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The finding that a lesion of some critical size is necessary to elicit a
breakdown in performance indicates that the hippocampal cells which sup-
port' prolonged titrating avoidance behavior are spread through the length
of the hippocampus, rather than concentrated within a specified anterior
or posterior location. The present data do not contribute to identifying
the particular hippocarnpal cells which support the sort of ‘‘endurance™
measured in this study. However, several studies showed that in monkeys
lesions of the anterior hippocampus resulted in degeneration of the lateral
septal nucleus and nucleus acumbens, whereas lesions of the posterior
hippocampus resulted in degeneration of the medial portions of the septal
nuclei, In squirrel monkeys all regions of the monkey hippocampus ap-
parently project to the diagonal band, olfactory tubercle, anteroventral
nucleus, .and mammillary bodies (7). It remains unknown whether these
diffusely projecting cells specifically alfect endurance of task performance.
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Expo.surc of albino rats to continuous, low-intensity illumination produces de-
gf:neratlon.of phiotoreceptors, In this study adult albino rats that were housed in
.enhe:‘.cycll.c light or constant light (440 [ux) were tested on pattern disc rimin'illion*;
intensity diseriminations, and color discriminations for at least 24 wcck; R'li;
showed & decreased ability 1o perform pattern discriminatjons after Elppl'()\(il;latt‘:‘]
7 weeks in constant light and after 24 wecks in constant light their pertbr[m'mcc w'!i
nem: CI]HI.ICC. However, intensity discriminations and color discriminations \vc‘r';:
not impaired during 24 weeks in constant light., The fact that the comtani light-

' cxpo§ed rats could perform color discriminations suggests that at least ‘lwo (Iil{;‘er-
f"“t visual pigments are transducing light in these animals, despite lhé fuct that n
intact photoreceptor cells were observed in the retinas of the con l I("l 0
cxposed rats, e e

INTRODUCTION

Exposure of albino rats to continuous, low-intensity illumination pro-
duces .degeneration of photoreceptors (14). Based on histological findings
one might Predict that albino rats exposed to constant light would be func:
tionally blind. The results of two studies that were published simultane-
ously (1‘, 3)indicated that this was not the case. Those two papers reported
that atbino rats having severely degenerated retinas, resulting from expo-
sure to constant light, were able to learn and perform visually guided tasks

Abbreviations: ERG —electrorel ram; ater: [
) ctinogram; LGN — lateral geniculate nucleus; VO — visual
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s. A later study by Bennettet al. (5) indicated that
after approximately 90 days in constant light there was a decrease in the
ability of rats to perform a light—dark discrimination task, More recem
studies (9, 16) showed that although rats with constant light-induced retinal
degeneration can perform visually guided tasks, their visual thresholds are
higher than those of control rats. Two different investigators recently sug-
gested that residual cones arc mediating visually guided behavior in light-
cxposcd rats. La Vail (1 1), who used light microscopic and electron micro-
scopic techniques, reported that cones were less sensitive than rods to
light-induced degeneration. Cicerone (7) measured electroretinogramns
(ERGs) in light-exposed rats and found that the recovery of the ERG fol-
lowing light adaptation indicated that the photopic mechanism was more
resistant to light-induced degeneration than the scotopic mechanism.
The behavioral experiments reporied here correlated the visual capabili-
ties of light-exposed rats with the response characteristics of cells in the
lateral geniculate nucleus (LGN) and the visual cortex (VC), as reportedin
the following paper (10), and with the numbers and types of cells in the
retina. The behavioral studics were designed to determine the time course
of changes in the ability of rats exposed to constant light to perform pattemn
discriminations, color discriminations, and intensity discriminations. The
data from these experiments were expected to show whether different
types of visual capabilities deteriorated at similar or different rates in light:

exposed rats.

as well as control animal

METHODS

Adult, female, albino rats of the Sprague—Dawlcy strain were housed i
an environment of constant or cyclic light. The animals in cyclic light were
exposed to 14 h of light followed by 10 h of dark in each 24-h period. The
animals in the constant light group were housed in clear plastic cages hav-
ing one GE F40CW 40-W fluorescent tube 50 cm above the bottom of the
cage. In addition, the room lights (12 GE F40CW 40 W) were on con
tinuously. The illumination, measured as incident light at the cage floor.
was 40 fc (430 lux).

The animals were trained and tested in a gray experimental chamber
that was 35.6 cmon a side. The testing chamber was in a dark room. During
training and testing white noise was used to mask extrancous sounds. A
clear Plexiglas nose panel, referred to as the start panel, was mounted or
one wall of the experimental chamber. Behind the start panel was a rea
projection system conlaining a variety of visual stimuli. On the opposite
wall of the chamber were two nose panels (choice panels) with rear pre
jectors behind them. Between the two choice panels was a peflet deliver
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Fube. All animals were pretrained to press the panels using traditional shap-
ing mell"lods. At the beginning of an experimental trial, a visual Stimu‘hlljs
was prob]cc.tcd onto the start panel. When the animal pressed the start q;l(;l
.the start stimulus was turned off and two stimuli were simultancto;sl ) ro
Ject_cfl ontq the choice panels, If the animal pressed the panel in front)(,)?lh(;
pOSI'tIVB stimulus it received a 48-mg food pellet reward. Pressing either
choice panel turned off the visual stimuli and initiated a 10-s waiting period
before the next trial. The visual stimulus projected onto the start p'm[cl was
alwe.lys the same as the stimulus that was rewarded when pro:jected(onto thl;
c!}mce panels, which were alternated from side to side, on successiv
ma.ls, according to a Gellerman series (8). Eighteen diffc,rent Ge]]e;'lll'lfl
series were used, and the series was changed each day, During tl"lil‘li;
ca'ch z.m1mal received 30 trials per day and was trained until it had reaéhed g
cnte.:r:on of 90% correct responses on 3 consecutive days, The autom'tte:i
tT,qmpment tl}nl controlled the testing sequence and recorded the anin;als’
z;;z;ils)e\;f.as in a room adjacent to the room containing the experimental
\'Nhenvan animal had reached criterion on all tasks on which it was to be
U‘amed., it was assigned to an experimental or a control group. If ar; 'lmim' |
was being tested on two different types of tasks, it was tested.on ea(;h t'1s(}<
on alternate weeks. An example of this would be to test pattern vision c‘);lc
week and color vision the next week, etc. This regimen of testing \;V'lS used
1;([))]11:1: lez}st 24 vs.reeks on cach rat in order to monitor any change;‘ lin the
(1{SC]ﬁn?n;%:;I,[mental animals to perform the different types of visual
A special testing procedure was used to test color vision. Rats wer
teste_d on their ability to discriminate between blue and red s.lin;uli Tlllf-:
relative brightness of the blue and red stimuli was changed each da t(.) i ;
Vf:nt the I:ats from using brightness cues to make the discriminati(;: Sc[;l:r;
different t'ntensity pairs were used. Measurements of the spectra of t'he bl
and red stimuli and estimations based upon rat photopic spectm(l ‘;cnsitiviltic
curves (13, 1.5) indicated that in two of the pairs the red stimuli slioul‘d ha :
appeared brighter than the blue stimuli, in one pair the blue and red s‘tin;t\l,[ei
sh'oulq have appeared equally bright, and in the remaining pairs tl;c blu
S‘tllr‘lll.lll sho_uld have appeared brighter than the red stimuli. By changing [hs
!eldtn‘f‘e. bnght'ness of the blue and red stimuli each day, it should have been
impossible for the rats to use brightness cues to make the discrimination
The pattern discriminanda consisted of horizontal or vertical st;'i e .
?I“he stripes were alternating black and white bars 3 mm wide, and tilc IIZ)tqﬂ
[u.x of thel two_targlets was equa!. in the intensity discriminations L};e
mgets were white circles 3.5 cm in diameter.
The method of changing the stimulus intensity in both the color and in-
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s was to insert resistors of different values in series
This provided an easily reproducible method of
¢ method can be criticized, however, because
h the incandescent light not only changes the
e speetrum of the light emitted. To deter-
stimuli, the spectra were measured
ode! SR). The measurements in-

tensity discrimination
with the projector bulb.
changing the intensities. Th
changing the current throug
intensity, but also can change th
mine what effect this had on the color
with an ISCO spectroradiometer (M
dicated that there was a smooth and regular decrease in intensity from on¢
stimulus to the next for the blue, red, and white stimuli. Based on these
measurements, it is believed that the method of changing the intensity did
not introduce a significant error that would invalidate the results of these

studies.
At the conclusion of beh
tized with Nembutal, and the e

avioral testing the rats were deeply anesthe-
yes were removed for either paraffin or
plastic embedding. The eyes were sectioned, stained, and examined to
determine the degree of retinal degeneration. The details of the histological
methods are reported in the following paper {10).

The data for any one behavioral task were analyzed by comparing the
scores of the control animals with the scores of the constant light-exposed
animals. The scores from each week were examined using a Kruskral-
Wallace one-way analysis of variance. If the analysis of variance showed
that the scores were significantly different at the 0.05 level, the rankings of
the scores of the control animals were pooled, as were the rankings of the
scores of the light-cxposed animals. This information was then analyzed
using a Kruskral-Wallace partitioning method to determine if the differ-
ences were between control animals and experimental animals or within

one of the two groups (12).
RESULTS

The behavioral studies were conducted in two phases. The first phase
consisted of studies on the ability of light-exposed rats to discriminate be-
tween different patterns and between lights of different intensities. In the
second phase, patlern discriminations, intensity discriminations, and color

discriminations were tested.
Six animals were used in the first phase of experiments. The rats were

trained initiaily on a pattern discrimination consisting of horizontal stripes
vs. vertical stripes, with horizontal stripes being the positive stimulus.
After reaching criterion on this task, the rats were assigned to either the
experimental group (four rats) or to the control group (two rats). All ani-
mals were then tested on the pattern discrimination once every 5 days for
at least 180 days. After 150 days of constant light, the scores of the expetl-
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:?Oeigilgmtf] }1zldldt?c1‘eased to near chance (50%), indicating that they could
er discriminate effectively be fizont: i i
o y between horizontal and vertical stripes
mAt thu;dp:).l‘nt _twlo of the experimental rats were tested to determine if
ey .coul discriminate between horizontal stripes at one choice panel and
:l(i)gsi]tgnu l1]15 at thhe other choice panel (sce Fig. 2). Animal & performed only
s y above chance. Animal I3, however, lear i
, learned the task i i
; ‘ chan ‘ a mmediatel
[1]11d ssoned 90% o1 ‘%bove on 6 consecutive days. These two animals ;verz
llen es.ted on vertical stripes (positive) vs. no stimulus. There was no
al B Y| « 1 1 ol '
F]—mbz En animal '8 s performance from the previous task. Animal 13 per-
tlm me dtt d]l){ptj(zlxlmatc]y 55% correct responses for 4 days before learning
1e new task. This suggests that animal 13 mi
b W - This suggests the might have had some residual
E‘iﬂimitﬁ ?h_c;;‘sur]lgmshmg horizontal stripes {rom vertical stripes, be
ause it had difficulty learning the new task i i tive
4 e . ask where a previously negative
:ltllirtu:lllus bC'CdmC a positive stimulus. On the other hand, it is also po%csible
ﬂu(x Cu(; anrlﬁml was somechow solving the latter discrimination using local
flux r's.. he eyc.s were th.en removed from these two animals and they
-mjm«ﬁ%dm tlested to determine if there were any nonvisual cues which the
;"0,- ‘ s cou d use to perform the task. In neither case did the animal’s per-
,u‘n(:tt[l‘nce sllg);mhcant]y vary from chance, Histological examination of the
g(f tchem-lem <‘3dde(l cyes of gmmals 8 and 13 confirmed that less than 0,3%
].ecept(;)arll?lto:ie_cteptor.nulclca remained compared to the number of photo
iciei in a similar section from the e i i ‘
‘ : . ye of a control rat. No intac
phgtf(t)l(.a;gptms were ol;)s&rved in the retinas of these two ra‘t‘; o
e er ( 0 days of testing on the pattern task, animals 17 (control), 21, and
WhEtéql)iegll:?;enftall_)f;vere tl‘len tested on their ability to discriminate bcl\;veen
of different intensities. In the first pair imuli
‘ : . st pair of stimuli tested, o
) : , one
r:rizﬁluls hafj. an intensity that was 10% of the other stimulus. All rats
tth te(ka $1le1.10n Of. 90% correct responses in 20 trials within 4 days on
! tmas_ . llle m;ensuy of'the dimmer stimulus was then increased to
n];}:v x1.1?1att~e )AIZS/? oftf_le brighter stimulus, and the rats were tested on this
o C[.J‘ztm‘.o st.m.ufh. Thlff proc&-_:dure was repeated cach time a rat reached
e t](l; le;lieog,_lzilsmg the intensity of the dimmer stimulus by 1010 15% rela
righter stimulus. If a rat failed to reach iteri ithin 10
9 brighter stin p cach the criterion within 10
Wl};srll;:itn\ailss still s;:o;m% above chance, the intensity of the dimmer light
as aga creased. In this way it was possible to determi
hos again nereased. M 5 POSS o determine how different
ights had to be for the rats to be abl iscrimi
reliably between them. All thr ‘ S scrimit ot e
. three rats were able to discrimi
cliab ) ¢ discriminate at tt
cri as i : i
1]1;(2'10“-]?%1’ a stimulus at_ least 42% dimimer than another stimufu&; If
. 1fn stil)mulus was 28% dimmer than the other stimulus, the rats could
orm above chance levels (at about 70%) but not at the criterion level. If
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Fie. 1. Phase | studies on pattern vision: Horizontal stripes vs. vertical stripes, Scores of
experimental and control animals tested on discriminating between horizontal and vertical
stripes. Experimental animals were cxposed to constant light beginning on day 0. Animal 16
served as the control for animads 8 and 13. Animal 17 served as the control lor animals 21 and
23, The abscissa represents time in days. The ordinate indicates the percentage of correct
responses in 20 trials per day. The dashed line indicates the 50% or chance level. After
approximaicly 150 days of exposure to constant light, the scares of the experimental animals
had decreased to near chance levels, See text for details.

the dim stimulus was only 19% dimmer than the other stimulus, the rals
could not make the discrimination. Histological examination of the plastic-
embedded retinas from the two experimental animals revealed a few nuclei
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o L e
Fic. 2. Phase 1 co Q, ts. nCO two expe ental anima tested on differe ASKS
(tit 1 ntrol tests. Scores of f < als tested k
<! - posurce constant Ilght Uppe[ £EQ vhs —disc 3 DC nta
. F discriminatir
\fter IOllg term exposure to H £ betwee ho zontal
Slllpes and a l)ldﬂk pdllcl, middle gtdphs—(llsulm!mlllng between vertical stripes anca

b]ank pdncl lower hlp]lS—-—dlllllhﬂS {e{ﬁted n vertical Stll])CS vs, o blank Ildli(.l after removal
1] B on
of the eyes, See text for details (

in the periphery of the retina that had the staining characteristics of photo
l‘ec,:It‘aptor m_lclci, ‘but', once again, no intact photoreceptors w;:re ;)bscﬁ'vcd —
Einu[;z ttestwg‘,folt m;umalZ(s 21 am? 23 on intensity discriminations was con-

o see if there were performance changes after even longer exposure

41
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durations. The rats were tested 5 days a week, every other weck, with one
stimulus 40% dimmer than the other stimulus. After approximately 300
days of constant light exposure, it was necessary to increase the relative
intensity differences between the stimuli for the rats to make the discrim-
inations at the 90% level, After about 350 days the rats wcere unable to
discriminate between the brightest white stimulus available for testing
(2.1 wW/cm? at the choice panel) and no stimulus.

In the second phase of the experiment, the testing regime was differ-
ent from that used in the first phase. Eleven rats were trained on the pattern
discrimination (horizontal vs. vertical stripes), and of these rats six reached
the criterion (90% correct responses in 20 trials on 3 consecutive days)
within 50 days of training. Thesc six rats were then tested 5 days a week on
this task every other week. The testing of these animals showed that
whereas the performance of the control animals remained at a high level,
the performance of the light-exposed animals decreased {Fig. 3). During
the first week of exposure to constant light, there was a highly significant
(P < 0.001) decrease in the performance of the experimental animals.
After § weeks in constant light, however, the scores of the experimental
animals were not significantly different from controls. By contrast, 7 weeks

of exposure to constant light again resulted in the scores of light-exposed

animals being significantly lower (P < 0.05) than those of the control
animals. The scores of the light-exposed animals continued to decrease, so
that after 23 weeks of exposure to continuous light the scores were only
slightly above chance. These results confirm the results from the phase |
experiments on pattern vision, in that exposure to constant light for long
periods of time produces a decrease in the ability of rats to discriminate
between horizontal and vertical stripes.

Four rats that failed to learn the pattern discrimination were tested for
their ability to make intensity discriminations. Two rats were exposed to
constant light and two were maintained in cyclic light. They were tested 5
days a week, every other week, on discriminating between two white
stimuli, one 42% dimmer than the other. During 168 days in constant light,
the two experimental animals showed no change in their ability to make this
particular intensity discrimination at criterion levels.

The six animals used in the pattern discrimination and the four animals
used in the intensity discriminations were also tested on alternate weeks for
their ability to discriminate between blue and red stimuli. The relative
brightness of the colored stimuli was changed daily to prevent the animals
from using brightness cues to make the discriminations. The scores of six
of the ten animals are shown in Fig. 4. With increased exposure durations
there was an increase in the variability of the scores of the light-exposed
animals, whereas the control animals’ scores remained stable. An analysis
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Fig. 3, ?hasc 2 studies on pattern vision: Horizontal stripes vs. vertical stripes. Scores of
control unulnalﬁ and experimental animals from 1he sccond phase of lcstin;; :l“hc[ :3: ) L:)ILSOI
tested on discriminating between horizontal stripes and vertical s(rip;:s /‘(llin]'li ;15“&43(;)“}”:
42 were housed in cyclic light, and animals 31, 37, and 41 were huus.cld in ct;n‘zt-nn‘l lig;hdtml

of the data showed that the light-exposed animals performed poorly on the
cl:}ys \fyhen they were fested on a task in which the intensity of the blue
S[lmlllll was low. On days when the experimental animals performed well
the intensity of the blue stimuli was relatively high. ,
After 168 days of testing, the 10 rats were examined Lo determine their
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animals and experimental animals

Fia. 4. Phase 2 studies on color vision. Scores of control

ting on discriminating between blue and red stimuli. Animals 35,

- second phasc of tes \ '
o 2 o , and 41 were housed in constant

40, and 42 were housed in cyclic light, and animals 31, 37
light.

visual thresholds for the blue and red stimuli. The rats were given 20 trials
and were first tested on their ability to discriminate between a blue
stimulus at one choice panel and no stimulus at the othe‘r panel. .Whenlcach
rai reached a criterion of 9096 correct responses in 20 trials, the mtens_uy of
the blue stimuli was decreased by 10to 15%. This procgdurs: was @ntmucd
until an animal was unable to discriminate between a given intensity of blue
light at one panel and no stimulus at the other panel. It was found that the

per day
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control animals were able to discriminate alf intensities of blue used in the
color tests, The experimental animals were found to have increased thresh-
olds in that they were unable to discriminalte the two lowest intensities of
the blue stimuli from no stimulus, whereas they could discriminate the
higher two intensitics of blue stimuli from no stimulus. In reference to the
color tests discussed above, the correlation between the dimmest intensity
of blue which an animal could discriminate from an unlit panel and the dim-
mest intensity of blue which the animal could discriminate from red was
perfect. If the rat could not discriminate between a dim blue stimulus and
the red stimulus, it could not discriminate between the same blue stimulus
and no stimulus, and vice versa.

These 10 rats were also tested on their ability to discriminate between a
red stimulus and no stimulus, with red being the positive stimulus. Because
the red stimuli had always been negative for the rats, it might be difficuit for
them to perform this task. All animals were tested on red vs. a dark panel
for 10 days, and the control and experimental animals performed similarly.
During the first 10 trials of each day, an animal would perform poorly, scor-
ing 4 to 6 correct. During the second 10 trials, however, it would do quite
well, scoring 8 to 10 correct. Only two control rats reached a criterion of
90% corrcctin 20 trials within the 10 days of testing. To determine if dark
adaptation was necessary for the rats (o discriminate the red stimuli, two
control rats and twao light-exposed rats were placed in the dark experi-
mental chamber for 5 min (approximately twice as long as the time in which
arat performs 10 trials) before the beginning of testing. This procedure did
not increase the rats’ scores for the first 10 trials. This suggests that the
poor performance on the first 10 trials was not due to an incomplete
dark adaptation. These data suggest that the rats could discriminate the
red stimulus from no stimulus and that the red stimutus was above the rats’
visual threshold.

Examination of the paraffin-embedded eyes of the constant light-cx-
posed rats used in the second phase of the experiments revealed that the
degeneration of the photoreceptors was virtually complete, cell nuclei with
staining and size characteristics of photoreceptor nuclei being extremely
rare. Figure 5 shows examples of retinas from a control rat and a rat ex-
posed 6 months to constant light,

DISCUSSION

The results from the studies on pattern vision showed that exposure to
constant light for extremely long periods was required to produce signifi-
cant changes in the discriminative abilities of rats. The time course of the
decay of the rats’ ability to discriminate between horizontal stripes and
vertical stripes was similar in both phases of the study. This occurred
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despite the fact that the animals were tested on different schedules in the
two different phases of the study.

The results of testing the two animals that had their eyes removed in the
first phase of the study suggest that there were no nonvisual cues that
would explain the above chance performance on two-choice discrimination
tasks of the light-exposed animals. It will be recalled that those two animals
were performing visual discriminations at levels above chance, even after
massive photoreceptor destruction, but, as soon as their eyes were re-
moved, their performance fell to chance levels.

These results are consistent with those of previous investigators, whose
work suggested that very long exposure durations were required to
reveal behaviorally determined visual deficits in constant light-exposed
rats. Forexample, Bennett et «l. (4, 5) found a decrease in the ability of rats
to make light-dark discriminations after about 90 days in constant light,
and Anderson and O'Steen (2) found no changes in the performance or
learning rates on a pattern task in rats exposed to constant light for only 30
days. After 3 months of light exposure, rats were found to have in-
creased thresholds for light detection by Weizenbaum and Colavita (16).
One study (6) that showed a rapid decrease in the ability of rats to perform
visual discriminations resulting from exposure to constant light used light
that was at least six times more intense than that used in this study.

In the tests on color vision in rats exposed to constant light, it was found
that there was a progressive decrease in the ability of the rats to discrimi-
nate between the dim blue stimuli and the red stimuli. The tests conducted
after the rats had been 24 weeks in constant light showed that the dim blue
stimuli, which they could not discriminate from red, were also the blue
stimuli that were below their visual threshoid. Tests also showed that the
red stimuli were above their visual threshoid. The tests on intensity
discrimination in control and experimental animals revealed that he in-
tensity of one white light had to be between 28 and 42% greater than a
second white light for the rats to discriminate between them. One can con-
clude from this that if a rat was discriminating between two colors on a
basis of brightness cues, then the appareat brightness of the two colors
would have to be at least 30% different. However, the rats could discrimi-
nate blue from red as long as both the blue and red stimuli were above the
rats’ visual threshold, regardless of the relative intensity of the two stimuli.

These facts, taken together, argue strongly that the rats were discriminat-
ing between blue and red on a basis of hue and not relative brightness. This
is particularly true when one considers that the relative intensities of the
colored stimuli were aiternated on a daily basis and this procedure would
confound any atlempt of the rats to use brightness cues.




48 LEMMON AND ANDERSON

It is particularly interesting that the performance of the rats on a pattern
task decreased dramatically as exposure time approached 24 weeks, al-
though these same animals were still able to perform color discriminations.
A statistical analysis of the scores of the three experimental rats that were
tested both on pattern discriminations and color discriminations showed
thataﬂerI40daysincon$nntthtthehscorcsonthepaﬁen1d$cﬁnﬂna-
tions were significantly lower (P < 0.01) than their scores on the color
discriminations. Although Anderson and O’Steen (2) reported that rats
exposed to constant light took more time to perform a pattern task thana
black—white task, they found that the accuracy of the light-exposed rats
was not impaired. Therefore, this is the first time that a differential effect
of constant light on the accuracy of visual discriminations was reported,
Of possibly greater significance is the fact that light-exposed rats could
perform color discriminations at all. This would seem to indicate that there
were at least two different visual pigments that were transducing light in the
thbexposedlats.Thisobservaﬁon1naygivesupporttothesuggesﬁonsof
LaVail (11) and Cicerone (7) that residual cone fragments might be mediat-
ing vision in light-exposed rats. Neurophysiological and histological
shuﬁesthatarercpoﬂedinthefoﬂd“dngpaper(KDsuggem,hO“@venthat
cone fragments are not the primary light-transducing element in lights
exposed rats,
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