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SUMMARY 

This study describes regeneration of the neural retina in juvenile goldfish. 
The retina was destroyed with an intraocular injection of ouabain, a technique 
introduced by Wolburg and colleagues (Maier and Wolburg, 1979; Kurz-Isler 
and Wolburg, 1982). We confirmed their observation that the level of damage 
produced by the toxin was graded, in that neurons in the inner retinal layers 
were preferentially destroyed, and only in the more severely affected retinas 
were cells in the outer nuclear layer (i.e., photoreceptor cells) damaged. Evi- 
dence of retinal regeneration could be seen beginning about 2 weeks after the 
injection of ouabain. In contrast to previous studies (Maier and Wolburg, 
1979), we found that regeneration took place only in those retinas in which 
photoreceptors had been destroyed. In cases in which the outer nuclear layer 
was spared, no regeneration of inner layers occurred, even after 6 months. 
Thymidine autoradiography was used to document the regeneration of new 
retinal neurons and to show that rod precursors, like other dividing cells, were 
not destroyed by the ouabain, but in contrast showed an increased mitotic 
activity. Regeneration did not proceed uniformly, but was initiated at  neuro- 
genic foci scattered across the retina. These foci consisted of clusters of divid- 
ing neuroepithelial-like cells. The evidence is consistent with the proposal that 
these cells were derived from rod precursors. These results imply that rod 
precursors are capable of a wider range of developmental fates than they 
normally express. 

INTRODUCTION 

Regeneration of the neural retina has been described in amphibians and 
fish, although most studies have been done on urodele amphibians (Keefe, 
1973a,b; Reyer, 1977; Stroeva and Mitashov, 1981). Only a few studies have 
used teleost fish. For example, Lombard0 (1968,1972) reported that following 
surgical removal of one quadrant of the neural retina in goldfish, the retina 
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regenerated over a period of several months. Easter et al. (1986) observed 
retinal regeneration in goldfish following removal of small (1-4 mm') pieces. 
Wolburg and colleagues (Maier and Wolburg, 1979; Kurz-Isler and Wolburg, 
1982) demonstrated regeneration of the retina in goldfish and trout following 
intravitreal injection of the metabolic poison, ouabain, a cardiac glycoside that 
inhibits Na+,K+-ATPase (Schwartz et al., 1975). Both Wolburg's group and 
Lombard0 described two sites of enhanced mitotic activity during regenera- 
tion: at the retinal margin among cells of the germinal zone and in the outer 
nuclear layer. This observation was of interest to us because previous work, 
our own (Johns and Fernald, 1981; Johns, 1982) and that of others (Sandy and 
Blaxter, 1980), had shown that during normal postembryonic growth of the 
retina in teleost fish, cells proliferate in the same two places. The proliferating 
cells in the outer nuclear layer are rod precursors; that is, they give rise 
exclusively to new rod photoreceptors during normal retinal growth. The pro- 
liferating cells in the germinal zone are less specialized, in that they produce 
new retinal cells of all types. The germinal cells at the retinal margin are 
therefore pluripotent, whereas those in the outer nuclear layer have a re- 
stricted lineage, at least in intact retinas. Previous workers were unaware that 
the intact retina contained mitotic rod precursors, so they were uncertain as to 
the source of dividing cells in the outer nuclear layer of regenerating retinas. 
Kurz-Isler and Wolburg (1982) speculated that photoreceptors may have de- 
differentiated and reentered the mitotic cycle, under the influence of degener- 
ative and/or regenerative changes taking place in the retina. A more likely 
hypothesis given our current knowledge about rod precursors is that the mi- 
totic activity observed in the outer nuclear layer during retinal regeneration 
represents enhanced proliferation in this population of cells. 

We undertook the present study to ask the following questions: Is mitotic 
activity stimulated in rod precursors when the retina is damaged? Do rod 
precursor cells contribute to the process of retinal regeneration, and, if so, are 
they capable of producing other types of retinal neurons in addition to rods? 
Our results suggest that the answer to both questions is yes. Some of this work 
has been presented in preliminary communications (Raymond et al., 1986; 
Raymond, 1987). 

MATERIALS AND METHODS 

Animals 

Goldfish (Curmsius aurutus) were obtained from a local pet store or were raised in the labora- 
tory. Breeding stock was purchased from Ozark Fisheries (Richland, MO), and these fish were 
maintained throughout the year in the laboratory in a physiological state conducive to breeding 
(Raymond, 1985). Embryos and larval animals were reared as described previously (Johns, 1982; 
Raymond, 1985). The fish selected for these experiments were 3 4  cm standard body length, and 
the nasotemporal diameter of the eye ranged from 2.8 to 4.2 mm, measured in situ with a caliper. 
From our initial experiments we found that the volume of the eye was critically important in 
determining the extent of damage following intraocular injection of the toxin, so in later experi- 
ments we attempted to standardize the dosage given to all fish by adopting a strict criterion for the 
size of the eye. Most of the results described here are from fish with eye diameters of 3.5 f 0.1 mm. 
Fish obtained from the pet store were of unknown age; laboratory-reared animals were 6-13 
months old. 
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Ouabain Injections 

Fish were anesthesized in 0.2% tricaine methanesulfonate (Sigma), wrapped in wet tissue, and 
placed on the stage of a Wild stereomicroscope. A small incision was made with a microknife 
(Micro-Sharp, Beaver, Inc., Waltham, MA) through the sclera at the limbus on the nasal side of 
the eye. A Hamilton microliter syringe was used to inject 1 p L  of ouabain, at a concentration of 1.4 
p M  to 1.4 mMin 0.9% saline, into the posterior chamber. The concentration of ouabain in the eye 
was estimated subsequently as described below. In control experiments, in which the ouabain was 
replaced with a solution of methylene blue, we determined that backflow of the solution out of the 
hole was minimized by leaving the needle in the eye for approximately 10 s after the injection and 
then slowly withdrawing it. The left eye of each fish served as a control. In the initial experiments 
the left eye was injected with the vehicle alone (0.9% saline). In the remainder, the left eye was 
intact. 

The intraocular concentration of ouabain was estimated for each fish after the eye was removed 
for histological processing. The external diameter of the globe was measured with a caliper; the 
lens was removed and its diameter was measured. Since both lens and eyeball are approximately 
spherical (Easter et al., 1977), the volumes of globe and lens could be readily calculated. The 
internal fluid volume of the eye was assumed to be the difference between the two (volume of globe 
minus volume of lens). The amount of ouabain injected was divided by the intraocular fluid 
volume of the eye to arrive at an estimate of the intraocular concentration. This estimate assumes 
that the ouabain diffised throughout the ocular tissues. The Concentration of ouabain in the 
vitreous humor, before diffusion into the retina and other tissues, would have been about 30% 
higher than the values reported here, taking into account the thickness of the eyeball (about 300 
pm at the limbus). 

Histological Processing 

At various times after ouabain injection (1 day to 6 months), fish were deeply anesthetized as 
above, killed by decapitation, and enucleated. The lenses were removed, and the eyes were im- 
mersed in fixative (Rivlin and Raymond, 1987) overnight a t  4°C. The following day, they were 
bisected along the dorsoventral axis, rinsed in buffer, dehydrated, and embedded in methacrylate 
resin (Sorvall). Sections, 3 pm thick, were prepared from the cut surface of one of the two halves of 
each eye and stained as described previously (Johns, 1982). Every other slide was bleached with 
potassium permanganate/oxalic acid (Johns, 1982) to decolor the melanin in the pigmented 
retinal epithelium. 

TABLE 1 
Summary of Damage Produced by Ouabain 

Estimated Intraocular [Ouabain] 

X M x10-7 M X10-6 M x10-5 M 

15.0 11.0 12.5 55.0 57.5 51.0 52.5 55.0 17.5 95.0 

No Cell loss 3 3 6 5  1 4 

Loss of Inner 
Retinal 
Layers 

Loss of All 
Retinal 
Layers 

19 2 3 

16 2 4 

Lethal 4 
Note: The numbers in the table represent the number of retinas at a given molar concentration 

of ouabain which were judged on histological examination to be damaged at the indicated level. 
Retinas were processed 1,2,3, or 7 days after injection. The 4 fish at 15.0 X M died within 24 
h after the injection. 
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For some eyes, one-half was processed for light microscopic histology as described above, and 
the other half was prepared for electron microscopy. After aldehyde fixation, blocks were post- 
fixed in osmium tetroxide/potassium ferricyanide and processed as described previously (Rivlin 
and Raymond, 1987). 

Thymidine Autoradiography 

We used thymidine autoradiography to demonstrate the sites of active cell proliferation during 
retinal regeneration and to identify the source of stem cells. 

To follow the progress of retinal regeneration, 3H-thymidine was administered at various 
intervals (1, 2, or 3 weeks) after the ouabain injection. In some fish the radionucleotide was 
injected intraocularly in the right (regenerating) eye, as described below. In other fish the label 
was injected intraperitoneally (4 ICi X 3 or 4 injections in a 24-h period). The intraperitoneal 
injections were used when we wished to compare labeling indicies between regenerating and intact 
retina. If we did not intend to make such a comparison, we chose the intraocular route in order to 
minimize the amount of thymidine injected (Cleaver, 1967). Survival times in both groups ranged 
from 1 to 8 days. We showed previously that cells labeled after a few days are dividing; labeled 
cells that remain a week later have begun to differentiate (Raymond and Rivlin, 1987). 

Another goal was to determine whether rod precursors survived after ouabain. Because rod 
precursors divide in the intact retina, they can be labeled with "-thymidine. This is not a 
selective marker for rod precursors, of course, since all dividing cells incorporate thymidine. In 
order to label a large fraction of the dividing population, fish were given 4 intraocular injections of 
'H-thymidine (1 pCi in 1 p L  sterile saline, specific activity 98 Ci/mmol, New England Nuclear) 
spaced over a 12-24-h period. The following day, the same eye was injected with ouabain. Fish 
were sacrificed 1, 3, or 7 days later, and the eyes were processed for light microscopic or electron 
microscopic autoradiography as described previously (Johns, 1982; Raymond and Rivlin, 1987). 

3H-ouabain Binding Sites 

To determine where in the retina ouabain-binding sites were located, we injected 'H-ouabain in 
place of the unlabeled ligand. Fish were injected intraocularly with 1 pL of 30 pM 3H-ouabain (22.1 
Ci/mmol, New England Nuclear) using the technique described above. This dose was comparable 
to that shown to cause partial or complete retinal damage (see Results). After 4 or 24 h, fish were 
anesthetized, decapitated, and enucleated. The lens was removed, and the eyecup was quickly 
frozen in liquid freon cooled in liquid nitrogen. Frozen eyes were freeze-dried overnight under 
vacuum in a chamber cooled in a slush of dry ice in acetone (Ernst and Mills, 1980). The eyes were 
then fixed with Os04 vapor in a dessicator overnight at room temperature, infiltrated with Spurr 
resin, and embedded. Sections, 0.5 pm thick, were processed for autoradiography with NTB-2 
emulsion (Eastman-Kodak, Rochester, NY). Slides were exposed at 4°C for 3 weeks to 3 months, 
developed in D-19 (Eastman-Kodak), and counter-stained in toluidine blue or Lee's stain 
(Johns, 1982). 

Morphometrics 

To characterize the regenerative response of the retina, we quantified the extent of damage and 
subsequent regeneration in representative retinas at 2-10 weeks after injection. The control 

Fig. 1. Degeneration of goldfish retina following intraocular injection of ouabain. (A) Control 
retina, injected with vehicle alone: outer nuclear layer (ON), inner nuclear layer (IN), inner 
plexiform layer (IP), ganglion cell layer (GC), optic fiber layer (OF). (B) 1 day after ouabain 
injection. Note the swollen inner plexiform layer and the pyknotic nuclei (arrowheads). (C) 
Another retina 1 day after ouabain injection. The cellular lamination was completely destroyed in 
the neural retina, but the row of pigmented epithelial cells (arrowheads) remained intact. (D) In 
this retina, 1 week after ouabain injection, only the inner layers were destroyed, but the outer 
nuclear layer and photoreceptor processes (PR) were preserved. Bars: A, 50 pm (also applies to B); 
C, 100 pm (also applies to D). 
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retinas from the same fish were also examined. The thickness of retinal layers was measured, and 
photoreceptor nuclei (rods and cones) were counted in 1 or 2 meridional sections (parallel to the 
dorsoventral axis) from each eye. Five camera lucida drawings were made from each section at a 
magnification of 1150X with an oil immersion objective. Each drawing covered a 95.7 pm incre- 
ment of retina, and the drawings were spaced at approximately equal intervals across the retina to 
provide representative samples of various regions. The contours of the retinal layers were traced, 
and the position of every rod and cone nucleus in the field was marked. For earh fish, separate 
tallies were made for cone and rod densities in dorsal and ventral retina, since the degree of 
damage varied along this axis (see Results). The position of the optic disc was used to define the 
boundary between dorsal andventral retina (Raymond, 1986). In meridional sections, the distance 
from retinal margin to optic disc is approximately 20% longer dorsally than ventrally (Raymond, 
1986), so 3 of the 5 sampling regions fell in dorsal retina, and the remaining 2 were in ventral 
retina. In each sample, at least five intact cones were identified, and the lengths of their ellipsoids 
were measured. This measurement was useful in determining whether the cones had survived the 
toxin or were regenerating. 

To further characterize retinal regeneration, in addition to these quantitutiue measures the 
same experimental retinas described in the preceding paragraph (excluding those at 2 weeks when 
regeneration was minimal) were scored qualitatively for surviving cones, surviving rods, regener- 
ating cones, regenerating rods, regenerating neurons in inner retinal layers (ganglion cell and 
inner nuclear layers combined), and the presence of neurogenic foci (see Results). Five samples 
were scored in each retina. For each of the 6 cell types, a value of 1.0 was entered if present, 0.0 if 
absent, and 0.5 if present but sparse, or questionable. Regenerating and surviving cones were 
identified by morphological criteria (see Results). Regenerating neurons in the inner layers were 
identified by their patchy distribution and the periodic fusions between nuclear layers (see Re- 
sults). For each of the 6 cell types, the scores were summed across the 5 sampling regions in each 
retina to yield a number between 0.0 and 5.0. Thus each retina was characterized by a list of 6 
numbers between 0.0 and 5.0. Because the data did not fit a normal distribution, nonparametric 
statistics were used to look for correlations among the six variables (Siegel, 1956). 

To determine the relationship between retinal damage and mitotic activity, in a separate 
experiment fish were injected intraperitoneally with "-thymidine 3 weeks after ouabain was 
injected intraocularly. One week later their retinas (both experimental and control eyes) were 
processed for autoradiography. All sections were processed simultaneously. Three meridional 
sections were selected from each eye, and all labeled cells except those in the circumferential 
growth zone were counted. Only cells with five or more silver grains overlying the nucleus were 
included in the counts. The average number of labeled cells per section was determined for ventral 
and dorsal retina for each eye, and the percent difference between experimental and control eyes 
was calculated. To assess the degree of retinal damage, the thickness of the retina from inner to 
outer limiting membranes and the thickness of the outer nuclear layer alone were measured at 5 
locations along the retina. For each sample in each experimental retina, these measurements were 
compared with an equivalent region of the control eye, and the mean percent difference in 
thickness of the outer nuclear layer and of the entire retina was calculated for each fish. 

Fig. 2. Retinal regeneration following total destruction. (A) In this retina, 1 day after ouabain 
injection, the processes of the pigmented epithelial cells were rounded up, and photoreceptors 
were degenerated. Intact Muller cell nuclei (arrowheads) were seen in the region corresponding to 
the former inner nuclear layer, and the external limiting membrane was intact (arrow). Blood 
vessels (V) were seen along the vitreal surface. (B) In this retina, 2 days after ouabain injection, 
masses of basophilic, elongated proliferating cells were clustered beneath the external limiting 
membrane (arrow). (C) At 4 weeks after ouabain injection, focal nests of proliferating cells (large 
arrow) were interspersed with immature cone nuclei in the reconstituted outer nuclear layer just 
beneath the external limiting membrane (small arrow). Developing neurons in inner layers were 
also present. (D) A micrograph at higher magnification showing the developing outer nuclear 
layer from another retina at 4 weeks. Note the developing processes of the young cones (arrow- 
head). The darker, smaller nuclei beneath the single row of cones (C) are probably young rods (R). 
Bars = 20 pm. (The bar in A also applies to B.) 
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RESULTS 

The results reported here are based on successful injections of ouabain into 
the right eye of 189 fish. On gross inspection, the lenses of the eyes injected 
with ouabain were often opaque, presumably due to a disturbance of ion 
transport mechanisms in the lens epithelium (Davson, 1980). In addition, the 
fish showed a “dorsal light reflex” (Walls, 1967). This reflex is triggered when 
there is an imbalance in the amount of visual input to the two eyes, as in 
monocular blinding. Such fish tilt with the blinded side upward, toward the 
brightest source of light, in an attempt to balance the neural output from the 
two eyes. 

Retinal Damage Produced by Ouabain 

We used a wide range of concentrations of ouabain in our initial experi- 
ments: 1.4 pM to 1.4 mM. In all cases, 1 pL of the ouabain solution was injected 
into the right eye; the estimated intraocular concentrations ranged from 0.05 
pM to 50 pM. (The range of estimated intraocular concentrations was larger 
than the range of concentrations injected because the eyes varied somewhat in 
size.) Table 1 indicates the general level of damage to neural retina in 72 fish 
examined 1 week or less after ouabain. Concentrations below 1 pM resulted in 
no apparent loss of retinal cells; between 1 and 7.5 p M ,  neural retina was 
partially or completely destroyed. The full range of effects (no cell loss to 
complete loss of all retinal layers) was seen at concentrations between 1.0 and 
2.5 pM. Eyes with equivalent estimated intraocular concentrations within this 
range could show marked differences in amount of damage. This probably 
reflects inaccuracies in the estimation of intraocular ouabain concentrations 
due to errors in estimating ocular volume and/or uncertainties in the amount 
of ouabain injected. Kurz-Isler and Wolburg (1982) noted similar problems 
with reproducibility of ouabain lesions. Intraocular concentrations of approxi- 
mately 50 pA4 were lethal within 24 h (Table 1). Concentrations between 7.5 
and 50 pM were not investigated. 

The remainder of this report deals with fish in which the estimated intraoc- 
ular concentration of ouabain was 1.0-2.5 pM. Under these conditions the 
neural retina degenerated, either partially or completely (Table 1 and Fig. 1). 
In all cases the left (control) retinas showed no evidence of retinal damage, 
whether injected with saline [Fig. 1(A)] or not. We conclude that neither 
mechanical trauma due to the incision, nor the presence of the needle, nor the 
injection of fluid were responsible for the retinal degeneration we observed. 
Furthermore, a t  ocular concentrations below 7.5 pM, any ouabain that 
escaped from the injected eye into the systemic circulation was diluted below 
threshold for producing retinal damage in the contralateral eye. 

The amount of retinal damage produced and the rate at which it progressed 
varied substantially, but, in general, with higher dosages degeneration was 
more rapid and more severe. Our observations confirm those of Maier and 

Fig. 3. Electron micrographs showing degeneration of inner layers with sparing of photorecep- 
tors. (A) In this retina, 2 weeks after ouabain, cones ( C )  and rods (R) were preserved. Horizontal 
cells (H), Miiller cells (M), and glia (G) could be found. (B) A macrophage (arrowhead) near the 
vitreal surface. This micrograph is from the same retina as in panel A. Bars = 10 pm. 
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Wolburg (1979), except that the concentrations they found effective at  pro- 
ducing retinal damage were approximately 2-10 times higher than ours. This 
may be due to the fact that the goldfish they used were larger (7-12 cm body 
length) than ours (3-4 cm). Maier and Wolburg (1979) have described the 
sequence and approximate time course of degeneration, so we present only a 
brief summary of our observations. 

As early as 1 day after injection of ouabain, pyknotic nuclei were found in 
the neural retina [Fig. l(B)]. In the most severe cases, degeneration pro- 
gressed very rapidly, and there were no recognizable retinal laminae by 1 day 
[Fig. 1 (C)]. In less affected retinas, pyknotic nuclei were seen predominately in 
the inner retinal layers (ganglion cell layer and inner nuclear layer). The cell 
bodies of the pigmented retinal epithelium in general survived and remained 
in a single row [Fig. l(C)], although in retinas in which photoreceptors were 
destroyed, the processes of the pigmented epithelial cells eventually rounded 
up and disintegrated [Fig. 2(A)]. In most cases, the external limiting mem- 
brane was not compromised, and Muller cells survived, even when most or all 
retinal neurons were lost [Fig. 2(A)]. 

In some retinas inner retinal layers lost cells, but the outer nuclear layer 
(containing photoreceptor nuclei) remained intact, and the processes of pho- 
toreceptor cells and pigmented epithelial cells appeared undamaged [Fig. 
l(D)]. Ventral retina tended to be more severely affected than dorsal, so that 
in some eyes the ventral retina was totally destroyed, whereas in dorsal retina 
the outer nuclear layer was spared. 

In previous studies of ouabain-lesioned retinas, Wolburg (1976) and Maier 
and Wolburg (1979) found that Muller glia and horizontal cells were more 
resistent to ouabain toxicity than other retinal cells, and our data confirm 
their observations. In those retinas in which inner layers were destroyed, some 
cells persisted between the (intact) outer nuclear layer and the vitreal surface 
[Fig. l(D)]. By electron microscopy these were identified as Muller glia and 
horizontal cells [Fig. 3(A)]. Muller glia were recognized by their pale, deeply 
clefted nuclei and the abundant glycogen in their cytoplasm (Raymond and 
Rivlin, 1987). Horizontal cells had distinctive flattened nuclei, pale cytoplasm, 
and abundant microtubules (Wolburg, 1976). Near the inner limiting mem- 
brane, glia [Fig. 3(Aj], vascular elements [Fig. 2(A)], and macrophages [Fig. 
3(B)] were also seen, and the latter were common in all damaged retinas, 
especially during the first month. The Muller cells and horizontal cells in 
partially damaged retinas probably represented cells that were not destroyed 
by the ouabain, since they were found consistently in partially damaged ret- 
inas at different intervals (2, 4, 6, and 10 weeks) after ouabain. We have not 
attempted to quantify these cells, so we do not know whether their numbers 
were increased or decreased compared with intact retinas. 

3H-ouabain Binding Sites 

In the retina, Na+,K+-ATPase is found predominantly in the inner segments 
of photoreceptors and in the inner and outer plexiform layers (Stirling and 
Lee, 1980; Stahl and Baskin, 1984; McGrail and Sweadner, 1986). Since photo- 
receptors have abundant Na+,K+-ATPase, we wondered why they were less 
susceptible to toxic destruction by ouabain than were neurons in the inner 
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layers. We suspected that the gradient of damage we observed was due to 
differential access of the drug to  the various retinal layers. To determine how 
far the ouabain penetrated into the retina and where it was bound, we injected 
3H-ouabain at concentrations equivalent to those used for the other experi- 
ments. These retinas were processed for freeze-dried autoradiography, a pro- 
cedure which allows soluble or diffusible radioisotopes to be localized in tissues 
(Ernst and Mills, 1980). The highest density of autoradiographic grains fol- 
lowing intraocular injection of “-0uabain was over the inner plexiform layer 
(Fig. 4), but labeling above background levels was seen throughout the retina. 
(Background was approximately 2 grains/100 pm2.) These results showed that 

Fig. 4. 
concentrated over the inner plexiform layer (IP). Bar = 50 pm. 

Pattern of 3H-ouabain binding. Silver grains were most heavily 
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our suspicions were correct: ouabain-binding sites in inner retina had better 
access to the ligand than those in outer retina. 

Mitotic Stimulation Following Ouabain Injections 

In all ouabain-treated retinas, no matter how badly damaged, mitotic activ- 
ity was enhanced in the circumferential germinal zone and in central retina 
(Maier and Wolburg, 1979; Fig. 5 in the present paper). Figure 5(A,B) com- 
pares the circumferential germinal zone in the control and experimental ret- 
inas, respectively, of a fish 1 week after ouabain injection. The germinal zone 
in the retina exposed to the toxin was greatly expanded, and the cells were 
actively dividing (Fig. 5B). Cell proliferation was also enhanced in central 
retina, especially in the outer nuclear layer. These dividing cells could be 
labeled with 3H-thymidine, as shown in Fig. 5(C,D). Labeled cells in the outer 
nuclear layer were probably rod precursors, since they were similar in appear- 
ance to those in intact retinas, although more abundant after ouabain treat- 
ment. Labeled cells were infrequently found in the inner nuclear layer of intact 
retinas in fish of this size but were typically seen in ouabain-treated retinas. 
Their identity is uncertain. They might be Muller cells that had been stimu- 
lated to divide, or they might belong to a reserve (or “resting”) population of 
undifferentiated cells (see Discussion). They were seen in almost all experi- 
mental retinas, as early as 1 day after ouabain injection, even in retinas with 
no obvious cell loss or retinal damage. For this reason, we believe that the 
toxin itself may have had a direct mitogenic activity (see Discussion). 

Other dividing cells that could be labeled with 3H-thymidine were located in 
the ganglion cell/optic fiber layer and were presumed to be glia or vascular 
elements. Both of these cell types are also found in the intact goldfish retina, 
where they can be labeled with 3H-thymidine (Johns, 1982), but again they 
were more abundant in the ouabain-treated retinas. 

Regeneration of Neural Retina Following Destruction by Ouabain 

By 1-2 weeks after ouabain injection, regeneration was evident in retinas 
that had undergone total or near total loss of retinal neurons. Focal sites 
containing nests of elongated cells with basophilic cytoplasm were scattered 
across the retina [Figs. 2(B,C)]. These cells could be labeled with 3H-thymi- 
dine, indicating that they were mitotically active. These nests of proliferating 
cells resembled, in miniature, the circumferential germinal zone [Fig. 5(A,B) 1, 
although some were located in central regions far from the germinal zone even 

Fig. 5. Stimulation of mitolic activity following ouabain injection. (A) The circumferential ger- 
minal zone (*) from a control eye, and (B) the circumferential germinal zone from the experimen- 
tal eye of the same fish, 1 day after ouabain injection. Note the mitotic figure on the experimental 
side (arrowhead). (C) This autoradiograph is from a fish injected intraocularly with 3H-thymidine, 
followed by ouabain injection a day later, and prepared after 1 week. Labeled cells (arrowheads) 
were seen in the outer and inner nuclear layers of this retina, in which cell loss was minimal. (D) 
This autoradiograph is from a preparation similar to the one in panel C, except that in this retina 
there was extensive cell loss. Round, dark pyknotic nuclei near the top of the panel represent the 
remnants of the outer nuclear layer, and there are three labeled nuclei (arrowheads). Bars = 50 
Fm. (The bar in A also applies to B.) 
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at the earliest times (2-3 days). Like the cells in the circumferential germinal 
zone, these nests of cells were directly apposed to the external limiting mem- 
brane. We call these collections of dividing cells “neurogenic foci,” and we 
provide evidence later that the name is justified in that it describes their role in 
regeneration. 

By 4 weeks after injection, patches of regenerated neurons could be seen 
flanking the neurogenic foci [Fig. 2(C,D)]. The outer nuclear layer at this stage 
consisted of a single row of regenerating cones. We identified these as imma- 
ture cones, because they had the ultrastructural characteristics of developing 
cones in larval goldfish retinas (Raymond, 1985). Most obvious were their 
columnar-shaped, relatively electron-lucent nuclei and their incipient inner 
segments [club-shaped processes filled with mitochondria that protruded 
through the external limiting membrane; Fig. G(A,B)]. Although immature 
cones were easily recognized, it was difficult to know whether cells in the inner 
layers had regenerated or survived. To show that cones and other retinal 
neurons had regenerated, 3H-thymidine was administered 3 or 4 weeks after 
ouabain injection, and 1 week later the eyes were processed for autoradiogra- 
phy. The cells labeled in these preparations had undergone their terminal 
mitotic division shortly after the 3H-thymidine was injected, and in the inter- 
vening week they had begun to differentiate. Labeled cells were found in all 3 
retinal layers (Fig. 7). We can conclude that these labeled cells had been born 
shortly after the 3H-thymidine injection; i.e., they had regenerated. The his- 
tory of unlabeled cells cannot be specified. They could have survived the 
ouabain or they could have regenerated but with a birthdate either before or 
after the pulse of 3H-thymidine. 

Regeneration was always uneven, so that in a given retina some regions were 
further advanced than others. For example, in Fig. 7(A) the two adjacent 
regions illustrated at higher magnification in Fig. 7(B,C) were at different 
stages of regeneration. In Fig. 7(B) labeled cells included immature cones and 
cells in the inner nuclear and ganglion cell layers. In Fig. 7(D) a labeled 
ganglion cell from another region of this retina is illustrated. In Fig. 7(C) only 
rod nuclei were labeled, and cones were more differentiated than in panel Fig. 
7(B). One interpretation of these observations is that Fig. 7(B) represents an 
earlier stage in the regeneration process during which cones and cells in the 
inner layers were being produced. Fig. 7(C) would represent a later stage, when 
cones and inner layers were no longer accumulating, and rods were finally 
being added. We suggest this scenario because it represents the temporal 
sequence of cell birthdates followed during development in embryonic and 
larval goldfish (Sharma and Ungar, 1980; Johns, 1982). Furthermore, a sys- 
tematic examination of photoreceptor cell numbers at various times during 
regeneration supported the inference that cones were born first and rods 
were added later, just as during normal development. This analysis is pre- 
sented next. 

Fig. 6. Electron micrographs illustrating regenerating retinal neurons. (A) A t  4 weeks after 
ouabain injection, regenerating immature cones (C) had developing inner segments that con- 
tained collections of mitochondria (arrowhead). Vitread to the cones were developing rod nuclei 
(R). (B) In this retina, labeled with ‘H-thymidine at 2 weeks after ouabain injection and processed 
for autoradiography 1 week later, young cone nuclei were labeled (arrowheads). Bars = 5 pm. 
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To follow the time course of photoreceptor regeneration, we first had to 
develop a method to distinguish those that were regenerating from those that 
might have survived the toxin. The best way would have been to apply 3H- 
thymidine continuously in order to label all newly produced cells, but this was 
impractical for a number of reasons. Instead we used morphological criteria 
that were developed in a previous study of photoreceptor differentiation in 
larval goldfish (Raymond, 1985). In that study immature and mature rods and 
cones were distinguished with a selective marker, 3H-fucose, which is incorpo- 
rated into cone but not rod outer segment membranes in goldfish. The mor- 
phological features and the dimensions of outer segments, ellipsoids, and 
nuclei of photoreceptors were charted in fish from hatching to 4 years in age. 
Mature cones could be distinguished from immature cones by two primary 
criteria: length of the ellipsoids and position of the nuclei. Ellipsoids grew 
slowly but continuously throughout the 4-year period. Cone nuclei were ini- 
tially ovoid and were located on the vitread side of the external limiting 
membrane, but over the next month they penetrated through it, coming to rest 
midway across. Mature cone nuclei were peanut-shaped with a constriction at 
the level of the limiting membrane. (In goldfish there are several morphologi- 
cally distinct classes of cones, and this description of nuclear changes applies 
to double cones and long single cones; nuclei of short single cones remained on 
the vitread side.) The same sequence of maturation was observed in regener- 
ating cones in the present study. Using these criteria cones were designated as 
survivors or regenerates in 32 fish examined at 2-10 weeks after ouabain 
injection. For each retina the mean ellipsoid length of double cones and long 
single cones, which are nearly identical in size (Raymond, 1985), is given in 
Table 2. We routinely excluded short single cones from these measurements 
because their ellipsoids are about 2 pm shorter than the others (Raymond, 
1985). In ouabain-damaged retinas, cones with short ellipsoids and ovoid nuclei 
were designated as regenerates, and those with longer ellipsoids and constricted 
nuclei were classed as survivors (Table 2). At 6 weeks or longer after ouabain 
injection, ellipsoids of surviving cones were indistinguishable in length (9-10 
pm) from those in intact retinas (Raymond, 1985), but at 2 and 4 weeks 
ellipsoids of cones that appeared to be survivors based on nuclear morphology 
were shortened by about 1.5-2.5 pm. This probably represents reversible dam- 
age to the cone ellipsoid caused by the toxin. At 2 weeks, 1 of the 3 retinas 
examined in this experiment had no loss of cones [see Fig. 8(A)], and the 
ellipsoids in this case were normal in length (Table 2). As the regenerating 
cones matured, it eventually became difficult to decide whether they were 
indeed regenerating or had survived. This occurred in some cases by 8-10 
weeks (Table 2). 

Fig. 7. Regenerated neurons labeled with 3H-thymidine. These autoradiographs are from a fish 
injected with 3H-thymidine 3 weeks after ouabain. The retina was processed for autoradiography 1 
week later. (A) In this low magnification view, note the patchy distribution of regenerated neurons 
and the cones (arrowheads) at various states of maturation. Two adjacent regions in this field are 
shown at higher magnification in panels B and C. (B) Labeled cells in this region included 
immature cones (C) and cells in the incipient inner nuclear layer (IN). (C) Labeled cells in this 
region were predominantly rod nuclei (R) located vitread to the row of developing cones. (D) A 
labeled ganglion cell (arrowhead) from another region of the same retina. Bars: A, 50 Nm; D, 10 pm 
(also applies t o  C and B). 
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TABLE 2 
Length of Ellipsoids as an Index of SurvivinglRegenerating Cones 

Weeks after Ouahain 

2 4 6 8 10 

Surviving Cones 9.3 (0.6)" 7.6 (1.0) 10.4 (0.3) 9.3 (0.3) 10.9 (0.6) 
7.2 (0.4)b 7.6 (0.4) 9.4 (0.7) 8.5 (0.6) 9.1 (0.6) 
6.9 (0.6)b 7.6 (1.5) 

Surviving andlor 
Regenerating 

Regenerating Cones 

7.8 (0.7)/ 7.6 (0.7)/ 8.1 (0.6)' 8.1 (1.2)' 
4.0 (0.3)d 5.7 (l.2)d 8.1 (0.3)" 7.8 (0.9)e 

7.2 (1.0)' 

3.5 (1.0) 6.8 (0.6) 6.8 (0.3) 6.5 (0.4) 
0 6.0 (0.3) 6.0 (0.6) 6.2 (0.4) 

5.4 (0.4) 5.6 (0.6) 

a Mean (standard deviation) length of cone ellipsoids in micrometers. With 2 exceptions, the n 
was 15 (5 cones, double cones or long singles, were measured in each of three 100 pm samples from 
dorsal retina). Each entry is one retina. Three additional fish in the 2-week group hadno surviving 
cones, and none had been regenerated, so no values appear on this table. One fish in the 4-week 
group had regenerating cone nuclei, but ellipsoids had not yet appeared, so the entry in the table is 
zero. 

In these 2 retinas there were 110 cones per 100 pm. 
Regenerating and surviving cones could not be separately identified. 
Two distinct populations of cones (surviving and regenerating) could be recognized based on 

morphological criteria (see text). 

Regenerating rods were identified by their outer segments, which were simi- 
lar to developing rod outer segments in the larval retina (Raymond, 1985). 
Mature rod outer segments are about 1.5 pm in width and 25 pm in length, and 
they are typically straight and aligned perpendicular to the retinal laminae 
(Raymond, 1985). Developing rod outer segments are very distinctive in that 
they are shorter and wider (up to 2.5 pm in width), and they are initially bent 
tangentially. However, within a few days the nascent outer segment elongates 
and straightens and can no longer be distinguished from its older siblings. 
Unlike cones, nuclear morphology of rods does not change with maturation 
(Raymond, 1985). Regenerating rods were similar in form to immature rods, 
although we did not attempt to measure them systematically. 

With these criteria established, we counted regenerating and surviving rod 
and cone nuclei in 32 retinas at 2-10 weeks after ouabain. Nuclear counts 
(number per 100 pm length of retina) from dorsal retina are plotted in Fig. 8 
(cones in A and rods in B). Counts from ventral retina (not illustrated) showed 
similar trends. The mean values for the left (control) eyes are indicated by the 
horizontal dashed lines, and the shaded areas denote one standard deviation 
above and below the mean. Cone ellipsoid measurements on these same ret- 
inas appear in Table 2. Some retinas had only regenerating photoreceptors, 
some had only survivors, and some had both, and in Fig. 8(A), these three 
conditions are represented by different symbols. When surviving and regen- 
erating cones were present in the same retina, both were included in the 
nuclear counts. At early times (4-6 weeks) the linear density of regenerating 
cones was higher than the normal cone density [Fig. 8(A)], just as the density 
of immature cones in the larval retina is greater than in mature retinas (Johns, 
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Fig. 8. Photoreceptor density in regenerating ret- 
inas. The linear densities (number per 100 p m  
length of retina) of cone (A) and rod (B) nuclei are 
given as a function of time in weeks following in- 
jection of ouabain. Each point represents one ret- 
ina; the symbols reflect whether the photorecep- 
tors in that retina had survived (solid circles), were 
regenerated (open circles), or included a mixed 
population of survivors and regenerates (circle 
with oblique line). The horizontal dashed lines 
represent the mean densities in control eyes, and 
the stipled regions delineate plus and minus one 
standard deviation. All counts were made in dorsal 
retina. 

1982). At  this stage in the regenerative process, however, cones were distrib- 
uted in patches, not uniformly across the retina [Fig. 7(A)]. By 10 weeks, the 
density of regenerating cones was nearly homogeneous across the retina and 
was indistinguishable from normal values [Fig. 8(A)]. In Fig. 8(B) density of 
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rod nuclei is plotted for the same 32 retinas. A solid symbol indicates that all 
rod outer segments in that retina were mature; an open symbol indicates that a 
substantial number of rod outer segments were immature, i.e., regenerating. In 
contrast to cones, the density of regenerating rods was consistently lower in 
injected eyes, and normal values were not yet reached by 10 weeks [Fig. 8(B)]. 
This difference in the pattern of rod and cone genesis reflects both a different 
time course and a different mode of production of these two cell types during 
regeneration as in development (Johns, 1982; Raymond, 1985; Raymond and 
Rivlin, 1987). That is, cones at a given locus on the retina are generated 
simultaneously, in a single layer, and they all slowly differentiate together. 
Rods are generated later, in a scattered and asynchronous fashion, and they 
mature rapidly but accumulate gradually. 

Source of the Regemrated Cells 

As mentioned already, regeneration did not occur synchronously through- 
out the retina. Instead, there were patches of well organized and less well 
organized areas [Figs. 9(A,B)]. The longest intervals we examined were 4 and 6 
months (4 fish), and even then areas of disorganization persisted. The retina 
immediately adjacent to the circumferential germinal zone always looked com- 
pletely normal [Fig. 9(D)], but this probably represented an increment of new 
retina that had been added as part of the normal process of growth (see 
Discussion). 

When neurogenic foci were first evident, they were distributed across the 
retina. Figure 10 shows that at 4-10 weeks after ouabain injection (which 
encompasses the period of most vigorous retinal regeneration), those retinas 
that contained abundant surviving rods [Fig. 10(A)] and surviving cones [Fig. 
10( B)] had few neurogenic foci. In contrast, retinas that contained regenerat- 
ing cones [Fig. lO(C)], regenerating rods (not illustrated; see legend to Fig. lo), 
or regenerating inner layers [Fig. lO(D)] tended to have abundant neurogenic 
foci. The strength of these correlations was tested using a nonparametric 
statistic (Spearman Rank Correlation; Siegel, 1956; pp. 202-213), and the 
values of the correlation coefficients are given in the legend to Fig. 10. These 
correlations were all highly significant. We conclude that the presence of 
neurogenic foci in the retina was correlated with regenerating neurons and 
negatively correlated with surviving neurons. 

Fig. 9. Retinal cytoarchitecture months after ouabain injection. (A and B) In this retina, a t  10 
weeks after injection, the outer nuclear layer (ON) had been reconstituted across the entire retina 
and appeared normal, except that the density of rod nuclei was still somewhat low. The inner 
layers were not as well organized, and there were periodic fusions between inner layers (arrow- 
heads). Occasional fusions between inner and outer nuclear layers were also present. Panel B is a 
higher magnification view of part of the field in panel A. (C and D) In this retina, also at 10 weeks, 
there was no regeneration of inner layers, and the outer nuclear layer remained intact. This is best 
seen in panel C, which is from central retina. (Note the increased density of surviving rod nuclei in 
this retina compared with the regenerated retina shown in panel B.) In panel D the margin of the 
same retina is shown. The arrowhead points to a sharp transition between unregenerated retina to 
the right (centrad) and retina which appears to be organized normally and was presumably added 
as a result of ongoing cell proliferation in the circumferential germinal zone (*) during the 10 week 
interval. Bars: C ,  50 pm (also applies to B); D, 100 p m  (also applies to A). 
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Fig. 10. Histograms illustrating pairwise comparisons of several parameters (cell 
types) associated with regeneration or sparing of cells following ouabain injections. For 
each cell type, each retina was assigned a value ranging from 0 to 5 (see Materials and 
Methods). The larger the number, the more frequent the occurrence of that cell type. 
The bars indicate the means for retinas in each category on the abscissa; the error bars 
are one standard deviation. The numbers within (or beside) each bar indicate the 
number of retinas in each category. A total of 26 retinas were included, all between 4 and 
10 weeks after ouabain injection. The values of rho (the Spearman correlation coeffi- 
cient) and the significance levels are as follows: (A )  -0.627, p < 0.01; (B) -0.725, p 

< 0.001, Other correlations not illustrated had the following values: neurogenic foci and 
regenerating rods, 0.600, p < 0.01; surviving rods and regenerating inner layers, -0.838, 
p < 0.001, regenerating rods and regenerating inner layers, 0.807, p < 0.001). 

< 0.001; (C) 0.767, p < 0.001; (D) 0.714, p < 0.001; (E) -0.741, p < 0.001; (F) 0.764, p 
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We next addressed the question: Which cells in the intact retina gave rise to 
neurogenic foci? If they were derived from cells in the circumferential ger- 
minal zone that migrated inward to colonize the damaged retina, then they 
ought to have appeared first at the periphery and only later in central regions. 
We could not detect such a gradient, however. Regenerating loci were seen 
everywhere, including central retina, even at early times. This distribution is 
similar to that of rod precursors, which are scattered across the retina in 
normal fish (Johns and Fernald, 1981; Johns, 1982). 

In order to determine whether rod precursors could provide a source of 
germinal cells for the regenerating retina, it was first necessary to  show that 
they were not destroyed by the ouabain. It was easy to show that the mitotic 
neuroepithelial cells in the circumferential germinal zone always survived, 
even when the neural retina was completely destroyed [Fig. 5(B)], since the 
germinal zone is a discrete annular strip of tightly packed cells with a unique 
histological appearance. It is not easy to recognize rod precursors in normal 
histological preparations, however, since their nuclei are similar in size and 
staining density to mature rods that surround them. The most reliable way to 
recognize them is to label them with 3H-thymidine (Johns, 1982; Raymond and 
Rivlin, 1987). We therefore did the following experiment. Twelve fish were 
given multiple injections of 3H-thymidine within a 24-h period to label a large 
fraction of the rod precursor population (see Materials and Methods). The 
following day they were injected intraocularly with ouabain, and 1,3, or 7 days 
later the eyes were processed for autoradiography. In all 12 retinas, cells in the 
circumferential germinal zone were lightly labeled, indicative of repeated cell 
division. In those cases in which the outer nuclear layer remained partially or 
wholly intact (8/12), isolated cells in the outer nuclear layer and clusters in the 
inner nuclear layer were lightly labeled [Fig. S(C)]. In cases sustaining nearly 
complete loss of retinal layers (2/12), scattered lightly labeled cells were also 
present [Fig. 5(D)]. Some of these cells had the cytological features (size, 
shape, and basophilic cytoplasm) of rod precursors. In all damaged retinas, 
rare but very heavily labeled cells were found, usually in the inner half (not 
illustrated). The high density of labeling over these cells indicates that they 
probably had divided only once after they incorporated the label, in contrast to 
rod precursors and cells in the germinal zone which had divided repeatedly. 
We do not know what these heavily labeled cells were, but we suspect that they 
were phagocytes. In the remaining two retinas, there was no obvious cell loss 
in any layer, but lightly labeled rod precursors and clusters in the inner nu- 
clear layer were observed (not illustrated). We conclude that rod precursors 
survived in ouabain-damaged retinas. 

Failure of Regeneration in Retinas Sustaining Only Partial Damage 

Not all damaged retinas regenerated. Retinal regeneration occurred only 
when the lesion extended into the outer nuclear layer and destroyed most or 
all of the photoreceptors. Examples of retinas in which regeneration failed are 
illustrated in Figs. 9(C) and 11. In these cases, photoreceptors (both rods and 
cones) were intact, with well-developed inner and outer segments (Fig. 11). 
The axon terminals had synaptic ribbons and vesicles and a few invaginating 
postsynaptic processes (inset to Fig. ll), which probably belonged to the oc- 
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casional horizontal cells that remained. Muller cells were also present, as were 
glia and vascular cells near the vitread surface. Remnants of what once was 
the inner plexiform layer were seen in some regions, but the cellular origin of 
these neuronal processes is not known. 

Further evidence that regeneration of inner layers did not take place unless 
photoreceptors were lost is given in Fig. 10(E,F). The presence of surviving 
cones was negatively correlated with regeneration of inner layers [Fig. 10(E)]. 
Surviving rods showed the same relationship (not illustrated, see legend to Fig. 
10). In contrast, regenerating cones were positively correlated with regenerat- 
ing inner layers [Fig. 10(F)] and similarly for regenerating rods (not illus- 
trated, see legend to Fig. 10). 

The suggestion that regeneration occurred only when photoreceptors were 
destroyed was also corroborated when we compared the amount of 'H-thymi- 
dine labeling in retinas that had variable loss of cells in the outer nuclear layer. 
For this purpose, 7 fish were injected intraocularly with ouabain and 3 weeks 
later were given 3 intraperitoneal injections of 3H-thymidine spaced over a 
24-h interval. One week later their retinas, both left and right, were processed 
for autoradiography. We counted thymidine-labeled cells, and we measured 
the thickness of neural retina and the outer nuclear layer. The width of the 
outer nuclear layer provides an index of photoreceptor number, especially 
number of rods, whose nuclei are entirely confined to this layer (LaVail et al., 
1987; Raymond, 1985). Figure 12  shows that in all 7 fish, the damaged retina 
was reduced in overall thickness by approximately the same amount: on aver- 
age, 54.6%. This was accounted for by loss of the inner layers, which occurred 
in all seven cases. Stimulation of labeling in the experimental eye varied over 
an order of magnitude, from 300 to 3310%, and was directly correlated with 
loss in thickness of the outer nuclear layer [Fig. 12(B), linear correlation 
coefficient, r2 = 0.917; p < 0.011. We conclude that after ouabain injection, cell 
proliferation was stimulated in proportion to the amount of cell loss in the 
outer nuclear layer. 

DISCUSSION 

The most striking, and most surprising, result of this study was that neural 
retina in juvenile goldfish regenerated following a lesion which destroyed 
neurons in all cellular laminae but failed to regenerate when only the two 
innermost laminae (inner nuclear and ganglion cell layers) were disrupted. 
This result a t  first seems paradoxical: the more severely damaged retinas 
recovered better than the less affected ones. The paradox could be resolved if 
the source of stem cells for the regenerated retina were in the outer nuclear 

Fig. 11. Electron micrograph of a retina that did not regenerate. In this retina, 10 weeks after 
ouabain injection, the photoreceptor layer contained a normal complement of rods (R) and cones 
(C). There had been no regeneration of inner retinal layers, which consisted primarily of the cell 
bodies and processes from horizontal (H) and Miiller (M) cells that presumably survived the 
ouabain injection. Most axon terminals of photoreceptors (arrowhead) contained few postsynap- 
tic invaginating processes, although synaptic ribbons and synaptic vesicles were present. Only 
rarely were cone terminals found with as many invaginatingprocesses as the one in the inset. Bar 
= 10pm. 
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Fig. 12. Stimulation of 3H-thymidine incorporation re- 
lated to retinal damage. On the abscissa is the percent loss 
in width of either the neural retina (measured from inner 
limiting membrane, ILM, to external limiting membrane, 
ELM) in panel A, or the outer nuclear layer (ONL) in panel 
B, in the experimental, compared with the control, eyes of 
7 fish at  4 weeks after injection of ouabain. On the ordinate 
is t,he percent difference in number of labeled cells between 
the two eyes. Each point is one fish. (A) The average loss in 
width of the retina (ILM to ELM) was 54.6% and is indi- 
cated by the vertical dashed line. (B) The stimulation of 
labeling was proportional to  the degree of loss in width of 
the ONL. The dashed line is the least squares linear re- 
gression line (correlation coefficient, r z  = 0.917, p < 0.01). 

layer. In fact, the outer nuclear layer of intact retinas contains a population of 
dividing cells called rod precursors (Sandy and Blaxter, 1980; Johns and Fer- 
nald, 1981). Rod precursors normally produce only rod photoreceptors, but do 
so throughout the life of the fish (Johns and Easter, 1977; Johns, 1982). Since 
they are the only mitotically active neuronal germinal cell in central retina, it 
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seems quite reasonable to propose that rod precursors were the source of new 
neurons during regeneration. If this interpretation is correct, it suggests that 
the fate of these cells was altered, that is, they began to produce cells other 
than rods, only when the microenvironment surrounding them (i.e., the outer 
nuclear layer) was disrupted. 

To destroy retinal neurons we used a method introduced by Wolburg and 
colleagues (Wolburg, 1975, 1976; Maier and Wolburg, 1979; Kurz-Isler and 
Wolburg, 1982) in which the cardiac glycoside, ouabain, is injected into the 
posterior chamber of the eye. We found that inner retinal layers were more 
susceptible than outer layers, as Maier and Wolburg (1979) observed pre- 
viously. By injecting 3H-ouabain and processing the retinal tissues with a 
technique which allowed us to localize the radioactive ligand (Ernst and Mills, 
1980), we showed that the gradient of damage matched the gradient of distri- 
bution of 3H-ouabain in the retina. The pattern of damage produced by this 
drug was fortuitous, since it allowed us to analyze the response of the retina 
after loss of cells in inner layers with sparing of photoreceptors in the outer 
nuclear layer and to compare this with the response after loss of inner layers 
as well as photoreceptors. We concluded that the response under the two 
conditions was different: no regeneration in the former case but only in the 
latter. Maier and Wolburg (1979) suggested that regeneration occurred no 
matter how severe the damage. This difference in interpretation is probably 
accounted for by the difficulty in achieving a consistent and reproducible level 
of retinal damage among a group of experimental fish. The dose-response 
curve for retinal damage as a function of the intraocular concentration of 
ouabain is steep (ranging from no cell loss to complete destruction of neural 
retina in less than half a decade; see Table l), and methods for estimating 
intraocular concentrations are not very exact. This could have posed a prob- 
lem in the interpretation of the results in the earlier study, since the fish were 
quite variable in size (7-8 cm and 10-12 cm body length). Each retina can be 
examined only once, so when one looks at a regenerating retina several weeks 
after injection, it is impossible to know precisely the state of degeneration at 
the start. In our experiments, we attempted to distinguish between regenerat- 
ing and surviving photoreceptors using objective criteria based on length of 
cone ellipsoids and shape of rod outer segments. We chose these specific 
dimensions because we knew from an earlier study of photoreceptor differen- 
tiation in larval goldfish (Raymond, 1985) that these measures change signifi- 
cantly during maturation of photoreceptors in this species and therefore serve 
to indicate “age” of the photoreceptors. For cones, this method was reliable up 
to about 8 weeks, by which time regenerating cells began to approach the size 
and shape of mature cells. For rods, the population was restored more slowly, 
and substantial numbers of immature rods were observed in regenerating 
retinas up to 10 weeks and longer. Unfortunately, it was not possible to devise 
such a simple index of maturation for the other retinal cells. However, using 
3H-thymidine autoradiography in conjunction with systematic observations of 
histological material including statistical tests for correlation, we were able to 
demonstrate with a high degree of confidence that regenerating cells in inner 
retinal layers were always accompanied by regenerating photoreceptors. This 
strongly suggests that regeneration was contingent upon loss of photorecep- 
tors and that loss of cells in the inner layers was not sufficient. Furthermore, 
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we had examples of retinas at each survival period up to 6 months in which 
inner retinal layers were missing but the outer nuclear layer was intact. Again 
this observation is consistent with the proposition that retinal regeneration 
did not occur unless the outer nuclear layer was damaged. 

We believe that the most likely source of new cells in the regenerated retina 
is the population of rod precursors that are located in the outer nuclear layer 
of the teleost retina (Sandy and Blaxter, 1980; Johns and Fernald, 1981; 
Johns, 1982; Raymond and Rivlin, 1987). Previous studies noted that when the 
teleost retina was damaged, either by surgical removal of one quadrant (Lom- 
bardo, 1968, 19721, or by injection of ouabain (Maier and Wolburg, 1979; 
Kurz-Isler and Wolburg, 1982), or by injection of the catecholamine neuro- 
toxin, 6-hydroxydopamine (Negishi et al., 1987), mitotic activity was enhanced 
in the outer nuclear layer. 

The evidence that rod precursors are responsible for retinal regeneration 
can be summarized as follows. 

1. Rod precursors survived after ouabain injection. This was shown by label- 
ing rod precursors (and other dividing cells) in the intact retina with 3H-thy- 
midine and following this with an injection of ouabain. Labeled rod precursors 
were found in the degenerated retina 1 week later. Rod precursors were lightly 
labeled, indicating that they had undergone repeated mitotic divisions during 
the l-week interval, consistent with the idea that mitosis was stimulated in 
degenerating retinas (Lombardo, 1968, 1972; Maier and Wolburg, 1979; Negi- 
shi et al., 1987). 

2. Regeneration of the  retina occurred in scattered foci. In regenerating ret- 
inas scattered foci of mitotic cells were flanked by regions containing newly 
regenerated cells. The dividing cells appeared histologically similar to neuro- 
epithelial cells, such as those in the circumferential germinal zone. Maier and 
Wolburg (1979) suggested that mitotic foci in the regenerating retina origi- 
nated from cells migrating inward across the retina from the germinal zone at 
the retinal margin. We do not think this is likely, since their appearance in the 
retina did not follow a centripetal gradient as would be expected if they colo- 
nized the degenerated central regions from a source at the margin. Instead of a 
peripheral-central gradient, the neurogenic foci in the regenerating retina 
were scattered across the retina in much the same pattern as rod precursors in 
the intact retina (Johns, 1982). 

3. Regeneration did not occur unless the outer nuclear layer was damaged. 
There are two lines of evidence to support this statement. First, in some 
retinas at all stages up to 6 months after ouabain injection, the outer nuclear 
layer was intact, and there was no obvious loss of photoreceptors, but the 
cellular laminae vitread to the outer nuclear layer were destroyed. Second, 
retinas that showed evidence of regeneration, judged by the presence of neuro- 
genic foci and the stimulation of 3H-thymidine incorporation relative to the 
control eye, were those that had lost photoreceptors. 

Other potential sources of germinal cells that might be involved in retinal 
regeneration include the retinal pigmented epithelium, the circumferential 
germinal zone, and Muller cells or Muller-associated cells in the inner nuclear 
layer. The pigmented epithelium has been implicated in retinal regeneration 
in amphibians (Keefe, 1973a,b; Reyer, 1977; Stroeva and Mitashov, 1981), but 
neither Lombardo (1968, 1972) nor Wolburg and colleagues (Maier and Wol- 
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burg, 1979; Kurz-Isler and Wolburg, 1982) found evidence of enhanced mitotic 
activity or massive migration of pigmented epithelial cells into the degenerat- 
ing teleost retina; nor did we see any. 

As mentioned above, we did not observe a peripheral-central gradient of 
regeneration as might be expected if the germinal zone at  the retinal margin 
contributed to retinal regeneration. However, mitotic activity was elevated in 
the germinal zone following ouabain injections (Maier and Wolburg, 1979; 
Kurz-Isler and Wolburg, 1982; and the present results). The time course of 
this mitotic stimulation was rapid, commencing within a day or less. This 
effect may have been triggered by growth factors associated with the wounding 
process (Ross et al., 1985), or it may have been a direct effect of ouabain (see 
later). We believe that mitotic activity in the germinal zone resulted in incre- 
mental peripheral growth of the retina but did not contribute to regeneration 
more centrally. In our preparations, even those which failed to regenerate, we 
observed an annulus of apparently normal retina adjacent to the retinal mar- 
gin [Fig. 9(D)]. The width of the annulus (peripheral to central) was correlated 
with the amount of time that had elapsed since the ouabain injection (P. 
Raymond and R. Mangione-Smith, in preparation). The most likely interpre- 
tation is that this increment of new retina derived from the circumferential 
germinal zone was added to the retina as part of the normal growth process. It 
should therefore be considered “new” rather than “regenerated” retina. We 
have reason to believe that this was the case, since the fish, and their eyes, 
continued to grow normally after the ouabain injections. For example, the 3 
fish killed 6 months after injection had grown from 3 cm standard length at the 
beginning of the experiment to an average of 4.4 cm at the end, and their lens 
diameters had increased from 1.5 cm (average for fish in the same experiment 
killed 7 days after injection) to 1.8 mm (average for the 3 fish killed at 6 
months). At the end of the experiment, the experimental eye was the same size 
as the control eye, and retinal areas were approximately the same in both (P. 
Raymond and R. Mangione-Smith, in preparation). We conclude that the 
circumferential germinal zone continued to participate in peripheral growth of 
the retina but did not contribute to regeneration of central regions. In this we 
disagree with the interpretation put forth by Kurz-Isler and Wolburg (1982). 

Another potential source of regenerating cells lies in the inner nuclear layer, 
where clusters of proliferating cells were seen at  short intervals (within a day 
and throughout the first few weeks) after ouabain injection. However, these 
proliferating nests of cells appeared in partially damaged retinas and even in 
retinas with no obvious cell loss. Their identity is uncertain. One possibility is 
that they were Muller cells stimulated to divide by a direct effect of ouabain, 
rather than in response to events related to regeneration. Ouabain has been 
shown to be mitogenic for cultured flat cells (probably Muller-derived) from 
embryonic chick retina (Kaplowitz and Moscona, 1976). Furthermore, Muller 
cells in mammalian retina are stimulated to divide under certain pathological 
conditions such as hypoxia (Wilson et al., 1987) and proliferative diabetic 
retinopathy (Nork et al., 1987). However, we do not know whether the mitotic 
cells we observed at early stages following ouabain injections in teleost retinas 
were Muller cells. Immunocytochemical studies are in progress using Muller- 
specific markers in combination with thymidine autoradiography to answer 
this question. 
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Another possibility, which to us seems more likely, is that the mitotic cells in 
the inner nuclear layer derive from quiescent neuroblastic cells that may be 
retained in this layer after the retina matures. In larval and young juvenile 
goldfish, similar clusters of undifferentiated proliferating cells associated with 
Muller fibers are found in the inner nuclear layer (Johns, 1982; Raymond and 
Rivlin, 1987). These undifferentiated cells in the inner nuclear layer of the 
young larvae give rise to rod precursors that are later found in the outer 
nuclear layer of juveniles and adults. During postembryonic development 
these proliferating cells migrate from inner to outer nuclear layer, along the 
radial processes of Muller cells (Raymond and Rivlin, 1987). They do not 
produce neurons in the inner nuclear layer, nor do they seem to generate 
Muller cells, at least in the intact retina (Raymond and Rivlin, 1987). It is 
possible that a few of these cells persist in the juvenile retina and are stimu- 
lated to divide in ouabain-damaged retinas, and they may even contribute to 
the regeneration process. If they do, it would hardly alter our hypothesis that 
rod precursors are the source of regenerated cells, since these undifferentiated 
cells in the inner nuclear layer normally belong to the rod lineage. 

The question arises as to whether the regenerated retina is functional. 
Stuermer, in collaboration with Wolburg (Stuermer et al., 1985), showed that 
optic axons from regenerated goldfish retinas grew back into the optic tectum, 
and Kastner and Wolburg (1982) demonstrated recovery of visual function 
using a visual reflex: optokinetic nystagmus. 

To summarize, we believe the following events take place in goldfish retinas 
following intravitreal administration of ouabain. First, mitotic activity is stim- 
ulated in proliferating cells, including rod precursors, undifferentiated cells 
probably associated with Muller fibers, and germinal cells at the margin. The 
initial effect is independent of the degree of retinal damage and may result 
from a nonspecific mitogenic stimulus by ouabain or from degenerating cellu- 
lar debris. Second, degeneration of retinal cells proceeds from the inside (vi- 
tread) outward, eventually involving photoreceptors. Third, in those cases in 
which photoreceptors are spared, the inner layers fail to regenerate and con- 
tain only Muller cells and some horizontal cells which survive. If the outer 
nuclear layer is damaged and photoreceptors are destroyed, the retina regen- 
erates. Muller cells appear to survive or a t  least are present during the earliest 
phases of regeneration, although the role they play, if any, is unclear. Begin- 
ning at 2-4 weeks new retinal neurons are generated through mitotic divisions 
of germinal cells located in foci scattered across the retina. Our evidence 
supports the idea that these neurogenic foci are derived from mitotic rod 
precursors present in the outer nuclear layer of intact growing retinas. Until 
we have a specific marker for rod precursors, however, this conclusion rests on 
correlative evidence only. 

The implication of these results is that the fate of rod precursors is altered 
under conditions in which the retina regenerates. It has not been shown that 
rod precursors are committed stem cells, although under normal circum- 
stances they give rise exclusively to rods (Johns, 1982; Raymond and Rivlin, 
1987). It could be that the progeny of rod precursors are normally directed to 
differentiate into rods (or are prevented from becoming anything else) by 
signals in the local environment of the outer nuclear layer. This interpretation 
is attractive because it offers an explanation as to why regeneration is contin- 
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gent upon disruption of the outer nuclear layer and loss of photoreceptor cells. 
We think it is especially noteworthy that the neurogenic foci in the regenerat- 
ing retina are directly apposed to the external limiting membrane (the former 
ventricular surface) and the inner limiting membrane with its accompanying 
basal lamina. Neuroepithelial cells in the circumferential growth zone have a 
similar configuration. Rod precursors in the intact retina, in contrast, have 
lost their attachment at both surfaces (Raymond and Rivlin, 1987). The signal 
that triggers rod precursors to alter their lineage restrictions and return to a 
pluripotent state might be contact with one or the other surface. Recent 
studies by Reh and coworkers (1987) suggest that contact with the basal 
lamina (vascular membrane) may trigger metaplasia (transdetermination) of 
migratory pigmented epithelial cells in the devascularized, degenerated am- 
phibian retina (Reh and Nagy, 1987). Upon contact with this membrane, or 
perhaps more specifically with the laminin that it contains (Reh et al., 1987), 
pigmented epithelial cells become depigmented, begin to proliferate, and give 
rise to a germinative neuroepithelium from which the neural retina regener- 
ates. Similar signals might control the determination of rod precursors in the 
teleost retina. 

The factors controlling neuronal differentiation are not well understood in 
any system. Growth factors, such as NGF (nerve growth factor; Levi-Montal- 
cini, 1982) and cholinergic conditioning factor (Patterson, 1978; Fukada, 
1980), have been implicated in some systems. Cellular interactions play a role 
in other cases (Doe and Goodman, 1985). Recent work in fish (Negishi et al., 
1982, 1987) and frogs (Reh and Tully, 1986; Reh, 1987) has suggested that 
feedback from differentiated neurons may regulate the rate of production of 
specific types of new retinal neurons in the circumferential germinal zone. In 
these experiments, 6-hydroxydopamine (Negishi et al., 1982, 1987; Reh and 
Tully, 1986) or kainic acid (Reh, 1987; Negishi, personal communication) was 
injected intraocularly to selectively destroy specific populations of retinal 
neurons. The germinal zone at the ciliary margin responded by increasing its 
rate of production of those specific classes of cells that had been lost. The 
production of other cell types continued at control levels. Nothing is known 
about the mechanism of regulation involved in these experiments, not even 
whether there are committed stem cell lines for various retinal cell types 
within the germinal zone that are selectively affected, or whether there is one 
pluripotent stem cell line and the spectrum of progeny it produces is altered. 
The situation in the ouabain-treated goldfish retina differs in that an identi- 
fied class of cell-specific progenitor is affected, the rod precursors, whose 
progeny are restricted to the rod lineage in the intact retina. In the regenerat- 
ing retina, these cells are induced (or permitted) to express a wider range of 
potential fates, but only after the differentiated photoreceptors around them 
are destroyed. Our goal now is to discover what triggers this alteration in cell 
determination. 
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