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ABSTRACT

The retina of the adult goldfish grows throughout the life of the animal, in part, by the
continual addition of new neurons. Further, destruction of extant neurons in this tissue
stimulates neuronal regeneration. In an attempt to identify growth factors that regulate both
normal and injury-stimulated neurogenesis, we used organ culture techniques and tested
nine peptide growth factors for their ability to modulate cell proliferation in both normal
retinas and retinas with lesions. Of the growth factors tested, only the insulin-related
peptides (insulin and insulin-like growth factors | and I1) consistently stimulated prolifera-
tion, and this was restricted to the retinal progenitors within the circumferential germinal
zone. None of the growth factors tested stimulated proliferation of rod precursors (cells in the
mature retina whose progeny are exclusively rod photoreceptors) or the injury-stimulated
retinal progenitors. Although the negative data are subject to multiple interpretations, these
data suggest that in the retina of the adult goldfish, insulin-related peptides regulate
proliferation of retinal progenitors within the circumferential germinal zone, but molecules
that modulate the proliferation of the rod precursors or injury-induced retinal progenitors in
the retina of the adult goldfish have yet to be identified. J. Comp. Neurol. 394:386-394,

1998.  © 1998 Wiley-Liss, Inc.

Indexing terms: teleost fish; IGF-1; IGF-11; organ culture; regeneration

The retina of the adult goldfish is a useful model to study
both neuronal development and the response of the central
nervous system (CNS) to injury. This tissue grows through-
out the life of the animal, and injuries that destroy existing
neurons are repaired by injury-stimulated neurogenesis.
New neurons are continually added to the retina of the
goldfish from two spatially separate pools of progenitors
(Johns, 1977; Meyer 1978; Johns and Fernald, 1981).
First, at the extreme margin, an annulus of retinal progeni-
tors, known as the circumferential germinal zone (CGZ2),
gives rise to annuli of all retinal cell types. Second,
scattered throughout the outer nuclear layer of the extant
retina are neuronal progenitors, known as rod precursors,
which give rise exclusively to rod photoreceptors that are
insinuated into the existing lawn of mature photorecep-
tors. Lesions that destroy a sufficient number of existing
neurons stimulate the appearance of a third population of
retinal progenitors (see recent reviews, Hitchcock and
Raymond, 1992; Raymond and Hitchcock, 1997), which
give rise to regenerated neurons. Evidence to date indi-
cates that the rod precursors are the antecedents of the
injury-induced retinal progenitors (Raymond et al., 1988;
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Hitchcock et al., 1992), although a contribution from other
cell types remains a possibility (Raymond and Hitchcock,
1997).

In an attempt to identify molecules that regulate both
the ongoing and injury-stimulated neurogenesis in the
retina of the goldfish, we developed an organ-culture
technique to test the ability of various peptide growth
factors to modulate proliferation of retinal progenitors.
Candidate growth factors were selected on the basis of
their known mitogenic effects on neuroepithelial cells in
the brain and retina (e.g., Anchan et al., 1991; Lillien and
Cepko, 1992; Mack and Fernald, 1993; Anchan and Reh,
1995; Hernandez-Sanchez et al., 1995; Frade et al., 1996),
and their activation of intracellular signaling pathways
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via cell-surface, tyrosine kinase receptors. Each growth
factor was tested on both normal retinas and retinas with
lesions. In addition, two growth factors, insulin-like growth
factor | (IGF-I) and basic fibroblast growth factor (FGF-2)
were tested in combination on retinas with lesions.

The results of this study showed that only insulin-
related factors (insulin, IGF-1, and IGF-11) consistently
modulated proliferation, and this was limited to the reti-
nal progenitors of the CGZ. The mitotic activity of the rod
precursors and the injury-induced retinal progenitors was
not stimulated by any of the growth factors tested. Based
upon these data, we hypothesize that insulin-related
growth factors are present in the retina of the goldfish,
their activity is mediated by their respective receptors,
and together these molecules regulate the ongoing, growth-
associated neurogenesis in this tissue.

Portions of the data reported here were presented in
preliminary form (Boucher and Hitchcock, 1994a,b, 1995).

MATERIALS AND METHODS
Animals

Juvenile goldfish (Carassius auratus), 3—4 cm standard
length, were purchased from local pet stores and housed
for at least 1 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 protocols used
in this study were approved by the University of Michigan
Committee for the Use and Care of Animals.

Preparation of eyecups and organ
culture protocol

Eyes were enucleated and bathed for a minimum of 5
minutes in a 1:10 dilution of Antibiotic-Antimycotic solu-
tion (GIBCO/BRL Life Technologies, Grand Island, NY) in
phosphate-buffered saline; during this time the conjunc-
tiva and extraocular muscles were trimmed from the
globe. Eyes were transferred to a petri dish, and the lens,
cornea, and part of the iris epithelium were removed. The
diameter of each lens was measured. After three rinses
each in sterile phosphate-buffered saline, pH 7.4, and
Media 199 (M199, HEPES modification; Sigma) supple-
mented with 20 mg/ml gentamicin (Sigma), each eyecup
was placed into an uncoated well of a 24 well tissue culture
plate, vitreous chamber facing up, and 2 ml of M199 was
added, either alone or supplemented with a growth factor
to be tested. Culture plates were placed in an air-tight box
containing 95% 0,/5% CO, and continuously agitated on a
rotating table for three days at room temperature. The
media and oxygenated air were changed daily. On the
second day, 5 pul of 2 mM bromodeoxyuridine (BrdU;
Sigma), a thymidine analog and a marker for cells synthe-
sizing DNA, was added to each well, and the eyecups were
incubated for an additional 16—18 hours. On the third day,
the experiment was terminated and the eyecups were
processed for BrdU immunocytochemistry (see below).

Ocular/retinal lesions

Fish were anesthetized in MS222, and a full-thickness
cut was made with a microknife parallel to the limbus in
the dorsonasal quadrant of each eye. The incision was
300-500 um from the scleral-corneal junction, which is the
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TABLE 1. Growth Factors Tested and Their Concentrationst

Growth
factor

Concentrations tested

IGF-1 1.0 nM, 2.67 nM, 10.0 nM, 13.4 nM, 26.7 nM, 15.0 nM*, 25.0 nM*
IGF-11 1.0 nM, 10.0 nM, 100.0 nM, 25.0 nM*

insulin 1.0 nM, 10.0 nM, 0.83 uM, 4.2 uM, 8.3 uM, 25.0 nM*

FGF-1 25 nM*

FGF-2 1.2 nM, 6.0 nM, 10 nM, 12.2 nM, 7.5 nM*, 25.0 nM*

EGF 0.32 nM, 3.2 nM, 32.0 nM, 25.0 nM*

PDGF-B 0.1 nM, 1.0 nM, 10.0 nM, 25.0 nM*

NGF 0.1nM, 1.0 nM, 10.0 nM, 25.0 nM*

NT-3 0.1nM, 1.0 nM, 10.0 nM, 25.0 nM*

1Asterisks indicate concentrations tested with retinas with lesions. With the exception
of FGF-1, each growth factor was tested at a minimum of four different concentrations in
at least two separate, independently controlled experiments. Note that insulin was also
tested in the micromolar range. IGF-I, insulin-like growth factor I; IGF-11, insulin-like
growth factor I1; FGF-1, fibroblast growth factor 1; FGF-2, fibroblast growth factor 2;
EGF, epidermal growth factor; PDGF-B, platelet-derived growth factor-B; NGF, nerve
growth factor; NT-3, neurotrophin 3.

approximate location within the retina of the CGZ. These
animals survived 1 week post-lesion to allow a blastema of
injury-induced retinal progenitors to form along the mar-
gin of the retinal wound (see Hitchcock et al., 1992). These
eyes were then prepared for the organ culture as described
above.

Growth factors and biochemicals

Table 1 lists the growth factors and the concentrations
that were tested. All growth factors were purchased from
Austral Biologicals (San Ramon, CA), with the exception of
insulin (Sigma) and insulin-like growth factor-11 (R & D
Systems, Minneapolis, MN). Each growth factor was ei-
ther a human-recombinant peptide or isolated from bovine
tissues.

Incubation conditions

Thirteen independently controlled experiments (40 incu-
bation conditions; see Table 1) were performed. In experi-
ments with normal retinas, three eyecups were used in
each incubation condition; in experiments with retinas
with lesionslesioned retinas, six eyecups were used in each
incubation condition. In eight experiments with normal
retinas, three different molar concentrations of each growth
factor, generally spanning either a 10-fold range (1%, 5X,
10X) or 100-fold range (1%, 10X, 100X), were tested. In
one additional experiment, insulin and IGF-1 were tested
on normal retinas at two concentrations, 1.0 and 10.0 nM.
In three experiments with retinas with lesions, a single
high molar concentration (25 nM) of each growth factor
was tested. (Three factors were tested in each experiment.
In experiments in which IGF-1 was not tested directly, it
was included in an additional incubation condition as a
positive control.) In a final experiment with retinas with
lesions, IGF-1 and FGF-2 were tested separately and in
combination to evaluate their potential synergistic effects.
For each of the 13 experiments, at least three control eyes
were incubated in M-199 alone and analyzed in parallel
(see below). For each of the 40 incubation conditions (Table
1), BrdU* cells were counted in sections from a minimum
of three eyecups, with the exception of two incubation
conditions, 2.6 nM IGF-I and 10nM IGF-I, where cells
were counted in sections from two eyecups only.

BrdU Immunocytochemistry

Eyecups were fixed in 4% paraformaldehyde in 100 mM
phosphate buffer, pH 7.4, for at least 1 hour and infiltrated
in a graded series of sucrose/phosphate buffer solutions,
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from 5% to 20%. The eyecups were then infiltrated ina 2:1
solution of 20% sucrose/O.C.T. (TissueTek, Miles Inc.,
Elkhart, IN), frozen, and stored at -80°C. Eyecups were
sectioned at 10 um on a cryostat, and every other section
was mounted onto a poly-L-lysine-coated slide. Sections
were immunostained with an anti-BrdU monoclonal anti-
body (Becton-Dickinson, San Jose, CA) according to Hitch-
cock et al. (1992), in combination with a secondary anti-
body conjugated to tetramethylrhodamine isothiocyanate
(TRITC). Sections were counterstained with 0.0001% bis-
benzimide, a fluorescent nuclear stain. Slides were cover-
slipped with Gel/Mount (Biomeda Corp., Foster City, CA)
and inspected and photographed by using indirect fluores-
cence microscopy.

Sectioning the eyecups and counting
BrdU-labeled cells

Eyecups were sectioned in a plane that passed approxi-
mately parallel to the dorsonasal-ventrotemporal axis of
the eye. By using formulas from solid geometry and the
relationship between lens diameter and retinal length (see
Easter et al., 1977), a “safety zone” was estimated for each
eyecup wherein sections would be predicted to pass orthogo-
nal to the retinal layers, thereby avoiding systematic
errors introduced by counting cells in sections cut obliquely
through the retina. For normal retinas, BrdU* cells were
counted only in sections that came from within the “safety
zone.” For retinas with lesions, an additional constraint
was imposed, whereby BrdU™" cells were counted only in
sections that fell within the “safety zone” and passed
through the center of the lesion. We chose not to use an
unbiased method for estimating the number of BrdU™ cells
in each section, because, 1) we were interested only in the
relative, not absolute, number of BrdU™ cells in retinas
treated with different growth factors, and 2) we were
comparing identical populations of cells in the different
retinas.

Preliminary experiments determined that within a
retina, the variance in the average number of BrdU™ cells
per section fell to a constant value when the number of
sections counted and averaged exceeded 15. We viewed
this as the minimum number of sections needed to provide
an accurate estimate of the average number of labeled cells
per section from any given retina. Therefore, we counted
BrdU™ cells in a minimum of 20 sections per eyecup (60
sections per incubation condition). In sections from normal
retinas, BrdU™" cells were counted in four areas: 1) the
dorsonasal CGZ, 2) a 300 pum length of mature neural
retina (MNR) adjacent to, but not abutting, CGZ, 3) the
ventrotemporal MNR (the opposite side of the section,
opposite pole of the eye), and 4) the ventrotemporal CGZ.
(Because there were no differences in the average number
of BrdU™ cells in dorsal vs. ventral retina, for purposes of
illustration only, these data were combined [see Results]).
The central boundary of the CGZ was defined as the site
where the retinal layers first appear, and the peripheral
boundary of the CGZ was identified as the transition from
the multilayered neuroepithelium to the single-cell thick
iris epithelium. In retinas with lesions, BrdU* cells were
counted in five locations, with sites adjacent to the injury-
induced blastema designated as “proximal” and sites at the
opposite pole of the eye designated as “distal:” 1) proximal
CGZ, 2) proximal MNR, 3) blastema, 4) distal MNR, and 5)
distal CGZ. The blastema was identified as the area lying
immediately adjacent to the margin of the retinal lesion
that contained elongated, neuroepithelial cells that were
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BrdU* (see Hitchcock et al., 1992). In both normal and
retinas with lesions, BrdU+ cells were observed within the
iris epithelium, but not included in the cell counts. For
each retina, the average number of BrdU+ cells per section
(within each of the areas described above) was computed.
Averages for each retina tested under the same condition
were combined, and the mean and standard error calcu-
lated. Within each experiment, the average number of
BrdU™ cells per section in control and treated groups were
statistically compared by using a one-way ANOVA. Pair-
wise comparisons using a Scheffe test were evaluated if the
overall level of significance was 0.05 or less.

Illustrations

Color photographs were taken of representative immuno-
stained sections, and the photographic slides were digi-
tized. For purposes of illustration, images were converted
to gray scale by using Adobe Photoshop and printed with a
Kodak ds 8650 color printer.

RESULTS
Proliferation persists in defined basal media

Incubation of normal eyecups in M199 alone was suffi-
cient to keep the retina intact and sustain proliferation of
retinal progenitors (Fig. 1A,B).

In eyecups incubated for 3 days in M199 alone, the
morphology of the cellular and synaptic layers in the
peripheral third of the retina appeared normal; the neuro-
epithelial cells of the CGZ were packed closely together
and the retinal pigmented epithelium (RPE) remained
closely apposed to the photoreceptor layer. Within the
central retina, in contrast, the lamination was somewhat
disrupted, and the RPE retracted from the photoreceptors.
Our assumption is that the disruption of the more central
regions of the retina are due to the relatively poor diffusion
of nutrients there, perhaps resulting from the greater
thickness of central retina or the residual layer of vitreous
that could not be completely removed. Despite some degra-
dation of retinal morphology centrally, when the eyecups
were incubated in M199 alone cells within the CGZ and
the adjacent MNR incorporated BrdU, and the average
number of these BrdU™ cells was quantitatively similar to
retinas labeled with BrdU in vivo and allowed to survive a
similar length of time (Fig. 2A).

Proliferation in the normal retina stimulated
by insulin-related growth factors

Of the growth factors tested (Table 1), only insulin,
IGF-1 and, at high concentrations, IGF-11 stimulated prolif-
eration, and this response was limited to the neuroepithe-
lial cells of the CGZ (Figs. 1C, 2A; Table 2).

Qualitatively, in sections from retinas treated with
insulin or IGF-1 at concentrations of 10 nM or higher (Fig.
1C), the CGZ was markedly enlarged and contained many
more BrdU™" cells than in control retinas. In all other
respects, the morphology of the retinas treated with insulin-
related peptides was similar to those incubated in M199
alone. For retinas treated with insulin (data not shown)
and IGF-I (Fig. 2B), the number of BrdU* cells in the CGZ
was dose dependent. Increasing the concentration of IGF-I
from 2.67 to 13.4 to 26.67 nM increased the number of
BrdU™* cells in the CGZ by three-, seven-, and 11-fold,
respectively, over control values. When tested at the same
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Fig. 1. Low magnification, fluorescence photomicrographs of sec-
tions taken from eyecups incubated for 3 days in M-199 alone (A,B) or
M-199 plus 10 nM insulin-like growth factor | (IGF-I; C). A: Bishenz-
imide-stained section. B: The same section as in A, illuminated with a
filter set to reveal the tetramethylrhodamine isothiocyanate (TRITC)—
labeled, bromodeoxyuridine positive (BrdU") cells in the circumferen-
tial germinal zone (CGZ; arrow). C: A section taken from an eyecup
treated with 10 nM of IGF-1. Note the normal morphology of the retina
and the BrdU* cells in the CGZ (A and B). Note also the increased
number of BrdU™ cells in the CGZ (cf. B and C), and the presence of
BrdU* cells in the iris epithelium. ONL, outer nuclear layer; INL,
inner nuclear layer; GCL, ganglion cell layer; CGZ, circumferential
germinal zone; IRIS, iris epithelium. Scale bar = 50 um.
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concentration, IGF-1 was more potent than insulin (Fig.
2A) or IGF-I11, although for both IGF-1 and insulin, concen-
trations as low as 1 nM produced a noticeable increase in
the number of BrdU* cells in the CGZ (data not shown).
Only relatively high concentrations (25 nM) of IGF-II
significantly increased the number of BrdU+ cells within
the CGZ (Table 2). In contrast to the robust proliferation of
cells in the CGZ stimulated by the insulin-related factors,
these molecules did not stimulate proliferation of cells
within the MNR. Because the mitotically active cells
within the MNR are predominantly rod precursors, these
data suggest that unlike the neuroepithelial cells of the
CGZ, this population of progenitors is not responsive to
insulin-related molecules (Fig. 2A,B). Although not exam-
ined quantitatively, both insulin and IGF-I increased the
number of BrdU* cells in the iris epithelium and sclera.

All the noninsulin-related factors tested failed to stimu-
late proliferation of mitotically active cells (e.g., Fig. 2A;
Table 2). Qualitatively, retinas treated with these factors
incorporated BrdU, and the morphology of the retina and
CGZ was similar to that in eyecups incubated in media
alone or the insulin-related molecules. Eyecups treated
with FGF-2 did, however, contain a noticeably greater
number of BrdU* cells in the sclera than eyecups incu-
bated in M-199 alone (data not shown), indicating that the
lack of response by the retinal progenitors was not due to
the inability of mammalian FGF-2 to stimulate prolifera-
tion of teleost cells (see Discussion).

Proliferation stimulated by growth factors
in retinas with lesions matches
that seen in normal retinas

Incubation of retinas with lesions in M199 alone, as for
the normal eyecups, was sufficient to keep the retina intact
and sustain proliferation within the CGZ, MNR, and
injury-induced blastema (Fig. 3).

Similar to retinas with lesions labeled with BrdU in
vivo, there were more BrdU™ cells in the proximal CGZ
and the proximal MNR, areas adjacent to the lesion, than
in the distal CGZ and distal MNR (Fig. 4). This results
from proliferation in vivo stimulated by the injury prior to
culturing the retinas (see Raymond et al., 1988; Henken
and Yoon, 1989; Hitchcock et al., 1992). The blastema was
consistently present in the retinas with lesions, but the
number of BrdU™ cells there varied from eyecup to eyecup
as well as from section to section within the same eyecup.
Again, the number of BrdU* cells in the retinas with
lesions incubated in M199 alone approximated that ob-
served in retinas with lesions that were labeled with BrdU
in vivo (Fig. 4).

As for normal retinas, only the insulin-related factors
stimulated proliferation in retinas with lesions (Fig. 4;
Table 2), and this again was limited to the retinal progeni-
tors within the CGZ. Insulin, IGF-1 and IGF-Il at a
concentration of 25 nm (Table 1) robustly stimulated
proliferation of cells in both the proximal and distal CGZ
(Figs. 3 and 4; Table 2). In contrast, none of the growth
factors tested stimulated proliferation of rod precursors in
the MNR or injury-induced retinal progenitors in the
blastema (Fig. 4; Table 2).

In two culture conditions, 25 nM FGF-1 and FGF-2, the
retinas with lesions displayed a small, but statistically
significant decrease in the number of BrdU + cells, but this
was limited to the MNR, and only the MNR distal to the
lesion (Fig. 4; Table 2). These were the only instances, from
a total of five separate experiments with either FGF-1 or -2
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Fig.2. Histograms illustrating the average number of bromodeoxy-

uridine positive (BrdU) cells per section. A: Illustrates the average
number of BrdU™ cells in eyes that were exposed to BrdU in vivo and
processed 3 days later, and eyes incubated for 3 days in M-199 alone,
10 nM insulin, 10 nM insulin-like growth factor | (IGF-1) and, as an

TABLE 2. Summary of Results From Testing Growth Factors on Normal
Retinas and Retinas With Lesions!

CGZz MNR
pCGz pMNR BL dMNR dCGz
IGF-1 + (all) *
+ (15,25) * * * + (15,25)
insulin + (all) *
+(25) * * * +(25)
IGF-11 + (=25) *
+(25) * * * +(25)
FGF-1 * * * - (25 *
FGF-2 * *
* * - (25) *
EGF * *
PDGF-B * *
NGF * *
NT-3 * *

* * *

1A plus sign indicates a statistically significant increase in the number of BrdU+ cells
(P < 0.05). Aminus sign indicates a statistically significantly decrease in the number of
BrdU* cells (P < 0.05). An asterisk indicates no statistically significant change (P > 0.05).
The concentrations, in nM, at which significant results were observed are in parenthe-
ses (cf. Tables 1 and 2). CGZ and MNR represent the areas sampled in normal retinas;
pCGZ, pMNR, BL, dMNR, and dCGZ represent the areas sampled in retinas with
lesions (see text). In the two left-most columns, the upper (italicized) values (CGZ,
MNR) indicate results for normal retinas, whereas the lower values represent results
for retinas with lesions. IGF-1, Insulin-like growth factor I; IGF-11, insulin-like growth
factor I1; FGF-I, fibroblast growth factor 1; FGF-2, fibroblast growth factor 2; EGF,
epidermal growth factor; PDGF-B, platelet-derived growth factor-B; NGF, nerve growth
factor; NT-3, neurotrophin 3.

(Table 1; see below), where we observed a significant
result. Our bias is to interpret these two data points as
aberrations, largely because of the small average number
of BrdU™ cells in the MNR and the inherent variability in
these data. The possibility certainly remains, however,
that the FGFs do modulate proliferation of the mitotically
active cells in the goldfish retina, and the culture condi-
tions and/or growth factor concentrations were not optimal
for consistently revealing these effects.

IGF-1 and FGF-2 do not act synergistically

Previous studies have demonstrated that some mitoti-
cally competent cells proliferate in response to a combina-
tion of growth factors (e.g., Yamashita and Osterle, 1995;
Zheng et al., 1997). In particular, some neuroepithelial
cells require both FGF-2 and IGF-I for progression through
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fibroblast growth factor 2 (FGF-2). B: lllustrates the dose-response
relationship between the average number of BrdU™* cells and the
concentration of IGF-1. Double asterisks indicate **P < 0.005. CGZ,
circumferential germinal zone; MNR, mature neural retina.

Fig. 3. Low-magnification, fluorescence photomicrograph of a sec-
tion from a retina that was lesioned and treated in vitro with
insulin-like growth factor I (IGF-I). Note the presence of injury-
induced, bromodeoxyuridine positive (BrdU*) cells in the outer nuclear
layer (ONL; cf. Figs. 3 and 1B) and blastema and the enlarged
circumferential germinal zone. INL, Inner nuclear layer; GCL, gan-
glion cell layer; CGZ, circumferential germinal zone; BL, blastema.
Scale bar = 50 um.

the cell cycle (Drago et al.,, 1991; see also Pons and
Torres-Aleméan, 1992; Frodin and Gammeltoft, 1994). Based
upon these data and the absence of a consistent response
by the rod precursors or injury-induced retinal progenitors
to growth factors tested individually, FGF-2 and IGF-I
were tested on retinas with lesions alone at single, moder-
ate concentrations and in combination. In retinas treated
with FGF-2 at 7.5 nM there was no significant difference in
the number of BrdU* cells, as compared with control
retinas, in any of the areas examined (Fig 5). In retinas
treated with 15 nM IGF-I, the number of BrdU™ cells in
the proximal CGZ and distal CGZ was four-fold and
nine-fold greater than controls, respectively. Again, there
was no significant difference in the number of BrdU+ cells
in the proximal MNR, distal MNR or blastema (Fig. 5). In
retinas treated with a combination of 7.5 nM FGF-2 and 15
nM IGF-I1, the number of BrdU* cells in the proximal CGZ
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Fig.4. Histograms illustrating the average number of bromodeoxy-
uridine positive (BrdU*) cells per section in retinas with lesions. Note
the generally larger values for the circumferential germinal zone and
mature neural retina proximal to the blastema, as compared to the
distal sites (see text). Insulin-like growth factor I (IGF-I) and insulin
(not shown) stimulated a large increase in the average number of
BrdU+ cells in the circumferential germinal zone only. Inset: Diagram

and distal CGZ was four-fold and seven-fold greater than
controls, respectively, but there were no significant differ-
ences in the number of BrdU* cells in the MNR or
blastema. Compared to retinas treated with IGF-I alone,
the combination of FGF-2 and IGF-I did not significantly
change the average number of BrdU* cells (Fig. 5), indicat-
ing the absence of a synergistic effect from the combination
of these two peptides.

DISCUSSION

In this study, we tested a panel of peptide growth factors
for their ability to stimulate proliferation of mitotically
active neuronal progenitors in the retina of the adult
goldfish. By design, each growth factor was tested in at
least two independently controlled experiments. Of the
factors tested, only insulin, IGF-1 and IGF-1l stimulated
proliferation. This effect, however, was limited to the
retinal progenitors within the CGZ. The rod precursors
and injury-induced retinal progenitors of the blastema did
not increase their proliferation in response to any of the
growth factors tested.

At the outset of this study, a concern was the use of
mammalian growth factors to stimulate proliferation of
teleost cells. Although some of the factors we tested are
present in fish (e.g., see Lagente et al., 1986; Rubinson,
1991; Raymond et al., 1992; Chan et al., 1993; Plisetksaya
etal., 1993; Gotz et al., 1994; Suzuki et al., 1994), we used
mammalian growth factors because of their commercial
availability, the general unavailability of isolated or recom-
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+25 nM IGF-|
+25 nM FGF-2
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of a retinal section indicating the approximate location of the lesion,
and blastema and regions where BrdU+ cells were counted. pCGZ,
Proximal circumferential germinal zone; pMNR, proximal mature
neural retina; BL, blastema; dMNR, distal mature neural retina;
dCGZ, distal circumferential germinal zone. Double asterisks indicate
**P < 0.005.

binant piscine growth factors and the demonstrated activ-
ity of mammalian growth factors on cells derived from
teleosts. Heterologous assays have shown that mamma-
lian growth factors are able to stimulate a broad range of
responses in cells and tissues derived from teleosts. For
example, bovine FGF-2 stimulates proliferation of cells in
embryonic zebrafish (Bradford et al., 1994); murine EGF
promotes survival of liver epithelial cells from zebrafish
(Bradford et al., 1994); human EGF stimulates protein
synthesis in salmon hepatocytes (Duan et al., 1993);
human insulin increases serum levels of IGF-I in the
marine teleost, gilthead seabream (Funkenstein et al.,
1989); murine EGF and human TGFa bind to ovarian
membranes from goldfish and stimulate oocyte meiosis
(Patti et al., 1996); mammalian TGF, insulin, IGF-I and
IGF-11 are mitogenic for embryonic cells from zebrafish
and trout (Collodi and Barnes, 1990); recombinant bovine
insulin stimulates body growth in the isletectomized goby
(Kelley et al., 1993); mammalian IGF-I stimulates sulfa-
tion in oral cartilage explants from fish (e.g., Duan and
Hirano, 1990; Kelley et al., 1993); and mammalian NGF
enhances axonal outgrowth from retinal explants from
goldfish (Turner et al., 1980; Yip and Grafstein, 1982).
Collectively, these data indicate the structure and function
of peptide growth factors and their receptors are highly
conserved between mammals and teleosts, and suggest
therefore, the use of mammalian growth factors in an
attempt to identify growth factors that modulate prolifera-
tion in the retina of the goldfish is a valid approach.
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Avg. no. of BrdU*
cells/section

; +IGF-1 & FGF-2
+15 nM 1GF-1
7 +T7.5nM FGF-2

Fig.5. Histograms illustrating the average number of bromodeoxy-
uridine positive (BrdU*) cells per section in retinas treated with
M-199 alone, M-199 supplemented with fibroblast growth factor 2
(FGF-2), M-199 supplemented with insulin-like growth factor | (IGF-
1), and M-199 supplemented with a combination of FGF-2 and IGF-1.
FGF-2 alone did not increase or decrease the number of BrdU™ cells.
FGF-2 and IGF-I in combination did not increase the number of BrdU*
cells above that seen with IGF-1 alone. pCGZ, Proximal germinal zone;
pMNR, proximal mature neural retina; BL, blastema; dMNR, distal
mature neural retina; dCGZ, distal circumferential germinal zone.
Double asterisks indicate **P < 0.05.

The relative concentrations of insulin, IGF-1, and IGF-I1
that stimulated proliferation suggest that the retinal
progenitors in the CGZ possess receptors specific for both
insulin and IGF-1. IGF-1 was more potent than insulin,
however, the response to each was similar in magnitude
and both stimulated proliferation at concentrations as low
as 1 nM. Although we have no insight into the role played
by IGF-1 binding proteins in our assay, if the activity of
insulin and IGF-1 were mediated through a single receptor
(either the insulin or IGF-I receptor; there are thought to
be no IGF-II receptors in fish; Drakenberg et al., 1993),
there should have been distinct differences in the effective
concentrations due to the well known differences in the
binding affinities of insulin and IGF-1 to heterologous
receptors (e.g., Gutierrez et al., 1995). It is assumed that in
the developing brain IGF-11 actions are mediated via the
IGF-I receptor, and the relatively high concentrations of
IGF-11 required to stimulate proliferation is consistent
with this assumption.

If receptors for both insulin and IGF-I are expressed by
the retinal progenitors of the CGZ, different routes are
utilized for delivering their respective ligands. IGF-1 and
IGF-11 are synthesized in nervous tissue and are thought
to mediate their signaling functions by both paracrine and
autorcrine mechanisms (D’Ercole et al., 1996). In contrast,
insulin is synthesized in the pancreas, not the brain (e.g.,
Plisetskaya et al., 1993), and is believed to be delivered via
the blood supply. This implies that the levels of insulin,
IGF-1, and IGF-11 within the retina are regulated differen-
tially and these peptides may, therefore, play different
roles in regulating neurogenesis in the goldfish retina.

In the goldfish, the progenitors within the CGZ give rise
to all retinal cell types, including rod precursors. These
progenitors are the remnants of the embryonic retinal
neuroepithelium, and throughout the life of the animal
generate neurons that are appended, in a seamless man-
ner, to the existing retina. The molecular events that
regulate neurogenesis within the CGZ of the adult goldfish
retina are thought to be equivalent to those in the embryo

S.-E.M. BOUCHER AND P.F. HITCHCOCK

(see Hitchcock et al., 1996). The robust proliferation of the
retinal progenitors stimulated by insulin, IGF-1, and IGF-I1
is consistent with this notion. Insulin-related molecules
are present in the retinas of embryonic birds and mam-
mals, and in vitro can stimulate proliferation, differentia-
tion, and neuronal maturation (e.g., Hansson et al., 1989;
Lee et al.,, 1992; de la Rosa et al.,, 1994; Hernandez-
Sénchez et al., 1995; Tesoriere et al., 1995; Calvaruso et
al., 1996; Frade et al., 1996; see reviews by de Pablo and de
la Rosa, 1995; D’Ercole et al., 1996). Recent studies
suggest that in the retina IGF-1 and IGF-Il regulate
proliferation and neurogenesis, whereas insulin regulates
cellular differentiation and maturation (Calvaruso et al.,
1996; Frade et al., 1996; see Puro and Agardh, 1984;
Hausman et al., 1991).

The complete lack of a mitotic response by the rod
precursors and injury-induced retinal progenitors to any of
the growth factors tested is subject to multiple interpreta-
tions. The simplest interpretation, of course, is that none
of the peptides tested are mitogenic for these cells. Alterna-
tively, some of the growth factors tested may be mitogenic
for the rod precursors and injury-stimulated retinal pro-
genitors of the blastema, but the culture technique or
condition of the retina may not have been adequate to
reveal this. For example, the factors tested may have had
only limited access to the mitotically active cells or endog-
enous factors may have been present in the retina at
saturating levels. The possibility of limited access is of
concern with respect to the rod precursors, because unlike
the cells of the CGZ, they are distant from the inner
surface of the retina, embedded in the outer nuclear layer,
and as a consequence, may lie behind a barrier to the
diffusion of exogenous molecules. Consistent with this
possibility, insulin and IGF-1 have been shown to stimu-
late proliferation of rod precursors in organotypic retinal
slices from the cichlid fish Haplocromis burtoni (Mack and
Fernald, 1993; see below). The possibility that endogenous
growth factors are present at saturating levels is a concern
with respect to the retinas with lesions. In mammals,
penetrating injuries to the brain elicit local synthesis and
release of growth factors, including IGF-1 (Breese et al.,
1996 and citations therein) and FGF-2 (Gomez-Panilla
and Cotman, 1992). A large upregulation of the synthesis
of a growth factor within the area of the retinal lesion may
effectively mask the effects of any exogenous molecule on
the injury-induced retinal progenitors. If mitotic activity is
maximally stimulated by an endogenous factor, any exog-
enous factor, regardless of its concentration, would not
stimulate additional cell division. Irrespective of the expla-
nation for the negative results, it must be kept in mind,
however, that the cellular response assayed here, cell
division, is only one potential outcome of stimulating an
intracellular signaling pathway by the binding of a growth
factor to its receptor. The lack of mitotic stimulation by the
various growth factors does not imply that these factors do
not play a role in rod cell production or injury-stimulated
neuronal regeneration.

Previous studies have attempted to identify molecules
that modulate proliferation of retinal progenitors in the
teleost fish. Using organotypic retinal slices in vitro, Mack
and Fernald (1993) found that insulin and IGF-I stimulate
the proliferation of rod precursors in the retina of Haplocro-
mis (these investigators did not comment on whether or
not insulin and IGF-I stimulated proliferation among cells
in the CGZ). The addition of FGF-2 to these cultures did
not stimulate proliferation, but did increase the number of
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rod photoreceptors that became post-mitotic in culture. It
was concluded that in Haplocromis insulin and IGF-I are
mitogenic for the rod precursors, whereas FGF-2 acts as a
differentiation factor. Negishi and Shinagawa (1993) found
that intraocular injections of interleukin-6, phytohaemoag-
glutinin, FGF-1, and FGF-2 in the goldfish stimulated
proliferation of rod precursors, as evidenced by an increase
in the number of cells expressing the proliferating cell
nuclear antigen. Based upon their potency, it was con-
cluded that FGF-1 and -2 are native to the goldfish retina
and regulate division by the rod precursors, and by exten-
sion, stimulate proliferation of these cells during retinal
regeneration. These data (Mack and Fernald 1993; Negi-
shi and Shinagawa, 1993) and our own are not in agree-
ment. Like Mack and Fernald (1993), we found that
insulin-related molecules are mitogenic for neuronal pro-
genitors in fish, but only for the retinal progenitors of the
CGZ, not the rod precursors. Unlike Negishi and Shi-
nagawa (1993), we found none of the mititocally active
cells in the retina were responsive to the fibroblast growth
factors. Unfortunately methodological differences between
the three studies make direct comparisons problematic.
Intraocular injections is more similar to our experiments
than organotypic slices, but this method can produce
potentially confounding results, because ocular injuries
that do not directly involve the retina can stimulate
proliferation of rod precursors (Hitchcock, unpublished
observation; see also Henken and Yoon, 1989). Resolving
the disparate results of these three studies and, more
importantly, identifying the signaling molecules that par-
ticipate in the continual growth and regeneration of the
teleost retina will require further investigation.

In considering all the data, the most parsimonious
interpretation of the results of our study is that the retinal
progenitors within the CGZ have receptors for insulin and
IGF-1, and, therefore, in vivo insulin-related peptides,
perhaps including IGF-I11, regulate the mitotic activity of
these cells. Because of their ubiquitous presence and
pliotropic effects in the developing brain (see de Pablo and
de la Rosa, 1995) and their known roles in regulating
retinal neurogenesis (e.g., Frade et al., 1996), we have
chosen to further investigate IGF-1 and the IGF-I receptor
in the retina of the goldfish. Based on the present results
and the presumption that IGF-I in the brain acts by both
autocrine and paracrine mechanisms, we hypothesize that
IGF-1 is expressed by cells in the goldfish retina and the
IGF-I receptor is expressed by the retinal progenitors of
the CGZ. In the following paper, we describe experiments
where this hypothesis is tested, in part.
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