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ABSTRACT
Results of the previous study suggest that insulin-related peptides regulate proliferation

of retinal progenitors in the adult goldfish. Because of their known roles in retinal
neurogenesis, we have chosen to focus future studies on insulin-like growth factor I (IGF-I)
and the IGF-I receptor. In the study described here, we characterized the spatial distribution
and specificity of IGF-I binding sites in the retina of the adult goldfish by performing
receptor-binding autoradiography with [125I]-IGF-I alone and with unlabeled IGF-I-related
molecules (IGF-I, IGF-II, insulin, and des-[1-3]-IGF-I) as competitive inhibitors of [125I]-IGF-I
binding. The results of these experiments show that IGF-I binds in two locations in the retina
of the adult goldfish, within the inner plexiform layer of the differentiated retina and the
circumferential germinal zone. The competition experiments suggest that [125I]-IGF-I binds at
sites specific for IGF-I, and that both IGF-I receptors and IGF-I binding proteins are present
in the retina. J. Comp. Neurol. 394:395–401, 1998. r 1998 Wiley-Liss, Inc.
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Insulin-like growth factor 1 (IGF-I) is an evolutionarily
ancient and highly conserved single-chain polypeptide,
structurally related to proinsulin (see Thorndyke et al.,
1989; Chan et al., 1992; Drakenberg et al., 1993; Reinecke
et al., 1993). IGF-I and the IGF-I receptor (IGF-IR) are
expressed in most developing organs and tissues, where
they act as growth-promoting molecules (Jones and Clem-
mons, 1995). Although originally thought to be synthe-
sized only in the liver as the endocrine mediator of growth
hormone (hence its early name, somatomedin), it is now
known that IGF-I can act independent of growth hormone
and regulate local cellular function in both a paracrine and
autocrine manner. The IGF-IR is a cell-surface, tyrosine
kinase receptor that shares structural homology with the
insulin receptor. The IGF-IR is expressed widely in the
developing central nervous system (de Pablo and de la
Rosa, 1995) and is thought to mediate the activity of both
IGF-I and IGF-II (D’Ercole et al., 1996). The biological
activity of IGF-I in both the developing and adult brain is
regulated in a complex manner by a family of synchro-
nously expressed IGF-binding proteins (IGF-BPs). These
proteins modulate the bioavailability of IGF-I and mediate
its interaction with the IGF-IR (Jones and Clemmons, 1995).

In the previous study (Boucher and Hitchcock, 1998), we
showed that in vitro insulin-related molecules stimulate
proliferation of retinal progenitors in the adult goldfish.
Based upon the ubiquitous presence of the family of IGF-I
molecules in the brain and retina (e.g., Lee et al., 1992;
Schoen et al., 1992; Yang et al., 1993; de la Rosa et al.,
1994; Hernádez-Sánchez et al., 1995; Mack et al., 1995;
Richardson et al., 1995; Calvaruso et al., 1996; Frade et al.,
1996; Leibush et al., 1996), we hypothesized that IGF-I
and the IGF-IR are expressed in the retina of the goldfish
and together regulate the mitotic activity of the retinal
progenitors within the circumferential germinal zone
(CGZ).

As one test of this hypothesis, we characterized the
spatial distribution and specificity of IGF-I-binding sites
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by using receptor binding and emulsion autoradiography
with iodonated IGF-I ([125I]-IGF-I) alone and in combina-
tion with the unlabeled competitive inhibitors, IGF-I,
IGF-II, insulin, and des-(1-3)-IGF-I. Quantitative analysis
of the autoradiographic slides revealed that IGF-I binds
within the inner plexiform layer (IPL) of the differentiated
retina and, consistent with our hypothesis, to the retinal
progenitors within the CGZ. These data, and those of the
previous paper (Boucher and Hitchcock, 1998), suggest
that, in the retina of the adult goldfish, IGF-I and its
receptor have dual roles, regulating yet-to-be-identified
cellular processes in the mature retina and regulating
proliferation of retinal progenitors within the CGZ.

Portions of these data presented here were reported in
preliminary form (Boucher and Hitchcock, 1996).

MATERIALS AND METHODS

Animals

Juvenile goldfish (Carassius auratus), 3–4 cm standard
length, were purchased from local pet stores and housed
for at least one week before performing experiments. Prior
to surgery and euthanasia, fish were anesthetized in
tricaine methanesulfonate (MS222, Sigma, St. Louis, MO).
All animals were killed by exsanguination. All animal
protocols used in this study were approved by the Univer-
sity of Michigan Committee for the Use and Care of
Animals.

Preparation of eyecups

Eyecups used for [125I]-IGF-I binding were prepared
similarly to those used in the organ culture experiments
(Boucher and Hitchcock, 1998). Goldfish were anesthe-
tized in tricaine methanesulfonate (MS222), and their eyes
were removed. Fish were then killed by exsanguination.
Eyes were transferred to a petri dish filled with phosphate-
buffered saline and the lens, cornea, and part of the iris
epithelium were removed. The vitreous was briefly perme-
abilized with digestive enzymes (0.25 mg/ml collagenase
and 1.0 mg/ml hyaluronidase), rinsed, and placed in a
holding bath containing PBS until all the eyecups were
prepared.

[125I]-IGF-I binding experiments

For these experiments, we used a modification of a
previously published protocol (Bassnett and Beebe, 1990).
For each eyecup, excess phosphate buffered saline (PBS) in
the vitreal chamber was removed and replaced with a 10 µl
drop of the incubation medium, Media 199 (M199; Sigma),
which contained either [125I]-IGF-I alone (50 nM stock
solution reconstituted in 100 µM acetic acid, at a specific
activity of 74 TBq/mmol; purchased from Amersham,
Arlington Heights, IL) or [125I]-IGF-I and an unlabeled
IGF-I-related peptide as a competitive inhibitor of binding.
A minimum of three eyecups were used per condition; five
conditions were tested: 1) 5 nM [125I]-IGF-I alone, 2) 5 nM
[125I]-IGF-I plus 500 nM IGF-I (recombinant human, Aus-
tral Biologicals, San Ramon, CA), 3) 5 nM [125I]-IGF-I plus
500 nM IGF-II (recombinant human, R & D Systems,
Minneapolis, MN), 4) 5 nM [125I]-IGF-I plus 500 nM
insulin (bovine, Sigma) or 5) 5 nM [125I]-IGF-I plus 150 nM
des-(1-3)-IGF-I (recombinant human, Gro-Pep, Adelaide,
SA, Australia). All eyecups were incubated at 4°C in a
humidified chamber for 5 hours.

At the conclusion of the incubation, the media in the
vitreous cavity was removed, and the eyecups were rinsed
2 3 5 minutes in ice-cold phosphate-buffered saline, to
wash off unbound [125I]-IGF-I. Eyecups were then fixed
overnight in 2% glutaraldehyde in 0.05 M phosphate
buffer (pH 7.4) at 4°C. After fixation, the eyecups were
rinsed twice in PBS, cut in half along the dorsonasal-
ventrotemporal axis, dehydrated in a graded series of
alcohol, rinsed in propylene oxide and infiltrated with
Polybed 812. Eyecups were then placed into molds with
fresh Polybed 812, and polymerized overnight at 60°C.

Sectioning and emulsion autoradiography

Eyecups were sectioned at 1 µm with glass knives and
mounted onto gelatin-coated slides. For each eyecup, 50–70
sections were collected, 10 sections per slide. The sections
on the first and last slide from each eyecup were stained
with toluidine blue, coverslipped and used for aligning the
sections when the lightly-stained, emulsion-coated slides
were quantitatively analyzed (see below).

Unstained slides were dipped in NTB-2 liquid emulsion
(Kodak, Rochester, NY), dried at room temperature and
stored in the dark at 4°C. Slides were developed in Kodak
D-19, rinsed extensively, lightly counterstained with di-
lute toluidine blue, dried, and coverslipped. Test slides
were developed from 4 days to 4 weeks to determine the
rate of silver grain formation, which was estimated by
counting silver grains overlying the inner plexiform layer
(IPL). This preliminary study established that an expo-
sure of two and one-half weeks both gave a robust signal
and was within the linear range of silver grain formation.

Imaging and quantitative analysis

Digital images of either the differentiated retina or CGZ
were captured by using a CCD camera (Optronics Engineer-
ing, Schaumburg, IL) attached to an Olympus Vannox
microscope. The program Capture1 (TruVision, Indianapo-
lis, IN) was used to capture images in an 8-bit format,
which facilitated image analysis when imported into NIH
Image (v. 1.59 or 1.60; available on the Internet by
accessing the NIH Image homepage, http://rsb.info.nih.gov/
nih-image/). Images from six sections per eyecup (18
sections total) were used for quantitative analysis.

Custom macros and NIH Image were used to facilitate
the repetitive image processing and analysis. Images were
converted to grayscale, thresholded by using the threshold
function within NIH Image (which effectively removed
from the image the lightly stained cells beneath the silver
grains) and saved as black and white, binary images.
Depending on whether the differentiated retina or CGZ
was analyzed, one of two macros were used to make the
quantitative measurements on the binary images. Data
files were analyzed by using a spreadsheet program (Micro-
soft Excel, v. 5.0).

Images of the differentiated retina were taken from
locations corresponding to the mature neural retina (MNR),
as described previously (Boucher and Hitchcock, 1998). To
quantify the [125I]-IGF-I binding in the differentiated
retina, scatter plots were generated of the distribution of
black pixels (i.e., silver grains in the emulsion) from the
outer limiting membrane (OLM) to the inner limiting
membrane (ILM). NIH Image generates scatter plots by
scanning and counting black pixels from left to right in a
480-pixel tall by 1-pixel wide bar in single pixel incre-
ments. The number of black pixels in each scan (each
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section) was divided into twenty bins. The first bin overlay
the OLM; the last bin overlay the ILM. For the six scans
from each retina, the number of black pixels per bin was
averaged. These values were then averaged for the three
retinas used in each condition. The mean and standard
error of each bin was graphed as a linear plot from 0 to
100% retinal thickness, where 0% represents the OLM and
100% represents the ILM. A time-set, repeated measures
ANOVA was performed to compare the plot of the average
number of silver grains overlying the IPL. This tests the
null hypothesis that the two linear plots compared are
parallel. P values equal to or less than 0.05 were consid-
ered statistically significant.

To quantify the [125I]-IGF-I binding in the CGZ of each
eye, a template was created by outlining the CGZ in an
image from a normally-stained section and aligning the
template with the image of the CGZ from the nearby,
lightly stained sections processed for emulsion autoradiog-
raphy. Use of a template was necessary, because lightly
staining the sections, which was necessary to adequately
threshold the images (see above), made defining the bound-
ary of the CGZ problematic. The criteria for identifying the
boundary of the CGZ were similar to those described in the
previous paper (Boucher and Hitchcock, 1998). Within the
template, the average size of a silver grain (expressed as
pixels) was calculated, and the total number of silver
grains overlying the CGZ was determined and expressed
as the number of silver grains per 1,000 µm2. The density
of silver grains overlying the CGZ was averaged for six
sections from each eye, and these averages were combined
as described above. A two-sample Student t-test was
performed on the means. P values equal to or less than
0.05 were considered statistically significant.

RESULTS

[125I]-IGF-I has specific binding sites
in the goldfish retina

[125I]-IGF-I bound within two specific regions of the
retina, the inner plexiform layer and the CGZ (Fig 1).

In the differentiated retina, silver grains overlay the
inner half of the retina, from the boundary between the
INL and IPL (approximately 50% of retinal thickness) to
the inner limiting membrane (Fig. 1A). The plot of silver
grains peaked over the inner 1⁄3 of the IPL (approximately
80% of retinal thickness). There were no focal clusters of
silver grains overlying individual ganglion cell somata,
therefore it is assumed that the [125I]-IGF-I was bound
only to processes within the IPL. In the outer half of the
retina, from IPL to the OLM, the number of silver grains
was at background levels, and there were no clusters of
grains overlying somata in either the INL or ONL. In some
eyes, however, there was a small elevation in the number
of silver grains around 25% of the retinal thickness,
roughly centered over the outer plexiform layer (Fig. 1A).
At the margin of the retina, the silver grains overlying the
IPL terminated in a relatively dense cluster of silver
grains overlying the CGZ (Fig. 1B).

Experiments that included unlabeled molecules as com-
petitive inhibitors modulated the pattern and levels of
binding by [125I]-IGF-I (Figs. 2–4).

Addition of 100-fold excess of unlabeled IGF-I signifi-
cantly inhibited binding by the [125I]-IGF-I, markedly
reducing the number of silver grains overlying the IPL and
CGZ, (Figs. 2, 3A, 4). Treatment with 100-fold excess

unlabeled IGF-II was slightly less effective in competing
for the binding sites of [125I]-IGF-I within the IPL (Fig.
3B). However, unlabeled IGF-II reduced the density of
silver grains overlying the CGZ to the same degree as the
unlabeled IGF-I (Fig. 4). Unlabeled insulin did not inhibit
the binding of [125I]-IGF-I in the IPL or CGZ (Figs. 3C, 4).
This combination of results indicates that the radiolabeled
IGF-I was binding at sites specific for the IGF-I peptide.

des-(1-3)-IGF-I partially inhibits
binding by [125I]-IGF-I

des-(1-3)-IGF-I is a naturally occurring variant of mam-
malian IGF-I in which the first three amino acids are
absent from the N-terminus (Ballard et al., 1996). This
post-translational modification does not alter the peptide’s
affinity for the IGF-I receptor, but does result in a 40-fold
decrease in its affinity for IGF-I binding proteins.

Fig. 1. Digital images of sections taken from a retina incubated
with 5 nM [125I]-IGF-I. A: Plot of the average number of silver grains
overlying the differentiated retina superimposed on a corresponding
image of the retina. B: Digital image of the CGZ and adjacent
differentiated retina with silver grains overlying the IPL and CGZ.
IGF-I, Insulin-like growth factor; ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer; CGZ, circumferential germinal zone;
IR, iris epithelium. Scale bar 5 25 µm.
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Although we had no a priori knowledge about the
affinity of mammalian des-(1-3)-IGF-I for teleost IGF-I
receptors and binding proteins, we tested this molecule
nonetheless in an attempt to further characterize the
IGF-I binding sites in the retina of the goldfish. If des-(1-3)-
IGF-I has similar affinities for binding proteins in teleost
and mammalian tissues, it should effectively compete with
[125I]-IGF-I for binding to the IGF-I receptor but not for
binding to the binding proteins. In this experiment re-
sidual silver grains overlying either the IPL or CGZ should
be due to [125I]-IGF-I binding to IGF-binding proteins. A
30-fold excess of des-(1-3)-IGF-I was used, based on an
estimate that this concentration should effectively com-
pete with the binding of [125I]-IGF-I at the IGF-IR but not
compete for binding at IGF-BPs (see Carlsson-Skwirut et
al., 1989; Ogasawara et al., 1989; Oh et al., 1993). The
addition of unlabeled des-(1-3)-IGF-I decreased, but did
not eliminate binding of [125I]-IGF-I within the IPL (Fig.
5B). In contrast, the des-(1-3)-IGF-I completely inhibited
the binding of [125I]-IGF-I to the neuronal progenitors

within the CGZ (Figs. 4 and 5A). These results suggests
that within the goldfish retina the IPL contains both IGF-I
receptors and IGF-binding proteins, whereas within the
CGZ only receptors are present.

DISCUSSION

IGF-I, IGF-IR, and IGF-BPs constitute a family of
cellular modulators critical for the normal growth and

Fig. 2. Digital photomicrographs of sections taken from a retina
incubated with 5 nM [125I]-IGF-I and 500 nm unlabeled IGF-I. A: The
differentiated retina. B: The CGZ and adjacent differentiated retina.
Note the absence of a distinct pattern of silver grains overlying the
retina (cf. Figs. 1 and 2). ONL, Outer nuclear layer; INL, inner nuclear
layer; CGZ, circumferential germinal zone (arrow); IR, iris epithelium
(arrow). Scale bar 5 25 µm.

Fig. 3. Competitive inhibition of [125I]-insulin-like growth factor 1
(IGF-I) binding to the differentiated retina. Each panel includes the
plot of the average number of pixels overlying sections from eyecups
incubated with 5 nM [125I]-IGF-I alone (closed diamonds). Remaining
plots illustrate the average number of pixels (i.e., silver grains) per bin
in sections of the differentiated retina incubated with 5 nm [125I]-IGF-I
and: A: 500 nM IGF-I (closed squares), B: 500 nM IGF-II (closed
squares), or C: 500 nM insulin (closed squares). Statistical compari-
sons demonstrated that unlabeled IGF-I and IGF-II significantly
inhibited binding by the labeled IGF-I, whereas unlabeled insulin did
not. (In B, there was an apparent elevation in the average number of
silver grains overlying the outer nuclear layer in retinas in which
IGF-II was added as a competitive inhibitor [also see Fig. 5B]. This
was not observed in retinas treated with labeled IGF-I alone or retinas
treated with labeled IGF-I and unlabeled IGF-I and unlabeled insulin.
We believe this to be artifact, although its source is not apparent.)
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development of the central nervous system (de Pablo and
de la Rosa, 1995; D’Ercole et al., 1996). In primary cultures
of embryonic neuronal progenitors and neurons, IGF-I can
stimulate proliferation, survival, differentiation, process
outgrowth, and synaptogenesis (de Pablo and de la Rosa,
1995; D’Ercole et al., 1996). In addition to the effects on
somatic growth, mice with targeted deletions of IGF-I or
the IGF-IR develop abnormally small brains and region-
specific deficits in the organization of both gray and white
matter (Liu et al., 1993), whereas mice overexpressing
IGF-I show selective, hypertophic brain growth (Carson et
al., 1993; Ye et al., 1996). In the adult brain IGF-I may act
as a neuromodulator, a neurotrophin and a regulator of
CNS metabolism (Folli et al., 1996; Doré et al., 1997).

From results described in the previous paper (Boucher
and Hitchcock, 1998), we hypothesized that IGF-I and its
receptor regulate the mitotic activity of the retinal progeni-
tors within the CGZ. In the present study, we tested this
hypothesis, in part, by performing receptor-binding autora-
diography to determine the distribution and specificity of
binding sites for IGF-I in the retina of the adult goldfish.
The data showed that [125I]-IGF-I binds within the IPL of
the mature, differentiated retina and to the neuronal
progenitors within the CGZ. Unlabeled IGF-I and IGF-II
competitively inhibited binding by [125I]-IGF-I, whereas
unlabeled insulin did not. The effectiveness of the competi-
tive inhibitors at displacing the radiolabeled IGF-I is
consistent with the well characterized differences in the
affinities of IGF-IR and the IGF-BPs for IGF-I, IGF-II, and
insulin in both mammals (Jones and Clemmons, 1995) and
fish (Parrizas et al., 1995) and confirms that the binding of
the [125I]-IGF-I was at sites specific for IGF-I. (A recent
study suggests that teleosts lack receptors specific for
IGF-II [Drakenberg et al., 1993].) The results from experi-
ments using des-(1-3)-IGF-I as a competitive inhibitor
suggest that the IPL contains both IGF-I receptors and
IGF-I binding proteins, whereas binding proteins are not
present within the CGZ.

It is well documented that the family of IGF-I molecules
is present in the developing and mature retina (see de
Pablo and de la Rosa, 1995). In the embryonic retina of
mammals and birds, IGF-I is synthesized first by neuronal
progenitors (e.g., Hernández-Sánchez et al., 1995; Frade et
al., 1996) and then in differentiated neurons within the

ganglion cell layer (de la Rosa et al., 1994), a pattern of
expression that persists in the adult (Burren et al., 1996).
The IGF-IR and IGF-BPs follow similar patterns of expres-
sion, as demonstrated by both binding autoradiography
and in situ hybridization with IGF-IR probes. During
midstage retinal differentiation in the chick, IGF-I bind-
ing, mediated by IGF-I receptors (see Waldbillig et al.,
1991; de la Rosa et al., 1994; Hernández-Sánchez et al.,
1995), is present in the proliferating neuroepithelium and,
as development proceeds and cellular differentiation en-
sues, the binding becomes restricted to the plexiform
layers (Bassas et al., 1989; Bassnett and Beebe, 1990;
although see Ocrant et al., 1989). Messenger RNA for the
IGF-I receptor is present in the neuroblastic layer in the
embryonic rat (Lee et al., 1992), in post-mitotic neurons in
the embryonic chick (Holzenberger et al., 1996) and in the
ganglion cell and inner nuclear layers in the adult rat
(Burren et al., 1996). The spatial pattern of IGF-I binding
in the goldfish is consistent with the developmental pat-
terns of IGF-IR expression and receptor binding autoradi-
ography observed in mammals and birds. Although we

Fig. 4. [125I]-insulin-like growth factor 1 (IGF-I) binding to the
CGZ. Each bar represents the density of silver grains overlying the
CGZ in separate incubation conditions: 5 nM [125I]-IGF-I alone or 5 nM
[125I]-IGF-I plus unlabeled IGF-I (1IGF-I), IGF-II (1IGF-II), des-(1-3)-
IGF-I (1des-(1-3)-IGF-I), and insulin (1insulin). The addition of
unlabeled IGF-I, IGF-II and des-(1-3)-IGF-I significantly inhibited the
binding of the labeled IGF-I. Asterisk indicates P , 0.05.

Fig. 5. Digital image of a section from a retina incubated with 5 nM
[125I]-insulin-like growth factor 1 (IGF-I) and unlabeled des-(1-3)-
IGF-I. A: The CGZ and the adjacent differentiated retina. B: Plot of the
average number of pixels per bin for sections from retinas treated with
[125I]-IGF-I and unlabeled des-(1-3)-IGF-I (closed squares). A plot
illustrating retinas treated in the same experiment with [125I]-IGF-I
and unlabeled IGF-I (closed diamonds) is included for comparison.
Note the elevated average number of silver grains at 30% retinal
thickness, which was present only in the retinas treated with des-(1-3)-
IGF-I. ONL, Outer nuclear layer; INL, inner nuclear layer; IPL, inner
plexiform layer; CGZ, circumferential germinal zone; IR, iris epithe-
lium. Scale bar 5 25 µm.
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have not demonstrated here the presence of IGF-I within
the goldfish retina, the coordinate expression of IGF-I and
the IGF-IR in the mammalian brain (Bondy et al., 1992;
Lee et al., 1992) suggests that in the goldfish the neuronal
progenitors of the CGZ and neurons in the ganglion cell
and/or inner nuclear layers are likely to synthesize and
release IGF-I (although see Mack et al., 1995).

The most well documented signaling function of the
IGF-I and its receptor is regulating cell proliferation
(Jones and Clemmons, 1995). IGF-I is mitogenic for a wide
spectrum of cell types, including neuronal progenitors in
the brain (D’Ercole et al., 1996; Folli et al., 1996) and
retina (e.g., Hitchcock and Boucher, 1998). In contrast to
this role, there is no similarly obvious function for IGF-I
and its receptor in the differentiated retina. One possibil-
ity is that in differentiated retina, IGF-I also acts as a
mitogen, although we observed no evidence of this in the
previous study. IGF-I stimulates proliferation of adult
Müller cells, specialized retinal glia, isolated from human
retinas (Ikeda et al., 1995) and rod precursors in the
mature retina of the chiclid fish Haplocromis burtoni
(Mack and Fernald, 1993; see also Mack et al., 1995; Hoke
and Fernald, 1997). A second possibility is that in the
differentiated retina of the goldfish, IGF-I plays a role in
regulating neuronal growth and synaptogenesis. In the
developing CNS, the highest expression of IGF-I message
occurs during the later stages of neuronal development,
coincident with neuronal differentiation, process out-
growth, and synaptogenesis (de Pablo and de la Rosa,
1995). In the goldfish, extant retinal neurons grow continu-
ally, by increasing their size (Kock, 1982; Hitchcock and
Easter, 1986), complexity (Kock and Stell, 1985; Brown
and Hitchcock, 1989) and the number of synaptic contacts
they make (Fisher and Easter, 1979). IGF-I and the
IGF-IR could regulate this continual neuronal growth,
which resembles some aspects the late embryonic growth
in the CNS of other vertebrates. Although we cannot
assign a function to IGF-I in the differentiated retina,
preliminary experiments in our lab (Boucher and Hitch-
cock, unpublished observations) indicate that in the iso-
lated goldfish retina IGF-I stimulates a rapid (within 1
minute) tyrosine phosphorylation of a protein whose appar-
ent molecular weight is similar to that for the b subunit of
the IGF-I receptor. This suggests that the signal transduc-
tion pathways activated by IGF-I are present in the retina
of the adult goldfish, although the cellular events regu-
lated there by IGF-I and the IGF-IR are not yet known.

In light of our studies (Boucher and Hitchcock, 1998; see
Results), we make the following three speculations: 1) In
the adult goldfish IGF-I and the IGF-IR regulate the
ongoing proliferation of the retinal progenitors in the CGZ,
which is coordinated with the continual growth of the
retina, other ocular components and other organs. This
growth-associated mitotic activity is influenced by factors
such as environmental stress and the nutritional status of
the animal and is regulated by circulating levels of IGF-I
(regulated by growth hormone), retinal levels of IGF-I or
both (see Duan, 1998). 2) The production of rod photorecep-
tors is not regulated by IGF-I (these cells should not
express the IGF-IR), but is under the control of yet-to-be-
identified molecule(s), perhaps resident in the outer nuclear
layer (see Raymond et al., 1988). 3) Although we have
inferred from previous studies that retinal regeneration
recapitulates retinal development (e.g., Hitchcock et al.,
1996; see also Sullivan et al., 1997), the molecules that

regulate injury-stimulated neurogenesis within the blas-
tema differ from those that regulate growth-related neuro-
genesis within the CGZ. This implies that at least two
different molecules in the goldfish retina have the ability
to modulate mitotic activity of multipotent retinal progeni-
tors. One of these molecules is likely synthesized by
neurons in the outer retina (Raymond et al., 1988), re-
leased locally by their destruction and stimulates prolifera-
tion and neurogenesis in the blastema, whereas the other,
and we suggest this molecule is IGF-I, is present in the
CGZ, modulates neurogenesis among these cells and is
regulated by factors that coordinate animal growth.
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