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The LIM-homeodomain transcription factor Islet1 (Isl1) has been widely used as a marker of neuronal differentiation in the
developing visual system of different classes of vertebrates, including mammals, birds, reptiles, and fish. In the present study,
we analyzed the spatial and temporal distribution of Isl1-immunoreactive cells during Xenopus laevis retinal development and
its relation to the formation of the retinal layers, and in combination with different markers of cell differentiation. The earliest
Isl1 expression appeared at St29-30 in the cell nuclei of sparse differentiating neuroblasts located in the vitreal surface of the
undifferentiated retina. At St35-36, abundant Isl1-positive cells accumulated at the vitreal surface of the neuroepithelium. As
development proceeded and through the postmetamorphic juveniles, Isl1 expression was identified in subpopulations of ganglion
cells and in subsets of amacrine, bipolar, and horizontal cells. These data together suggest a possible role for Isl1 in the early
differentiation and maintenance of different retinal cell types, and Isl1 can serve as a specific molecular marker for the study of
retinal cell specification in X. laevis.

1. Introduction

The developing retina is an attractive system for studying
different aspects of cell differentiation owing to its easy
accessibility and well-organized laminar structure ultimately
containing six well-characterized classes of neurons. Retino-
genesis in vertebrates is stereotyped in an ordered fashion:
retinal ganglion cells are always born first, followed by hori-
zontal, amacrine, and cone cells, and finally by bipolar, rod,
and Müller cells [1, 2]. During retinal cell type development,
transcription factors play critical roles in the generation
of diverse neuronal phenotypes, and genetic manipulation
of these molecules often leads to an alteration of one or
more retinal cell phenotypes [3–6]. The LIM-homeodomain
transcription factor Islet-1 (Isl1) orchestrates cell fate deci-
sions in a variety of systems [7, 8]. Different studies have
shown that, in the retina, Isl1 is expressed in mature and

differentiating ganglion, amacrine, bipolar, and horizontal
cells, suggesting that it plays a pivotal role in the maturation
of these cell types in fish [9–11], reptiles [12], birds [13–
21], and mammals [22–28]. In particular, Isl1 expression has
been demonstrated to be required for neuronal progenitors
to specify retinal ganglion cell fate in mammals, activating
genes essential for cell differentiation [25, 26, 28]. In addi-
tion, it participates in the regulation of the development of
cholinergic amacrine cells in mammals [22–24] and birds
[29]. It also controls the differentiation of bipolar cells in
mammals [22, 23]. Furthermore, Isl1 is involved in horizontal
cell determination [16, 20] and regulates the morphogenesis
of subsets of postmigratory horizontal cells in the chick
[19]. Surprisingly, although Isl1 is not normally expressed by
horizontal cells in the developing and mature mouse retina
[22–24], it participates in determining horizontal cell number
[30].
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There have been few reports describing Isl1 expression
during amphibian central nervous system development. The
South African clawed frog Xenopus laevis (Daudin, 1802)
is a suitable model to study different aspects of central
nervous system development, and, recently, implications of
Isl1 in diverse aspects of regional development and neuronal
specification in the forebrain have been demonstrated [31].
Furthermore, several authors have used Isl1 as an early
marker of ganglion cells during development in this anuran
species [32–34], but the detailed spatiotemporal expression
of this transcription factor during retinal development has
not previously been described. The aim of our study was to
analyze immunohistochemically the onset and the dynamic
expression of Isl1 during retinal development of X. laevis.
The structural arrangement of the retina was examined in
toluidine blue-stained resin sections and in cryosections
labeled with DAPI. We characterized the subpopulations
of Isl1-expressing cells by both morphological and topo-
graphical features, but also by double immunolabeling with
other retinal markers, whose distribution we have previously
studied in the developing and mature retina of different
vertebrates [9–12, 35, 36]. The results indicated that Isl1
is expressed at early stages of retinal development and
maintained through juvenile stages, implying potential roles
in retinal cell specification, differentiation, and maintenance
in X. laevis.

2. Material and Methods

2.1. Animals and Tissue Processing. All animals were treated
according to the regulations and laws of the European Union
(EUDirective 2010/63/EU) and Spain (Royal Decree 53/2013)
for care and handling of animals in research, after approval
from the Universities of Extremadura and Complutense to
conduct the experiments described. The number of animals
used in the present study was the minimum to guarantee the
correct interpretation of the results. A total of 82 Xenopus
laevis embryos, larvae, and juveniles were used (Table 1). X.
laevis embryos and larvae were carefully staged in accordance
withNieuwkoop and Faber [37]. Representative developmen-
tal stages are shown in Figure 1. Adult X. laevis were pur-
chased fromcommercial suppliers (XenopusOne,Dexter,MI,
USA) and the different developing specimens were obtained
by breeding induced by chorionic gonadotropin (Pregnyl;
Organon,West Orange, NJ, USA) and kept in tapwater at 20–
25∘C. Young larvae were raised on Mikropan Growth Food
(Sera, Heinsberg, Germany), and older larvae and juveniles
were fed liver meat. At appropriate times, embryos, larvae,
and juveniles were deeply anesthetized by immersion in
a 0.3% solution of tricaine methanesulfonate (MS222, pH
7.4; Sigma Chemical, St. Louis, MO, USA) and used for
the different sets of experiments. Specimens were fixed by
immersion for 20 hours at 4∘C in 4% paraformaldehyde
(PFA) in PB (phosphate-buffered solution 0.1M, pH 7.4)
or MEMFA (0.1M MOPS—4-morpholinopropano sulfonic
acid—2mM ethylene glycol tetraacetic acid, 1mM MgSO

4
,

3.7% formaldehyde). The late larvae and juveniles were
perfused transcardially with 0.9% sodium chloride, followed

by the same fixative solutions. The brains were dissected out
and postfixed for 3 hours at 4∘C.

Maturational aspects in the developing X. laevis retina
were examined in semithin (morphological analysis) and
cryostat sections (immunohistochemical analysis). For the
morphological analysis, some fixed embryos and postnatal
specimens were rinsed in PB, postfixed in 2% osmium
tetroxide for 2 h, dehydrated in a graded series of acetone and
propylene oxide, and embedded in Spurr’s resin. Serial frontal
2 𝜇m sections were cut in a Reichert Jung microtome. The
sections were stained with 1% toluidine blue in 1% aqueous
borax.

For immunohistochemical analysis, tissues were rinsed
in PB, then cryoprotected, soaked in embedding medium,
frozen, and freeze-mounted onto aluminium sectioning
blocks. Cryostat sections, 15𝜇m thick, were cut in the frontal
plane. Sections through different retinal areas were thaw-
mounted on SuperFrost Plus slides (Menzel-Glaser, Ger-
many), air-dried, and stored at −80∘C.

2.2. Immunohistochemistry. Working solutions and sources
of primary and secondary antibodies used in the present
study are summarized in Table 2. The anti-Isl1 monoclonal
antibody [38] was developed by Dr. Jessell (Columbia Uni-
versity). It has recently been used and tested in mouse,
chicken, turtle, and Xenopus, with comparable results [12,
18, 31, 33, 34, 39] (see also data sheet DSHB), and the
staining pattern colocalized with the mRNA distribution
[40]. The rest of the primary antibodies used in this report
have been widely used in neuroanatomical studies in the
central nervous system of different groups of vertebrates.
They cross react with antigens present in the X. laevis
tissue, showing similar staining patterns to those previously
described in other vertebrate retinas. Single- and double-
immunohistochemical studies were performed as described
in Bejarano-Escobar, Blasco [9] and simultaneously labeled
with the nuclear dye 4󸀠,6-diamino-2-phenylindole (DAPI).
Sections were coverslipped with Mowiol for observation.
Controls for the Isl1 immunostaining included (i) Western
blot for the Isl1 antibody which showed a band in Xenopus,
Rana, and rat that corresponded to the Isl1 LIM homeobox-
1 because it coincides with the expected molecular weight
(about 39 kDa); [41]; (ii) incubation of some selected sections
with preimmune mouse or rabbit sera (1 : 1000 dilution)
instead of the primary antibody; (iii) controls in which either
the primary or the secondary antibody was omitted; and (iv)
preadsorption of the primary antibodywith synthetic peptide
(Isl1 peptide, Abcam, Cambridge, MA, USA) [42]. In all the
latter controls, the immunostainingwas omitted. Controls for
the other antibodies used in combination with Isl1 can be
found elsewhere: CB, CR [43], CERN-922 [9–11], and SV2
[10, 11].

2.3. Image Acquisition and Processing. Digital images of X.
laevis specimens were captured with a Digital Camera DS-
5Mc (Nikon) attached to a Stereoscopic Microscope SMZ-
1000 (Nikon). Immunolabeled sections were observed using
an epifluorescence, bright fieldNikonEclipse 80imicroscope,
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Figure 1: Stereomicroscope images of selected lateral views ofXenopus laevis tailbud embryos ((a)–(f)) and a dorsal view of a free-swimming
tadpole (g) according to developmental stages (St) of Nieuwkoop and Faber [37]. Scale bars: 1mm.

Table 1: Number of animals investigated at different stages of development with Isl1 immunohistochemistry.

Developmental stages∗

Embryonic Premetamorphic Prometamorphic Metamorphic climax
Juveniles 𝑛Early Late

24–37 38–45 46–51 53–59 60–66
30 30 6 7 7 2 82
∗Staging of the Xenopus laevis embryos and larvae according to Nieuwkoop and Faber, 1967 [37].

and photographed using an ultra-high-definitionNikon digi-
tal camera DXM1200F. Some of the double-immunolabelings
were photographedwith aNikonD-Eclipse C1 confocal laser-
scanning microscope. Graphical enhancement and prepara-
tion for publication were performed in Adobe Photoshop
(v.CS4).

3. Results

All the retinal cell types during development of Xenopus
laevis are generated within 36 hours (between St24 and St40)
after the birth of the first retinal ganglion cells [44].Therefore,
the retinal expression of Isl1 was examined carefully from the
early embryonic St24 through the juvenile period. No Isl1-
immunoreactive elements were distinguishable before St29-
30. From the onset of the appearance of Isl1 expression in
the retina (St29-30), immunoreactivity appeared progres-
sively following central-to-peripheral and vitreal-to-scleral
gradients. From St42 onwards all retinal cell types were fully
differentiated and the Isl1 expression pattern did not change
significantly.

3.1. Isl1 Expression in the X. laevis Differentiated Retina. The
Isl1 expression pattern in fully differentiated retinas will be
reported first so as to establish a set of referents with which

to compare developmental stages. Thus, at St53, the retina
is almost fully developed, exhibiting complete lamination as
determined from DAPI-stained cryosections (Figure 2(a)).
Anti-Isl1 antibody stained most of the cells located in the
ganglion cell layer (GCL) (Figures 2(b), 2(c), 2(e), 2(f),
2(h), and 2(i)). Furthermore, different populations of Isl1-
containing cells located in the inner nuclear layer (INL) could
be distinguished by both morphological and topographical
features: (i) a small population of cells with the major axis
oriented parallel to the vitreal surface, lying at the border
between the outer plexiform layer (OPL) and the INL, in the
horizontal cell layer (Figures 2(b) and 2(c)); (ii) a population
of cells located in the middle of the INL, in the bipolar cell
layer (Figures 2(b), 2(c), 2(e), 2(f), 2(h), and 2(i)); and (iii)
a small population of cells located at the inner edge of the
INL, in the region where the amacrine cells are normally
found (Figures 2(b), 2(c), 2(e), 2(f), 2(h), and 2(i)). To further
characterize Isl1-expressing cells, a double labeling with anti-
bodies against calbindin-D28k (CB) and calretinin (CR) was
also performed. In the developing and adult X. laevis retina,
CB labels cones and subpopulations of bipolar, amacrine,
and ganglion cells [35, 45]. Some of the CB-immunoreactive
bipolar cells also expressed Isl1 (Figures 2(d)–2(f)). CR labels
subsets of horizontal, bipolar, amacrine, and ganglion cells
[35]. Some of the CR-expressing horizontal, bipolar, and
ganglion cells also expressed Isl1 (Figures 2(g)–2(i)).
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Figure 2: Morphological features and expression patterns of Isl1 and other cell differentiation markers in the St53 Xenopus laevis central
retina. (a)–(c)DAPI fluorescence combinedwith Isl1 immunofluorescence.DAPI staining showedwell-organized retinal layers. Isl1 expressing
cells in the INL could be characterized morphologically and topographically as horizontal (arrowheads), bipolar (arrows), or amacrine cells
(double arrows). Notice that not all cells located in the GCL expressed Isl1 (asterisks). (d)–(f) A few Isl1-positive bipolar cells also expressed
CB (arrows). (g)–(i) Subpopulations of Isl1-positive horizontal (arrowheads), bipolar (arrows), and ganglion cells (double arrowheads) also
expressed CR. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. Scale bars: 100𝜇m.

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

Working dilution Antibody suppliers (reference)
Primary antibody

Rabbit anti-bovine rod opsin polyclonal antibody, CERN-922 1 : 1000 Gift from Dr. Willem J. DeGrip
Mouse anti-Islet-1 monoclonal antibody (clone 39.4D5) 1 : 200 Developmental Studies Hybridoma Bank (DSHB)
Mouse anti-SV2 monoclonal antibody 1 : 200 DSHB
Rabbit anti-calbindin polyclonal antibody 1 : 1000 Swant (Ref. CB-38a)
Rabbit anti-calretinin polyclonal antibody 1 : 2000 Swant (Ref. 7699-4)

Secondary antibodies
Alexa Fluor 594 goat-anti-mouse IgG antibody 1 : 200 Molecular Probes, The Netherlands
Alexa Fluor 488 goat-anti-rabbit IgG antibody 1 : 200 Molecular Probes, The Netherlands
Anti-mouse IgG biotin conjugate 1 : 200 Sigma (B 7264)

3.2. Isl1 Expression in the X. laevis Developing Retina. By St29-
30, although the lumen of the ventricle was still observed,
the most distal part of the vesicle wall had invaginated to
form a two-layered optic cup (Figure 3(a)). The neural retina
was composed of a neuroblastic layer (NbL) (Figure 3(a)),

and weak Isl1 immunoreactivity was first observed in sparse
nuclei located near the vitreal surface of the central retina
(Figure 3(b)). Similar morphological features and staining
patterns were observed at St31 (Figures 3(c) and 3(d)). The
number of Isl1-positive cells progressively increased, and
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Figure 3: Morphological features and expression patterns of Isl1 in the St29/30 ((a), (b)) and St31 ((c),(d)) Xenopus laevis retina. ((a),
(c)) Toluidine blue-stained transverse retinal resin sections showed that the neural retina had the structure of pseudostratified columnar
epithelium. Notice that during these early stages abundant dark-stained granules were observed in the cytoplasm of the neuroepithelial cells.
(b),(d) Isl1 immunoreactivity was present in sparse nuclei mainly located near the vitreal surface (arrowheads). L: lens; NbL: neuroblastic
layer. Scale bar: 50 𝜇m.
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Figure 4:Morphological features and expression patterns of Isl1 and other cell differentiationmarkers in the St35/36Xenopus laevis retina. (a)
Toluidine blue-stained transverse retinal resin sections showed that neural retina remained undifferentiated during this stage. (b) Although no
plexiform layers were observed, many Isl1-positive nuclei were mainly located near the inner surface of the neuroretina. (c) Immunoreactive
ganglion cell axons for SV2 were observed in the vitreal surface of the retina (asterisks). Furthermore, immunoreactivity was also detected
near the scleral surface of the undifferentiated retina (arrowheads). (d)–(f) CERN-922 antibody revealed that sparse photoreceptors were
differentiating by this stage in the scleral surface of the central nonlayered retina ((d), (F)). L: lens; NbL: neuroblastic layer. Scale bars: 50𝜇m.
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Figure 5:Morphological features and expression patterns of Isl1 and other cell differentiationmarkers in the St37/38Xenopus laevis retina. (a)
Toluidine blue-stained transverse retinal resin sections showed that the plexiform layers were observed across the central to mid-peripheral
extent of the retina (asterisks). An immature GCL, 2-3 cells in depth, was also observed at this stage. (b) SV2 immunoproducts were observed
in the OFL (double arrows), IPL, and ONL. (c) Abundant nuclei were immunoreactive for Isl1 in the GCL, but also in the INL. Thus, nuclei
located in the amacrine cell layer (double arrowheads), bipolar cell layer (arrows), and horizontal cell layer (arrowheads) were detected with
this antibody. (d)–(g) Incipient plexiform layers were also clearly distinguishable with the DAPI nucleic acid stain (asterisks in (d)). CERN-
922 immunoreactivity paralleled the expression of Isl1 and extended towards the more mid-peripheral region of the retina. GCL: ganglion
cell layer; INL: inner nuclear layer; L: lens; ONL: outer nuclear layer. Scale bars: 50𝜇m.

at St35/36, albeit layering was still observed, the retina
was losing its pseudostratified, undifferentiated appearance
(Figure 4(a)). At these stages, Isl1 expression was detected in
abundant newly formed postmitotic cells that accumulated
in the vitreal surface of the central and mid-peripheral
undifferentiated retina and in sparse migrating neuroblasts
in outer regions of the NbL (Figure 4(b)). We compared
the Isl1 expression pattern with that of other cell differ-
entiation markers. Thus, we used an antibody against the
transmembrane synaptic vesicle glycoprotein SV2 that has
been demonstrated to be a powerful tool to label the first
optic axons emerging from young ganglion cells [10, 11, 46]
and also to address the appearance of functional synapses
[10, 11, 46–49]. Thus, strong SV2-immunoreactive ganglion
cell axons were detected in the presumptive optic fibre
layer (OFL), coursing to the optic nerve exit (Figure 4(c)).
Surprisingly, strong SV2 immunoreactivity was also found
in the scleralmost part of the neuroepithelium, suggesting
that differentiating cells were also located in this region
(Figure 4(c)). Therefore, we used a polyclonal antibody
against bovine rod opsin (CERN-922) that has been described
as an excellent photoreceptor marker in fish [9–11, 50–
53], reptiles (unpublished observations), birds (unpublished
observations), and mammals [54]. A similar antibody has
been previously used to identify rod photoreceptors in the
developing X. laevis retina [45]. Sparse morphologically

immature CERN-922-immunoreactive photoreceptors were
detected in the central region of the retina (Figures 4(d)–
4(f)). Therefore, in discordance with the undifferentiated
morphological appearance of the X. laevis retina, several
differentiating cell populations could be observed by these
stages.

At St 37/38, the inner plexiform layer (IPL) was formed
above the GCL, which was several cells thick, along the
middle third of the retina (Figures 5(a), 5(d), and 5(g)).
Furthermore, at this stage also, the first sign of the OPL could
be observed, separating the outer nuclear layer (ONL) from
the INL (Figures 5(a), 5(d), and 5(g)). SV2 antibody also
revealed the emergence of the plexiform layers in the central
and the mid-peripheral retina (Figure 5(b)). By this stage,
most Isl1-immunoreactive cells were confined to the newly
formed GCL (Figure 5(c)). However, many Isl1-positive cells
appeared at this stage in the INL. On the basis of laminar
position and morphology, these cells could be identified as
horizontal, bipolar, and amacrine cells (Figure 5(c)). Isl1 and
CERN-922 immunoreactivities progressed in parallel follow-
ing a central-to-peripheral gradient, but Isl1 immunoreactiv-
ity extended to more peripheral regions (Figures 5(d)–5(g)).

At St40, the typical multilayered structure of the retina
was clearly distinguishable. However, the GCL was many
cells thick, and the plexiform layers were poorly developed
(Figure 6(a)). A proliferative population of undifferentiated
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Figure 6: Morphological features and expression patterns of Isl1 and other cell differentiation markers in the St40 Xenopus laevis retina. (a)
Toluidine blue-stained transverse retinal resin sections revealed that the typical multilayered structure was clearly distinguishable, showing
morphological features of maturation.The CMZwas visible in the peripheralmost region. (b) Isl1 immunoreactivity was clearly established in
abundant nuclei located in the GCL, whereas the INL contained Isl1 labeling that corresponded to horizontal (arrowhead), bipolar (arrow),
and amacrine cells (double arrowhead). (c) SV2 expression in the plexiform layers extended to more peripheral regions. (d)–(f) The CERN-
922 labeling in the ONL coursed in parallel with Isl1 immunoreactivity and reached the periphery by this stage. CMZ: ciliary marginal zone;
GCL: ganglion cell layer; INL: inner nuclear layer; L: lens; ONH: optic nerve head; ONL: outer nuclear layer. Scale bars: 100𝜇m.

cells remained at the ciliary margin zone (CMZ), providing
a source of new cells for the growing retina (Figure 6(a)).
At this stage, the expression patterns for Isl1 (Figures 6(b),
6(e), and 6(f)), SV2 (Figure 6(c)), and CERN-922 (Figures
6(d) and 6(f)) followed a central-to-peripheral gradient. The
number of Isl1 immunoreactive elements and the immunos-
taining intensity increased markedly in the INL and began
to resemble those observed in the St53 retina (Figure 2). The
patterns of distribution of Isl1 positive cells during X. laevis
retinal development are summarized in Figure 7.

4. Discussion

Recent studies conducted in our laboratory confirmed the
presence of the LIM-domain transcription factor Isl1 in
differentiating and mature ganglion, amacrine, bipolar, and
horizontal cells in the retina of mammals [54], birds [18],
reptiles [12], and fish [9–11]. In the present study, we extend
our observations to the retina of the anuran Xenopus laevis,
an amphibian model extensively used in studies of reti-
nal cell organization [44, 55–57]. We first established the
precise cell types that showed immunoreactivity for Isl1 in
the differentiated retina, and subsequently analyzed the Isl1
immunoreactivity in the corresponding cells in the retina
throughout development. The Isl1 spatiotemporal expression

pattern spans the differentiation of four neuronal classes—
ganglion, amacrine, bipolar, and horizontal cells—in the
developing X. laevis retina.

4.1. Isl1 Expression in the Nonlayered Retina of X. laevis.
Between St29 and 30, the first detectable Isl1 expression, and
St 35-36, the plexiform layers were not recognizable in the
developing X. laevis retina. By these stages, the distribution
of Isl1 expression was consistent with that expected for a
transcription factor involved in retinal neuroblast differen-
tiation. Indeed, antibodies against Isl1 have been used in
retinal studies of cell neurogenesis, migration, and early dif-
ferentiation in the developing retina of different vertebrates
[9–12, 15–17, 22, 23, 25–27]. Studies on cell birthdays in X.
laevis retina have shown that the first retinal ganglion cells
are born at St24-25, approximately 26 hours after fertilization
[44, 58] and that the pioneer ganglion cell axons appear in the
retina at St28 [55]. Isl1 expression was first detected at St29/30
(approximately 7 h after the first ganglion cells are born) in
ovoid nuclei of apparently migrating neuroblasts dispersed
throughout the NbL. Therefore, the expression of Isl1 in the
developing X. laevis retina starts at slightly later stages than
that of the onset of ganglion cell neurogenesis but coincides
with early stages of ganglion cell differentiation.

In more advanced stages (St35-36), although still no
layering is observed, theX. laevis retina progressively loses its
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Figure 7: Schematic drawings of the Isl1 positive cells in the developing retina of Xenopus laevis. Black nuclei represent Isl1-immunostained
cells. (a) Isl1 immunoreactivity during St29–31 was restricted to nuclei located near the vitreal surface of the NbL. (b) Although the retinal
lamination was absent in the St35-36, cell differentiation was detected immunohistochemically. Abundant Isl1-positive cells were located in
the vitreal half of the NbL. (c) At St37-38, retinal layering was completed in the central retina with the emergence of the plexiform layers.
Isl1 immunoreactivity was detected in the GCL and in cell subpopulations located in the INL. (d) From St40 onwards Isl1 immunoreactivity
was confined to subpopulations of ganglion, amacrine, bipolar, and horizontal cells. Ac: amacrine cell; bc: bipolar cell; gc: ganglion cell; GCL:
ganglion cell layer; hc: horizontal cell; INL: inner nuclear layer; IPL: inner plexiform layer; L: lens; mc: Müller cell; NbL: neuroblastic layer;
ONL: outer nuclear layer; OPL: outer plexiform layer; ph: photoreceptor.

pseudostratified, undifferentiated appearance, most ganglion
cell genesis is completed [59, 60], and several distinct differ-
entiating cell populations can be identified neurochemically
[45, 58, 61, 62] (present study). Isl1-immunoreactive cell
nuclei were mostly located towards the inner side of the
retina where the GCL is forming but also in newly formed
migratory neuroblasts still located in the NbL. However, Isl1
expression is greater in the presumptive GCL than in the
NbL, as has also been observed in fish [11], reptiles [12],
birds [16–18], and mammals [22, 26]. Since Isl1 is known to
be expressed by mature and differentiating ganglion cells,
many of the immunoreactive cells located vitreally may
correspond to this cell type. However, it has been reported
that Isl1 is also present in undifferentiated amacrine, bipolar
and horizontal cells in the retina of vertebrates [9–12, 16,
17, 22, 23, 26]. In particular, Isl1 controls the differentiation
of cholinergic amacrine cells and also may function in the
specification of bipolar cell subtype or the differentiation of
previously specified bipolar subtypes in the murine retina

[22, 23]. Furthermore, Isl1 immunostaining has been used to
determine the onset of differentiation of horizontal cells in
the avian retina [16, 63]. Therefore, we cannot be sure that all
Isl1-immunoreactive cells labeled by these early stages were
mature or differentiating ganglion cells. All these data suggest
that Isl1 seems to be a reliable marker for newly generated
neurons in the X. laevis retina.

4.2. Isl1 Expression in the Layered Retina of X. laevis. Changes
in the expression pattern of Isl1 in the X. laevis retina became
apparent at St37/38. By these stages, ganglion cells extend
short unbranched primary dendrites within the nascent IPL
[56, 64], and the retina becomes organized into three nuclear
layers: GCL, INL, and ONL [57]. Regarding the Isl1 expres-
sion in the GCL in different species, it has been identified in
a predominant fraction of retinal ganglion cell nuclei [9–13,
17, 24–26, 32, 33]. Some of the Isl1-immunoreactive ganglion
cells also expressed other typical ganglion cell markers, such
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as CR, as has previously been described in other vertebrates
[9, 10].

With respect to the INL, most Isl1-expressing cells were
detected along the outermost border of the INL, where
bipolar and horizontal cells reside. In addition, scattered Isl1-
positive cells are located along the inner border of the INL,
in the amacrine cell layer. In other species, the orderly array
of scattered Isl1-positive cells along the innermost region of
the INL has been shown to include a mosaic of cholinergic
amacrine cells [9–12, 17, 22, 24]. Isl1 expression was also
detected in bipolar cells that also expressed typical bipolar cell
markers such as CR or CB, as has previously been shown in
the fish retina [9, 10]. Finally, we also found Isl1 expression
in subsets of differentiated horizontal cells, in coherence with
the results described previously in the retina of fish [10, 11],
reptiles [12], and birds [14–17]. However, Isl1 is not expressed
by horizontal cells in the developing and adult retina of
mammals [22, 23].

In conclusion, the expression of Isl1 in subsets of mature
and differentiating ganglion, amacrine, and bipolar cells is
consistent across species from fish to mammals, supporting
the hypothesis that it has an essential role in vertebrate retinal
cell specification, differentiation, and maintenance.
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Arévalo for her excellent technical assistance. They thank
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