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Several years ago the surprising find- 
ing was made that visible light at in- 
tensities which are ordinarily encount- 
ered is damaging to the retina of rats 
(1). The most striking manifestation of 
this damage was the widespread death 
of the visual cells in association with 
the degeneration of the pigment epithe- 
lium (PE) and an irreversibly low or 
extinct electroretinogram (ERG). The 
effect was most easily produced and 
studied in albino rats, but pigmented 
(hooded) rats showed about the same 
damage for the same retina irradiation. 
The deleterious effect has also been ob- 
served in the wild-strain kangaroo rat 
as well as in hamsters of different 
strains, in the Swiss mouse, and in the 
nocturnal Galago monkey. The rat, 
however, seems to be the most sensitive 
animal, a finding which does not favor 
the indiscriminate use of rats in vision 
and retina studies. 

The damage is a function of irradia- 
tion and exposure time. Minimum ef- 
fects are produced with the equivalent 
of about 1 utw per square centimeter of 
500-nm radiation applied diffusely over 
the retina (1). Typically, an environ- 
ment illuminated by incandescent light 
to about 110 lux is damaging if it is 
maintained continuously for 7 to 10 
days. Irradiation ten times stronger 
has a deleterious effect within 24 hours, 
but, when body and eye temperature 
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are raised, damage results from ex- 
posure for 1 or 2 hours only (1). 

The damage is graded mainly by the 
size of the irreversibly affected area of 
the retina. The weakest histological 
manifestation in the albino rat, exposed 
freely moving in a cage, is a small 
lesion less than /2 mm in diameter in 
the upper nasal region. As damage in- 
creases, this area becomes larger and 
may extend over the whole globe, re- 
sulting in a retina composed only of 
the inner layers (1). 

The effect seems important not only 
because it illustrates neglected aspects 
of vertebrate photoreceptor biology but 
also because it provides new insights for 
the study of degenerative visual cell dis- 
eases. Ordinary daylight or artificial 
light has never been considered a pos- 
sible hazard, except for focusing the 
sun or equivalent sources upon the ret- 
ina, quite in contrast to exposing the 
skin and, in analogy, to the known re- 
lation between cochlear hair cell dam- 
age and sound pressure. Indeed, the 
eye seems protected against overex- 
posure by a heavy pigment coat that 
limits light entry to the pupil, by pupil- 
lary reflex constriction, squinting, and 
others. 

Four different mechanisms were con- 
sidered as possible causes of the dele- 
terious effect of visible light: (i) ther- 
mal injury, (ii) photodynamic injury 
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Irreversible Effects of Visible Light on the Retina: 

Role of Vitamin A 

Abstract. Diffuse retinal irradiation by visible light produces in the rat the 
death of visual cells and pigment epithelium. Typically, cage illumination of 1500 
lux from fluorescent light through a green filter leads to severe damage when con- 
tinued for 40 hours. Vitamin A deficiency protects against this damage but ex- 
periments show that retinol released by light from rhodopsin is probably not the 
toxic agent. Protection against light damage depends on a long-range state of cell 
adaptation to light itself. The normal diurnal cycle of light and dark seems to be 
the essential factor in controlling visual cell viability and susceptibility. 
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Fig. 1. Relationship between functional 
retinal area and the size of the ERG (a-
wave or b-wave). The theoretical curve 
was derived from a model resistance. net­
work (9) based on retinal depth profile 
measurements of resistance and ERG po­
tentials performed in rabbits. The non­
functional area is assumed to include loss 
of the visual cells as well as of PE, which 
is the site of a high-resistance barrier. The 
loss of this barrier leads to an increase in 
shunt conductance and is responsible for 
the nonlinear relation between ERG and 

functional area. The experimental curve is from 54 rat eyes that had been exposed to 
L150 for 20 to 40 hours. The ERG was measured ten or more days after exposure. 
The eyes were serially sectioned and the spatial extent of the lesion was reconstructed 
(10). Small lesions showed variable PE destruction which probably is the main reason 
for the deviation between theoretical and experimental data. 
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caused by photosensitized oxidation of 
essential cell constituents, (iii) fatal 
metabolic or electrolyte changes result­
ing from excessive light "stimulation," 
and (iv) injury by a toxic photoproduct 
produced as a consequence of the ab­
sorption of light by the visual pigment. 

We report experiments to ascertain 
the role of vitamin A (retinol) in the 
mechanism of this damage. Retinol is 
released from rhodopsin as a conse­
quence of light absorption; if all the 
rhodopsin of the dark-adapted rat ret­
ina were instantaneously bleached, the 
concentration of retinol in the outer 
segment could be 10~2M, and virtual­
ly all retinol would be in the lipid 
phase. The relatively slow rate of rho­
dopsin bleaching in vivo, the continuous 
regeneration of rhodopsin, and the 
transfer of retinol from the outer seg­

ment PE (2) reduces this concentra­
tion to a transient maximum one-half 
as large. 

The possibility that the retinol from 
excessive rhodopsin bleaching might be 
the toxic agent was suggested by the 
known membranolytic effects of free 
retinol on intact cells (such as erythro­
cytes) or isolated cell organelles (such 
as lysosomes) (3). This possibility was 
considered attractive for the following 
reasons. 

1) Monochromatic lights between 
400 and 600 nra adjusted to evoke the 
same ERG response have the same ef­
ficiency in producing retina damage; 
hence, damage seems to be mediated by 
rhodopsin as in the physiological action 
of light ( i ) . 

2) Pathology within PE is a typical 
sign of severe light damage in the rat, 

and it is well established that retinol 
released from rhodopsin moves from 
the photoreceptors into PE (2 ) . 

3) The early pathology of the dam­
age involves all parts of the visual cell, 
including the nucleus ( i ) ; this favors 
the idea that a toxic agent diffuses 
from the site of light absorption to 
the other parts of the cell. 

4) The effectiveness of light in pro­
ducing the irreversible damage is very 
dependent on temperature ( i ) , as is the 
lytic effect of retinol on erythrocytes 
and lysosomes (5 ) . 

5) Electron microscopic findings of 
early vacuolization within the visual cell 
as a result of damaging light (1) is 
consistent with the action of retinol on 
lipoprotein membranes (3). 

To evaluate the role of retinol as the 
toxic agent, we compared the action 
of light in male albino rats deficient in 
vitamin A (A—) and not deficient 
( A + ) . Diet and methods have been 
described (2 ) . The procedure for elicit­
ing damage was a 40-hour exposure to 
light from circular, cool white fluores­
cent light (GE Cool White, 12 inches 
in outer diameter) delivered through a 
(green) 0.32-cm plastic filter trans­
mitting from 490 to 580 nm. Illumina­
tion was measured at about 1500 lux; 
we refer to this light as L150. 

The unanesthetized and unrestrained 
rats, mostly two at a time, were in 
circular wire mesh cages that were 
surrounded by lamps and a filter and 
ventilated by cooled air of variable 

j 

100 

#—» 
fc. 80 
</> o 
£ 60 
E 
O 
O 
4- 40 < 

20 

-

-

"~" 

A- I 
b-wave 

* 

A+ 

_J 1 1 

T" 

* 

i 

I 

__L_ 

i ^ 

a-wave A- / I 

I I IS 

1 b 

A + 

.. 1 1 1 I 

80-

60j 

|40 

20-

i 

response to a 50-msec flash, 1 to 2 log units above the b-wave 

6 8 10 2 4 

Weeks on diet 

Fig. 2 (left). The ERG's of A-f and A— animals of same ex­
periment exposed for 40 hours to damaging light (LIBO) during 
the 10th week after weaning. The A— animals are relieved of 
vitamin A deficiency 24 hours after the exposure. The degree of 
damage is indicated by the reduction in ERG 10 days after ex­
posure. Each row shows ERG's of same animal. Before (1st 
column): Tests 24 hours prior to exposure, the inserts are the 

''threshold"; the time scale of inserts is IVi times slower, and 
the amplitude is 2 times larger than for the other responses. 2nd column: All animals were given a high dose of retinol 1 
day after exposure, and ERG tests were made 9 days later (10 days after exposure). 3rd column: ERG 1 day after exposure 
prior to relief. Calibration: 20 msec, 500 fiv. Fig. 3 (right). Average a- and b-wave amplitude (± S.E.M.) 10 days after exposure 
to damaging light (Liso). After the test on day 10, the ERG did not change significantly. 
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Table 1. The irreversible effect of light on ERG in relation to different conditions before 
and during exposure to Lro. Numbers in parentheses indicate the numbers of animals. S.E.M., 
standard error of the mean. 

10 to 30 days after L5o exposure and subsequent relief 
Prior Expo- 
condi- sure a-Wave (A4v - S.E.M.) b-Wave (,uv + S.E.M.) 
tions (hr)- 

A- A+- A- A+- 

Experiment a 
Dark 2* 540 ? 35 (10) 280 ? 60 (10) 1100 ? 46 (10) 523 -+ 127 (10) 

Experiment b 
Cyclic 40 610 ? 22 (4) 250 ? 30 (4) 1300 ? 130 (4) 560 ? 60 (4) 

80 340 ?57 (4) 80? 17 (4) 840 60 (4) 290 ? 50 (4) 

Experiment c 
Cyclict 40 240 ? 39 (4) 90 ? 40 (4) 570 ? 61 (4) 265 + 89 (4) 

Experiment d 
Dark 40 43 ? 23 (4) 20 ? 9(4) 120 49 (4) 85 44 (4) 
Cyclic 40 590 ? 18 (7) 1225 ? 54 (7) 

* Body temperature during exposure was 39?C in response to hot and humid air environment (2). 
Normal body temperature in experiments b to d. t Relieved 6 days before exposure. 

flow so that inside the cage the tempera- 
ture was maintained at 24? ? 1 C. The 
rhodopsin content of the retina was 
about 0.2 nmole at the end of 2 hours 
of exposure compared to more than 
2.0 nmole for A + rats maintained 
continuously in darkness (2). Both A- 
and A+ animals were exposed simul- 
taneously under identical conditions. 
Vitamin A deficiency was relieved 24 
hours after exposure by giving a high 
dose of retinol (2) to both groups of 
animals or to A- only. 

For quantitative assessment of the 
damage by light, the ERG of each eye 
of every animal was tested with a strong 
xenon flash (2) 24 hours (just prior to 
relief) after exposure and at 10 to 12 
days. The amplitude of the a-wave and 
the ERG threshold provided the indica- 
tion in vivo of the degree of rhodopsin 
depletion in the deficient animals. The 
a- or b-wave of the strong-flash ERG 
10 to 12 days after exposure indica- 
ted the degree (spatial extent) of irre- 
versible damage (Fig. 1). 

It was found that vitamin A defi- 
ciency protects against damage by visi- 
ble light (L1so). The ERG's of Fig. 2 are 
from animals which had been kept since 
weaning (10 weeks) on a 12-hour light 
(40 watt), 12-hour darkness cycle (4). 
The ERG of the two A- animals prior 
to exposure L150 '(first column) indicates 
a moderate degree of deficiency (2); 
the a-wave is reduced (425 uxv com- 
pared to 635 /tv in the A+), the b- 
wave is high and smooth and the ERG 
threshold (inserts) is increased (Fig. 
2). Ten days after the exposure, the 
ERG of the A+ animals is markedly 
reduced; a- and b-waves are 12 to 15 
percent their normal size. In contrast, 
the ERG of the A- animals is as high 
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as the control ERG of A+. Because 
retinol had been administered 1 day 
after exposure, the A- animals have 
recovered from the deficiency but, in 
addition, they recovered from what- 
ever effect the 40-hour exposure might 
have had. The "damaging" light did not 
result in irreversible change. 

The data for the 10-day test from 
A+ animals (142) and A- animals 
(79) exposed after 2 to 10 weeks on 
the diet are plotted in Fig. 3. The dif- 
ference between A- and A+ became 
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Fig. 4. The disappearance of retinol in 
A- animals as measured by determining 
rhodopsin recovery after 2 to 40 hours 

exposure to L15o light. Rhodopsin is ex- 
pressed as percentage of the value before 
exposure. It was measured 24 hours after 
the end of exposure together with the 
retinol of PE, immediately after ERG 
testing (see insert from 40-hour light ex- 
posure). At this time all available retinol 
had been used for rhodopsin regeneration. 
The animals were on the deficient diet for 
8 to 12 weeks and had been maintained in 
darkness or weak cyclic light. The drawn 
curve is theoretical, obtained by applica- 
tion of a model of the reaction sequence 
for the loss of retinol in vitamin A de- 
ficiency (2). 

progressively more evident after 3 
weeks on the diet and was very pro- 
nounced at 10 weeks. 

During the 10-week period after 
weaning, the rhodopsin of the A+ ani- 
mals increased from 1.5 to 1.9 nmole; it 
decreased in A- to an average of 1.3 
nmole. After exposure and 24 hours re- 
covery in the dark, the measured rho- 
dopsin of A- was 0.7 nmole, while 
retinol in PE and retina combined was 
the same as before exposure. The ERG 
of A- at this time (24 hours after ex- 
posure and just prior to the relief of the 
vitamin A deficiency) has a much 
smaller a-wave than before exposure 
and two prominent b-wave humps as 
illustrated in the third column of Fig. 2. 
These abnormalities are typical for ad- 
vanced vitamin A deficiency, that is, for 
advanced retinol depletion of the retina 
(2). Indeed, they vanish within the 
next 9 days (second column of Fig. 2) 
after the administration of a high dose 
of vitamin A. In contrast, the ERG 
reduction of the A+ animals persists, 
manifesting the irreversible damage by 
the exposure to L150. The effect of L150 
on A-, hence, was merely to increase 
the rate of loss of retinol from the 
retina. 

Figure 4 provides additional data on 
the loss of retinol during exposure of 
A- animals to L150. This loss was 10 

percent for 2 hours exposure, 28 per- 
cent for 12 hours, and 60 percent for 
40 hours. The simple model for the dis- 
appearance of retinol from the retina 
in vitamin A deficiency (2) was ap- 
plied to these data, and a reasonable 
fit was obtained on the assumption 
that the measured loss in the strong 
light occurred by the same process as 
in the weak cyclic light (k5 = 0.03 

per hour) (5). Thus, two quite dif- 
ferent actions of the strong light are 
revealed: (i) in A+ (or normal) ani- 
mals L150 damages the outer retinal 
layers, and (ii) in A- animals it ac- 
celerates the loss of retinol from the 
retina. Moreover, in condition (ii), 
condition (i) does not occur (or is 
greatly diminished); that is, the A- 
animals are protected against the dam- 
age. 

Two factors could clearly be respon- 
sible for the protection: (i) a decreased 
concentration of rhodopsin for light to 
act upon, and (ii) a decreased concen- 
tration of light-produced retinol, as a 
consequence of (i) and of the transfer 
of retinol from PE into the blood in 
depleted animals (2). 

The following experimental facts, for 
which examples are given in Table 1, 

SCIENCE, VOL. 172 

I 1 - 



suggest, first of all, that the loss of ret- 
inol during exposure of A- is not a 
factor of primary importance in the 
mechanism of protection. 

1) When body temperature is raised 
to about 39?C, Li50 produces irreversi- 
ble damage with exposure for 2 hours 

only. As shown in experiment a (Table 
1), A- animals were significantly pro- 
tected in this case despite the fact that 
the loss of retinol during short expo- 
sure is probably small (Fig. 4). 

2) Whereas A- animals were little 
affected by 40 hours of L.50 in the 
standard experiment (Fig. 3), extension 
of the exposure to 80 hours resulted in 
significant change as in experiment 
b (Table 1). This damage developed 
despite the fact that a considerable 
fraction of the light-produced retinol 
disappears during the 40-hour exposure 
and that, at the start of the extension, 
less than 8 percent of rhodopsin was 
unbleached. 

3) A- animals relieved of the defi- 
ciency prior to exposure as in experi- 
ment c (Table 1) were less affected 
than A+ by an exposure 5 to 10 days 
after relief. Recovery to normal ERG 
threshold had occurred at least 1 to 2 
days before exposure. 

4) Protection was surprisingly weak 
when A- animals kept continuously in 
darkness were exposed as illustrated by 
experiment d (Table 1). After the ani- 
mals were on the diet for 7 weeks, 
rhodopsin of the A- maintained in 
darkness was within 15 percent the 
same as in the corresponding A+. 
Damage from simultaneous L150 expo- 
sure was also about the same in these 
two groups, in contrast to its absence 
in the A- animals which had been 
kept in cyclic light (initial rhodopsin 30 
percent lower than in the others). 

The important factor, therefore, 
would seem to be the concentration of 
rhodopsin either as (i) the source of 
retinol or (ii) the mediator of the dam- 
aging reaction through a mechanism 
that does not involve retinol directly or 
decisively. The facts given above actu- 
ally may be extended in their interpre- 
tation to indicate that retinol is prob- 
ably not the toxic agent responsible for 
the damage by light. 

Great difficulties, however, were en- 
countered in the attempt to establish a 
consistent relation between rhodopsin 
and the degree of damage or protection. 
Especially for near-normal concentra- 
tions of rhodopsin, results were too vari- 
able and inconsistent for postulating a 
reaction starting with, and dependent 
mainly upon, the initial rhodopsin. Pro- 
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tection or damage seemed to be deter- 
mined by another variable, in addition 
to rhodopsin. 

Figure 5 illustrates that this variable 
is the environmental light condition 
which precedes the acute exposure to 
strong light. The a-wave 3 weeks after 

exposure is plotted against the initial 

rhodopsin concentration; a decrease of 
the a-wave indicates irreversible dam- 

age. Exposure was in a special chamber 
to fluorescent light through the green 
plastic filter, giving a cage illumination 
of only 180 lux. A+ and A- animals 
had been on the diet for 12 weeks, but 
each class had been divided into two 

groups: one was maintained continu- 
ously in darkness and the other, from 
the 6th week, was maintained in cyclic 
light. 

With continuous exposure of 5 days 
(preceded by 1 day in darkness for 
all animals, and followed after 14 hours 

by relief), the irreversible effect was 

strongest for the A+ animals kept in 
darkness and weakest (or absent) for 
A- kept in cyclic light. Correspond- 
ingly, the initial rhodopsin concentra- 
tion was high in A+ and low in A-. 
There was no difference in damage, 
however, between A+ kept in cyclic 
light and A- kept in darkness, although 
their initial rhodopsin level differed, 
rhodopsin in A- being lower than in 
A+. The damage was of moderate de- 
gree, but considerably less for the 

"light-adapted" than for the "dark- 
adapted" A+, and in a similar manner 
for A-. Exposure was extended (in 

other animals of the same experiment) 
to 10 days with the result that the ir- 
reversible effect segregated exclusively 
in accordance with the light condition 

preceding the continuous exposure to 
the damaging 180 lux. 

We conclude from this experiment 
and others of similar results that the 
major factor determining the protection 
against damage by light is a state of 
"cell adaptation" to light itself. Retinol 

deficiency provides this protection so 
effectively because it develops as a func- 
tion of light (2), producing a steady 
state of adaptation (6) which can be 
reversed by the administration of retinol 
but not by darkness. Because protection 
should closely relate to the mechanisms 
of damage, it follows that the damage 
by visible light probably is the result of 
a reaction to the sudden and prolonged 
step of cell activity from a level of 

functioning in the dark or weak light to 
one in strong light (7). There is much 
evidence to indicate that the mam- 
malian visual cell is a metastable, highly 
differentiated cell and that its cellular 
activities are delicately balanced for 
survival (8). The main result of our 
analysis, therefore, is the recognition 
that this balance may intricately depend 
upon the diurnal cycle of light and 
darkness. 
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Retrograde Amnesia: Electroconvulsive Shock Effects 
after Termination of Rapid Eye Movement Sleep Deprivation 

Abstract. Mice that were deprived of rapid eye movement sleep for 2 days 
immediately after one-trial training in an inhibitory avoidance task and were 
given an electroconvulsive shock after deprivation displayed retrograde amnesia 
on a retention test given 24 hours later. Electroconvulsive shock produced no 
amnesia in comparable groups of animals that were not deprived of rapid eye 

Retrograde Amnesia: Electroconvulsive Shock Effects 
after Termination of Rapid Eye Movement Sleep Deprivation 

Abstract. Mice that were deprived of rapid eye movement sleep for 2 days 
immediately after one-trial training in an inhibitory avoidance task and were 
given an electroconvulsive shock after deprivation displayed retrograde amnesia 
on a retention test given 24 hours later. Electroconvulsive shock produced no 
amnesia in comparable groups of animals that were not deprived of rapid eye 
movement sleep. 

It is well documented that suscepti- 
bility of a memory trace to disruption 
by an electroconvulsive shock (ECS) 
decreases as the interval between the 
learning trial and the application of 
the amnesic treatment is increased. 
Generally, little or no amnesia is ob- 
tained if the ECS is given several hours 
or longer after training (1). This evi- 
dence supports the general hypothesis 
that memory trace consolidation proc- 
esses are time-dependent. 

Evidence from a recent pilot study 
(2) suggests that, if ECS is given im- 
mediately after several days of rapid 
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eye movement (REM) sleep deprivation 
(REMD), the memory trace of an event 
experienced just before the REMD 
may be disrupted. Our report examines 
this finding further. Separate groups 
of mice were subjected to continual 
REMD for the 48 hours after their 
training in a one-trial inhibitory avoid- 
ance (passive avoidance, or PA) task. 
They were then administered an ECS 
at one of several intervals after termi- 
nation of the REMD. On a 24-hour 
retention test, the mice displayed a 
retrograde amnesia gradient that varied 
with the interval between termination 
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of REMD and administration of ECS. 
We used as subjects 226 naive Swiss 

Webster mice that were 50 to 60 days 
old (3). The training apparatus was an 
alleyway (2.6 by 19.8 cm) leading to an 
open field (16.0 by 16.0 cm), with a 
grid floor mounted 0.6 cm above the 
base. The grid was constructed of 2.4- 
mm stainless steel rods, 7 mm apart, 
covering the entire floor of the en- 
closure. The apparatus was connected 
to a shock scrambler. All animals were 
given one training trial and one reten- 
tion test trial. On each trial, the animal 
was placed in an alleyway, and the 
latency of its entrance into an open 
field (all four legs in the field) was re- 
corded to the nearest 1/100 second. 
On the first trial, a scrambled shock of 
500 msec at 0.6 ma was delivered to the 
floor of the open field as a gate behind 
the mouse was closed. On the retention 
test trial no shock was given; latency 
of entering the open field was recorded 
as in the training trial, with a maximum 
latency of 30 seconds allowed. In order 
to control for diurnal rhythm effects, 
care was taken to train and test each 
animal at the same time of day (within 
a few minutes). Since small groups of 
animals were run each day, control for 
age differences was maintained by start- 
ing the animals in the experiments 
when they were no younger than 50 
days and no older than 60 days. Con- 
trol for seasonal differences was main- 
tained by assigning animals at random 
to each of the groups through the 
course of the experiment. REMD was 
produced by placing each mouse on a 
Plexiglas pedestal 3 cm in diameter, 
approximately 4 cm above the floor of 
the cage in which the animals were 
maintained. The floor was covered with 
water 3 cm deep. Food and water were 
always available (Fig. 1). Fishbein (4) 
has described this technique as it is 
used with mice. The method of depri- 
vation takes advantage of the fact that 
during REM sleep there is a generalized 
inhibition of spinal motor activity (5). 
Since this inhibitory process appears to 
take place only during the REM pe- 
riods, postural tonus persists during the 
non-REM (NREM) synchronized, high 
voltage, slow wave sleep. This means 
that the mice can sleep while crouch- 
ing or sitting on the small pedestals. 
However, when the mice begin to enter 
the REM phase and postural tonus of 
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the whole body, particularly of the 
muscles of the head and neck, dimin- 
ishes, they either awaken briefly or fall 
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