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Lighting Conditions and Refinal Development in

Goldfish: Photorecepror Number and Structure
Pornela A. Raymond,* Car J. Bassl. 1 and Mowreen K. Powerst

The retinas of 63 goldfish were examioed after varying durations of exposure 1o one of three enviroa-
mental lighting conditions beginning before hatching: constant Jight (340 bux), cyclic fight (12 br 320
lux, 12 hr dark) and constant dark. Up to 8 months, no effects of constant light or dark on phoiore-
ceplor numbers or structure were appareni. Densities of rod mod cone muclei were pormal and all
retinal layers appeared aormal by light microscopy. Exposure 1o constant light for 12 menths or longer
resulied iv & reduction in rod density by 37%. Cone pumbers were unaffected by constant light, even
with exposures of 3 yr, nud rod and cone outer segments were normal in length at 11-20 months under
all enviropmental conditions. Due to poor survival, only one snimal was available for quantitative
examination from the group reared in constant dark 12 months or ionger. Photorecepior size and
aumbet ip this reting were similsr to those in the constant light condition. The results suggest that the
formation and maturation of rods and cones in goldfish retina is unaffected by rearing in constant fight.
However, long-term exposures (212 moaths) may disrupt maintenance of differentinted rods. Invest

Ophthalmol Vis Sci 29:27-36, 1988

The nature of the visual environment influences
many aspects of visual structure and function. One of
the most profound of these interactions is the delete-
rious effect of exposing photloreceptors to constant
illumination over a period of days.!"* Even low
{=< 1000 lux} to moderate {1000 1o 3000 ux) levels of
illumination typical of a normal photopic environ-
ment can cause damage, the severity of which varics
in different species.! The mechanjsm of fight damage
is not known, but it is thoughy to be mediated by
absorption of photons by phatoreceptors as part of
the normal process of visual transduction.*®

Retinal damage by constant light has been demon-
strated in adult rodents’* primates,® frogs'® and
fish,"' among others. In general, photoreceptors are
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the most affecied retinal cells, with the first evidence
of damage being loss of outer segments.™ Less severe
lesions, such as damage to or ioss of outer segments,
are reversible, but if the process is allowed to con-
tinue, photoreceptors eventually die, and in mam-
mals this loss of celis is irmeversible. Rods appear to b
more sensitive than cones, which persist Jonger in
damaging lighting conditions.'*"? A few rcports de-
scribe damage and cell loss in the inner retinal layers
as well as in photoreceptors.'®'*

In contrast to the large literature on light damage,
the effects of constant darkness on retinal structure
are not wel! studied. A few reports deal with develop-
ment of the retina and differeatiation of photorecep-
1015 in constant darkness, but the conclusions are in-
consistent. Eakin' reports that in tadpoles (Hyfa) the
photoreceptors differentiate normally in constant
darkness, whereas Besharse and Brandon'* found
that in cave salamanders, in which degeneration of
photoreceptors occurs normally a1 the end of tarval
development, photorecepior loss was more severe in
animals raised in constant dark than in constan
light. Hollyficld et al'® also found greater cell loss in
adult frogs (Rana) kept up 10 20 days in constant dark
compared to animals kept in constant light.

All of these studies have sought 10 determine the
influence of the visual environment on the differen-
tiation or maintenance of retinal cells. A separate
question is whether alterations in the visual environ-
ment can modify the initial formation, by cell divi-
sion, of retinal neurons, and especially photorecep-
tors. This question is difficult vo answer for mammals
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because most tetinal cells are born prenatally.'™'’ It

can be addressed in teleost fish. where retinal neuro-
genesis continues throughout larval and adult life,!%*
In many fish, rods continue to accumulate as the
retina grows throughout postembryonic life. Special-
ized progenitor cells, scatiered across the relina
within the layer of rod nuclei, undergo repeated mi-
1otic divisions and produce new rods that are inscried
into the photoreceptor mosaic.'"? It is not known il
these new rods are differentially vulnerable 1o dam-
age by the visual environment.

To study the effects of 1he lighting environment on
retinal neurogenesis, we raised goldfish from haitch-
ing through 3 years of age in consiant light, constant
dark, or cyclic light, Our results demonstraie that
neurogenesis in the poslembryonic retina is appar-
enily unaffected by lighting conditions, and that 1e-
leost photoreceptors are remarkably resistant (o the
damaging effects of constant light or constant dark.

Materials and Methods

All procedures adhesed 10 the ARVO Resolution
on the Use of Animals in Research. Mature goldfish
obiained from Ozark Fisheries (Stoutland, MO) were
spawned in the laboratory.”? At the beginning of the
experiment. aboult 2 days prior 10 haich, the embryos
were placed into their respective lighting environ-
ments in 10 gallon aquana with approximately 20
embryos per tank. Embryos and fish were mainiained
at about 20°C in aerated 1ap water. Larvae and young
juvenile fish were fed live nauplii of Arenua (brine
shrimp) until they reached an approximale size of 1
cm (standard body length. exclusive of wil), a1 which
time a dry commercial goldfish food (Tevramin) was
given. In general, fish were fed once daily.

Fish were removed from the tanks a1 imervals of |
week 10 36 months after hawching, and their petinas
were processed for histology as descnbed below. The
experiment was repeated twice with minor variations
in histological and morphometnc procedures (Senies
1 and Series 2, below). The resuits of the two replica-
tions were virtually identical, so the data were com-
bined for analysis.

Enviranmental Lighting Conditions and
Number of Animals

The cyclic lighting (LD) group was kept in daylight
Nuorescent lighting (Sylvania F40/D), tumed off be-
tween 8 PM and 8 AM, CST. Light intcnsity at the
water's surface was 320 lux (86 pW/cm?);, measured
through a column of water equivalent 10 the 10 gal
1anks, it was 3H) lux (83 uW/em?). The group main-
tained in continuous illumination (LL) was in a sepa-
rale soom, with daylight fluorescent lighting of 34¢
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lux (91 uW/cm?) at the water's surface. The third
group of animals was kept in continuous darkness
(DD) in a lightproof cabinet in a photographic dark-
room. These fish were fed using a dim red (Kodak
Wratten filter no. 29; Rochester, NY) flashlight.

Sixty-threc retinas were examined: 20 from fish
that had been reared in LD, 32 from fish reared in LL
and || from fish reared in DD. Survival rates for DD
fish were low compared to the other two groups. The
poor survival rate combined with the impossibility of
counting photoreceptor nuclei in some DD retinas
(see Results) reduced the total number of DD fish
available for photorecepior counts to five. Even
though this number is small, the data from these fish
are included in the results 10 indicate trends observed
with different durations of darkness during rearing.

Because we lacked animals in the LD group at sur-
vival times of >12 months, we have included for
comparison threc fish purchased as juveniles from
1he same supplier that provided our breeding stock.
The lens diameters of these fish were comparable 10
LL and DD fish a1 >12 months, but they were of
unknown age (sce Table 1). These fish had been
haiched and grown in outdoor ponds and therefore
experienced a cyclic lighting environment prior 10
armival in the lab. Upon receipt they were placed in
conditions similar 10 the LD group. Histological and
morphometric procedures were the same as for the
experimental animals. Table | lists the 42 fish for
which we have quaniitative data on photoreceptor
numbers, along with their lens diameters.

Histological and Morphometric Procedures

Series |- Embryos were from a single spawn in
May. 1981. Up 10 three animals were removed from
each experimental group at 1, 2, 4, 8, 12, 26 and 52
wecks after hatching. The retinas of two additional
LL fish from this series were processed al 36 months
of age.

Fish <4 weeks of age were fixed whole in 2% glu-
araldehyde, 2% paraformaldehyde. Older animals
were anesthetized (Finquel, Ayerst, New York, NY)
and decapitated before fixing; this procedure was
completed within | min. The corneas were punctuced
and the lissue was fixed overnight. DD fish were sac-
rificed under dim red illumination. Tissues were de-
hydrated and embedded in Epon 812, either as intact
heads (<4 weeks old) or cyes (=8 wecks old). Sections
were cul al | um thickness and siained with methy-
lene blue-azure 1. .

The initial analysis was performed without knowl-
edge af the light exposure history of the retinas, The
lens diameter was measured from a camera lucida
wracing of its circumference in the sécuon in which
the diameter was maximal. Measurements were cor-
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rected for histological shrinkage of 15%. This value
was determined by comparing the diameters of three
cyes measured afier fixation and measured again afier
embedding. Comparison wilth the same measures
made before fixation showed that the fixation itself
caused negligible shrinkage.

Cone and rod nuclei were identified based on cy1o-
logical features described previously.'*1%# Bricfly,
cone nuclei form a single row along the external lim-
iting membrane. They are larger and paler stained
than rod nuclei. Rod nuclei are smaller, darker and
stacked in rows up to three or four deep, vitread to
the cones. For cell counts, we selected three nonadja-
cent meridional sections. Within each section, we
counted the number of cone and rod nuclei in a seg-
ment of retina 0.4 mm long superior 10 the oplic disc.

_ Counts were made with a X100 oil immersion objec-

tive. The means of the three samples were compuled
and expressed as planimetric densilies (number per
mm?), corrected for counting crrors due 10 split nu-
clei with a modified Abercrombie factar.®

Series 2: The experiment was replicaced with a sec-
ond group of fish from a single spawn in February,
1983. A maximum of two fish were removed from
each of the three lighting conditiops st 1, 2, B and 11
months; one fish in DD was sgcrificed afier 20
months, two in DD after 25 monihs, and 1wo in LL
after 36 months. The four fish a1 25 months or longer
were used for the companion psychophysical study
prior 1o sacrifice.?®

Tissues were fixed as in Series |, except that 0.1%
picric acid was included in the fixalive in some cases.
Afier 2 1o 3 days in Bxasive. tigsyes were rinsed in
butter. Eyes were dissected frotn the larger hsh (=8
months old}, 1the lens was removed and its diameter
measured with calipers. Lens diameiers for younger
fish were measured from sectiohs and corvected for
shrinkage as described in Series |, Tissuos were dehy-
drated 10 95% ethanol and embedded in glycoimeth-
acrylate (Sorvall Embedding Medium, Dupont,
Newtown, CT). Sections were cut a1 3 um thickness
and every other slide was bleached in powssium per-
manganale/oxalic acid'* 1o decolonize melanin in the
reunal pigmented epithelium (RPE). Sections were
stained with Lee's mixture of meihylene blue and
pararosaniline."”

Only retinas from animals in this series 8 months
or older were used for cell counts, but | and 2 months
retinas were examined qualiatively. For the cell
counls, two merdional sections were selected, and
cone and rod nuclef were counted in three retinal
segments, each 0. mm in lengih, chosen from the
central onc-third of the retina, for a total of six sam-
ples from each eve. Planimetric cell densities were
computed and corrected for split nuclei as in Series 1.

Table 1. List of experimental animals on which
morphomotnc measurements were made

Age Lens diaru

Fish Condition {monihs) fmm)
1AL LD 0.25 008
1A4 LD 0.25 0.09
1C3 LL 0.25 0.17
1CY LL 028 0.1
285 LD 05 019
pio] Lt 0.5 0.10
pio]] LL 0.5 [ 3]}
4C2 LD i 0.23
4A) LL [} 0.30
4A4 iL 1 034
BAl 1D 2 0.69
iIm L 1 0.82
D4 n 2 0.86
1282 LD 3 0.6%
12484 LL 3 0.70
12A1 LL k] 0.88
12C4 DD 3 _05s
12C2 DD L] 0.68
26C\ LD & 098
26C3 LD [ 11
26A2 LL [ 1.03
26A4 LL [ 1.03
2682 LL 6 Lil
2606 DD [ 098
BM2 LD 8 123
BMb& 18 1 1.07
M3 L 8 1.30
12} DD 8 1.50
LIM7 [H) 1 1.49
EIM5 LL 1] 116
§IM6 LL 1} 1.37
$2A2 LD 12 1.29
52A3 LD 12 1.33
5204 LL 12 140
52C3 L 12 142
3202 LL 12 1.14
WM DD 20 1.35
12AB1 1L % 194
4ABI LL 36 28
ONC) LD ? 1.70
ONC3 Lp ? 270
ONC4 LD ? 280

Each fish is ideatificd by a code (bt column). The lighting condu
under which 1L was caised (cyclc, LD, consiant light, Li, constant dark. [
it indwcated in the second column. The sge of the animal a1 sxnfioe
maonths) and the diameier of ns kens in mm) are pven. The lau th
animals [ONCI, ONC3, ONC4) were puschased &8 juvesiles, and sheir &
are unknows (sor KL}

¥

The lengths of cone and rod outer segments w .
measured in five fish from Series 2 with exposu
times of 11 or 20 months. Care was 1aken 10 ensu
that only intact outer segments, contained col
pletely within the 3 um thickness of the section, we
selected for measurement.? Bleached sections we
used for measurements because photoreceptor ou
segmenits in unbleached sections were pantially «
scured by overlying melanin granules.” Thirty
more outer scgmenits of three morphological ty}
(rods, long double or single concs and short sin
cones) were selected from each retina and were dra’
with a camera lucida at a final magnification
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Fig. 1. Photorcceptor densities as a funcuon of age. Cones are not
affected by reaning in LL or DI but rod denaivy is reduced signifi-
camly afier 12 months, Circles. LI mangles, 1L filled squares,
DD, Each point represents the mean of 1m0 Lo sin Feunas, with the
exception of the DD value a1 > 12 mo_, which v s single retina {see
TFabie 2) Error bars aze one standasd ervor of the mean, bars for LD
point lefiward. those for LL point nghtward and thosc for DD
pornt both left and nght. The data for the LD condinon are con-
nected by sohd lines, and 1hose for LL are cuanccied by broken
lines; D[} data are unconnected. The value of the X coordinate for
each point is arbitrardy et at the upper end of ihe range for thai bin
{see Table 2).

x1150. Mean lengths of outer segments were deter-
mined with the aid of a Zeiss (New York, NY) IBAS
image analvsis system.
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Results

This experiment was designed to measure the ef-
fects on photoreceptor densities of rearing in different
lighting conditions. The results will be presented first
in those terms. 1t is important 10 recognize that in
norma) goldfish, photoreceptor density is correlated
more strongly with the size of the animal (or the size
of its eye) than the age.'® We have therefore also ex-
amined the data as a function of the size of the fish at
the 1ime of sacrifice.

Phatoreceptor Densities Related to Age
and Length of Exposure

Figure | shows rod and cone densities in goldfish
exposed from hatching to ages of 1-36 months in
constant hght (LL), constant dark {DD} or cyclic light
{LD». Table 2 shows the number of fish contributing
1o each point in Figure 1.

Cone density decreases with age in normal goldfish
due to growth of the tye and streiching of the ret-
ina.'*"* Cone densities in the LD fish decreased with
age (Fig. 1). Rearing in LL or DD did not affect this
pattern {Fig. 1). Al any given age, cone densities in
fish reared in LL or DD were equivalent 10 1hose in
fish reared in LD, with the exception of the 2-3
month group where densities in LD fish were higher.
This discrepancy is the result of vanations in the size
of the fish in this sample, due 10 variability in individ-
ual growth rates (se¢ below).

A previous study'® showed thal the age profile of
rod densities in normal fish is different from that of
cones. During larval stages (up to 3 weeks after haich)
and in young juveniles the density of rod nuclei in-
creases rapidly until it reaches a peak at 2-4 months.
During this period, rods are added centrally by mi-
totic division and subsequent differentiation of spe-
cial rod precursor cells scattered across the retina; this
does not occur for cones.'??!'12 Rod proliferation in
the young retina is of sufficient magnitude 10 surpass
the opposing tendency, stretching, which pulls apan
cones and other cells. Beiween 4 and 8 months, pro-
liferation of rod precursors wanes, and rod density
thereafter remains approximately constant.

The LD animals in the present experiment fol-
lowed 1his patiern. Up 10 8 monihs the same patlern
of rod addition occurred in LL and DD animals, but
at 12 months and beyond differences became appar-
ent. In the LD (control) group, rod density remained
stable from 8 10 > 12 months, but in the L1 group rod
density continued to fall until 12 months, when it
stabilized at a value 37% lower than in the LD fish.

The effect of DD on rod density is less clear be-
cause fewer fish survived in this conditon and be-
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Table 2. Photoreceptor densities by age
Age Mean cones Mean rods
{munihs}t Condition N per mey’ (thousands) SEM per mm’ (thousands) SEM
<} LD 3 228 23 78 13
LL 6 24 4 58 8
1-3 LD 2 139 n 1] 37
1L 4 172 L] 1758 20
Do 2 188 15 158 24
6-8 LD 3 17 15 148 18
LL 5 " 13 146 n
DD 2 87 24 182 31
11-12 LD 4 75 6 151 13
L 3 66 4 94 10
>12 LD 3 20 2 170 2
LL 2 2 1 I 0
DD i 36 — 109 —

Fish are grouped into five bins according to their age at sacnhice, and
further subdivided by eaperimental condiuon (LD, LL. DD). The number of
fish (N), the mean densues of cones and rods per mm’ (10 thousands) snd
e standand error of the mean (SEM} are pven. Rod densties wete agnifi-

cause most retinas from fish exposed for long dura-
tions had severe disruptions that precluded quantify-
ing photoreceplor densitics (see below). Only one
retina could be used for photoreceptor counts from
the DD group reared 12 months or longer. The den-
sity of rods in this fish’s retina fell within the range of
vatues for the LL animals, suggesting that rod densi-
ties might also be reduced by rearing in DD.

Can Differences in Growth Rate Account For the
Dif{erences in Rod Density?

It is possible that development in general could be
siowed by rearing in unusual lighting environments.
This issue is important 10 consider because in gold-
fish the number of retinal cells is more closely related
ta body size than to age." If, for example, fish reared
in constant light grew at slower rates than fish reared
in cyclic light, then a reduction in rod density in older
fish could be a reflection of smaller eye size instead of
a direct effect of constant light on photoreceptor de-
velopment. Figure 2 shows that this was not the case.

Each point on Figure 2 represents the diameter of
the lens for one fish, as a function of the fish's age.
Lens diameter has been used as an index of growth
because eye size is more closely related 10 retinal pa-
rameters than 1o body length.'® Figure 2 shows that
no systematic differegces in growth rate occurred
with these experimentzl conditions. Logarithmic
curves fit by least squares regression (see Figure cap-
tion) indicate that the three groups do not differ from
cach other. Dificrences in growth rates among LL,

canlly lower m LL relinas than in LD retinas 1P < 0.025, one-Lailed ank
som est*;, F < 0001, x* {-Fit ies). Conc dwd not differ
with al di Si | 1263 were 80t stlempled with DD
daw

LENS DIAMETER (mm)

T T T T T T T
2 4 6 ] 10 12

AGE (months)

Fig. 2. Growth of fish in different lighting conditions. This graph
shows lens diameter as a function of age foc fish up to 12 monihs
old, from Table 1. Each point represents an individual fish. An
eatra point has been added for a DD fish at 11 months; this fish
docs nol appear in Table 1, Circles, LD; triangles, L1 filled circles,
DD. An exponential function was fil by beast squares to the daa
from ¢ach experimental condition (¢ = .98 for LD, sokid curve; ¢
» 0.95 for LL, upper dashed curve, r = 0.84 for DD, lowes curve).
No differcnces in growth rae were apparent for fish in the different
reaning candilions.
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ceptor density as a function of lens diameter, which,
as Figure 2 shows, was not aflected by the experimen-
tal highting conditions.

In Figure 3 we have plotted the density of cones
and rods as a function of lens diameter, with the data
grouped in bins (see caption and Table 3). For the
cones this representation of the data gives a smoother
curve than the plot by age (Fig. 1). At no lens diame-
ter was theve any difference in cone density between
LL and LD fish. Moreover, for both groups the de-
crease in cone densily was direcily proportional to
lens diameter, as would be expecied if the decrease in
densily were due 10 expansion or streiching of the
retina. For the rods as well, the curves are quite simi-
Jar in shape 10 those of Figure 1. Rod densities are
lower in LL fish compared 10 LD fish, by 24% and
35%, respectively, in the two largest size classcs. We
conclude that rod densities are reduced by rearing in
constant light, while cone densities are not.

Outer Segment Lengihs

When measured afier 1-2 years of exposure 1o
constant light or constant dark, rod and cone outer
segment lengths were not different from LD controls
(Fig. 4). The length of rod outer segments, averaged
over all three lighting conditions, was 34 um; long
cones (coniaining red- or green-sensitive phoiopig-
ment®®?7) averaged 14 um and shon cones {contain-
ing blue-sensitive photopigment™*’) were just under

Additional Observations on Retinal Structure

We made qualitative observations on 19 retinas in
addition 1o those listed in Table L. These fish were
intained under one of the specified lighting condi-

tions for 1-2 months (n = 5 in LD, four in LL and
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DD and LD fish therefore cannot account for the
differences observed in photoreceplor densities.
Another factor 10 consider is that goldfish normally
grow at different rates; fish of the same age in Figure 2
differed in lens digmeters by as much as a facior of 2,
even when reared in LD. This variation in individual
growth raie coninibutes 10 the vanance in photare-
ceptor density when plotted as a funcuion of age. Its
contnbulion can be faclored out by plotling photore-

three in DD), 1t months (n = 1 in DD)or 2-3 yr{n
= 4 in LL and 2 in DD}. The retinas from the -2
month old fish appeared normal and similar to cach
other under all three lighting conditions. There was a
scvere Joss of rods in the 11 month DD retina. Be-
cause 1his retina was so difterent from all the others, il
was nol included in the quantitative analysis. In four
out of nine of the 2-3 yr retinas (three in Table 1, plus
the six mentioned here: four LL and two DD) the
laminar arrangemeni of the photoreceplors was
grossly distoned; no such effect was ever observed in
retinas exposed for 12 months or less. The disruption
included scalloping of the outer nuclear layer and the
layer of photoreceptor cell processes, and it occurred
in two LL and two DD retinas. Because of the distor-
uion and folding in the outer layer in these retinas it
was not possible to obtain histological sections striclly
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Table 3. Photoreceptor densities by size

.y

Lens diameter Mean cones Mean rods

{mm} Conditivn N per mon? {thousands) SEM per mat? {thousands) SE

0.5 LD 3 22 23 % I

LH N [] 224 4 b1} H

0.51-1.0 LD 4 156 49 19 3

LL 4 m 6 175 b

DD 3 162 27 M 2

LiI-05 LD 5 19 9 157 3
LL 10 8 L] 120 1,

[3]9] 2 49 13 129 ¥

>S5 LD 3 2 2 170 2

LE 2 22 1 m 2

Fush are grouped inta four bins sccording o Lheir kens dametes {in mm),
and further subxdivided by eaperumental conditvon (LD, LL, DD The num-
ber of Ash (N}, the meas densitses of cones 40d codds per mm? {in th ds)

of the difference betweew LL and LD fish shows that overall Lhese were fey
vods in the LI condition (P < 0.025} sad 4 X? 4t show that 1he dutnbuti

aad the Slandacd crvor of the satan (SEM ) are given. Again, & rank sum 1es®

perpendicular 1o 1the layer of photorecepiors; the sec-
tion plane passed obliquely through many of the cells.
Therefore we could not measure plammetric densi-
ties of pholorecepiors in these preparations, although
both rods and cones appeared to be present. Because
none of the LD fish from the spawns of Series | and 2
remained at 2-3 yr for comparison, we also cannot be
certain that the retinal disorganization was due to the
experimental lighting conditions and not due (o un-
known, bul non-light relaled conditions. However,
the fact that about half of the LL and DD retinas
from 2-3-yr-old fish had normal histological organi-
zalion argues against such facors,

Discussion

We have shown thal rearing goldfish in constant
light leads 10 a 30 10 40% loss of rod nuclei in the
outer nucicar layer, but only afier exposures of more
than 8 months. Our data 1entatively suggest that con-
stant darkness may similarly lead to rod loss. In con-
trast to rods, the cone pumben were unaffected by
any expenmental condision. Because lens diameters
were also normal after rearing in copsiant light, we
conclude that retinal growth and the initial produc-
tion of new photorecepiors in the young goldhsh is
independent of environmental inpur.

One of the pnncipal goais of this study was 10 de-
termine the role of visual siimulation in retinal neu-
rogenesis and development, and we selecied the gold-
fish as an experimentai animal because pholorecep-
tor addition occurs postcmbryonically. In fact, over
95% of the retinal surface area in a 2-yr-old goldfish is
composed of neurons generated postembryonically
and added as annuli of new retina at the peripheral
margin in the freely-swimming, visually lunctional

of rod densitses with age is il bt LL and LD Rsh (F < 0.001 )
fsh have lewes rods.

animal.?® Only a small circular patch near the cent
of the retina, accounting for 5% of the total are
conlains neurons thal were postmitotic at haichin
At haiching the outer nuclear layer contains on
cones'® and therefore vinually all of the rods are ge
craled postembryonically, A period of vigorous pr
liferation by special rod precursor cells duning tl
first few monihs afier hatching leads 1o a rapid acc ,
mulation of rods,'*?? and our resulis show that th |
process is independent of lighting envirconment. A
though we have not quantified retinal neurons oth
than photoreceptors, the normal appearance of 1l
cellular layers in retinas from LL and DD fish, cor
bined with the lack of an effect on number of con¢
suggesis that postembryonic neurogenesis of ail re

o
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Fig. 4. Length of ph ouvler segments in differe
lighting condili No ¢flecr of rearing in LL or DD w
observed on either cone or rod OS5 lengih afier §1-20 monil
Symbols as in other figures. Each point is the mean of 30 or mc
measurements of individual photareceprors from one retina; ¢n
bars ar¢ one vandard deviation.
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nal neurons is similarly independent of visual stimu-
lation.

This conclusion is consistent with the general no-
tion that the initial establishment of neuronal popula-
tions is accomplished according (o predetermined ge-
netic instructions.?®% In most species, however,
neurogenesis is primarily an embryonic event. ¥ Al
though mammalian retinas show limited neurogen-
esis after birth,"® vision is not fully developed at this
stage. Fish retinas, in contrast, continue 1o gencrate
neurons while in a fully functional state. The only
comparable situation in mammals is the olfactory
epithelium, where the population of sensory cells is
continuously renewed.’’ Bui the olfactory ncurons
are a special case in that they normally die and are
replaced by new cells, whereas neurons in the hsh
retina do not normally die, so that continued cell
proliferation serves 1o increase their total numbers.
We have demonstrated that despite their potentially
vulnerable position, the ncuronal germinal cells in
the fish retina continue 10 produce new neurons and
these new cetls continue to differentiate, even when
the visual environmenl is abnormal.

Exposing adulr fish 10 constant light can have a
marked and rapid effect on the retina. Penn'' placed
golden shiners (Noremigonus) in constant light of §50
or 1250 lux (2.5-3.7 X higher than the intensities we
used) for up to 14 days and then measured several
indices of retina structure, including rod outer seg-
ment length and number of celis in the outer and
inner nuclear layers and the ganglion cell layer. He
found a decrease in cell density in all layers and a
reduction in length of rod outer segments afier expo-
sures of 4-14 d. compared 10 controls kept in cychc
light. The damage was greater in dorsal retina com-
pared to ventral. Rapp and Williams® similarly found
greater celt 1oss in the dorsal retina of rats exposed 1o
constant light. This regional variation in severity of
light damage has been attributed to 8 higher concen-
tration of rhodopsin in dorsal reuna due 1o cither
longer outer segments of MOre numerous rods in that
region.®'! This interpretation is based on the premise
that light damage is directly relaled 1o the amount of
light absorbed by the photopigment.** Regional vani-
ations in rod loss were not investigated systematically
in the present study.

Marotte ¢t al*? kept juvenile and adult goldhsh
{3.5-8.0 cm body length} in constant light of 1-2
foollamberts for up to 9 months. This intensity is
about g of ours, which was 18 footlamberts at water
surface (M. Powers, personal observations). They
found a 15 10 30% decrease in thickness of the outer
nuclear layer in the constant light condition, with the
greater effects in the Yarger Ash. Although they did not

count individual nuclei, they interpreted this result as
a loss of rods, compatible with resulis of the present
study. When rod loss was first observed here, the fish
were nearly equivalent in size 10 the smallest ones
used by Marotie e al (about 3 cm in body length),
and by the £nd of our study, the hsh were about 8 cm,
ie, equivalent to their fargest animals.

The index used here 10 examine the rod population
(cell density) represents the net product of addition
and loss, We observed a net loss of rods in fish reared
in constant light, beginning after nearly a year of cx-
posure. This decrease in rod density probably repre-
sents cell death rather than lack of rod addition, for
the following reasons. If the nature of the visual envi-
ronment had influenced rod genesis, we would have
expecied to see some sign of this during the carly
postembryonic period when the majority of rods are
generated. It is possible that constant light destroys
differentiated rods throughout the period of exposure,
even though a net effect is not seen until 1 year. In the
youngest fish, dividing rod precursor cells may be
sufficiently numerous and/or responsive to increasc
their rate of production of new rods $0 as (o counter-
act the cell loss. We have independent evidence that
the rate of proliferation of rod precursors can be regu-
lated by other extrinsic factors, such as nutrition
(P. Raymond. unpublished observations). In older
fish, rod addition normally diminishes,'* and at this
stage lhe 1o precursor pool may not be capable of
overcaming the cell loss induced by constant envi-
ronmental lighting conditions, and as a resull the
density of rods declines. [t is known that when adult
fish are placed into consiant light, photoreceptors are
lost within a few weeks.''3? Clearly in this case cell
death is involved, as 1he length of time is 100 shost for
any effect on ceil addition to be manifesi. To summa-
rize, pholoreceptors are certainly destroyed by con-
stant light in older fish, and this may also occur in
younger fish, bul in the laiter increased production of
rods could compensaye for the loss. The observation
by Maroite ot al’? that larger fish suffered more severe
loss of rods fits with this interpretation. From our
present dala we could not assess the rate of rod pro-
duction, nor did we make a concerted search for pyk-
notic, dying cells, so we offer this suggestion as a
hypothesis thal remains to be tested.

There are & few other developmental studics in-
volving constant light in lower vericbrates, % and
all of the studies, including the present one, indicale
that constant light in the young retina docs nol pro-
duce damage comparable to that seen in adulis,
whether in frogs' or in fish.'" The situation is there-
fore simitar 1o that in rats, in which light damage is
greater in adults than in young animals.”’ The reason
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for this is not entirely clear, but in rodents it may be
related 1o hormonal changes accompanying pubery.
We do not know whether the loss of rods observed in
the goldfish retina, beginning at about 1 year of age,
was coificident with the onset of sexval maturity. Itis
possible, since goldfish have been reponted to spawn
at | year of age.™

Outer Segment Lengths

Retinal photoreceptors in goldfish exhibit a rhyth-
mic daily shedding of the tips of their outer segments:
cones shed at light offset and into the dark period and
rods shed at light onser.”* Shedding in most species
is abolished during the first few days in constant light,
but in Rana afier 20 days of constant light, shedding
occurs spontaneously and sporadically.'® In amphib-
jans® and rats® it has been shown thal under condi-
tions in which rod outer segment shedding is inhib-
ited, ie, constant hight, addition of new membranous
discs at the base of 1he outer segments continues, and
the net effect of this imbalance is that the puter 5eg-
ments increase in length. This also accurs in goldfish
kept in constant light of 340 lux for 7 days.*"*! Under
more intense illumination, however, rod Ouler scg-
ments may actually decrease in length after 4-14
days."' Presumably the net loss of outer segment ma-
terial in constant light of moderate intensitics in-
volves an increase in the amount shed, rather than a
decrease in the rate of assembly of new outer segment
discs, because Besharse et al* have shown that hight
actually increases the rate of disc assembly in several
speeies of amphibians, including larval and adult
forms. Our observation that the lengths of cone and
tod outer segments in goldfish reared for | 10 2 years
in either constant light or constant dark were equiva-
Jent 10 those in cyclic light implies that after pro-
longed cxposure during development, 3 balance is
achieved between disc assembly and shedding, inde-
pendent of lighting condition.

In summary, the goldfsh retina grows normaily,
adding neurons and differentiating, in the presence of
constant light or constant dark for almost 1 year afler
hatching. With conlinued exposure, however, a par-
tial loss of rod nuclei is observed in constant light,
and perhaps also in constant dark. No effect on num-
ber of cones or an the lengths of cone or rod outer
segments was found, even with exposures from
hatching up to 3 years of age. We conclude that con-
stant environmental lighting conditions interfere
with the maintenance pf functional rods, but not with
the production of new rads.

Key words: photoreceplors, constani Tight, retinal develop-
meni, rods, cones
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