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ABSTRACT

Retinal development in teleosts can broadly be divided into three epochs. The first is the specification of cellu-
lar domains in the larval forebrain that give rise to the retinal primordia and undergo early morphogenetic move-
ments. The second is the neurogenic events within the retina proper—proliferation, cell fate determination, and
pattern formation—that establish neuronal identities and form retinal laminae and cellular mosaics. The third,
which is unique to teleosts and occurs in the functioning eye, is stretching of the retina and persistent neurogen-
esis that allows the growth of the retina to keep pace with the growth of the eye and other tissues. The first two
events are rapid, complete by about 3 days postfertilization in the zebrafish embryo. The third is life-long and ac-
counts for the bulk of retinal growth and the vast majority of adult retinal neurons. In addition, but clearly re-
lated to the retina’s developmental history, lesions that kill retinal neurons elicit robust neuronal regeneration
that originates from cells intrinsic to the retina. This paper reviews recent studies of retinal development in teleosts,
focusing on those that shed light on the genetic and molecular regulation of retinal specification and morpho-
genesis in the embryo, retinal neurogenesis in larvae and adults, and injury-induced neuronal regeneration.
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INTRODUCTION

Teleost fish are an excellent model for study-
ing the developmental biology of various

organs and tissues. The contributive features 
of this vertebrate taxon are well known and 
include external fertilization, large numbers of
spawn, transparent eggs and embryos, rapid
development, and, in selected species, the op-
portunity for genetic analysis. Zebrafish, for 
example, progress from fertilized egg to fully
formed embryo within a few hours and from
embryo to independently-living juvenile within
a few days. Further, for many teleost species,
growth is life-long and in general results from
the continual accretion of new cells generated
by tissue-specific stem cells. Finally, and per-

haps tied to continual stem cell-based growth,
many tissues in teleosts have the ability to re-
generate. In this review, we focus on the early
and persistent growth of the neural retina in
teleosts. We define and describe three stages of
development. The first two, specifying the reti-
nal primordia and the early neurogenic events,
are shared by all vertebrate retinas, whereas the
third stage, continual growth-associated neu-
rogenesis, is unique to teleosts. Our goal is to
review studies that reveal the underlying prin-
ciples and molecular mechanisms that govern
the formation and growth of the teleost retina.
In addition, we review studies of retinal re-
generation in teleosts, a phenomenon that re-
flects the presence of stem cells in the mature
retina.
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SPECIFICATION AND MORPHOGENESIS
OF THE RETINA—FROM ONE

MORPHOGENETIC FIELD TO TWO EYES

The bilateral eyes that develop in vertebrate
embryos are derived from a morphogenetic
field in the anterior neural plate. Detailed fate
mapping and patterns of gene expression show
that at the end of gastrulation in teleosts a sin-
gle morphogenetic field of cells in the anterior-
medial forebrain becomes specified to generate
the retinas.1,2 Under the influence of signals
from the ventral midline, the single eye field
splits into two optic primordia that grow lat-
erally toward the surface ectoderm (Fig. 1). The
tissue derivatives of the bilateral optic primor-
dia include the optic stalk, the neural retina, the
retinal pigmented epithelium, and the iris and
ciliary epithelia.3 Other structures in the eyes
are derived from surface ectoderm or head
mesenchyme (cornea, lens, ciliary body, sclera,
choroid, extrinsic ocular muscles), under the in-
fluence of inductive signals from the optic pri-
mordiam.

The cells in the early eye field have equiva-
lent developmental potential and are migra-
tory; a single cell can give rise to progeny in
both ipsilateral and contralateral retinas. In ze-
brafish (Danio rerio) embryos, the initial single-
eye field corresponds precisely to a domain of
cells that express the genes, odd-paired-like (opl,
now called zic1, a zinc finger transcriptional
regulator)2 and the three members of the reti-
nal homeobox (rx) gene family (rx1, rx2 and rx3;4,5

Fig. 2). Shortly after these cells acquire their
retinal identity, the eye field is divided into two
bilateral domains as a result of secreted signals
(in the Nodal and Hedgehog families) that orig-
inate from the ventral midline—the axial meso-
derm and ventral neural axis.3 This subdivision
of the eye field in teleost fish depends on the
lateral displacement of the retinal precursors as
a consequence of the anterior movement along
the midline of cells destined to form the ven-
tral diencephalon.2 In mutations that alter reti-
nal morphogenesis, the spatial pattern of reti-
nal precursor cells expressing opl (zic1) and the
rx genes is altered in a manner that predicts the
form of the eye defect. For example, in ze-
brafish mutants in which Nodal signaling is
disrupted (e.g., cyclops and one-eyed-pinhead)

the eyes are fused across the ventral midline
and sometimes form a single cyclopic eye.6
In these mutants, the precursor cells of the 
ventral diencephalon are not specified and fail
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FIG. 1. Morphogenesis of the optic primordia in ze-
brafish. (A) The optic primordia (OP) arise from the an-
terior region of the neural keel at 12 hours postfertiliza-
tion (hpf). (B) At 13 hpf, the optic primordia begin to
separate from the neural keel at the posterior ends (white
arrow), leaving the primordium attached by the optic stalk
at the anterior end. A small protuberance at the anterior
end of the neural keel is the hypothalamic primordium
(H). (C) By 24 hpf, invagination of the lateral surface cre-
ates the optic cup. After ventral rotation of the anterior
end of the neural keel, the optic stalks are located on the
ventral side of the forebrain, adjacent to the hypothala-
mus (H). The choroid fissure (CF) is positioned near the
anterior of the optic cup, opposite the posterior groove
(PG). At later stages, the brain will rotate further ventrally
so that choroid fissure and posterior groove will eventu-
ally align along the dorsoventral axis. The line between
the choroid fissure and posterior groove subdivides the
retina into nasal (N) and temporal (T) parts. Anterior is
to the left and dorsal is up in all panels.
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to migrate anteriorly, and the cells expressing
the opl(zic1) and rx genes fail to separate along
the midline. This phenotype can be recreated
by ablating midline diencephalic precursors,
demonstrating their importance in the process
of bilateral cleavage of the eye field.2

Additional homeobox genes are essential for
specifying the eye field in vertebrates.3,7 In
teleosts, members of the sine oculis (Six) gene
family and the Rx genes appear to be the most
directly involved in this process. Expression of
six3 in zebrafish is first detected in the axial
mesendoderm, and later in the anterior neurec-
toderm and head ectoderm.8,9 Overexpression
of six3 in zebrafish embryos results in expan-
sion of the domain of rx2 and pax6 expression
and enlargement of the forebrain and eyes.9,10

In medaka fish (Oryzias latipes) overexpression
of Six3 has the additional effect of inducing ec-

topic expression of Pax6 and Rx2 and the for-
mation of ectopic retinal primordia in the mid-
brain and cerebellum.11 In contrast, loss-of-
function analysis of Six3 in medaka, with
morpholino knock-down, results in the loss of
forebrain and eyes. The Six3 protein functions
as a transcriptional repressor and interacts with
the co-repressor, Groucho, but its targets are
not known.10 These studies suggest that Six3 is
determinative for retina and is positioned near
the apex of a regulatory genetic pathway that
specifies retinal identity.

The Rx genes appear to play a specific role
in specifying retinal identity and establishing
the boundaries that separate the eye field from
surrounding tissues.5 Overexpression of rx1 or
rx2 by mRNA injection in zebrafish embryos
results in the expansion of the retinal field and
a concomitant loss of telencephalon.5 Follow-
ing injections of rx2 mRNA, pigmented ep-
ithelium and neural retina differentiate in the
rostral and dorsal forebrain (telencephalon). In
these embryos, retinal tissues occasionally ex-
pand to the point where they meet at the mid-
line, resulting in a single large eye fused dor-
sally in the region normally occupied by
telencephalon. This phenotype is distinct from
the ventral fusion of the eyes observed in cy-
clops mutants as a consequence of defects in the
ventral diencephalon. The expansion of neural
retina at the expense of telencephalon in the rx2
gain-of-function experiments suggests that the
ectopic expression of rx genes results in the
transformation of telencephalic precursors into
retinal precursors, thereby shifting the bound-
ary between these two tissue domains. Inter-
estingly, in embryos injected with rx2 mRNA
the frequency of eye mutations increases when
one or more of the conserved domains within
the rx construct are deleted.5 This suggests that
rx gene expression is normally negatively reg-
ulated by proteins that interact with these con-
served domains.

Following specification and bilateral separa-
tion, cells of the eye field undergo a prolifera-
tion-mediated evagination to form the optic
primordia. A third member of the family of
teleost rx genes, rx3, appears to serve as a mol-
ecular link between the initial specification of
the eye field, its separation from the midline
hypothalamic primordium, and the morpho-
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FIG. 2. The expression domain of rx1 marks the eye
field. (H)-(K) The expression of rx1 is compared in wild
type (H) and (J) and cyclops zebrafish embryos (I) and (K)
at 13 and 18 hours (h) postfertilization. Arrows indicate
reduced expression of rx1 at the caudal midline, which is
associated with separation of the optic primordia. The ar-
rowheads indicate the region in which rx1 expression dif-
fers between wild type and cyclops embryos. Note that rx1
is not expressed in the primordium of the hypothalamus
in wild type embryos, as reflected by an indentation at
the midline on the anterior side (arrowhead). In cyclops em-
bryos (I) and (K), the rostral hypothalamus is missing, rx1
expression is not reduced at the anterior midline (arrow-
heads) and the two eyes are fused anteriorly across the
midline. Scale bars: 100 �m. Reprinted with permission
from Chuang and Raymond.5
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genesis of the optic primordia. The conditional,
temperature-sensitive medaka mutant, eyeless
(el), lacks eyes as a result of an intronic inser-
tion in the medaka Rx3 locus. A zebrafish mu-
tant, chokh (chk), also fails to form eyes as a con-
sequence of loss of function of rx3.12,13 In these
mutants, the optic primordia fail to evaginate,
although the initial patterning of the forebrain
is normal in that genes that specify the eye field
(pax6, six3, rx1) are expressed, although rx2 is
not.12–15 The inferred role of rx3 is to control
morphogenesis of the nascent optic vesicle,
perhaps regulating proliferation and/or sur-
vival of retinal progenitors. A downstream tar-
get of Rx3 is mab2112, a developmental regula-
tor with unknown function, and morpholino
knock-down of mab2112 partially phenocopies
the rx3(chk) mutation indicating that it is a crit-
ical effector of Rx3.13

Subsequent to evagination, the major cellu-
lar domains in the optic primordia appear to
be established by members of the Hedgehog
(Hh) family of signaling molecules, which are
secreted by ventral midline cells. Two ortho-
logues of the Drosophila Hh gene are expressed
in the prechordal plate and adjacent ventral
midline of the neural keel in zebrafish embryos:
sonic hedgehog (shh) and twiggywinkle hedgehog
(twhh). Overexpression of shh results in the fail-
ure of the eye field to separate at the midline
and a reciprocal expansion of the optic stalks
and reduction of neural retina.16 This result
suggests that Shh secreted from the midline
specifies the medial optic primordia as optic
stalk, whereas tissues beyond the range of lo-
cal Shh are specified as future pigmented ep-
ithelium and neural retina. The expansion of
the optic stalks following overexpression of shh
is thought to be complementary to the pheno-
type produced by defects in the nodal-related
gene, cyclops, in which the absence of midline
cells results in the absence of the optic stalks,
which are replaced by pigmented epithelium
and neural retina (see above).

In teleosts, the transition of optic primordia
into ocular tissues has a unique morphogenetic
basis17,18 (Fig. 1). In most vertebrates, a spheri-
cal optic vesicle expands laterally from the wall
of the diencephalon, attached to the optic stalk
at its ventral border. Upon contact with the over-
lying ectoderm, the vesicle invaginates to form

the roughly hemispheric optic cup, with the
neural retina forming the inner layer and the
retinal pigmented epithelium forming the outer.
In teleosts, in contrast, the retinal primordia
evaginate laterally and posteriorly from the fore-
brain as flattened, solid, wing-shaped structures
that are attached to a rostrally positioned optic
stalk. The cells in the optic primordia subse-
quently organize into two epithelial layers sep-
arated by a thin lumen, and the optic primorida
are fused along their medial length to the neural
tube. The primordia subsequently detach from
the neural tube medially and rotate ventrally
about a parasaggital axis, such that the original
dorsal and ventral surfaces come to face later-
ally and medially, respectively (Fig. 1B). At this
point, the optic stalks and slightly concave sur-
face of the primordia have a spoon-shaped mor-
phology. Next, due to the ventral flexure of the
anterior neural tube and the consequent changes
in orientation, the optic stalk and retinal pri-
mordia rotate again, but this time about a trans-
verse axis through the forebrain, such that the
stalks, previously positioned anteriorly, come to
lie ventral to the retinal primordium (Fig. 1C).
Following these movements, the lateral surface
invaginates inward to create a hemispheric eye-
cup. The substantial changes in ocular shape
that comprise these morphogenetic movements
occur with negligible growth and an absence of
cell proliferation.18 During this period consider-
able cell movement occurs in both layers of the
eyecup, including involution of cells from the
ventral outer layer of the eyecup (future pig-
mented epithelium) into the inner layer of
neural retina.18,19

NEUROGENESIS IN THE EMBRYONIC
RETINA—SPREADING WAVES AND

MAKING LAYERS

Neurogenesis in the teleost retina is initiated 
in a small, discrete patch adjacent to the optic
stalk in ventronasal retina (Fig. 3). Subsequent
cellular differentiation then propagates away
from this patch as a wave throughout the neu-
roepithelium.20–23 The first retinal progenitors
to withdraw from the mitotic cycle [at �28
hours postfertilization (hpf) in zebrafish] lie in
a small cluster in the ganglion cell layer.22 This
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patch of postmitotic cells then expands in a 
circumferential wave within the ganglion cell
layer, from ventronasal to dorsal to ventrotem-
poral retina. This wave, again originating in
ventronasal retina, is then repeated in the inner
nuclear layer, but with a delay of approxi-
mately 10 hours. After a second 10-hour delay,
cells in the outer nuclear layer begin to with-
draw from the mitotic cycle, although the mov-
ing circumferential wave of terminal birthdays
is not as evident among the photoreceptors. The
spatial pattern of cells withdrawing from the
mitotic cycle is also revealed using a variety of
markers of differentiated cells20,21,23–26 (Fig. 3).
The pulsatile burst of neurogenesis and cellu-
lar maturation within each layer, originating
within ventronasal retina and each separated
by 10 hours, suggests that signals regulating
this process must be sharply delimited both in
time and space.

Two groups independently showed that shh
(and twhh) are responsible for propagating the
waves of neurogenesis through the developing
zebrafish retina. Shh is initially expressed in the
newly postmitotic ganglion cells within the pre-
cocious ventral patch and later in inner nuclear
layer and overlying retinal pigmented epithe-
lial (RPE) cells. The region of shh expression in
the retina and RPE then enlarges in a spatial
pattern that is coupled to the withdrawal of cells
from the mitotic cycle, the acquisition of mark-
ers of differentiation and the formation of cel-
lular laminae.26–28 The receptor for Hedgehog
proteins, patched, is expressed by cycling retinal
progenitors, demonstrating they are targets of
Hedgehog function.27 Shh activates its own ex-
pression,26 and it is inferred that a repeated 
cycle of Shh signaling originating from newly
differentiated neurons and influencing their mi-
totic neighbors sustains the neurogenic wave
through the retina. Compromised Hedgehog
signaling, either in the zebrafish mutants, sonic
you, you-too, or slow muscle-omitted29–31 or by
morpholino oligonucleotides targeted to shh
and twhh, does not block the initial cellular dif-
ferentiation in ventral retina, but does retard 
the wave of differentiation in the nuclear lay-
ers.26,27,32 The signals responsible for initiating
retinal neurogenesis arise from the optic stalk33

and depend on Hh signals produced by the pre-
cordal plate at the ventral midline.32
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FIG. 3. Spatiotemporal pattern of retinal differentia-
tion. Differentiation of cone photoreceptors is revealed by
expression of cone opsin in whole mount preparations
processed for in situ hybridization. These are composite
drawings of whole eyes from zebrafish embryos ranging
from 52 to 84 hours postfertilization, viewed from the back
of the eye. Each dot represents an individual cone pho-
toreceptor. These successive stages of cone recruitment il-
lustrate the ventronasal to dorsotemporal gradient of reti-
nal differentiation. The arrow indicates the position of the
optic stalk. Dorsal is up and nasal is to the left. Scale bar:100
�m. Reprinted with permission from Raymond et al.21
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An emergent spatial feature as neurogene-
sis is propagated through the laminae is the
arrangement of neuron classes into two-dimen-
sional mosaics. The best example of this is the
planar arrangement of the different spectral
types of cone photoreceptors. The cones in the
adult zebrafish retina (as in many other teleost
fish species)34,35 are arranged in a precise, two-
dimensional, mosaic pattern in the plane of the
outer limiting membrane. Viewed en face (in a
retinal flat mount or in tangential sections of
retina), parallel rows of red and green double
cone pairs alternate with rows of blue and UV
single cones.21,36 Along each row of double
cones, the orientation of the red/green pairs al-
ternately reverses, blue and UV cones alternate
along the rows of single cones, and the adjoin-
ing rows of single or double cones are out-of-
phase, shifted by one half cycle. This produces
another striking geometric feature of the cone
mosaic pattern, its internal, reiterative, mirror
image symmetry: in the direction orthogonal to
the rows of single and double cones, cones are
arranged in an invariant sequence such that UV
cones are always flanked by green cones, and
blue cones are always flanked by red cones. The
regular arrangement of cones of each spectral
type is apparent from the onset of opsin ex-
pression in the embryonic retina.20,21,25 The
cones differentiate in the embryonic retina se-
quentially according to spectral type: red, then
green, UV and blue,21 and differentiation com-
mences in the ventronasal patch, as for all other
retinal neurons, and proceeds in a curvilinear
wave across the retina (Fig. 3).

From the above descriptions, it is obvious that
neuronal differentiation and formation of the
cellular laminae in the retina are intimately
linked, and defects in cellular differentiation re-
sult in alterations in the formation of the retinal
layers. However, the molecular mechanisms es-
sential for the formation of nuclear layers and
cellular mosaics can be separate from those
mechanisms that control cellular differentiation.
In zebrafish, four genetic loci that give rise to
laminar defects without altering cellular differ-
entiation have recently been cloned. (For a de-
scription of additional loci that give rise to pat-
terning and other retinal defects, see Loosli et
al.,37 Pujic and Malicki,38 Tsujikawa and Mal-
icki.39) The zebrafish mutant heart and soul (has)
encodes an atypical protein kinase C, nagie oko

(nok) encodes a MAGUK-family scaffolding fac-
tor, glass onion (parachute)—glo(pac)—encodes
zebrafish N-cadherin and mosaic eyes (moe) en-
codes a novel FERM domain-containing pro-
tein.40–45 In has mutants, the loss of this protein
kinase C activity affects the formation and main-
tenance of zonula adherens junctions, and its ab-
sence results in the disruption of cellular polar-
ity in epithelial sheets throughout the embryo.
In the retina the adherens junctions form but are
lost at the onset of cellular differentiation, and
this results in disruption of the nuclear layers,
patchy loss of cells in the pigmented epithelium,
and, interestingly, alterations in the relative ori-
entations of mitotic spindles in dividing
cells.40,41 In the retina, the membrane-associated
guanylate kinase (MAGUK) scaffolding protein
Nok is localized to junctional complexes. The
loss-of-function mutation in the nok gene results
in ectopic location of mitotic cells and the fail-
ure of retinal layering.42 Loss of the Ca�2-de-
pendent cell adhesion molecule N-cadherin also
results in profound lamination defects without
loss of cell-type specification.43,44,46,47 Finally,
loss of the FERM (for 4.1 protein, ezrin, radixin,
moesin) domain-containing protein results in
absence of tight junctions between cells in the
pigmented epithelium. This, in turn, results in
patchy pigmented epithelium, ectopic mitoses
within the retina and severe lamination defects.
This mutation reveals that signaling from the
pigmented epithelium to the retina is also re-
quired to establish normal cellular patterns
within the retina. The MAGUK, N-cadherin and
FERM proteins function in a non cell-au-
tonomous manner. Together these studies re-
veal that basic patterning in the retina is de-
pendent upon cell-cell interactions that establish
or maintain cellular polarity within the retinal
neuroepithelium and pigmented epithelium
and that these mechanisms function indepen-
dently of the mechanisms that specify cell fates
or control cellular differentiation.

RETINAL GROWTH FROM HATCHING
AND ADULTHOOD—STEM CELLS AND

PERSISTENT NEUROGENESIS

The molecular mechanisms that govern early
retinal development in teleosts have been ex-
amined only recently. In contrast, the growth of
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the retina in postlarval and adult fish retina has
been actively studied for over 50 years. The ori-
gin of this field is traceable to a study of retinal
development in the guppy, Lebistes reticulates,48

and was spawned by the observation that hatch-
ling fish are visually active, but that the retina
grows enormously from hatching to adulthood.
This observation led to many interesting ques-
tions and two competing hypotheses regarding
retinal growth that could be tested quantita-
tively: cell constancy with growth (no change in
the number of retinal cells and progressive cel-
lular spread) and cell addition with growth
(retinal cells added continually to the extant
retina). Although simple inspection shows that
the teleost retina grows significantly by expan-
sion and cells do spread apart, the inference
from counting cells in retinas at different ages
was unambiguous: new neurons are added to
the teleost retina throughout an animal’s
life.34,48,49 This neuronal addition takes two
forms. All neurons, with the exception of rod
photoreceptors, are added appositionally from
an annulus of neuroepithelial cells, known as
the circumferential germinal (or marginal)
zone (CGZ), that resides at the junction of the
retina and iris (Fig. 4). The CGZ is a remnant of
the original retinal neuroepithelium preserved
at the retinal margin following cell differentia-
tion and lamination centrally. This occurs early
in development (�48 hpf in zebrafish), when
the retina is a tiny fraction of its adult size,50 in-
dicating that the vast majority of retinal neu-
rons in an adult fish (e.g., encompassing 95% of
the retinal surface area in a two-year-old gold-
fish, Carassius auratus) are generated through
mitotic activity in the CGZ at the retinal mar-
gin.51 Early investigators recognized the CGZ
and correctly speculated on its role based on the
elongated shape of its cells and their basophilia
(characteristic of neuronal progenitors) and the
presence of mitotic figures (e.g., Lyall34). Sub-
sequent studies using 3H-thymidine to perma-
nently label dividing cells in goldfish confirmed
this inference.52–54 Because of the appositional
accumulation of neurons generated from the
circumferential germinal zone, there is spatial
recapitulation of developmental time at the reti-
nal margin, and all stages of development can
be visualized in a single preparation.48,55 For ex-
ample, each new cohort of cones is born along
a circular, two-dimensional front at the CGZ,

and along this front, cones differentiate se-
quentially,56 in the same order as in the em-
bryonic retina.21,25

Although the dogma that the mature mam-
malian brain is a postmitotic organ has been
shattered recently, one can point to the early
studies of the teleost retina for evidence of mul-
tipotent neuronal progenitor cells (neural stem
cells) in the adult vertebrate central nervous
system.57 The teleost retina contains multipo-
tent retinal progenitor cells that perpetually self
renew, continuously generate neurons and,
when existing neurons are destroyed, can re-
generate all retinal cell types (see next section).
These characteristics are the hallmarks of adult
stem cells.58 The identity of the retinal stem
cells, particularly those responsible for retinal
regeneration, has been elusive. Analysis of
gene expression in the retina of the frog, Xeno-
pus laevis, indicates that multipotent retinal
progenitor cells (stem cells) reside at the pe-
ripheral-most edge of the marginal germinal
zone, immediately adjacent to the iris.55 An
equivalent analysis in zebrafish (Raymond,
Barthel and Perkowski, unpublished observa-
tions) indicates that retinal stem cells in the
teleost CGZ occupy a similar location (Fig. 4).

Rod photoreceptors, in contrast to cones and
all other retinal neurons, are added intersti-
tially throughout the differentiated retina from
scattered, embedded, mitotic progenitor cells
(rod precursors) that normally produce this
single cell type.59–61 The retinal stem cells that
sustain interstitial rod genesis, and potentially
are responsible for injury-induced retinal re-
generation (see below), are thought to reside in
the inner nuclear layer of the differentiated
retina, not the CGZ. Following cellular differ-
entiation and formation of retinal laminae (see
above section), the outer nuclear layer of the
larval retina largely contains cone photorecep-
tors, and rods have yet to form (with the ex-
ception of the area of the precocious patch ad-
jacent to the optic stalk)20,21,36,62 All other rods
are added in a secondary phase of neurogene-
sis, which arises from cells that both prolifer-
ate and migrate from the inner to outer nuclear
layers.54,60,63 Upon arrival in the outer nuclear
layer these cells, known as rod precursors, di-
vide rapidly but for a limited number of cell di-
visions, and then differentiate into rod pho-
toreceptors.
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Recent studies have shown that the larval
pattern of proliferation and migration of cells
from inner to outer retina is maintained into
adulthood. In rainbow trout (Onchorynchus
mykiss), in which the retinal growth and rod
genesis are rapid, mitotically-active cells in the
inner nuclear layer are very abundant and their
migration to the outer nuclear layer is easily
observed using markers of dividing cells.64,65

A similar pattern is revealed in the slow-grow-
ing adult goldfish by marking the more slowly
dividing cells through prolonged systemic la-
beling with bromodeoxyuridine, BrdU.66 A
careful examination of these cumulatively la-

beled retinas revealed two types of prolifera-
tive cells in the inner nuclear layer: a relatively
abundant population of cells with an elongated
shape and a rare population of spherical cells.
Comparison of the relative proportions of the
BrdU-labeled cells over time showed that the
epithelial-like cells migrate to the outer nuclear
layer, whereas the spherical cells do not. Fur-
ther, only spherical cells express the develop-
mental regulatory gene, pax6. Based on these
observations it was proposed that from the lar-
val stage onward rods are generated through-
out the retina from a three-cell lineage: rare,
slowly-dividing and stationary stem cells in the
inner nuclear layer give rise to rapidly-divid-
ing progenitors that migrate from inner to
outer nuclear layers, where they are recognized
as rod precursors, the immediate neuronal pre-
cursors that differentiate into rod photorecep-
tors (Fig. 5). This lineage is based on models of
the hematopoiesis, and may be generally ap-
plicable to all tissues that grow, have signifi-
cant cellular turn-over, or can regenerate.

The migratory progenitors in the inner nu-
clear layer and rod precursors in the outer nu-
clear layer do not express pax6, but they do ex-
press the bHLH transcription factor neuroD in
goldfish67 and zebrafish (M. Ochocinska and P.
Hitchcock, unpublished observations), which is
taken as evidence for a restriction in their cell
fates to a pathway that generates rod photore-
ceptors only. Cells of the rod lineage are more
mitotically active near the germinal zone, where
the retina is less mature (Fig. 4), but they are pre-
sent throughout the adult retina. From these
studies a consensus model of persistent rod gen-
esis in the retina was proposed.66,68 During early
retinal differentiation, multipotent retinal prog-
enitors (stem cells) generated in the embryonic
neuroepithelium are retained among the differ-
entiated neurons in the inner nuclear layer.
These cells, which express pax6, divide slowly
and asymmetrically, and give rise to another
stem cell and a daughter that continues to di-
vide and migrates from the inner nuclear to
outer nuclear layers. Rod precursors in the outer
nuclear layer divide a limited number of times
and differentiate into rod photoreceptors. Rod
genesis in the central-most retina is sustained
thereafter by the progeny of these original stem
cells. When differentiation restricts retinal neu-
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FIG. 4. Histological sections through the marginal
retina of juvenile goldfish. The circumferential germinal
zone (CGZ, panel A) contains retinal stem cells and prog-
enitors that give rise to all cell types, with the exception of
rod photoreceptors. The retina adjacent to the CGZ is lar-
val-like in that only cone photoreceptors are present within
the outer nuclear layer (brackets in A and B). Rod precur-
sors and photoreceptor nuclei first appear in the more 
central, ‘mature’ retina. Panel B illustrates a section im-
munostained with antibodies against proliferating cell nu-
clear antigen, which labels mitotically-active cells within
the CGZ and cells of the rod lineage within the inner and
outer nuclear layers. onl - outer nuclear layer; inl - inner
nuclear layer; gcl - ganglion cell layer. Scale bar: 50 �m.
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rogenesis to the CGZ at the retinal margin, resid-
ual stem cells continue to be “seeded” into the
inner nuclear layer of each newly added annu-
lus of retina, thereby insuring that each new co-
hort of retinal neurons generated at the margin
is provided with proliferating progenitor cells to
supply its complement of rod photoreceptors
from that point forward (Fig. 5).

Generating the correct number of cells dur-
ing development and sustaining the correct
number in adulthood is a requisite function of
all organs, from blood to brain. Teleosts are
unique among vertebrates in that growth is in-
determinate; if they are adequately nourished,
live in favorable environmental conditions and
avoid predation, they will continue to grow as
adults.69 Further, this growth is highly plastic
and responsive to changes in nutrition and the

environment. It is not surprising, therefore, that
the growth hormone–insulin-like growth fac-
tor-1 axis, which regulates growth in all verte-
brates, also governs growth-associated, persis-
tent neurogenesis in the teleost retina. Growth
hormone (GH) functions in part by regulating
the synthesis of insulin-like growth factor-1
(IGF-1) in target tissues.70,71 IGF-1, in turn, acts
via endocrine and local autocrine/paracrine
mechanisms, activating intracellular signaling
events by binding to its cognate receptor, IGFR.
Components of the GH signaling pathway,
IGF-1, the IGFR and the GH receptor, are ex-
pressed in the teleost retina (Otteson et al.,72 P.
Hitchcock, unpublished observations). In vitro,
IGF-1 stimulates proliferation of retinal prog-
enitors in the CGZ and rod precursors in the
outer nuclear layer.73,74 In addition, the retina
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FIG. 5. Model of neurogenesis in the teleost retina. (A) cartoon of the teleost retina. The red annulus represent the
circumferential germinal zone (CGZ) and the red dots represent cells of the rod lineage distributed throughout the
mature retina. (B) rod photoreceptor lineage. Red cells express the homeobox transcription factor gene, pax6, whereas
the green cells express the bHLH transcription factor, neuroD. Adapted from Otteson et al.66
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is a target tissue for GH. Exogenous GH ele-
vates IGF-1 message in the retina (and brain
and liver) and stimulates dose-dependent pro-
liferation of retinal progenitors in the CGZ and
cells of the rod lineage.

In the retina, IGF-1 appears to serve as an in-
termediary molecule in a signaling network that
regulates the growth-associated neurogenesis.
IGF-1 is unlikely to be the only mitogenic pep-
tide functioning in the teleost retina, however.
For example, intraocular injection of either basic
fibroblast growth factor or ciliary neurotrophic
factor stimulate proliferation of cells within the
inner nuclear layer.65,75 This suggests that dif-
ferent mitogenic peptides may act by more prox-
imate mechanisms, perhaps mediating local
neurogenic events, whereas the GH/IGF-1 axis
serves as an overarching mechanism to regulate
growth-associated neurogenesis in a manner
that integrates the more proximal signals, in-
trinsic genetic programs, the nutritional status of
the animal and environmental cues.

INJURY-INDUCED NEUROGENESIS—
ROBUST REPAIR FROM A YET-TO-BE

IDENTIFIED CELLULAR SOURCE

In the mature teleost retina, any insult that
significantly depletes neurons stimulates robust
neuronal regeneration and complete restoration
of all cell types. The cellular source of regener-
ated retina is intrinsic to the retina,76,77 provid-
ing the strongest empirical evidence that stem
cells are present in this tissue. Within a few days
following a pharmacological lesion with the
metabolic poison ouabain at a dose that largely
destroys the neural retina in adult goldfish, 
radial clusters of mitotic cells appear across 
the retina, and from these neurogenic clusters
neurons are regenerated.78,79 The latter study
pointed to rod precursors as the most likely 
intrinsic cellular source of regenerated retina
based on the following observations. First,
while destroying virtually all neurons, ouabain
does not destroy rod precursors, and second,
regeneration is initiated only if neuronal death
includes the outer nuclear layer. The conclu-
sion that rod precursors are the cellular source
of regenerated retina fits well with these ex-
perimental observations and with what was

known at the time regarding rod genesis. More
recent data, however, indicate that the cells that
give rise to regenerated neurons originate
within the inner nuclear layer. Selective de-
struction of photoreceptors, either using an
ophthalmic laser or constant, bright illumina-
tion,80–83 leads to selective photoreceptor re-
generation. In this instance, where the neural
retina remains largely intact, injury-induced
mitotic activity first appears in the inner nu-
clear layer. These proliferative cells then mi-
grate to the outer nuclear layer, where they
continue to divide and differentiate into cone
photoreceptors.81 Rods, strictly speaking, can-
not be said to regenerate, as they are constantly
being produced in the intact, undamaged
retina. As during normal development, rods
are produced last, only after the regenerated
neurons become postmitotic84 and through the
mechanism of the rod lineage.

It seems intuitive to infer that the pax6-ex-
pressing stem cells in the inner nuclear layer
are the source of regenerated neurons. This in-
ference is consistent with the demonstration in
the rodent retina that Pax6 function is required
to maintain the multipotent state of retinal
progenitors.85 However, there are no data di-
rectly demonstrating the identity of the puta-
tive stem cells in retinal regeneration in the
teleost retina. Additionally, some data impli-
cate Müller glia as a possible source of regen-
erated neurons. Because differentiated Müller
glia can re-enter the cell cycle, and they derive
from the same lineage as retinal neurons, the
question arises as to how stable is their glial
identity and could they be a source of retinal
stem cells? This question has become especially
pertinent in the last few years, since neuronal
progenitors in the embryonic nervous system
and neural stem cells in the adult mammalian
brain have now been identified, and to the as-
tonishment of most researchers, neural stem
cells are, in fact, radial glia and/or specialized
astrocytes.86–88 In the mammalian cerebral cor-
tex, for example, Pax6 expressed in radial glia
gives them neurogenic potential.89 Müller glia
in the retina have many of the same morpho-
logical and molecular properties as radial glia,
including bipolar processes that span the width
of the neuroepithelium, glycogen granules, the
intermediate filament GFAP (glial fibrillary
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acidic protein), and expression of Notch1.88,90

Following laser-mediated (photocoagulation)
destruction of photoreceptors in adult goldfish
retina, Müller glia in the area of the lesion mi-
grate to the outer nuclear layer, coincident with
the regeneration of cone photoreceptors.81

These data further showed that reactive Müller
glia proliferated and dedifferentiated coinci-
dent with production of regenerated cone pho-
toreceptors, raising the possibility that the
progeny of Müller glia might differentiate into
neurons. Neurotoxic damage or intraocular in-
jection of the growth factors FGF2 with IGF-1
in the chick retina also causes Müller glia to
dedifferentiate, proliferate and co-express Pax6
and Chx10; while most of the progeny remain
undifferentiated a few transiently express neu-
rofilament protein or other neuronal markers.91

While the latter studies do not demonstrate re-
placement of retinal neurons, they do highlight
the phenotypic plasticity of Müller glia.

Surprisingly, cone photoreceptors are the
only retinal neuron that can be selectively re-
generated. Ablation of specific cell types in in-
ner retina92,93 or complete destruction of the in-
ner layers with sparing of photoreceptors79

does not elicit regeneration. However, selective
death of cones results in their selective regen-
eration (see above), and in some teleosts cone
death and regeneration appears to be part of
the retina’s natural history. Coincident with 
juvenile metamorphosis and migration of
salmonids from fresh water to marine envi-
ronments, ultraviolet (UV) cones die by apop-
tosis.94,95 Upon returning from the sea UV
cones can again be found in the retinas of sex-
ually mature salmon captured in their natal
streams.96 This loss and replacement of cone
photoreceptors can be mimicked in laboratory-
reared animals by manipulating plasma levels
of thyroxine hormone.95,97 Cone death, how-
ever, is not required to elicit cone regeneration.
If the retina is deformed to the point that gaps
appear in the cone mosaic, new cones are gen-
erated and inserted into the gaps.98 These re-
sults suggest either that cone photoreceptors
have unique standing among retinal neurons,
perhaps reflecting conservation of mechanisms
that evolved in salmonids, or the molecular
mechanisms that initiate regeneration lie
within the outer nuclear layer.

The laminar architecture and synaptic con-
nectivity in the regenerated neural retina is
nearly normal.99 The most obvious structural
defect of the regenerated retina is in the less
regular planar organization of the various cel-
lular mosaics. This is most apparent for cones.
Although cone photoreceptors are replaced, in-
cluding all spectral cone types, the precise geo-
metric organization of the cone mosaic array is
not restored in the regenerated retina.82,100,101

Following loss of neurons, the retinal stem cells
are triggered by injury to generate multiple,
separate foci of proliferating, multipotent reti-
nal progenitors, and thus the precise spa-
tiotemporal pattern imposed by the wave of
differentiation in the embryonic retina and the
later appositional addition of neurons from the
CGZ is not recapitulated. This observation pro-
vides strong support for the hypothesis that
precise spatiotemporal coordination of pro-
duction and differentiation of cones is a criti-
cal component of the unknown processes that
regulate cone spectral cell fate choices and that
pattern the cone mosaic arrays.102

Irrespective of the cellular origins of regen-
erated retina, regenerative mechanisms appear
to be engaged in a manner that partially re-
capitulates retinal ontogeny. As mentioned
above, following the loss of photoreceptors,
cones and rods are generated in an order that
recreates that observed in the embryonic retina.
However, in the absence of a coordinated spa-
tiotemporal moving front of differentiation, the
precise planar array of the cone mosaic is not
restored. Further, numerous developmental
regulatory genes demonstrated to be key to
normal embryonic retinal development (see
above) are re-expressed by the injury-induced
progenitors (Vsx1, Levine et al.;103 pax6, Hitch-
cock et al.;104 Notch 3, Sullivan et al.;105 N-cad-
herin, Wu et al.81). These observations can be
taken as evidence that many, but not all, of the
cellular mechanisms that govern embryonic
and postlarval neurogenesis are re-engaged
during regeneration.

CONCLUSION

The retina is a favored tissue for studying de-
velopment of the nervous system. The adult
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retina is precisely laminated with a tight as-
sociation between cell type and laminar ad-
dress and within each layer neurons form cell
type-specific mosaics. This structural precision 
enables investigators to reliably detect even
subtle changes in cell fate specification and his-
togenesis that result from genetic alterations or
experimental manipulations. Further, the evo-
lutionary conservation of retinal structure and
function is exquisite among vertebrates. Inves-
tigators chose to study embryonic retinal de-
velopment using teleosts, since experimental
manipulations are relatively easy and the
mechanisms that govern formation of the ver-
tebrate eye are conserved. The unique life his-
tory of teleosts also makes studying retinal
growth in juvenile and adult animals equally
informative. The retina keeps pace with life-
long growth of the eye and animal, in part, by
the persistent accretion of neurons produced
from resident stem cells. The function of neu-
ronal stem cells in adult mammals is not com-
pletely understood. In contrast, neuronal stem
cells in fish are required to mediate prolonged
growth in these animals, from hatching to
adulthood. Further, the capacity of teleosts to
completely regenerate the neural retina and re-
store vision make it an attractive model to un-
ravel mechanisms that allow some vertebrate
brains to support neuronal regeneration. The
rapid larval development, protracted neuroge-
nesis and capacity for repair make the teleost
retina an instructive model. The lessons
learned from fish should provide insights into
the principles that govern development and
(potential) repair in all parts of the nervous sys-
tem in a variety of species, including humans.
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