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1. EQREMORD

In Conducting the research desc-ibed in this report, the investigator(s) adhered to
the " Guide for the Care and Use of Laboratory Animals,” prepared by the coamittee on
Care and Use of Luboratory Animals of the Institute of Laboratory Animal Resourcas,
National Research Council (DHEW publicatin No. (NIH) 78-23, Revised 1978).

Citations of commercial organizations and trade naaes in this report do not
constitute an official Departaent of the Aray endorsesent or approval of the producs or
services of these organizations.
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2. BACKGROUND AND RESEARCH GYNOPSIS

It is only in recent times that the actinic or photochesical effects of short
wavelength light on the retina have cose to be recognized. Prior to 1950, thersal
injury was the concept used alaost exclusively to explain retinal damage resulting froa
excessive exposure to infrared (IR) and visible light. Birch~Hirschfeld in 1912
postulated that the visible portion of the solar spectrum was responsible for solar
retinitis and/or eclipse blindness.® He believed that the effects of sunlight on the
retina were abiotic or photocheaical in nature. His opinion was contested by Verhoetf
and Bell who produced what they considered incontrovertible evidence that solar

retinitis was 2 thersal phenomenon.2 This dictum doainated the thinking of sost
ophthalaoclogists for the next 5 decades.

During World War II, the damaging effects of sunlight on the retina became a smajor
concern for military personnel operating in the Pacific and Nediterranean theaters.
Observers spotting planes attacking from the direction of the sun sustained severe
retinal lesions.3 Saith had already reported in 1944 on actinic pigaent degeneration
in the sacula of 150 servicesen stationed on a tropical island in the Pacific.® He
described the retinal photopathology as similar in appearance to senile aacular
degeneration. Cordes described the syndrose of foveomacular retinitis, observed in 1548
aneng 176 naval personnel.® It consisted of sacular edesa with loss of foveal reflex,
Dispute over the estiology of this disease was reviewed by Narlor et al in 1973.% They
concluded that solar retinitis was a probable cause. Another aspect of chronic light
damage to the retina during World War II occurred in the prison caaps in southeast Asia
where thousands of allied troops were interned under severe salnutrition or starvation
conditions and daily exposure to bright sunlight.”:® These prisoners of war experienced

a luss of central vision and in many cases macular lesions similar to those cbserved
after sun gazing.

After the war, the ocular hazard fros the nuclear firebal) becase a satter of
coacarn, In Nevada, rabbits exposed to a nuclear fireball received retinal lesions out
to distances of 42 miles, while monkeys expesed in an airplane to a high altitude
burst, developed retinal lesions at 300 nautical ailes from the fireball. We deve:oped
in the laboratory & carbon arc source to sisulate the nuclear flash and used it to
study retinal lesions in the rabbit.® This apparatus was used to tresat successfully a
esacular angiosa in a patient and represents the first photocoagulation treateent
pertoreed in this country.'® Heanwhile, Meyer-Schwickerath in conjuncticn with the
leiss Optical Cospany had developed the first clinical photocoagulator.'! Ne purchased
one of the first three coagulators to be exported froa Gersany and used it to treat
patients, We also developed a research coagulator for short pulses using a 2500 W xenon
lamp with associated optics.'® This apparatus sodified by quartz optics, ¢ilters,
“hot"® and *cold® airrors etc. has been a valuable research tool throughout the years,
providing a sisulated solar spectrus, 10 ne bandwidths throughout the visible and near
intrarsd spectrums and near ultraviolet wavelengths down to 300 na.

Most of our early research before lasers Decaae available involved short exposure
tises and high power levels which sade it valid to assume that theremal injury was the
basic sechanise involved in retinal damage. By 1944, enough data on rabbits was
available, including soee laser data, to plot irradiance in M-ca-2 vy exposure tise in
seconds for minimal or threshold retinal dasage over 10 log umits of time, froam 30

nanoseconds (10°°) to 100 seconds.®® Pjlotted logarithmically, these data fell on a
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straight line #rom 30 nanoseconds and 3 NH-ce~2 to 1 s and 10 N-ca-2, Beyond one
second, the curve flattened out along the abcissa but nevar quite reached a platweau.
The common interpretation was that the plateau represented a temperature tooc low to
cause theroal denaturation. There was no evidence at the tise to indicate a wavelength
dependence. In fact, over the straight portion of the curve it was ismaterial whether
the radiation was infrared or visible, coherent or incoherent.

We found the threshold for retinal damage in the rhesus sonkey when exposed to a
simulated solar source at sea level for three ainutes to be 18.9 WN-ca-2, corresponding
to a teaperature rise nf less than 3°C.'¢ Nost authorities on thermal injury and
denaturation do not believe that such a ssall temperature rise can dasage tissue. It is
gensrally assumed that 10°C above asbient is the threshold for thermal dasage,
Accordingly, we postulated that this represented some type of thersally enhanced
photocheaical dasage.

We were able also to show that the simulated solar spectral bandwidth 400-1400 na
was at least five tiaes sore effective than the bandwidth 700-1400 ne in producing a
retinal lesion in the sonkey. This led us to believe that the short wavelengths in the
solar spectrus were primerily responsible for solar retinitis and that infrared
radiation produced injury only swhen the power level was high enough to cause a retinal
burn., In later and more elaborate experiments with the simulated solar source we proved
that in the rhesus aonkey solar retinitis and eclipse blindness were photochesical
phenosena caused by the short wavelengths in the solar spectrua and that the infrared
cosponent produced negligible injury.?®

These observations prospted us to smake a definitive study of photic damage to the
retina as a function of wavelength.'® WNe exposed the rhesus retina to 8 sonochrosatic
laser lines extending from 441 na in the blue visible to 1064 na in the near infrared.
We found that the retinal sensitivity increased dramatically in the blue region of the
spectrus. especially for long exposure times (1000 s). The corneal power required to
produce & einimal lesion in 1000 s increased by three orders of sagnitude in going froa
441 na to 1044 na. Furtheraore, the type of lesion produced by 441 na was entirely
differcnt <=0 that produced by 1064 na. The latter was a retinal burn whose image
dianeter 42 smaller than the exposed site and at a teaperature rise of 23°C, whereas
the 441 - <, oo occuved with negligble teaperature rise (¢ 0.1°C) and the lesion
appeared two days after exposure and was full size. This was clear evidence that soae

type or types of actinic or photocheaical reaction(s) were produced by short wavelength
light.

Histologicaily as well a. eaorphologically, ainimal burn lesions differ markedly
trom miniea) blue light lesions.'” When thereal lesions are examined by light
sicroscopy at 24 to 48 hours postexposure it is found that sany of the photoreceptor
ceils have beeo irreversibly damaged (pyknotic) as well as the cellular structure of
the retinal pigeent epitheliua (RPE). Destruction is greatest at the center of the
lesion, tapering off toward the periphery hecause saxieum teaperature occurs at the
center of the irradiated ar2a. Thus, 2 ainisal burn lesion is always sealler than the
ircadisted area, In contrast, minim3l blue light (441 ne) lesions are nearly unifore
across the irradiated ar2a and do not appear until 4B hours after cxposure.
Histologically, damage appears initially in the RPE at 48 hours postexposure. The RPE
is inflamaed and edematous, melanin pigeent granules are agglutindted resulting in
depigmentation, and sacrophages filled with .elanin granules appear in the subretinal
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space.'® The photoreceptors do not begin to show major damage until 5-6 days
postexposure. By 20 to 30 days postexposure a einimal blue light lesion has healed
leaving only hypopigmentation and macrophages in the subretinal space. Tests with
rhesus monkeys trained to perform a visual task show that 20/20 vision is lost 5-6 days
postexposure but returns in 20-30 days.'® After 60 days the macrophages have
disappeared from the subretinal space; at 90 days a elight granular and depigeented

area reaains in the RPE that bears a suggestive reseablance to age-related macular
degeneration (AMD).,

We have extended our investigation of retinal sensitivity to radiation into the
near ultraviolet (UV). Aphakic monkeys (lens removed surgically from one eye) were
exposed to 405, 380, 350 and 325 ne radiation from our 2500 W xenon lamp system with
quartz optics. We found that the rhesus retina was & times more sensitive to
wavelengths 350 and 325 nm than to 440 na blue light.2° The photochemical effects of
near UV radiation are similar but sore exaggerated than those of blue light damage and
include, in addition to injury to the RPE cells, extensive dasage to the
photoreceptors, especially the cones.

The basic sechanisas prosoting or causing photochemical reactions in the retina are
unknown but there is good reason to believe that oxygen free radicals and reactive
solecules like superoxide, hydrogen peroxide; hydroxyl radical and singlet oxygen play
an isportant role in producing toxic effects., To test this hypothesis we exposed the
retinae of anesttetized macaque monkeys under high levels of arterial blcoé-oxygen
tension (P0>'s ranging from 100-350 ae Hg) to short wavelength light (435-445 na) and
cospared the threshold for retinal daaag® to that determined under noraal conditions.
The results were definitive.2' Threshold radiant exposure in J:-ce-® gdecreased
exponentially with increase in PO>, We have also shown that oxygenation reduces the
threshold for rear UV retinal damage by a factor of three or more. Histological
analysis showed excessive damage to the RPE.2 These experisents strengthen but do not
prove the hypothesis that oxygen free radicals are involved in toxic reactions produced
in the retina during light or near UV exposure. In another experiment, a monkey fed
beta-carotene over a 2 year period was definitively protected froa blue light retinal
damage when exposed under high levels of arterial blood-oxygen tension. The protective
action of beta-carotene under these conditions implies that singlet oxygen say be an
importart toxic factor sinte beta-carotene is known to be an efticient scavenger of

singlet oxygen. However, it is also an effective scavenger of many othzr excited
solecular species,

In a series of recent experiments we have attempted to detect the efiects of
superoxide dissutase (S0D) and catalase on the retinal toxicity of blue light (440
ne}.33 These encyaes are specific for the disautation of superoxide to hydrogen
peroxide and oxygen and the catalysis of hydrogen peroxide to osygen and water. They
wvere injected intravenously (i.v,) into monkeys both befor2 ang aéter exposure o+ the
retina to aeasured radiant exposures of blue light. The results were erratic and
di¢ticult to interpret and we have congcluded that this method of adeinistration is not
eftoctive because of the short nalé-lide of these anzymes in the circulation and their
inability to penetrate the blood-retinal barrier at the RPE.

Pulses of 40 microseconds duration at pulse repelition frequencies (PRF) of 100,
200, 400 and 1400 Hz at the laser wavelengths 447 and 488 na have been investigated for
ainisal or threshold damage in the macaque retina. The threshold for 488 na pulses is
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always lower than the threshold for 447 na pulses and for 1000 s exposures at 14600 Hz,
the 488 ne threshold is even lower than the cw threshold for 647 na. For each PRF the
difterence in threshold between the two wavelengths increases with exposure tise; the
difference widens as the PRF increases. Technical difficulties with the acoustic

sodul ator attachaent to the argon-krypton laser have prevented us over the past two
years fros investigating pulse trains at PRF's of 10 and 100 kHz and 1, 10, and 20 NHz,
We hope to overcose these difficulties during the next year,

Daily exposures of the two trained monkeys to near UV radiation (330-420 nm) were
tersinated in February 1985. One animal with 3 ma pupillary diaseter received 117}
daily exposures of 1000 s duration to 5 aW-ca~2 as aeasured at the cornea. The other
animal with dilated pupils (>8 am) received 584 daily exposures under identical
conditions. No evidence of cataract in the exposed eye of either anisal has been
detected up to the present time (March 1987). These animals will be maintzined in their
cages and examined every 3 sonths.

The signiticance of our research should not be overlooked. Since its inception in
1972 our research progras has provided valuable biological data leading to the
establishsent of ocular safety standards by the Araed Services, the American National
Btandards Institute (ANSI 21-134 and IZ-311) and other groups such as ile American
Industrial Hyoiene Associatiom (RIMA) and the American Conference of Governsental
Induatrial Hygenists (ACBIH). A primiary cbjective was to establish safe exposure levels
to the eye of laser vadiation, particularly those wavelengths used by tha Aresed
Services. Laser wavelengths investigated include the following: CO02 {0.6 ua, HF and DF
at 2,5-3.0 unm, GaAs at B20, 830, 850 and 905 na, HeiCd at 441 and 325 ns, and
argon-krypton 438, 488, 514 and 4647 na, HeiNe at 433 nm, Ndi1YA6 at 1044 nm and argon at
351 and 363 na. We have shown that the wavelengths in the near inirared emitted by
GaRs lasers (820-910 na) do not present an ocular hazard at the levels used in the
MILES prototype systea or in fiber optic comsunication systems.®* Solar retinopathy
and eclipse blindness,'*.15 govegmacular retinitis,® actinic macular pigaent
degeneraticn® and nutritional asblyopia froe starvation plus exposure to sunlight?.o
are all prisarily photochesical phenosena resulting from either acute or chronic
exposure to the short wavelengths (550-400 na) in the solar spectrus which at sea level
peaks at about 470 ne and represents the most important environmental hazard to the
retina. There is convincing evidence suggesting that acute exposure to sunlight causes
a photochesical type of maculopathy that can be identified as the blue light
retinopathy and there are a number of reasons for believing that long-ters exposure to
blue light accentuates aging in the RPE, contributing to age-related sacular
degeneration.*%.2e por gsample, the depigeentation accospanying the aging process in
the retina is similar to that resulting froa dlue light exposure. A signiticant feature
of the blue light lesion is the loss of selanin granules suggesting that the tformation
of coaplex smelanclipotuscin granules is increased. Increased photooxidation of the
cuter segmaents of the rods and cones by blue light and oxygen increases the
accumulation of lipofuscin in the RPE cells, leading to the extrusion of debris onto
Bruch's acabrane. Thus 1ight exposure increases the phagocytic burden of the RPE,
producing esore lipofuscin and selanolipofuscin granules, depigeaentation, undigested
cross-linked photooxidation products and drusen, the precursors of age-related macular
degeneration.

Atter detining the action spectrum for retinal demage in the visible and near
intrared spectrus,'® we have shown that the samealian retina is & tises aore sensitive
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to near UV radiation than to blue light2° and that the action spectrum continues to
increase exponentially down to 325 nmj that near UV injury involves both the RPE and
the photoreceptors; that oxygenation increases the sensitivity of the retina to both
blue light and near UV radiationj that beta-carotene increases the threshold for damage
at high arterial blood-oxygen tansions, thereby implying that singlet oxygen may play
an isportant role in photochemical toxicity; that photochemical lesions are
histologically different from thermal lesions and that when the lens is reaoved the
samsaliann retina is extremely sensitive to small daily exposures to near UV radiation.
Our research on the sensitivity of the retina to near UV radiation has had a profound

influence on the modern practice of implanting intraocular lenses (IOL’'s) in patients
after lens extraction ¢or cataract. IOL's that strongly attenuate the UV are now

commercially available and are being implanted in patients by ophthalsic surgeons.
There is also a growing awareness amsong ophthalasologists that overexposure of the
retina to short wavelength light and near UV radiation during surgical procedures is a
sajor cause of those retinopathies occuring after lens extaction.27.28 Qur research
has helped establish U.S. Aray safety standards and laser safety standards proaulgated
by the American National Standard Institute (ANSI 2-1346.1).2"

3. LIGHT TOXICITY AS FUNCTION DF WAVELENGTH

The tirst definitive study of photic damage in the retina as a function of
wavelength was perforsed by Has et al® using the rhesus sonkey as the experimsental
animsal. We exposad the rhesus retina to B sonochrosatic laser lines extending froe 1044
ne in the near infrared to 441 na in the visible blue. Exposure timses were }, 14, 100
and 1000 s. The criterion #or mininal damage was the appearance of a visible lesion as
seen in the fundus camera at 48 hours postaxposure. Each laser beas was optically
adjusted to produce a Gaussian distributicn on the retina which was 500 sicroseters in
diaseter at the 1/e® points. The action spectrum for sinisal retinal dassge rose
exponentially toward the shor® wavelengths in the visible spectrus. The corneal powuer
required to inflict a minisal lesion with 1044 na radiation was three orders of
magnitude greater than for blue light at 441 na when the exposure time was extended to
1000 s. During irradiation the calculated maximue temperature in the retina was 23°C
for the infrared beam and less than 0.1°C for the blue light beas. It was obvious that
thermal injury resulted froa near infrared exposure while the blue light lesion was
caused by some type or types of photocheaical damage. These two types of retinal
lesions differ not only in the basic mechanisas producing thes but lead to entirely
ditéerent biological effects which are distinguishable both in vivo with the fundus
camerd and histoiogically with the light eicrouscope. Ruifolo et gl1,'”

In another publication, Has et al,3° we summarized sur conclusions on retinal
damage as follows: There are at least three types of radiation insult in the spectral
range 400-1400 na. These arej mechanical disruption of retinal structure resulting froe
sonic transients or, at very high irradiance levels, shock waves engendered by
estreaely short pulses of radiation which are absorbed in the RPE and choroid, Ham et
al3'; thermal insult {independent oi wavelength to 3 #irst approximation) resulting
from absorption of energy in the RPE and choroid suféficient to produce teaperatures
greater than i0°C above asbient 1n the RPE, neural retina and choreid; actinic insult
from the photocheaical effects of evtended exposure to the short wavelengths in the
visible spectrue {300-550 ne) at irradiance levels too low to produce tesperatures of
asore than a few degrees Celsius above aabient,
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Power level, wavelength and exposure tise are theé important parassters deteraining
the type of dasage. There is no sharp demarcation betwzen these types of retinal
injury. Non-linear phenosena associated with picosecond pulses of mode-locked laser
radiation serge into tharsal effects as exposure tim2e approach the sicrosecond range
for Q-switched laser pulses. Only power level and exposure duration deteraine whether
the damage is mechanical or thersal in nature. Wavelength is relatively unimportant
except insofar as transaittance through the ocular media and absorption by the RPE and
the choroid are concern®d. Rate of delivery and asount of energy abscrbed are the
doainant factors. As irradiance on the retina is further reduced and exposure duration
extended a point is reached where thermal effects becose minimal or even completoly
negligible and wavelength becoses the dosinant factor for photochesical effects.

In anothar study we compared the efficiency of short vs long wavslengths of light
to produce ainisal retinal lesions in the rhesus sonkey as detected with the fundus
camera at 48 hours after exposure to cw coherent and incoharent optical sources. Bs
compared the retinal response of seven nearly amonochrusatic laser lines ranging froa
441 to 632.8 ne with the incoherent light from a 2500 W xenron optical source using
sharp cut-off filters and 80 na bandwidth interference filters. The three types of
radiation exposure are shown in Figure | where the 3dig-! exposure in J-ca~2 js
pletted logarithaically aleng the ordinate vs wéveiens=> in ne along the abscissa, The
sharp cut filter data designated by squares resresert bandwidths of 435-735, 435-735,
485-735, 315-735, S545-735, S75-738, 425-735 and &75-735 ney the 80 ne bandwidth data
represented by the X's were peaked at 450, 500, 550, 600, 450 and 700 nm; the laser
wavelengths denoted by the solid circies were 443, 458, 488, 513, 580, 610 and 433 na.
All exposure times were 100 s. The incoherent spot sizes on the retina were 500
sicroaeters and the laser spot sizes were 500 aicrometers 1t diameter to the /@2
points of the Gaussian distribution. These experisents deaonstraie clearly the
influence of wavelength on photic damage to the retina and indicate that the biological
eftects of coherent 2nd incoherent light are entirely similar. The nature of the dasage
ranges fros pure photochemical <4t the shortest wavelengihs to pure thersal at the
longest wavelengths. The intersediate wavelengths produce a sixture Gof theramally
enhanced photocheaical damsage and thersal dasage.

Retinz] thresholds in the rhesus sonkey at wavelencihy beyond 400 nm have bren
obtained by Ham et al.?* Using a 2500 W xeno lawp with interference filters, the
threshold radiant exposures in J'za~* were determined ior wsvelengths 820 ¢S nm, B&0 25
na and 910 +25 na, Exposure tises ranged #rom | to 1000 = and ieaqe diameters on the
etina were 500 sicroseters. No significant difference in threshold was noted $or these
swavelengihs. In Figqure 2 *hese near inérared thresholds are compared with sieilar data
previcusly obtained for laser waveleagths 1044 ne (NdIYAG), 647 ne (Ar-Ke) and 432.8 na
(He-Ne). Radiant exposures 10 J-ca~2 aee plotted logarithescally agsinst exposure times
in seconds. All three lines are straight and approvisately parailel, indicating a
sisilar type or sechanisa of injury tor wavelengths greater than &30 ne. The type of
injury is thermal in nature as verified by funduscopy and histelogical amalvsis,
Ruffolo »t 31.'7 Hystelogqical exaeination at 24 aad 4B hours postesposure discloses
struttural dasige 1n the RPE and numercus pyknotic nucler in the cuter nuciear layer.
Hinisaal thersal lesions are always sealler than the 1eage diameter on the retina
because teaperiture 15 saxieal at the center ot the 1rradiated image. The dasage 1s
saximal at the center of the lesion, tapering oféé tomrards the periphery. This 18 in
sharp contrast to minimal photochemeica! lesions where damage 15 #ai1rly unidore across
the lesion with a definite border between 1njured and umingured RPE cells 3t the
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periphery and only a few pyknotic nuclei in the outer nuclear layer,
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Figqure 1

The radiant exposure in J-ce~2 to produce a minisal retinal lesion for 2 100 s
- exposure is plotted against wavelength in nm for sharp-vut filters (opes box) 435-7385,
' 455-735, 485-735, S15-735, 625-735 and 675-735 nm; 80 ne bandwidth filters (X's)
450 40, 500 40, 550 40, 600 *40, 650 x40 and 700 *40 nm; laser lines (circles)
441, 458, 488, 514, 580, 410 and 433 na. Isage diameter for laser lines was 500 uam
to the 1/e? points of Gaussian distribution. The sharp-cut and 80 rm filters image
diameter was 500 um across a uniform distribution as produced by a xenon optical source.
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Figure 2

'“f.;‘ Cosparison of near infrared thresholds at 820, 8460 and 910 na wavelengths (xa2non)
with previocus laser data at 10464, 647 and 633 na.
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In another study, Ham et al2° demonstrated that the rhesus retina is more sensitive
to near UV than to 441 nm light by a factor of six. We e.posed the aphakic eye in 3
aonkeys to wavelencthe of 405, 380, 350 and 325 na as produced by a 2500 W xenon
optical source with quartz optics through 10 nm band-pass interference filters.
Exposvre durctions were 100 and 1000 s and the retinal spot size was 500 micrometers in
diameter. Retinal sensitivity to photic damage continues to increase with decreasing
wavelenygth, Tne radiant exposure required to inflict a minimal retinal lesion with blue
light (441 na) was 30 J-ca"2 as compared to 5 J-ca~2 for 350_and 325 nm UV radiation,
The histology of the UV lesions are discussed in Section 5., These findings support the
previous forebedings of several authors as to the retinal hazard in the aphakic eye.

4. HISTOPATHOLOEY OF THE BLUE LIGHT LESION IN THE MACAQUE RETINA

The pathological effects of blue light on the retina have been controversial,
snvestigators differ in their opinions as to whether the initial insult involves the
photoreceptors of the neural retina or the single layer of epithelial cells comprising
the retinal pigment epithelius (RPE). The confusion has been augmented by the tendency
to relate the blue light lesion in primates to the syndrome involving the loss or
destruction of the photoreceptors in a2 bino rats exposed to a continuous or constant
white light =nvirnneant. The lony-term biologiczl endpoints are completely different.
In the albino rat, exposure results in a complete loss of photoreceptors with rosultant
blindness, Nczl1®2; e«tended exposure of tne primate retina to blue light leads to

hypopigmentativn of the RPE and ar appearance which bears a close reseamblance to the
aging retina, Ham et altle,

There is general agreeament that pnotic damage to both photoreceptors and RPE occurs
at exposure levels to plue light appreciably above thoss required to produce a minimay
lesion, Moon et al'v, demeonstrated a loss in visusl acuity in rhesus monkeys expused to
levels of blue light well above threshoid. Mos. investigatore agree that damage to the
outer segaents (05) ie rzparable wi*h time so lone as the photoreceptor cells are not
irreversibly dasaged: and ¢ven the loss of a few photoreceptor cells following pyknosis

cf a few nutlei in the outer nuclear layer (0"'L; is a relatively ainor injury that does
not atfect visual function,

The distinction as to the 1nitial or primary site of photic injury is extreaaly
iaportant because it can provide an insight into the long-tere chronic effects of blus
light, Oaly by iavestigating ainiwal or subeinimal lesions after exten.ed exposure
{1000 g) can the evenits leading up to lono-tere effect, be discovsered. Over:axposure
ebliterates in & badiy damaged satrix of tissue the rubtle a2ffects of paototoxicity.
Extended exposures beyond 1,000-10,000 s are ispractical in the laboratory, but
repeated exposures on 3 daily basis to sonkeys trained *o sit in a chair ang perfora &
visual task for a reward are feasible. Such experiments have been underway since 1979
in our laboratory at the Hedical Colleje cf Virgaria.

A rhesus sonkey was erpoased roneculiarly over a period of 30 months (608 exposures!?
on a Jdaily basis (1000 s per day, 5 days per week) to a shirt wavelength spectren
330-490 ne provided by a 2500 ¥ xunon laap with quart: optics and suitable eiirors and
tilters, Hae et al>*, The corneal srradiance was 5 aW-ca-7; estimated rediant exposure

to the retina was 8 J-c2~% per daily exposure, dased on the assurption that the exposed
eye remained ¢ixed on the light source. In reality, both the exposed eye and the

unexposed cartrol cye were coving tonstantly. Neverthaeless, the isage size on the




retina (1.2 am diameter) was large enough to assure an appreciable overlap on the
macular area. Periodic examinations with the fundus camera revealed no startling
changes though there was definite evidence of depigmentation in the temporal, superior
area of the fundus, Fluorescein angiography was noreal in both eyes. Histology on this
animal was negative when sacrificed after 608 exposures. These results were
inconclusive, especially as there was some doubt as to whether the depigmented area was
included in the histological exaeination. It should be noted that only 274 of the
energy in the 330-490 na spectrum penetrated the ocular media to irradiate the retina.
Wavelengths shorter than 400 na were absorbed, primarily by the lens. When the lens is
removed the effects on the retina are dramatic. In another experiment a monkey whose
lens had been extracted surgically was exposed to a near ultravioclet spectrum, 330-420
nm, under similar conditions to those above except that the corneal irradiance was only
66.5 microwatts-cm-2, The radiant exposure to the retina was estimated to be 1,1 J-ca-2
per daily exposure. This animal underwent 316 daily exposures uefore sacrifice for
histology. Early on, after B0 =xposures, fluorescein angiography had disclesed aultiple
fo:al areas of depigmentation in the RPE of the superior macula. Funduscopic
examination before sacrifice showed a large lesion in the superior paramacular where an
edematous area had been observed previously, as well as another large lesion in the
teaporal macula; also numerous small depigmented areas in the superior macula and what
appeared to be a retinal hole in the periphery at about ten o'clock. Histological
examination confirued these in _vivo findings. These results demonstrate the extreme
sensitivity of the primate retina to repeated small exposures of near ultraviolet
light. The histological findings after exposure to near ultraviolet radiation are
described in section 3.

In an attempt to investigate more thoroughly the basic eechanisas leading to the
blue light lesion, Ham et al'® prepared for light aicroscopy and electran
ultrastructural anslysis approximately 3000 sections from 20 eyes in 10 rhesus acnkeys
exposed to blus light (441 na) at levels slightly above threshold. Sections were taken
at postexposure times of one hour, 1, 2, S5-4, 10-11, 30, 60 and 90 days. Experimental
vethads and procedures are given in the publication. In what follows, the histological
findings are discussed in soae detail.

In specimens examined one hour postaxposure the neural retina, RPE and choroid
appeared normal with the exception of a +ew pyknotic rod nuclei and a #ew dense conp
ellipsoids. Findings were similar at one day postexposure, but at two days postexposure
there were definite changes in the RPE which was edematous in about 90X of the exposed
area {1 me diaa.). The most characteristic feature of the lesion was a pigeentary
change caused by the agglutination of aelanin granules which produced interstices in
the curtzin of selanin granules normally found in the apical region of the RPE. A few
anaczrophages containing melanin granules were present in the subretinal space. This
hypopigmentation of the RPE sade the lesion visible funduscopically for the first tiae
at two days postexposure. In aore severe lesions the choroid was involved over the
central 50% of the irradiated ares. A aild choroidal response or none at all was &
conmon #inding for most of the lesions examined histologically at two days
posteiposure, In these two-day lesions the RPE was aildly iofiaeed but the cuter
seqaents (0S5} of the photoreceptors were not grossly dasaged. The initial lesion was

localixzed predominatly in the RPE with widespread damage and possible neécrosis ot sose
cells.

Lesions exemined at 5 and & days postexposure usually showed a highly inflaaed RPE,
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often with cellular proliferation (mitotic figures) and always with hypopigmentation.
Several msacrophages loaded with selanin granules were now visible in the subretinal
space. For the first tize the 05 secmed to be disarranged and damaged. Cellular
prolifaration, hypopigmentation and msacrophages in the subretinal space weare clearly
visible. The 08 showed mild disarrangesent.

By 10 to 11 days postexposure lesions usually showed resarkable recovery. The RPE,
while hypopigmented, had returned to a singla layer of cells; macropheges loaded with
selanin granules persisted in the subretinal space, but the 05 of the photoreceptors
appeared fairly noramal. At 30 days postiiposure, most lesions showed a normal RPE
except for hypopigaentation and the continued presence of sacrophages in the subretinal
space. In lesions examined at 40 days postexposure the sacrophages had disappeared froa
the subretinal space. Except for hypopigsentation the RPE and neural retina appeared
noreal. The same was true at 90 days postexposure except that the hypopigmentation
seeaed less evident. .rom these observations it would appear that partial to alaost
cosplete recovery had occured by 90 days postexposure.

The characteristic features of the blue light lesion as outlined above closely
resesble the clinical events leading to solar retinitis and eclipse blindness as well
as to the syndrose of foveomacular retinitis reviewed by Marlor® and the pigaent
degeneratiion of the eacula in 150 servicemen stationed on a tropical island in the
Pacific, Saith®, The recovery phase after blue light exposure is similar to the
clinical datz on eclipse gazing reported by Penner and McNair34, who reported recovery
to pre-exposurs vision in 592 of their patients at six sonths postexposure. Hatfields®

t 4 1 ti thy during the 1970 ecli 45% of th tflicted
F:e3;n53 iosnS?:SY 3Is:gn?rT;: .Rﬂ’fa ¥iig:329¢xp:snd th::elg::lent! gchodgr:d.for e

enucleation because of selanosa to direct sungazing for a period of one hour. The eyes
were resoved 38 to 48 hours afiesr expusure zrd ona=nad hietologically, They found
varying degrees of damaga te the RPE including irregular pigaentation, necrotic RPE
cells and edesa, but the photoreceptor cells sppeared norsal. The vision of two
patients had returned to preexposure levels before their eyes were enucleated.

Hoon et al:*® were able to desonstrate that the photopathology of the blue light
lesion correlated well with sonocular visual acuity tests in the trained rhesus sonkey
as defined by the Landolt ring technique. Exposure of the fovea to paramacular
threshold levels of 441 ne light (30 J-ca~2 §p 1000 &) did not impair vision, but 60
J-ca~2 jn the fovea produced a decline in 20/20 vision on about the #ifth or sixth day
postexposure; the visual acuity gradually returned to noreal at 30 days postexposure.
An aniwal exposed to 90 J-ce~2 in the fovea lost 20/20 vision persanently. Nhen this
aninal was sacrificed 4 */: years later, histological examination disclosed plague
torsation in the RPE sisilar to that reported by Tso and Fine®” Ne have demonstrated
conclusively in the rhesus sonkey that solar retinitis iz caused by exposure to the
blue coiponent in the solar spectrus, Ham et al'®, All these data support the thesis of
Young?® that *some of the entities in the current nosology of retinal disease are
radiation diseases provoked or aggravated by light.....°. In particular, there is aaple
reason to postulate that 2xposure to blue light plays a role in the Irvine-Gass-Norton
syndroae, especially after the investi;ation of Tso and Shih>® regarding the patholagy
of macular edema following lens extraction in the rhesus monkey and the recent
s2asuresents of retinal light exposure ¥ros operation microscopes and surgical overhead
lasps made by Calkins and Hochheiaer>®,
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3. TH ULTRAV T _LESION I MAC

The ocular sedia, especially the lens, protect the prisate retina from short
wavelength light and near ultraviolet (UV) radiation, but this protection is largely
forfeited when the lens is removed. Since over 575,000 cataract operations were
perforaed in the Unitad States in 1983, Maumanee*©, the question arises as to whether
blue light and near UV radiation constitute a hazard for the aphakic eye. We have shown
{Section 3) that the rhesus retina is six times more sensitive to near UV radiation
than to blue light. The radiant exposure required to produce a minisal lesion was
approximately 5 J-ca=2 ¢$or a 100 or 1600 s exposure to 350 and 325 ns, as contrasted
with 30 J-ca~2 jor 441 na blue light. Histological data is available now to desonstrate
that near UV lesions differ from blue light lesions in several isportant respects, Haa
et al*!, The UY lesion is funduscopically visible imsediately after exposure as
contrasted to 2 latent period of 48 hours before a sinimal blue light lesion appears,
and the photoreceptors as well as the RPE are damaged, particularly the cone ellipsoids
which appear to be especially vulnerable, probably because of absorption by the
setalloflavoproteins and cytochromes in the aitochondria. Rhodopsin and the cone
photopigaents have strong absorption peaks in ithe near UV that also may account for the
sensitivity of the photoreceptors. In both types of expasure (blue light and near UV)
damage to the RPE plays an iaportant and similar role.

Only one aphakic eye in a rhesus monkey was available for histological analysie.
This eye was exposed to 5.5 J-ca~2 of 350 nw radiation in 100 s on a retinal spot size
of about 500 aicrometers. All exposures were paramacular and scheduled so that at
sacrifice lesions could be examined at postexposure tiaes of 2, 5, 10 and 30 days. It
was apparent at two days postexposure that the 0S of the photoreceptors were damaged, a
finding in direct contrast with a blue light lesion where the photoreceptors are
virtually intact. There was aild damage and some depigasentation in the RPE, The primary
tocus of dasag2 was the 05 of the photoreceptors and possibly just perceptible thinning
of the nucley in the outer nuclear layer (ONL)., At 5 days postexposure there was
obvious damage to the photoreceptors, especially the 0S8, and some damage to the nuclei
in the ONL. The RPE was also involved with aild derangesent asong the melanir granules.
Damage is conftined mainly, however, to the photoreceptor cells of the neural retina.

In one lesion at 5 cdays postexposure the photoreceptors are severely dasaged;
within a seall area the entire photoreceptor population including the ONL has
disappeared. Below the damaged area and resting on Bruch's seabrase is a cluep of
aelanin granules. Toward the left of the dasaged area the RPE and neural retina appear
reasonably noreal. It is ditficult to explain this highly localized damage. Perhaps it
is due %o refractive errors producing focal hot spots at these short wavelengths., In
any event, it deacnstrates that near UV radiation is lethal to photoreceptor cells, a
phenosenon which is not apparent with blue light at threshold levels.

The histological data to date indicate that near UV radiation attacks both the
photoreceptor cells of the neural retina and the RPE, but that the primary effect is
the destruction of the photoreceptor cells, especially the cones. Presusably, radiant
exposures well above threshold would result in a eassive loss ot photoreceptor cells
and irrepsrasls damage to the retina,

Calcula'ions based on an estimated radiance ¢ros sun and sky of | eW-ca-2.gtgr-1
tor the near UV, a pupillary diameter of 2.5 as, and a transeittance for the aphakic

- 14 -

e AT AT T I T N A ARG

Ny

o o e



eye of 0.5 yield a retinal irradiance of about B.5 sicrowatts-ca=2, Exposure for three
hours on a bright sunny day at sea level would give a radiant exposure of 92 ad:ca-2
which is far below the threshold of 5 J-ce~2 ¢or retinal damage in the rhesus monkey.
Even if no repair processes were operative in the retina, it would require about 54
repetitive daily exposures to accusulate a radiant exposure of § J-ca~2, While these
calculations may be reassuring, it is also prudent to assuse that near UV exposures may
be partly cumsulative, For example, the loss of a few photorecaptors daily would go
unnoticed but over a period of years the depletion in photoreceptor population would
lead to serious consequences. Also, it is important to realize that removal of the lens
increases the retinal exposure to blue light. The tresendous preponderance of blue
light over near UV radiation in the salar spectrus amore than compensates for the
toxicity ratio of & to | for near UV vs blue light. Transaittance of the aphakic eye to
the bandwidth 400-500 nm is about 0.7. Nothing is known about possible synergistic
effects ot short wavelength light and near UV radiation.

6. AGING AND DEGENERATIVE EFFECTS IN THE RETINAL PIGMENT EPITHELIUN (RPE) FROM CHRONIC
EXPOSURE TO LISHT

Young?¢ has proposed a theory o central retinal disease based upon long-tera
chronic exposure of the fovea to light. In his words, "Perhaps soae of the entities in
the current nosology of retinal disease are diseases provoked or aggravated by
light....", and "Analysis reveals that it is possible to develop a theory which
accounts for the pathogenesis of many foras of retinal degenerative disease, and
provides a rational basis for prevention and treataent®. He cites a large nuaber of
empirical facts which are substantiated by numerous references to the literature. It is
a convincing thesis, well docuaented and augmented by scholarly research. Particularly
impressive is the relationship between long ters radiation exposure and degenerative or
aging effe-ts on the retinaj these correlate well with the observations of Suith*, Haa

et al'®, qand Tso and Fine>” concerning hypopigmentation of the RPE, serous detachaent
of the RPE, sacular edesa and age-related macular degeneration (Aﬂb)

The concept that long-term, chronic exposure to sunlight is a contrabuting factor
to aging of the retina and age-related macular degeneration (AND), is not new; van der
Hoeve*? in 1920 supported a similar theeis. The aging of the retina, particularly in
the macular region, is intimately associated with the gradual accueulation of debris
(residual bodies, lipofuscin, aelanolysosocaes and aelanolipofuscin) in the RPE,
Feeney-Burns®s, Ham'®, Young** has reviewad the clinical and histopathﬂlogical features
ot AND. In his words, “Nany of the features of AND can be attributed to the progressive
deterioration of the retinal pigeent epithelium. It is proposed that this deterioration
arises primarily froa isperfections in setabolic processes concerned with intracelluar
renewal ~the incessant replacement of the cells’ wmolecular constituents. In particular,
inefficiency of the cells’ digestive apparatus seeas to play a primary rele in setting
off a coaplex sequence of events involving residual bodies, alteration of Bruch's
seabrane, drusen, basal lasinar deposits and pigeentary disturbances. Two major
tharacteristics of AND which remain unexplained by this hypothesis « The central
Jdocation of the lesion and the protective effect of ocular pigeentation - can be
accounted for by postulating a role for the damaging effects of radiant energy in the
etiology of AND.*

The Division of Risk Assessaent, National Center for Devices and Radiclogical
Health ot the Food and Drug Adsinistration sponsored a Workshop on "Long-Tera Visual
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Health and Optical Kadiation® in September 1983. Seven working groups were established
to identify and define specific long-ters visual problems that could b# induced by
optical radiation. The Retinal Pigment Epithelial Werking Group, chaired by Ham?%,
specifically considered aging and its possible relationship to light dasage to the
retina., There is convincing evidence suggesting that both acute exposure (eclipse
blindness and sun gazing) and long~term chronic exposure to sunlight causes a
photocheaical type of maculopathy in both humans and non-humsan primates that is closely
related, if not identical, to the blue light lesion. Whether long-tera exposure to
short wavelength light and near ultraviolet radiation can be related to aying of the
RPE and AMD remains questionable but there are several reasons for believing that such
a relationship exists., For exaaple, a significant feature of blue light damage in the
primate retina is the loss of melanin granules, suggesting an increase in the formation
of complex granules (melanolysososes & melanolipofuscin) and an acceleration of the
depigaentation process that accompanies aging. It makes sense to postulate that light
exposure increases the phagocytic role uf the RPE, producing more lipofuscin and
coaplex granules with extrusion of debris onte Bruch’'s meabrane. For example, in the
rhesus monkey each retinal rod produces B0 to 90 disks per day; the 05 is replaced
every 9 to 13 days. Thus, each RPE cell must phagocytize and digest approxisately 3000
disks per day. As Feeney*® has esphasized, "The pigeaent epithelial cell must have a
highly developed phagocytic-lysosal systea in order to digest these enorsous amounts of
exogenous material daily for 70 or more years". Again in Young's*® words, " The
senescent changes are centered on the macula, where the intensity of radiation appears
to be the greatest. Accumulation of lipofuscin in the pigeent epithelium begins in
childhood. Several decades later, the cells are filled to overflowing with the reanants
of failing molecular renewal, despite abortive atteapts to clear the cytoplase of
debris by extruding it onto Bruch's meambrane.® While the evidence that chronic blue
light exposure is a contributing agent in the aging and degeneration of the macula is
not conclusive, it is suggestive enough to warrant recosaending that the public wear
protective yellow filters or sunglasses during exposure to bright light and near
ultraviolet opticel radiation., Such filters are haraless and aay slow down the aging
process in both the retina and the lens.

Weiter et al*T in a study of the relationship of senile macular degeneration to
ocular pigmentation conclude with the statement, “The strong association between ocular
melanin and both senile aacular degeneration and lipofuscin in the retinal pigaent
epitheliue suggests a role for light dasage in the eye and offers passibilities for
research to prevent this isportant cause of blindness in our population®.

f workshop of ocular safety and eye care was held at the Duke Eye Center under the
auspices of the National Research Council, Cosmittee on Vision, Holbarsht*®, Meabers of
the workshop explored potential ocular hazards from radiation emitted by ophthalaic
instruments currently in use. It was recocamended that "in general, instruments be
designed tc sinimize the asount of ultraviolet and infrared radiation., Especially,
chronic exposure to eaission in the bhlue end of the spectrus should be reduced as far
as possible to avoid photochemical dasage to the retina, This “blue light  retinal
hazard of any instrusentation may be evaluated by using Quidelines as the proposed
Threshold Liesat Values (TLVs) of the Aserican Conterence of Governamental Industrial
Hygsenists®, (ACGIH 1979). A table is given which estimates the retiral hazard of
chronic exposure to different wavelengths relative to 435-440 na, judged to be the aost
dangerous visible wavelengths,
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7. RE I
WAVELENGTHS 440, 475 AND S33 ne

We have investigated the cuaulative or additive effect of repetitive light
expcsures to the sase site on the macaque retina. The retinae of 3 monkeys (3 eyes)
were subjected to daily radiant exposures of 1000 second duration and 500 micrometer
spot dianster for 21 consecutive diys at each of three wavelangths, 440, 4735 and 533
nm. The optical source was a 2500 W xenon lamp equipped with quartz optics and 10 na
interference filters peaked at 440, 475 and 533 na, Initially a threshold radiant
exposure in J-cm~2 was detersined in the other eye of each animal using the
interpolation technique and the sase parameters as above, i.e. exposure time, spot size
and wavelength., The criterion for a threshold lesion from a single exposure was the
appearance of a minisal lesion at 48 hours posteuposure as seen with the fundus camera.
The other eye of each animal was used for repetitive daily exposures to the same site
at 50, 40, 30, 20 and 10X of threshold for a single exposure at each wavelength. In a
given eye, accordingly, there were 5 retinal sites for sach wavelength or a total of 15
retinal sites. All retinal sites were in the paramacular area. They consisted of o
parallel, horizontal row for each wavelangth, either above or below the sacula and
these were varied in each animal.

Results are shown in Table 1| where the daily repetitive radiant exposures in J-ca-2
are listed for each wavelength according to the numbor of exposures required to produce
a sainisal threshold lesion at 24 hours postexposure. At 440 ne, three anisals underwent
the repetitive exposure protocol. The ‘C’' monkey was reacved fros the experiasnts after
J days because of a corneal opacity from an unfortunate blunder by the animal
caretaker, but the other two monk2ys received 20 and 21 repetitive siposures to 440 na
respectively, In the ‘A’ sonkey 17 exposures to 6 J-ca-2 produced a lesion but 21
eixposures to 3 J-ca~2 did not. The ‘D’ sonkey showed threshold lesions after 14

exposures to 5.6 J-ce~2 and after 20 exposures to 2.8 J-ca-?, This desonstrates that
the cusulative effect of daily exposures to subthreshold amounts of 440 na light can

damage the prismate retina and suggests that sose of the photocheaical effects of light
toxicity are irreversible even at radiant exposurcs well below the threshold level. The
animals exposed to 475 and 533 na light did net develop visible lesions for repetitive
daily exposures 2t levels less than 30X of threshold of the single exposure, even
though they received 21 daily exposures to approximately 19 and 40 J-ca~® §or total
radiant exposures of 399 and 1260 J-ca~2 respectively. From Table § it can be seen that
in monkey ‘A’, 3 exposures to 12 J-ca~2 of 440 nm light produced a lesion while 3
exposures to 47.3 J-ca™® of 475 na light were required to produce a lesion j similarly,
aonkey ‘B’ required I exposures to 11 and 46.2 J-ca-2 respectively for these two
wavelengths, Wavelength 440 ne is about 4 times aore tonic than 475 na. When 440 na
light is compared to 533 na the toxicity ratio is about 17. However, this type of
coaparison is not entirely valid since diféerent mechanises are involved at different
wavelengthe, Nevertheless, these experisents illustrate the extreae sensitivity of the
prisate retiny to the blue end of the visible spectrua.
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Table §

Radiant exposure in J-ca~2 per exposure for wavelengths 440, 475,and
S33 nm vs number of exposures required to produce a minimal lesion in

the macaque retina for 3 eyes in animals designated (a),(b) and (c).

12 BB.1b
13 90a_
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8. INVESTIGATION OF BASIC MECHANISNS LEADING TO PHOTOCHEMICAL LIGHT DAMAGE

Actinic or photochemical injury to the retina begins at wavelengths below
approxisately 550 ne froe retinal irradiance levels too low to produce appreciable
teaprrature rises, Ham et al3°, The transition from thermal to actinic damage as
wavelength decreases is gradual with an ill-defined minture of both types of insult
through the range 550-500 ne. Below 500 na, photocheamical effects predominate. Because
chesical reactions are a strong function of teeperature there is a region of thersally

enhanced photocheaical reactions bridging the gap between predominately thermal and
predominately photochemical events,

The basic mechanisms leading to photochemical effects in the retina are not known,
yet there is no scarcity of deleterious reactions in photobiclogy which sight play a
role and there is little experiasental evidence to single out a specific reaction to the
exclusion of others. The mammalian retina is unique among body tissues in that light is
focussed directly on a group of cells which are highly oxygenated. According to Parver
et al** the choroidal circulation accounts for BS% of all ocular blood flow. Per graa
of tissue the choroid has four times the volume of blood found in the renal cortex and
is structured so that a dense matrix of small blood vessels with a large surface area
is immediately adjacent to the RPE and the outer layers of the neural retina. Parver
has shown that the choroidal circulation plays a key role in dissipating the heat
generated by the absorption of light in the RPE and the choroid. Choroidal circulation
is unusual in having a very low arteriovenous oxygen differential (approximately 5%),
suggesting that this high flow characteristic may serve purposes above and beyond
supplying metabolites and oxygen, i.e. a heat dissipating mechaniss for the macula. The
presence of numerous large mitochondria in the ellipsoid of the photoreceptor cell
demonstrates how dependent the retina is on oxygen. Indeed, the photoreceptor and RPE
cells are among the most aetabolically active cells in the body.

Either light or oxygen individually can dasage cells. The retina would be subject
to oxygen toxicity even without light but the cosbination of the two greatly enhances
the probability of deleterious reactions. Thus, nature’'s dilemea, light is essential
for vision but light is toxicjy oxygen is essential for life but oxygen is also toxic,
Fridovich®° has pointed out that all respiring organisms survive by virtue of
maintaining a delicate balance between their energy requireaents as obtained by the
reduction of oxygen to water and the toxic effects engendered in tissue by the frec
radicals produced during these catabolic processes.

Photocheamical reactions are initiated by photons of light (h ) exciting a molecular
sensitizer, (S), to form an initially excited electronic state, the singlet state, 1§,
which has a very short lifetime ((10-%9g), There are three sajor ways in which the
aolecule 'S can dissipate its quantue of absorbed energy: by reaction with a solvent,
usually water; by emission of a photon (fluorescence); or by a radiationless transition
or crossing-over to a triplet or setastable state 35 which has a such longer lifetime
than *S and therefore has sore time to react with other molecules. The triplet state 35
is believed to be the pathway leading to sost photocheaical reactions, The amost
effective sensitizers are those which yield a long-life triplet state in high guantua
yield, Foote®!, The retina has mclecular species which could serve as photosensitizers,
Examples are hematoporphyrins, flavins and aromatic hydrocarbons which are distributed
ybiquitously throughout sassalian tissue. These are asong the sany chrosophores which
can absorb visible or near UV radiation to becose sensitizers leading to photocheaical
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reactions. In addition to endogenous sensitizers account aust also be taken of

exogenous substances which can also act as chromophores, e.g. certain drugs, foods,
dyes, etc.

There are tuo major types of photochesical reactions designated as Type I and Tvpe
I1. In Type I, the redox reactions do not involve oxygen and SS reacts directly with
the substrate to produce cellular dasage. In Type Il reactions, usually called
photodynasic reactions, 38 reacts directly with molecular oxygen to produce either
excited singlet oxygen,*0x, or the superoxide anion radical 03, In either Type I or
Type 11, the net result js the production of active free radicals which can attack

other molecules. According to Foote®!, the majority of Type II processes involve
singlet oxygen as the prisary reactive species.

Molecular oxygen has two unpaired electrons with parallel spins in the triplet
ground state, 302, To react with other molecules one electron spin requires inversion.
Spin inversion is a slow process in comparison to the lifetime between molecular
collisions. Because of spin restriction, S0z is not as highly reactive a molecule as
singlet oxygen. Excitation of 30 to singlet oxygen '0. results in a spin inversion so
that 102 becomes a very reactive molecule, especially for the lipid peroxidation of
polyunsaturated fatty acids, PUFA. Singlet oxygen has a halé-life in water of 3.3

microseconds, Rogers®2, and an excitation energy of 22 kcal or 0.98 eV corresponding to
a photon wavelength of 1270 na, Fridovich®°®, Foote et al®3,

The reduction of oaxygen to water requires the resoval of 4 electrons. Oxygen is
toxic, not because of its own reactivity, but because its reduction to wmater tends to
favor (because of the spin restriction) a series of univalent single electron transfers
which generate superoxide radical 03, hydrogen peroxide Hz0. and hydroxyl radical ON-,
The latter is the sost potent oxidant known. It is aainly these inzernodiates that
cause oxygen toxicity., Most of the oxygen reduction in respiring cells proceed by
pathways which are directly sultivalent., Thus, cytochrome ¢ oxidase, which accounts for
sost of the oxygen consusption by aerobes, produces H20 tetravalently without the
intersediate production of radicals. This enzyme represents the cell’'s first line of
defense again oxygen toxicity, There are also flavin-containing enzymes which perfora
the divalent reduction of >0: to H20. Such enzyses also represent part of the cell's
defense against oxygen toxicity since they skip the univalent reduction ot oxygen which
produces superoxide anion and hydrogen peroxide.

However, recent research has shown that there are numerous spontaneous onidations
as well as enzysatic oxidations in biological systeams which can generate free radicals,
Freeman®*, For example, the autooxidation of epinephrine, leucoflavin, hydroquinones
and hesoglobin are known to generate superoxide anion. NHitochondria and phagocytic
cells have been shown to produce 03, Babior et al®S have demonstrated that during
phagocytosis granulocytes show an increased production of 03, They were among the first
to suggest that superoxide may be a bactericidal agent. There is no cell in the body
with greater powers of phagocytosis than the RFE cell, one of whose sajor functions is
the digestion of ocuter segaents which have been discarded by the rods and cones. Part
of the digestive process may involve the oxygen radicels and singlet oxygen. The
spontaneous genzration of free radicals by metabolic processes in living systess is

thought tc be a a3jor cause ot aging, Tappel®*, Feeney and Berean®?, Haraan2® 3nd
Cutier®~,
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Whenever superoxide anion radical, 03, is generated in aqueous sedia, hydrogen
peroxide, H202, is also produced. This is because superoxide is not stable and
dismutates spontaneously to 30: and Hz0= . The presence in solution of both 30 and

h202 can 21so result in the production of the powerful hydroxyl radical OH- under
specicl circumstances when iron salts are present, Fridovitch®©, The OH: radical

indiscriminately attazks all organic compounds while singlet oxygen preferentially
attacks carbon-carbon double bonds. Singlet oxygen is the major product of Type II
photodynamical reactions. Thus the coabination of oxygen and light in the retina can
produce a quartet of toxic poisons, i.e. 03, H20z, OH- and 20,,

9. PROTECTIVE MECHANISMS AGAINST PHOTOCHEMICAL LIGHT DAMAGE IN THE RETINA

It seeas obvious that cells which utilize both light and oxygen maust have
protective mechanrisms to mininize the production of toxic substances and also to
scavenge effectively those whose production cannot be avoided. Those enzyse systeas
which reduce oxygen to water by tetravalent or divalent pathways represent one type of
defense systes. The recent recognition that cells, pa."irrlarly the RPE cell, are
constantly digesting their own cytoplasaic contituents and synthesizing new molecules
to replace thea represents another defense systes, Young and Dok®!, This process of
sclecular turnover or renewsl provides the cell with a poxerful tool for combating the
damage caused by toxic substances. Enzysatic repair systeas like the well known DNA
repair enzymes constitute still another method of defense against damage froa free
radicals. The photoreceptor cells have developed a unique def~nse against the
peroxidation of the PUFA'S which are the major fatty acid constituents of the outer
seqgaents. Both rods and cones renew their outer segeents, rods at a daily rate of 101
while cones have a lower but appreciable turnover rate. The apical tips of the rod
suter segments represent those disks which have been exposed the longest to the
deleterious effects of light and oxygen and it is those tips (sometimes 100 disks or
sore) that are pinched of+ and phagocytized by the RPE.

In addition to the defense systeas listed abovi, cells have very specific
amechanisas, enzyses and antioxidants, to scavenge radicals and/or inhibit their action
on suscentible structures, notably meabranes. (One such mechanism involves superoxide
diseutase (50D), an enzyme that catalyses by dismutation the conversion of 0> to Ha0;
and 30, Altogether, there are four different kinds of S0D. One of these is found in
the cytosol of mamealian cells, It cont2ins both copper and 2inc and has a enlecular
weipht of 32,000, This enzywe has been isuvlated fros a wide variety of eukaryotic cells
including those from humans, cows, chickens, yeast and bread eold. Another superoxide
disaytase containing aangahese is found in mitochondria. The other two types are
bacterial in origin and do not occur in eukaryotic cells. ]t is interesting to note
that the striking simijarities in the smiroe acid sequences between baclerial and
aitochondrial superoride dissutases provide bicchesical evidence on the evolution of
unigue disautases by prokaryotes a~nd protusukaryotss during the period whon the blue
green algae transiormed the earth's ateosphere #ros anaerodic %o aerobdic.
Biochemically, san bears close kin to E. Coli!

While 50D does protect the cell $roa superoxide anion radical, i1n so deing it

groduces Hz0., Hydrogen peroxide is also generated by the divalent reduction oé oxygen
to water and by some photochesical reactions; it also 1s toxic to the cell and in the

presence of Fe¢+ and *0. can generate the evtremely reactive hydroxyi radical. There
are tuo classes of related enzyses, the catalases and the peroxidases, that catalyze
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the divalent reduction of H20. to water and oxygen. The catslases are found
predominately in liver, kidney and red tlood rells. They can reduce Ha0. o water
directly without the aid of an eiectron donor. Mo-t tissues need little catalase
because the circulating blood can remove and decompose the k20, excreted by those
tissues. An important function of the choripcapillaris say be the removal of Hz0.
generated in the outer retina, RPE and choroid by the combined zctions of light and
oxygen. Peroxidases acting on H20> require « .o-substrate or nydrogen donor such as
gluathione or ascorbic acid. Blutathione peroxidase is & seleno-enzyme which is widely
distributed in mammalian cells, e.g. leucocytes, mammary, thyroid, salivary glands and
RPE, Feeney and Berman®7, Blutathione peroxidase is effective at low concentrations of

H20- 3nd can act also upon a wide range ot hydroperorides by converting thea to
harmless hydroxy fatty acids.

The digmutases, catalases and peroxidases protect the cell from superoxide anion
radical and hydrogen peroxide but do little tc inhibit singlet oxygen, the major
product of Type II photochemical reactieons. Delmelle®2 has proposed that light damage
to the retina could be due in part to photosensitized reactions involving singlet
cxygen. Direct proof of the photosensitized foreation of singlet oxygen in aqueous
media is difficult but indirect evidence definitively supports the role of singlet
oxygen in many soclution photooxidations. Proteins, polypeptides and individual amino
acids affected are methionine, histidine, tryptophane, tyrosine and cysteine either in
the free state or in peptides. The.e is no breaking nf peptide or disulfide bonds but
there is loss of conformation which can lead to inactivation of many enzymes. However,

the most destructive role of singiet oxygen is the peroxidation of the polyunsaturated
lipids which represent the main constituents of membrane structure. Antioxidants supply
the cell’'s main line of defense agaiin.. lipid peroxidaticor of membranes., Foremost among

naturally occuring anticxidants is vitamin E, which is distributed throughout mamemalian
cells, Lipid peroxidation can be a chain reaction in m2mbranes, Barber and Bernheimes,
It is the nature of chain reactions that a single initiating event propagates itself to
adjacent molecules in the membrane in a womino-like process which is called
autcoxidation. Vitamin E or alpha-toccpherol is able to intercept or terainate the
autooxidation -hain reaction and protect the semhrane., Vitzmin E is especially
concentrated in the outer segments of the photoreceptors. Vitamin E is also thought to
be a scavonger of singlet oxygen and to act synergistically with selenium to protect
cells from oxygen damage but the imhibiticn of amembrane autooxidation is probably the
moot important function of alpha-tocopherol in the retina.

Hayes®® has assessed the effects of vitamin E deficiency on the retina in tuo
species of monkeys over a period of 2 3/, ,ears, Macular degeneration developed after
two years on a vitamin E deficient diet. The lesion was claracterized by focal, massive
disruption of photoreceptor outer segments which was attributed to lipid peroxidation
of those lipoprotein structures containing highly unsaturated fatty acids. The
rema~kable accumulation of lipofuscin pigment in the RPE was identical to that
previously described in dogs, Hayes et al®® ind demonstrated that the RPE is capable of
extreme phagocytic activity and lysosomal digestion, Robison et al®e.a? Ju4 Kat:z et
al®® have shown that Vitamin E-deprived rat retinas show massive accumulations of
lipofuscin in the RPE, Jisorganization of rod outer segaent membranes, and loss of
photoreceptur ceils. Tie role of vitamin E in protecting the outer segmerts of

photoreceptor cells from lipid peroxidation is unequivocally demonstrated by these
experiments,
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1+ singlet oxygen is indeed the reactive gpecies in most Type II photodynaaic
effeacts, what protection does the cell have beyond those provided by alpha-tocopherol?
One af the major prutective devices in bacterial systems consists of coloured
, carctenoid pigments, Krinsky®?, There is convincing experimental evidence that
L beta-crrotene is an effective quencher of *0; in mammalian cells., That singlet oxygen
quenching is involved in the protzctive action of carotenes comes from the fact that

the rate of 0. quenching is a function of the number of conjugated double bonds in the
polyene chain, Carotenes with nine or more conjugatrd double bonds are efficient

quenchers, Foote®!, Quenching of 0, bz beta-carctene is due to ener?y transfer with
the resulting production of the triplet state of beta-carotene; the latter dissipates
this energy directly to the solvent without damige and therefore can react again in
cyclic fashion. The energy of the transition from the ground state to the first excited

triplet state must be equal to or less than that of the singlet-triplet transition of
the excited oxygen which ie 22 Kcal s0l-* pr 0.98 eV. One of the aajor functions of
carotenoids in nature is to protect cells from haraful or lethal photodynamic effects,
In addition to quenching *0. directly, carotencids can intercept the photosensitization
reaction at an earlier stage by effectively quenching the sensitizer 3§, thereby

preventing the formation of 0. and thus $urther decreasing the %0, available for
initiating photodynamic daaage.

8till another potent defense against the toxic effects of oxygen and light is
uelanin, the major ingredient of the maelanin granules situated primarily in the apical
portion of the RPE where they are in close appositior to the outer segments of the
photoreceptor cells; melanin is also the major constituent of the melanocytes in the
choroid. Until recently, it was geserally assumed that the sajor role or function of
selanin was to shield the outer segments of tho photoreceptors from scattered light and
to convert absorbed photons into harmless haat. There is little doubt that this concept
of the role of melanin is generally valid. However, selanin msay have other {unctions
above and beyond the aere conversion of light to heat.

Photoprotection of the skin 1z 2 =ajor function of melanin, Pathak et al7°,
McGinness et al”'  gand it may «ell play a similar role in the RPE. One hypothesis,
Proctor et al72, is that selanin plays a protective role at low rates of energy input
by a conversion to innocuous phono-vibrational sodes (heat) but that at a high rate of
energy trsnsfer via photon absorption, melanin becomes cytotoxic., Nelanin may be
equally as protective by absorbing the energy of potentially disruptive excited state
species or free radicals as in absorbing blue light or UV radiation. Whiie at lower
doses of UV or blue light, melanin say thus have 3 protective etfect, there 15 scae
evidence that at high radiant exposures the aelanin itsel¢ becomes cytotoxic. Data to
support this thesis coees from the histological effects of the blue light lesion, Ham
et al'? where 46 hours after exposure the RPE underqoes an intlamaatory reaction
accoepanied by agglutination of selanin granules and soee phagocytosis of aelanin
granules by sacrophages., Presusably, the melania gronules have undergone some type of
damage #rom overviposure to blue light.

Feeney and Berman®? syggest that biochemscal damage to the RPE by light and/or
oxygen should be re-exasined in view of the free radical character of mselanin and 1its
possible role as an electron-transfer agent, Melanin is a heterogeneous randos polymer
coaprising several different monoeers coupled by various bond types into an asorphous
substance containing stable free radicals and semiconductor properties that ensure
efticient electron-transter for redor systems. Recent research has shown that aelanin
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is a coaplex substance with a number of interesting features, Cope et al?3 demonstrated
by electron spin resonance measureaents that the aelanin granules of the sassalian eye
generate free radicals when irradiated with visible light. Melanin was for a long
period considered to be an inert substance, but Gan et al”* present data to demonstrate
that aelanin functions as an efficient electron-transfer agent in redox systess. Blois
and agsociates”® conclude that melanin is a highly irregular, three dimensional polymer
whose optical absorption spectroscopy in the UV and visible regions of the spectrua
reveals a lack of structure. This is in accord with Wolbrasht et al’?¢ who believe that
melanin has little biological significance other than its absorption of light. However,
Nenon and Haberman’” have presented data to indicate that the protective effect of
selanin is not entirely due to the absorption of light. They suggest that more
attention be paid to the protective and deleterious effects of melanin and that pigment

biologists keep an open aind for other possible biological effects which are not
presently recagnized.

Felix et al”® have reported that there is rapid scavenging of oxygen by melanir in
the presence of light with saturation of the electron spin resonances of free radicals
and reduction of the scavenged oxygen to hydrogen peroxide, accospanied by some
production ot superoxide. Chedekel et al”% provide evidence that the absorption of
light by pheomelanin (polyaeric pigments found in the hair of red-headed individuals)
in aerated agueous media produces superoxide and hydroxyl radicals as well as solvated
glectrons. The action spectrum for superoxide production is greatest in the UV spectral
region but continues well into the visible wavelengths.,

Another interesting property of melanin is its ability to bind metals and certain
drugs. This could be a mixed blessing-either a storehouse for needed materials or for
toxic substances that poison the RPE. Sarna et al®° found several specific types of
aetal binding sites on melanin, The interaction of Cu2* with eelanin was studied in
sose detail, Other metals which bind to eelanin include Mn2*, Ni2* and In2*, Since
melanin binds metals very tightly, these authores cospared the binding strength with
that of ethylenediaminetetraacetic acid (EDTA). Melanin has sites that bind metals more
tightly than EDTA and some that bind them less tightly. Lindquist®® has reviewed the
literature on the atfinity of drugs for selanin. Chloroquine, quinine and antibiotics
of the streptoamycin group are rapidly localized in the aelarin-containing tissues of
the eye. Adrenaline, dopamine and noradrenaline bind reversibly to melanin while
tyrosine and DOPA lack aelanin affinity; this af#finity appears to be an iaportant

tactor in drug-induced lesions. The authors recoasend that new drugs should be tested
for melanin attinity betore t¢linical use.

Nainster®® cites melanin phagocytosis and pigment clumping in photic and senile
saculopathies as examples of the part played by eelanin in the transier of free
radicals in the RPE, and Feeney®3 points out that the RPE of the eyes of elderly huaans
often contain coaplex granules consisting of both eelamin and lipofuscin, suggesting an
interrelated biological history for these two substances. Feeney studied the history of
selanin and lipofuscin granules in 30 human RPE's, spanning a lifetime of 90 years, Her
data ind cate that RPE aelanin underqgoes autophagic remodeling and degradation during
the human lifespan, She postulates that eelanin plays a key role in protecting cells
from light-generated tree radicals and suggests that thz loss or Aegeneration of
aglanin can leas to seni! <changes in the RPE. As mentioned earlier, Young** also
attributes a major role 1o melanin as a protective agent against AMD,
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In view of the many interesting properties of aelanin as listed above, i.,e.,
semi-conductor, electron-transfer, scavenger of singlet oxygen and free radicals,
superoxide and other free radical production when irradiated with light, affinity for
drugs and setals, liason with aging phenomena involving lipofuscin and drusen, it szeas
plausible to propose that aelanin plays both a protective and a cytotoxic role in
retinzl photopathology. The association of pigsentary disturbances with specific
disease syaptomology such as deafness, inflaswcatory lesions, neurological disorders, or
pigment retinopathies, suggests an active rather than a passive role for melanin in

biological systeas, NcBinness & Proctor®*, Proctor & NcBinness®S, Barr et al®e,
Proctore?,

Thus, nature has evelved an impressive array of defense aechanises to protect the
retina (and also the lens) fron the toxic effects of light and oxygen. Modern science
and medicine, however, have doubled the life span of ean, thereby subjecting the aye to
aging effects like cataract and macular degeneration. There can be little doubt that
long-term, chronic exposure to light and oxygen accelerates the aging process, despite
the body's defense mechanisas. It is interesting to note that rhesus monkeys,; like man,
are 2lso subject to retinal degeneration, El-Mofty et al®® spnd Bellhorn et al®v, It is
possible to overwhela the retina‘s protective mechanisms as is done when albino rats,
NoellS2  are exposed continuously to light. Under these conditions of continuous
bleach, the photoreceptor cells are deslroyed first, followed by damage to the RPE.
This is not a surprising result considering the lack of both a protective pigment and a
nocturnal environment. The same result can be achieved in diurnal pigmented primates,
Sykes et al¥®, but only by exposing the eye continuously for 12 hours to bright light
levels through a dilated pupil. The blue light lesion, Ham et al®, is another example
of overwhelaing the defense aechanisas of the retina but the damage is highly localized
and first appears in the RPE and not in the photoreceptors and the biclogical endpoint
is a depigaented RPE which bears a close resemablance to the early stages of age-related
sacular degeneration, The retina is also extremely sensitive to near UV radiation. Here
the dasage appears in both the photoreceptors and the RPE. Retinal defense mechanisas
against near UV radiation are probably minimal because the ocular sedia of the noreal
eye with intact lens transaits very little UV radiation.
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10. THE EFFECT OF OXYBEN ON LIGHT TOXICITY.

P e A e

Although definitive proof is lacking, there is suggestive evidence that oxygen free
radicals and reactive molecules, superoxide (0%), hydrogen peroxide (H202), hydroxyl
radical (OH-) and singlet oxygen ('0:) play an iaportant role in photochemical dasage
to the retina. To further test this hypothesis, Ham et al®!, exposed macaque monkeys
under oxygenation to blue light (435-445 na) peaked at 440 nm and compared the
threshold for retinal damage to that determined under normal zonditions (breathiag
air)., Monkeys under anesthesia respired through an endotracheal tube with attached gas
bag. They breathed various ratios of oxygen/nitrogen ranging froam 20/80 (air) to 80/20
and 100% oxygen. Arterial blood samples were taken before and after 3V minutes of
breathing a specific mixture and analyzed 7or (POz) in am of Hg. The decrease in
radiant exposure (J-ca~2) wag exponential with increase in P0x, An eapirical equation,
K= 39.3 exp(-.0049 P0:) was established froa the data on B8 eyes in 4 monkeys breathing
various aixtures of oxygen/nitrogenje.9. at a PO of 270 sa of Hg, the threshold was
10.5 J-cm~? ag contrasted with 30 J-ce-2 for monkeys breathing 20/80 (air).
Histopathology disclosed msore severe dasage to the RPE than that observed under normal
conditions, Ruffolo et al22, RPE cells were swollen and distorted at 24 hours
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postexposure rather than at 48 hours as normally found for threshold blue light
lesions,

) Continuing our research, Ham et al®', we exposed the aphakic eye (lens surgically
N resoved) of a rhesus monkey to 325 nm ultraviolet radiation while elevating the
arterial blood oxygen level to various PD.'s (398, 389, 278 and 139 am of Hg). Radiant
exposures for threshold damage were reduced froe 5.5 J:cm=2 at normal PO2's (75-100 aa
Hg) to less than 2 J-ca~2 for PO.'s greater than 300 ma Hg. The actual threshold was
not determined but estimated to be less than § J-cm=2, The histological appearance of
these lesions was dramatic. There was severe damage to cone ellipsoids and in some
histologic specimens the a2ffect of oxygen plus near ultraviolet radiation was
devastating. These findings certainly demonstrate that increased arterial blood-oxygen
tension increases the sensitivity of the primate retina to radiation damage but they do
not prove that oxygen radicals and reactive molecules are involved., The oxygen effect,
while suggestive, does not exclude many other reactions from taking place. Meanwhile,
lack of understanding of the basic mechanises underlying photocheaical light damage
should not obscure the practical and cliniical significance of the oxygen effect.

The protective featurss of beta-carotene have been shown in one rhesus monkey at
POz levels of 224 and 315 mm Hg. The radiant exposure needed to produce a minimal blue
light lesion was increased by 40 and 44% respectively. This experiment can be
interpreted as presumptive evidence for singlet oxygen toxicity in the retina but
detinite proof is lacking since beta-carotene can desensitize other excited or reactive
molecules as well as singlat oxygen. Other experiments with the steroid
sethylprednisolone and the enzymes superoxide disasutase (S0D) and catalase were
inconclusive, so that solid proof that oxygen radicals are responsible for
photocheaical light toxicity is still lacking.

11. PULSE TRAIN STUDIES OF 40 MICROSECOND PULSES AY 647 AND 488 ns WAVELENGTHS FOR
mo 00, 2061 ‘66 ina m!.

We have subamitted for publication a study of 40 microsecond pulses at two
wavelengths (647 and 488 nam) produced by the argon-krypton laser®2z, § rotating disk
with holes in the periphery produced PRF's of 100, 200, 400 and 14600 Hz, The average
thresholds as determined by exposures to 4 different macaque monkeys are given in
Tables 2 and 3, Table 2 provides data for 547 nm; Table I for 488 na. Peak power, P.,
was macasured with a Scientech calorimeter, Pulse width was aeasured to the 1/e points
on a Tektronix 5BS oscilloscope. These thresholds were difficult to obtain because of
the small size of the lesion produced by the laser beam operating in the TEM., amode.
Soretimes it required as many as 160 exposures to define ¢ threshold by interpolation,
A1l data puints are the average of four thresholds detersined in four i1ndividual monkey
retinae, Due to the extreaely small size of the lesion it was necessary to place three
exposures of equal intensity in a row to verity the threshold.

The data in Tables 2 and 3 are represented graphically in Figures 3, 4, 5 and &
where corneal power P. in W necessary to preduce a threshold lesion is plotted against
exposure tise in seconds in a log-log plot. Each figure represents a specific PRF
beginning with 100 Hz #or Fig. 3, 200 Hz for Fi1g. 4, 400 Nz for F1g. S5 and 1600 Hz for
Fig. 6. The 447 nm data are the X plots, the 489 nm data the circle plots; also shown
on each figure are the threshold data for 447 ne 1n the CN TEM,, aode.
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In every case the threshold for 488 na pulses is lower than the threshold for 647
nm pulses and for 1000 s exposures at 1400 Hz, the 488 nm threshold is even lower than
the CW threshold for 647 na. For each pulse repetition frequency the difference in
threshold between the two wavelengths increases as the exposure tise increases. The
difference in the thresholds widens as the PRF increases., The sharp bend in the graphs
of 488 nm wavelength at 100 s exposure time can be interpreted as a basically

N photochemical effect at the longer exposure times as opposed toc a probable mixture of
thermally enhanced photochemical effects at the shorter oxposure tises. At still longer
exposure times we would expect the 447 na pulse curve to asysatotically approach the CM
threshold for 447 na , especially as the PRF was increased into the MHz region.
Unfortunately we do not have any data for 488 na wavelength in the CW mode.
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Figure 3 S

Thresholds of 647 na keypton vs 426 na argon, 40 sicrosecond pulses at 100 Hz PRF.

Corneal powar (Pc) in Watts (W) necessary to produce a threshold lesion is plotted
ag:inst exposure time in seconds. No cptics in bean. (TENoo mode).
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Figure 4

: Thresholds of 647 na krypton va 488 na argon, 40 microsecond pulses at 200 Hz PRF.

. Corneal power (P.) in Watts (W) necessary to produce a threshold lesion is plotted
v 2gainst exposure tise in seconds. No optics in beas. (TEHoo mode),
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AFiqurl 3

Thresholds of 647 na krypton vs 488 na argon, 40 microsecond pulses at 400 Hz PRF.

Corneal power (P.) in Natts (W) hecessary to produce a threshold lesion is plotted
against exposure time in seconds. No optics in beas. (TENoo, made).
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Figure 6

Thresholds of 447 na krypton vs 480 ne argon, 40 aicrosecond pulses at 1400 Mz PRF.

Corneal power (Pc) in Watts (W) necessary to produce a threshold lesion is plotted
against exposure tise in seconds. No optics in beam.(TEMoo mode).
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Retinal lesions produced by 40 microsecond pulses of 647 ne red light at a PKF of
1600 Hz were examined histologiclly in one monkey eye. Exposures were 10 8 in duration
at a peak power to the cornea of 43 aW, Previous experiments had determined the
threshold as 14 aW to the cornea. Nine sxposures were placed in two rows across the
macular area. They were clearly visible in the fundus camera and estimated to bhe 25 to
S50 microaeters in diameter. Five of these lesions were detected histologically. The
severest lesion is shown in Figures 7A, 7B and 7C which are 200, 300 and 480
magnifications respectively. The lesion is about 4 retinal pigment epithelial (RPE)
cells across. The photoreceptor cells above these 4 RPE cells are coapletely ablated
and there are pyknotic nuclei in the outer nuclear layer (GNL). There is damage and
depigmentation of the RFE but Bruch's seambrane seeas intact. The other 4 exposures were
such ailder than the lesion shown in Figures 7A, 7B and 7C. Figure B (480X) shows one
of these gild lesions, Only the cone ellipsoids and nuclei ismediately adjacent to the
border between the ONL and the inner segments of the photoreceptors are involved and
there is no evidence of damage to the underlying RPE. The cone ellipsoids appear to be
particularly vulnerable. In our experience this type of damage does not correspond to
either thermal or photochemical injury as we have noted it in the past. Peak powers are
not high enough, nor exposure tise short enough to postulate non-linear damage froa
sonic transients. We suspect that marked absorption takes place in the cone ellipsoid
sitochondria and that singlet oxygen may also be involved but this is mere speculation.
In future experisents we plan to investigate the role of oxygenation (elevated PO:)
while exposing the retina to 547 na laser light. A positive effect (enhanceaent of
retinal sensitivity) would suggest that singlet oxygen was involved.
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Legend for Figures 7R, 7B, 7C and 8.

7A, 7B, and 7C are photographs of the same lesion at magnifications of 200, 300 and 480
respectively, The histology is phase-contrast, unstained. The exposure details are
as follows: Krypton laser beam (647 nm) chopped by a rotating disc into 40
sicrosecond pulses at a pulse repetition frequency of 1600 Hz, expesure timse 10 s,
peak power at cornea 43 oW, estimated snot size on retina about 40-50 micrometers
in diameter to the 1/e2 points, The 1/e2 beam diameter at the cornea ¢ lam.

Figure 8. Photo of a mild lesion. Histelogy and exposure details identical to
abave.
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Threshold Data for 40 Microsscond Pulses of Argon-Krypton 647 na
Laser Radiation. No Optics in Beaa.

Radiant exposures Ho, per pulse and Ho Total in J:ca~2 for a
R pinimal lesion in the monkey retina are given for 40 microsecond
v pulses at pulse repetition frequencies (PRF) of 100, 200, 400 and 1600
pulses per second for exposure durations ranging from I to 1000 s. E,
in W-ce~2 on the retina is calculated on the asssusption that the
laser beam produced 25 micrometer lesions at the 1/e points of the
Gaussian distribution, E=Ecexp (“r2/202) according to the foraula
Eo=P.T/2m0% where P. in Watts is the power entering the cornea as
measured, 7 is the transmission through the ccular aedia {0.93 for 447
nm)} and ¢gis the Gaussian parametzr corresponding to a radius r of
12.5 micrometers. Each data point represents the average of the
threshold in 4 different monkeys. It required approximately 140
exposures to interpolate for one threshold in each sonkey.

Exposure Number Fe Eo He /Pul se Ho Additive

Time s Pulses W W-cm—= Jcm—= J- cq—=
1 1x10= . 140 2.65x104 1.060 Y
1 2x10= . 082 1.55%10° 0,620 124
1 4x10= . 082 0.98x10° 0.395 158
1 16x10= . 027 0.91x10° Q. 205 328
10 1x103 . Q80 1.92x102 0. 607 6046
10 )10 Q52 1.12x10% Q. 447 893
10 4x103 . 039 0, 74010 Q.295 1,183
10 16103 L0186 0,32x1Q8 0,125 2,000
1= Ix10° L0239 5.50:103 Q.219 2,199
10= 2109 L0318 S5.87x103 Q. 235 4,700
10= Anioe L Q21 I.gEe 0= 0,189 5,369
10 162109 . Q095 1.80:10° Q.72 11,925
o= 1m10™ L0148 De w3 Q. tid ARULS i)
0= P R L2 PO AR SR 0, 0% 10,670
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Threshold Data for 40 Microsecond Pulses of Argon-Krypton 488 na
Laser Radiation., No Uptics In Beam.

Radiant exposures He per pulse and Ho total in J'cm~2 for a
minimal lesion in the monkey retina are given for 40 sicrosecond
pulses at pulse repetition frequencies (PRF) 0f 100, 200, 400 ang 1600
pulses per second for exposure durations ranging from | to 1000 s. Eo
in W.cm~2 on the retina is calculated on the assumption that the lzser
beae produced 25 micrometer lesions at the 1/e points of the Gaussian
distribution, E=Eqexp(~r2/202) according to the foraula E,=P.7/2m02
where P in Watts is the power entering the cornea as measured, T is
the transmission through the ocular media (0.834 for 44B nm) and O is
the Gaussian parameter corresponding to a radius r of 12.5
aicrometers., Each data point represents the average of the threshold
in four different monkeys. It required approximately 140 exposures to :
interpolate for one threshold in each aonkey.
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12, EXPOSURE OF A YISUALLY TRAINED MONKEY 70 A MILES PROTOTYPE BaAs LASER

The military establishment, particularly the Aray, is concerned about the potential
occular hazards of BaAs laser radiation. The Army has developed a trairing protocol in
the field {(MILES) that employs GaAs lasers mounted on rifles, tanks, etc. to simulate
live ammunition. The laser transmitter is a GaAs laser operating at 910 nm. The cutput

is a modulated pulse train at an average PRF of 1632 Hz with a pulse duration of 60
ns.

A monkey trained tor visual function tests was exposed to a GaAs Miles prototype
laser {furnished by the U.5. Aray R&D Command) emitting a 30 nm bandwidth peaked at 910
nm. The beam was collimated to almost parallel and reflected off a “hot airror" to
produce a semi-rectangular beam 2 X 1.5 ¢a at the cornea of the exposed eye, The animal
looked through the "hot airror" to the screen that the testing image (Landolt ring) was
focussed on. Irradiance at the cornea was 293 microwatts-ce~2 3t z PRF of 1432 Hz. The
pupillary diameters of both eyes were approximately 5 mm. The beam produced an image on
the retina estimated to be < 50 micrometers in size, Both eyes, exposed and unexposed,
were tested monocularly for visual acuity, spectral sensitivity, and latency of
response on a daily basis, 5 days/week. The GaAs laser was switched on for 1000 s
during the testing period which normally was 30 min,

The monkey selected for these exposures had a long history of visual testing.
Normal baselines on visual acuity, spectral sensitivity and latency of response were
avalable over a period of years for comparison to any changes brought about by the Gafs
laser radiation, These baselines were kept on a daily basis during the exposure ragime
that consisted of B! sessions over a 4 month period and for 3 months after laser
exposures ceased. Thereafter, similar baselines were tested on a weekly basis for more
than one year. No significant changes sere noted in either the control eye (unexposed)
or the pxposed eye up to the time of sacrifice for histological analysis, There was no
histological evidence of damage from the GaAs laser exposures. This experiment provided

tfurther evidence that the MILES program is not an ocular hazard to troops in the
field.
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15. ABBREVIATIONS AND SYNBOLS IN THIS WORK

AUD : age-ralatedd aacular degeneration

an ! aillimcter

na . nanoaeter

ua & microseter

s 1 second

ms 1 ailliseecond

uUs 1 microsecond

ns 1 nanosecond

PRF 1 pulse repetition frequency
RPE 1 retinal pigeent epitheliua
ONL 3 outer nuclear layer

08 1 outer segaents

Hz 1 Hertz

He 1 helius

Ne 1 neon

Ar 3 argon

Kr 1t krypton

Hg ¢ mercury

Ga 1 gallium

As 1 arsenide

P02 1 oxygen pressure (tension).
0z 1 oxygen molecule

N> 1 nitrogen aolecule

3Dz t moleccular oxygen in ground state
‘Dz 1 Molecular oxygen in excited singlet state
0% 1 superoxide anion radical of solecular ouygen

S : wolecular snsitizer

'S : singlet excited state of aolecular sensitizer
35 1 excited triplet state od molecular sensitizer
CGH- : hydroxyl radical

UV 1 ultraviolet

SOD @ superoxide disautase

CAT 1 catalase

h 1 Planck's Constant

v i frequency

tw ¢ continuous save
TENoot Transverse electrumagnetic wave-furdasental asode
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