher-magnification view shows a synapse in the retinal margin (C, arrow) and 

numerous synaptic contacts in an equivalent area of the laminated retina (D, arrows). A 
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big bipolar-cell axon terminal in the non-laminated retina is shown in panel E, to be 

compared with a typical bipolar axonal ending in the laminated retina (F). Arrows 

indicate synaptic ribbons in E and F. Scale bars = 2 µm (A,B), 500 nm (C-F).

Fig. 15. Schema of the proposed process of retinal-cell differentiation from 

stem/progenitors taking place in the far peripheral retina of adult primates (A). Precursor 

cell types identified in this work in the pars plana and non-laminated retinal margin, 

together with differentiating cells in this region, and mature neurons and glia in the 

laminated retina, are represented by a color code referring to their corresponding 

molecular markers. The different stages of cones (B) and rods (C) gradual morphological 

differentiation along the retinal margin, as inferred from electron-microscopy and 

immunohistochemical studies in this work, are depicted from right to left. OS are colored 

in red, underlying mitochondria in the ellipsoid region in green, and nuclei in yellow.
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TABLE 1. Primary Antibodies Used in this Work

Molecular marker1 Antibody Source2 Working dilution

Arrestin Mouse, clone 7G6 P. MacLeish, Morehouse School of Medicine (Atlanta, GA) 1:500

CB Mouse, clone CB-955 Sigma Chemical (St. Louis, MO), C9848, MFCD00164553 1:500

CHX10 Goat polyclonal Santa Cruz Biotechnology (Santa Cruz, CA), sc-21690, B2304 1:100

CR Goat polyclonal SWant (Bellinzona, Switzerland), CG-1, 1§.1 1:500

CRALBP Rabbit polyclonal J.C. Saari, University of Washington (Seattle, WA) 1:1000

GABA Rat polyclonal D.V. Pow, University of Newcastle (Newcastle, Australia) 1:300

MAP2 Rabbit polyclonal Chemicon (Temecula, CA), AB5622, 22100571 1:500

Nestin Mouse, clone 10C2 ImmunologicalsDirect (Oxfordshire, UK), OBT1610, 22100328 1:100

PAX6 Mouse, clone P3U1 Developmental Studies Hybridoma Bank (Iowa City, IA), PAX6 1:100

PCNA Goat polyclonal Santa Cruz Biotechnology, sc-9857, 1280 1:100

PKC Mouse, clone MC5 Santa Cruz Biotechnology, sc-80, C1306 1:100

PV Rabbit polyclonal SWant, PV-28, 5.5 1:500

Rhodopsin Mouse, clone 4D2 R.S. Molday, University of British Columbia (Vancouver, Canada) 1:100

S-cone opsin Rabbit polyclonal, JH455 J. Nathans, Johns Hopkins School of Medicine (Baltimore, MD) 1:500

SYP Mouse, clone SY38 Chemicon, MAB5258, 23120222 1:500
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TH Rabbit polyclonal Chemicon, AB151, 21070072 1:500

Vimentin Mouse, clone V9 DakoCytomation (Glostrup, Denmark), M0725 1:300

1Abbreviations: CB, calbindin; CR, calretinin; CRALBP, cellular retinaldehyde-binding protein; GABA, γ-aminobutyric acid; MAP2, microtubule-

associated protein-2; PCNA, proliferating-cell nuclear antigen; PKC, protein kinase C (α isoform); PV, parvalbumin; SYP, synaptophysin; TH, 

tyrosine hydroxylase.

2The commercial company and catalog reference plus lot number (when known), or else the investigator providing the antibody and his affiliation, are 

indicated.
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Fig. 1. Retinal stem/progenitors in the ciliary body and far peripheral retina of humans and 
monkeys. A: The scheme shows the anterior-most, far peripheral retina and adjacent ciliary body of 

the monkey, separated by the ora serrata. In a human section of this region immunostained for 
nestin (B), positive cells are observed in the far peripheral retina (C,D) and the ciliary body pars 
plana (E,F). Arrowheads point to stellate cells and arrows to elongated, glial-like cells. Monkey 
retinal whole-mounts immunostained for nestin or PCNA are shown in G and H, respectively, 

whereas the double immunolabeling for these markers in I reveals their colocalization in cells in the 
non-laminated retina (arrowheads). Discontinuous lines indicate the ora serrata, with the ciliary 

body to the left and the retinal margin to the right (G), and the dotted line (H) indicates the 
peripheral margin to laminated retina transition. Double immunostainings of the far peripheral 
retina of humans (J) and monkeys (K,L) for CRALBP plus nestin (J,K) or vimentin (L) are also 

shown. A green-magenta version of this figure is provided on-line as Supplementary Figure 1. Scale 
bars = 100 µm (B), 20 µm (C,F,J-L), 40 µm (D,E,G-I).  
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170x223mm (300 x 300 DPI)  
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Fig. 2. Retinal progenitors and cell-death analysis in the ciliary body and far peripheral retina of 
primates. Immunolabeling for CHX10 (A,B) or PAX6 (C,D) reveals immunopositive nuclei from 

retinal progenitor cells in the non-laminated retinal margin and ciliary body (A,C), and from neurons 
in the INL of the laminated peripheral retina (B,D) of monkeys, whereas a double staining for 

CHX10 and CR reveals cells in the retinal margin coexpressing both markers (E, arrowheads). No 
such colocalization is found in the laminated peripheral retina, where labeling for CHX10 and CR 
segregates into two separate sublayers, where bipolar and AII amacrine cells, respectively, are 

located (F). Staining with the Hoechst 33258 dye detects only non-pyknotic nuclei in the far 
peripheral retina of monkeys (G), and the TUNEL assay shows the absence of degenerating 

apoptotic cells in this region (H). A DNase I-treated monkey retina is shown as a TUNEL-positive 
control (I). Arrows (A,C,G-I) indicate the ora serrata. IS, inner segments; ONL, outer nuclear layer; 
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell 
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layer. A green-magenta version of this figure is provided on-line as Supplementary Figure 2. Scale 
bars = 40 µm.  

170x209mm (300 x 300 DPI)  
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Fig. 3. Cells expressing the retinal-progenitor markers CHX10 and PAX6 in the peripheral retina of 
humans and monkeys. A-D: Double immunostaining shows colocalization of CHX10 and PAX6 

(arrowheads) in the nuclei of retinal progenitors around a cyst in the human non-laminated retinal 
margin (A) and in the analogous region of monkeys (C), whereas no coexpression is found in 

neurons in the laminated human (B) or monkey (D) peripheral retina. E,F: Coexpression is also 
observed for CHX10 (in the nucleus) and nestin (in the cytoplasm) in cells in the monkey retinal 

margin (E, arrowheads), whereas it is absent in the laminated retina (F). Retinal layers are 
abbreviated as indicated in the legend of Figure 2. A green-magenta version of this figure is 

provided on-line as Supplementary Figure 3. Scale bars = 40 µm.  
170x187mm (300 x 300 DPI)  
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Fig. 4. Undifferentiated cells expressing markers of mature retinal neurons and Müller cells in the 
ciliary body of monkeys and humans. Cells showing positive immunostaining for arrestin (A), CB 

(B,C), PV (D), PKC (E,F), GABA (G), CR (H), MAP2 (I) and CRALBP (J) are indicated with 
arrowheads in the ciliary body of monkeys (A,C-J) and humans (B). Arrows point to the ora serrata. 

Scale bars = 40 µm.  
170x193mm (300 x 300 DPI)  
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Fig. 5. Gradient of cone differentiation along the peripheral retinal margin. A-E: Monkey arrestin+ 
cells (A) experience a gradual morphological change in advancing from the ora serrata towards the 

laminated retina (from right to left). Details of monkey cones with an increasing degree of 
maturation are shown in panels E through B, where growth of their OS (arrowheads) along the 

retinal margin can be observed. These cells include blue cones, as evidenced by their 
coimmunostaining with antibodies against arrestin and S-opsin (JH455; A-E). F-H: Small cells 

exhibiting a tiny intracellular OS seen as a prominent arrestin-immunoreactive spot (G,H; 
arrowheads) and a short axon (G, arrows) are present near the monkey ora serrata. Farther along 
the retinal margin, cells show thick and longer axons ending in a large pedicle (C,D,F; arrows) and 
an OS hint (F, arrowheads) on top of an incipient IS. Vertical arrows (A,H) indicate the ora serrata. 
A green-magenta version of this figure is provided on-line as Supplementary Figure 4. Scale bars = 

40 µm.  
150x133mm (300 x 300 DPI)  
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Fig. 6. Whole-mount view of the monkey far peripheral retina immunostained for arrestin (A). Cells 
in the non-laminated retina adjacent to the ora serrata (B) are shown at a higher magnification in 

panel C, and arrestin+ cells in the ciliary body are shown in D. In the pars plana rounded cells 
emitting short processes (D, arrows) are visualized, and in the retinal margin they exhibit axons 

running parallel to the retinal surface (A, arrowheads) and tiny outer segments, which near the ora 
serrata appear as prominent arrestin+ spots (B,C; arrowheads). L, laminated peripheral retina; NL, 
non-laminated retinal margin; OS, ora serrata; PP, pars plana. Scale bars = 100 µm (A), 10 µm (B-

D).  
169x138mm (360 x 360 DPI)  
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Fig. 7. Gradient of rod and bipolar-cell differentiation along the far peripheral retina of monkeys and 
humans. A-D: Immunolabeling for rhodopsin (RHO) shows rods experiencing a gradual 

morphological change in advancing from the ora serrata (A; arrow) towards the laminated retina of 
monkeys (from right to left). Adjacently to the monkey ciliary body rhodopsin is found throughout 
the cell (D), but concentrates in the incipient intracellular OS (arrowheads). In cells farther apart 

from the ora serrata of monkeys (B) and humans (C) rhodopsin distributes throughout the 
cytoplasm, including their axons (A, small arrows), but becomes gradually confined to their OS (A, 
arrowheads) in advancing towards the laminated retina. E-I: An immunolabeling for PKC (E) shows 
rod bipolar precursors also experiencing a gradual morphological shaping in advancing from the ora 
serrata (arrow) towards the monkey laminated retina (from right to left). Details of PKC+ cells with 
an increasing degree of differentiation are shown in I through F, where polarization of their dendritic 
processes (arrowheads) along the retinal margin can be observed. Scale bars = 100 µm (A), 40 µm

(B,C,E-I), 20 µm (D).  
170x148mm (300 x 300 DPI)  

 

Page 60 of 74

John Wiley & Sons

Journal of Comparative Neurology



For Peer Review

Fig. 8. Cellular and synaptic organization along the peripheral retinal margin. A-E: Cells 
immunopositive for CB (A) experience a gradual morphological change in advancing from the ora 

serrata towards the laminated retina of monkeys (from right to left). The asterisked bracket 
indicates the retinal margin area immediately adjacent to the ora serrata presenting a higher cell 
density of cones and other cell types. Details of CB+ cells with an increasing degree of maturation 
are shown in panels E through B. F-G: Cells colocalizing PKC (green) and SYP (red) are observed 

near the monkey ora serrata (arrowheads), whereas staining for SYP alone is observed for 
photoreceptor axon terminals in the incipient OPL (F, small arrows) and for some cones near the ora 
serrata (G, small arrow). Vertical arrows (A,E-G) point to the ora serrata. A green-magenta version 

of this figure is provided on-line as Supplementary Figure 5. Scale bars = 40 µm.  
170x108mm (300 x 300 DPI)  
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Fig. 9. Cells expressing markers of horizontal, amacrine and ganglion cells in the peripheral retinal 
margin and laminated retina of monkeys and humans. Cells immunopositive for the horizontal-cell 

marker, PV (A,B), for the markers of amacrine-cell subtypes GABA (C,D), CR (E,F) or TH (G,H), and 
for the ganglion-cell marker MAP2 (I,J) are indicated by arrowheads in the non-laminated retina 
close to the ora serrata (arrow) of monkeys (A,C,E,G) and humans (I). Compare the immature 
morphology of these cells with that of fully-developed neurons in the monkey laminated retina 

(B,D,F,H,J). Retinal layers are abbreviated as indicated in the legend of Figure 2. Scale bars = 40 
µm.  

170x214mm (300 x 300 DPI)  
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Fig. 10. Ultrastructural analysis of photoreceptors in the peripheral retinal margin. A: A panoramic 
view of the uppermost retinal sublayers shows different stages of photoreceptor maturation in 

advancing towards the laminated retina of monkeys (from right to left). B-G: Boxed cells in panel A 
are magnified in panels D through B. The most immature photoreceptor precursors (D,G) show their 

OS (white arrows) within cell bodies, completely surrounded by cytoplasm (D, arrowheads) and 
sometimes located near the nucleus (G, black arrow). Cells more distant from the ora serrata whose 

OS (white arrows) are evaginating from the cell bodies together with a portion of cytoplasm are 
shown in C and F, and cells with completely-extruded OS are shown in B and E. Black arrowheads 
(B,C,E,F) indicate the mitochondria-rich area beneath OS, and the black arrow (C) the connecting 

cilium. OLM, outer limiting membrane. Scale bars = 10 µm (A), 2 µm (B-D), 500 nm (E-G).  
150x168mm (300 x 300 DPI)  
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Fig. 11. Outer-segment membranous-disk formation in photoreceptors in the peripheral retinal 
margin. Incipient cones (A) and rods (B) in the non-laminated retina of monkeys show a set of 

membrane vesicles (arrows) in the process of becoming fused to give rise to OS membranous disks 
(C). These vesicles are far less numerous in the monkey laminated retina (D, arrows). Precursors 
close to the ora serrata of monkeys (E) show an apical set of striated filaments corresponding to a 

ciliary rootlet (magnified in F), whereas cells showing fully-evaginated OS (G) exhibit a short 
connecting cilium (magnified in H). Arrows point to ciliary rootlets (F,H). Scale bars = 500 nm 

(A,E,F), 200 nm (B-D), 2 µm (G,H).  
157x188mm (300 x 300 DPI)  
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Fig. 12. Cone ribbon synapses in the OPL of the peripheral retinal margin. The pedicle of a monkey 
cone in this region is shown in panel A, and a cluster of synaptic ribbons formed by the same 

pedicle (boxed area) is magnified in B. Other synapses observed in the monkey non-laminated 
retina lacking a typical triad structure are shown in C, which are formed by a different pedicle 

(inset). The mature triad morphology typically found in the laminated retina is shown in D for the 
sake of comparison. Synaptic ribbons are pointed out by arrows (B-D). Scale bars = 1 µm (A), 200 

nm (B-D).  
150x150mm (300 x 300 DPI)  
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Fig. 13. Rod ribbon synapses in the OPL of the peripheral retinal margin. A: Two spherules (s) from 
monkey rods adjacent to a cone pedicle (p) are shown. Triads were not found in rod spherules 

located in this region, as illustrated in panels B and C, to be compared with typical triad synapses 
formed by rods in the laminated retina (D). Lateral elements are pointed out by arrows (B-D). Scale 

bars = 1 µm (A), 500 nm (B-D).  
150x162mm (300 x 300 DPI)  
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Fig. 14. Ultrastructural analysis of synaptic organization in the IPL of the peripheral retinal margin. 
Synaptic contacts are scarce in a low-power view of the incipient IPL in this region (A), and 

numerous in the laminated peripheral retina (B) of monkeys. A higher-magnification view shows a 
synapse in the retinal margin (C, arrow) and numerous synaptic contacts in an equivalent area of 
the laminated retina (D, arrows). A big bipolar-cell axon terminal in the non-laminated retina is 

shown in panel E, to be compared with a typical bipolar axonal ending in the laminated retina (F). 
Arrows indicate synaptic ribbons in E and F. Scale bars = 2 µm (A,B), 500 nm (C-F).  

150x186mm (300 x 300 DPI)  
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Fig. 15. Schema of the proposed process of retinal-cell differentiation from stem/progenitors taking 
place in the far peripheral retina of adult primates (A). Precursor cell types identified in this work in 
the pars plana and non-laminated retinal margin, together with differentiating cells in this region, 
and mature neurons and glia in the laminated retina, are represented by a color code referring to 

their corresponding molecular markers. The different stages of cones (B) and rods (C) gradual 
morphological differentiation along the retinal margin, as inferred from electron-microscopy and 
immunohistochemical studies in this work, are depicted from right to left. OS are colored in red, 

underlying mitochondria in the ellipsoid region in green, and nuclei in yellow.  
170x220mm (600 x 600 DPI)  
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Suppl. Fig. 1. Retinal stem/progenitors in the ciliary body and far peripheral retina of humans and 
monkeys. A: The scheme shows the anterior-most, far peripheral retina and adjacent ciliary body of 

the monkey, separated by the ora serrata. In a human section of this region immunostained for 
nestin (B) positive cells for are observed in the far peripheral retina (C,D) and the ciliary body pars 

plana (E,F). Arrowheads point to stellate cells and arrows to elongated, glial-like cells. Monkey 
retinal whole-mounts immunostained for nestin or PCNA are shown in G and H, respectively, 

whereas the double immunolabeling for these markers in I reveals their colocalization in cells in the 
non-laminated retina (arrowheads). Discontinuous lines indicate the ora serrata, with the ciliary 

body to the left and the retinal margin to the right (G), and the dotted line (H) indicates the 
peripheral margin to laminated retina transition. Double immunostainings of the far peripheral 
retina of humans (J) and monkeys (K,L) for CRALBP plus nestin (J,K) or vimentin (L) are also 

shown. Scale bars = 100 µm (B), 20 µm (C,F,J-L), 40 µm (D,E,G-I).  
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170x223mm (300 x 300 DPI)  
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Suppl. Fig. 2. Retinal progenitors and cell-death analysis in the ciliary body and far peripheral retina 
of primates. Immunolabeling for CHX10 (A,B) or PAX6 (C,D) reveals immunopositive nuclei from 

retinal progenitor cells in the non-laminated retinal margin and ciliary body (A,C), and from neurons 
in the INL of the laminated peripheral retina (B,D) of monkeys, whereas a double staining for 

CHX10 and CR reveals cells in the retinal margin coexpressing both markers (E, arrowheads). No 
such colocalization is found in the laminated peripheral retina, where labeling for CHX10 and CR 
segregates into two separate sublayers, where bipolar and AII amacrine cells, respectively, are 

located (F). Staining with the Hoechst 33258 dye detects only non-pyknotic nuclei in the far 
peripheral retina of monkeys (G), and the TUNEL assay shows the absence of degenerating 

apoptotic cells in this region (H). A DNase I-treated monkey retina is shown as a TUNEL-positive 
control (I). Arrows (A,C,G-I) indicate the ora serrata. IS, inner segments; ONL, outer nuclear layer; 
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell 
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layer. Scale bars = 40 µm.  
170x209mm (300 x 300 DPI)  
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Suppl. Fig. 3. Cells expressing the retinal-progenitor markers CHX10 and PAX6 in the peripheral 
retina of humans and monkeys. A-D: Double immunostaining shows colocalization of CHX10 and 
PAX6 (arrowheads) in the nuclei of retinal progenitors around a cyst in the human non-laminated 

retinal margin (A) and in the analogous region of monkeys (C), whereas no coexpression is found in 
neurons in the laminated human (B) or monkey (D) peripheral retina. E,F: Coexpression is also 
observed for CHX10 (in the nucleus) and nestin (in the cytoplasm) in cells in the monkey retinal 

margin (E, arrowheads), whereas it is absent in the laminated retina (F). Retinal layers are 
abbreviated as indicated in the legend of Figure 2. Scale bars = 40 µm.  

170x187mm (300 x 300 DPI)  
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Suppl. Fig. 4. Gradient of cone differentiation along the peripheral retinal margin. A-E: Monkey 
arrestin+ cells (A) experience a gradual morphological change in advancing from the ora serrata 

towards the laminated retina (from right to left). Details of monkey cones with an increasing degree 
of maturation are shown in panels E through B, where growth of their OS (arrowheads) along the 

retinal margin can be observed. These cells include blue cones, as evidenced by their 
coimmunostaining with antibodies against arrestin and S-opsin (JH455; A-E). F-H: Small cells 

exhibiting a tiny intracellular OS seen as a prominent arrestin-immunoreactive spot (G,H; 
arrowheads) and a short axon (G, arrows) are present near the monkey ora serrata. Farther along 
the retinal margin, cells show thick and longer axons ending in a large pedicle (C,D,F; arrows) and 
an OS hint (F, arrowheads) on top of an incipient IS. Vertical arrows (A,H) indicate the ora serrata. 

Scale bars = 40 µm.  
150x133mm (300 x 300 DPI)  
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Suppl. Fig. 5. Cellular and synaptic organization along the peripheral retinal margin. A-E: Cells 
immunopositive for CB (A) experience a gradual morphological change in advancing from the ora 

serrata towards the laminated retina of monkeys (from right to left). The asterisked bracket 
indicates the retinal margin area immediately adjacent to the ora serrata presenting a higher cell 
density of cones and other cell types. Details of CB+ cells with an increasing degree of maturation 

are shown in panels E through B. F-G: Cells colocalizing PKC (green) and SYP (magenta) are 
observed near the monkey ora serrata (arrowheads), whereas staining for SYP alone is observed for 
photoreceptor axon terminals in the incipient OPL (F, small arrows) and for some cones near the ora 

serrata (G, small arrow). Vertical arrows (A,E-G) point to the ora serrata. Scale bars = 40 µm.  
170x108mm (300 x 300 DPI)  
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Suppl. Fig. 1. Retinal stem/progenitors in the ciliary body and far peripheral retina of humans 

and monkeys. A: The scheme shows the anterior-most, far peripheral retina and adjacent 

ciliary body of the monkey, separated by the ora serrata. In a human section of this region 

immunostained for nestin (B) positive cells for are observed in the far peripheral retina (C,D) 

and the ciliary body pars plana (E,F). Arrowheads point to stellate cells and arrows to 

elongated, glial-like cells. Monkey retinal whole-mounts immunostained for nestin or PCNA 

are shown in G and H, respectively, whereas the double immunolabeling for these markers in 

I reveals their colocalization in cells in the non-laminated retina (arrowheads). Discontinuous 

lines indicate the ora serrata, with the ciliary body to the left and the retinal margin to the 

right (G), and the dotted line (H) indicates the peripheral margin to laminated retina transition. 

Double immunostainings of the far peripheral retina of humans (J) and monkeys (K,L) for 

CRALBP plus nestin (J,K) or vimentin (L) are also shown. Scale bars = 100 µm (B), 20 µm 

(C,F,J-L), 40 µm (D,E,G-I).

Suppl. Fig. 2. Retinal progenitors and cell-death analysis in the ciliary body and far peripheral 

retina of primates. Immunolabeling for CHX10 (A,B) or PAX6 (C,D) reveals immunopositive 

nuclei from retinal progenitor cells in the non-laminated retinal margin and ciliary body 

(A,C), and from neurons in the INL of the laminated peripheral retina (B,D) of monkeys, 

whereas a double staining for CHX10 and CR reveals cells in the retinal margin coexpressing 

both markers (E, arrowheads). No such colocalization is found in the laminated peripheral 

retina, where labeling for CHX10 and CR segregates into two separate sublayers, where 

bipolar and AII amacrine cells, respectively, are located (F). Staining with the Hoechst 33258 

dye detects only non-pyknotic nuclei in the far peripheral retina of monkeys (G), and the 

TUNEL assay shows the absence of degenerating apoptotic cells in this region (H). A DNase 

I-treated monkey retina is shown as a TUNEL-positive control (I). Arrows (A,C,G-I) indicate 

the ora serrata. IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; 
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INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars = 

40 µm.

Suppl. Fig. 3. Cells expressing the retinal-progenitor markers CHX10 and PAX6 in the 

peripheral retina of humans and monkeys. A-D: Double immunostaining shows colocalization 

of CHX10 and PAX6 (arrowheads) in the nuclei of retinal progenitors around a cyst in the 

human non-laminated retinal margin (A) and in the analogous region of monkeys (C), 

whereas no coexpression is found in neurons in the laminated human (B) or monkey (D) 

peripheral retina. E,F: Coexpression is also observed for CHX10 (in the nucleus) and nestin 

(in the cytoplasm) in cells in the monkey retinal margin (E, arrowheads), whereas it is absent 

in the laminated retina (F). Retinal layers are abbreviated as indicated in the legend of Figure 

2. Scale bars = 40 µm.

Suppl. Fig. 4. Gradient of cone differentiation along the peripheral retinal margin. A-E:

Monkey arrestin+ cells (A) experience a gradual morphological change in advancing from the 

ora serrata towards the laminated retina (from right to left). Details of monkey cones with an 

increasing degree of maturation are shown in panels E through B, where growth of their OS 

(arrowheads) along the retinal margin can be observed. These cells include blue cones, as 

evidenced by their coimmunostaining with antibodies against arrestin and S-opsin (JH455; A-

E). F-H: Small cells exhibiting a tiny intracellular OS seen as a prominent arrestin-

immunoreactive spot (G,H; arrowheads) and a short axon (G, arrows) are present near the 

monkey ora serrata. Farther along the retinal margin, cells show thick and longer axons 

ending in a large pedicle (C,D,F; arrows) and an OS hint (F, arrowheads) on top of an 

incipient IS. Vertical arrows (A,H) indicate the ora serrata. Scale bars = 40 µm.

Suppl. Fig. 5. Cellular and synaptic organization along the peripheral retinal margin. A-E:

Cells immunopositive for CB (A) experience a gradual morphological change in advancing 

from the ora serrata towards the laminated retina of monkeys (from right to left). The 
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asterisked bracket indicates the retinal margin area immediately adjacent to the ora serrata 

presenting a higher cell density of cones and other cell types. Details of CB+ cells with an 

increasing degree of maturation are shown in panels E through B. F-G: Cells colocalizing 

PKC (green) and SYP (magenta) are observed near the monkey ora serrata (arrowheads), 

whereas staining for SYP alone is observed for photoreceptor axon terminals in the incipient 

OPL (F, small arrows) and for some cones near the ora serrata (G, small arrow). Vertical 

arrows (A,E-G) point to the ora serrata. Scale bars = 40 µm.
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