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ABSTRACT

ASSAY OF SUPEROXIDE DISMUTASE
IN THE HYPEROXIC RETINAL AND
CHOROIDAL TISSUES OF THE RAINBOW TROUT
(SALMO GATRDNERI)
By
Graig E. Eldred

Within the past decade, the superoxide dismutase (SO0D)
enzymes have been demonstrated to be of primary importance
against the toxic effects of the superoxide anion and
other free radicals generated therefrom. Free radicals
are generated not only in normal metabolism, but also
under exposure to such varied conditions as hyperbaric
oxygen, ionizing and visible irradiation, paraquat poison-
ing, and senescence. Ocular tissues are known to be
particularly susceptible to many of these agents.

In the current investigation, superoxide dismutase
is assayed by its ability to inhibit the reduction of
acetylated ferricytochrome c¢ by superoxide anion generated
by a xanthine-xanthine oxidase system. Analysis of
variance applied to parallel-line assay techniques allows

the assured detection of the presence of any endogenous




Graig E. Eldred
interfering substances within crude tissue extracts.

These procedures have been applied to the problem of
determining physiological levels of SOD within the neural
retina, photoreceptor outer segments, retinal pigment
epithelium, and choroidal tissues of the rainbow trout,
Salmo gairdneri. A countercurrent multiplier for oxygen
within the choroidal layer of this species continuously
subjects the ocular tissues to oxygen tensions twenty
times those of arterial values.

It is shown that the parallel-line approach reveals
the presence of substances which alter the reaction mech-
anism of the assay in the blood, choroidal tissues,
retinal pigment epithelium and photoreceptor outer seg-
ments. The cytosolic form of SOD is seen to be relatively
constant throughout the layers of the retina whereas the
cyanide-insensitive form increases with distance from
the vitreous. The role of superoxide dismutase as a
cellular antioxidant is discussed in relation to other
purported cellular antioxidants, and with special
referrence to the physiological phenomena present in the

retinal tissues.



The Antithesis:

"My dear colleagues, I had no purpose to
swell this treatise into a large volume by
quoting the names and writings of anatomists,
or to make a parade of the strength of my memory,
the extent of my readings, and the amount of my

pains;..."

William Harvey, in the presentation of his

treatise: Anatomical Studies on the Motion
of the Heart and Blood to the Royal College
of Physicians, 1628.
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A conference glossary:

"In presenting papers, when they say,
'...careful statistical analysis...',
they mean, 'After going through a
dozen books, we finally found one
obscure test that we could apply.'"

Kritchevsky and Van der Wal (1960)
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INTRODUCTION

The pernicious effects of elevated oxygen tensions
upon immature retinal vasculature and other retinal
tissues has been a matter of concern for many years.

In the early 1940's, high tolls of brain damage caused by
cerebral anoxia was a common problem in premature infants.
At the time a decision was made to include as standard
treatment, incubation of the infants in an environment
enriched in oxygen. But concomitant with this treatment,
a unique form of blindness arose and it quickly became

an epidemic (Silverman, 1977). The syndrome was termed
retrolental fibroplasia. Its characteristic symptom

was a heavily vascularized grayish membrane, appearing

on the rear surface of each lens.

It was not until the early 1950's that the causative
factor for this disease was decisively established to be
exposure to elevated oxygen tensions (Ashton et al.,
1953). The initial effect of the oxygen was shown to
be a marked narrowing of the immature retinal vessels,
followed by their obliteration. Upon return to a normal
atmosphere, the blood vessels grew in a disorganized
fashion, with a budding of new capillaries out of the
retina into the vitreous body. In most cases this

proliferative process subsided, leaving a normal retina,






2
but in some cases, extensive hemorrhages developed and
fibrous scar tissue formed, causing the retina to become
detached from its normal position and to billow out
against the back of the lens (Ashton et al., 1954;
Patz, 1975).

Upon elucidation of the problem, the oxygen therapy
was curtailed but there was also an increased death rate
among premature infants in the first 24 hours of life.
Cross (1973) stated: "Severe cyanosis in the small pre-
mature baby became an increasingly common spectacle, and
the anxieties induced by the Haldane dictum came more and
more to mind---'anoxia not only stops the machine, but
wrecks the machinery'." Based upon infant mortality
statistics from the years 1935 through 1970, he concluded
that each sighted baby gained may have cost some 16
deaths due to anoxia. As of 1977, a compromise had been
struck whereby premature infants who need extra oxygen
to survive without brain damage receive it, but in con-
centrations not seeming to give rise to blindness with
as high a frequency (Patz, 1976; Silverman, 1977). Thus,
the goal of elucidating the mechanisms of oxygen toxicity
to the immature retinal vasculature remains of as great a
clinical consequence as it was a quarter of a century ago.

Exposure to elevated oxygen tensions is deleterious
not only to immature retinal vasculature, but also to

other retinal tissues. Rabbits exposed to hyperbaric
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oxygen display an extreme attenuation in the electro-
retinogram a- and b-waves (Noell, 1962; Bridges, 1966;
Ubels et al., 1977). This decrease in ERG amplitude has
been correlated with increased lipoperoxide levels
(Yagi and Ohishi, 1977). Haugaard (1968) pointed out
that 1lipid peroxidation is related to the toxic effects
produced by high concentrations of oxygen in all tissues.
Ultimately, the process ends in a histologically demon-
strable degeneration of the visual cell layer of the
retina (Noell, 1962; Yagi and Ohishi, 1977).

In summary, the gross manifestations of ocular oxygen
toxicity are: 1) generalized vasoconstriction followed
by obliteration of the immature vascular tissues, 2) a
decrease in cellular function as manifested by the
electroretinogram, 3) an increase in the lipid peroxide
content of the tissues, and 4) histologically demonstrable
cell death and degradation.

Nearly identical manifestations result from exposure
to other cytotoxic agents. Noell (1955, 1958) reported
that exposure of adult rabbits to a high concentration
of oxygen at ambient pressure for a few days induced
retinal degeneration similar to that induced by X-ray
irradiation. Several workers have reported that X-ray
irradiation induces peroxidation of lipids (Horgan et al.,
1957; Wills and Wilkinson, 1967; Glavind and Faber, 1967).

In these cases, the presence of molecular oxygen was
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found necessary if X-ray irradiation were to have an
effect.

Similarly, exposure to monochromatic light sources
of various wavelengths in the visible range induces
irreversible reduction of the ERG a-wave amplitude and
degeneration of visual cells and pigment epithelium
(Noell et al., 1966). A drastic disruption of the highly
organized, lipid-rich, stacked membranous disk structure
of the photoreceptor outer segments occurs upon only 24
hours exposure to relatively cold light at a brightness
(750 ft-c.) well below the photocoagulating intensity
and only slightly above that used for exhaustive bleach-
ing of the photopigments (Kuwabara and Gorn, 1968). This
light-induced disruption has also been correlated with an
accumulation of lipid peroxides in the photoreceptor outer
segments (Kagan et al., 1973). Again, the presence of
molecular oxygen is requisite to the damaging effects of
visible light (Noell et al., 1966).

Thus, the cellular and physiological manifestations
of retinal oxygen toxicity, light-induced retinal damage,
and damage due to ionizing radiations all appear to be
essentially identical and all require the presence of, or
are potentiated by, molecular oxygen. Gershman et al.
(1954) postulated that both X-ray irradiation and oxygen
poisoning produce lethal effects through a common mech-

anism, possibly through the formation of oxidizing free
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radicals, highly reactive substances containing unpaired
electrons. The destructive effects of visible light (i.e.,
photodynamic actions) are thought to be photosensitized
oxidations initiated by the action of light upon a dye

or natural pigment. The dye or pigment acts catalytically
in a chain reaction which ultimately leads to the reaction
of substrate with free oxygen to form a peroxide via
activated and free radical intermediates (Slater, 1965;
Foote, 1968). The free radicals formed in all of these
cases are in turn responsible for producing irreversible
damage to proteins and membrane lipids. In fact, these
same free radicals may be causative agents of slower,
ubiquitous aging processes (Harman, 1968; Sinex, 1977;
Sanadi, 1977). In summary, then, it now appears that

all of these toxicity problems result from a series of
chemical reactions whereby oxygen is converted to a number
of transient free radicals.

It was not until 1968 that an enzyme capable of pro-
tecting the cell against the primary free radical of
oxygen was recognized. The enzyme was termed superoxide
dismutase (SOD) (McCord and Fridovich, 1969). The
isolation of this enzyme had been achieved prior to this
date from a wide variety of tissues and it had been
variously termed haemocuprein (Mann and Keilin, 1938),
erythrocuprein (Markowitz et al., 1959), cerebrocuprein

(Porter and Ainsworth, 1959), hepatocuprein (Porter
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et al., 1964), and cytocuprein (Carrico and Deutsch,
1969). Yet its function remained unknown until J.
McCord and I. Fridovich happened upon its true role
subsequent to some frustrating and unsuccessful work on
carbonic anhydrase (McCord and Fridovich, 1977).

In the brief, but lucrative, decade of SOD research
that followed, it has been determined that all oxygen
metabolizing cells encountered to date have evolved SOD
in conjunction with other protective mechanisms that
either minimize the production of free radicals, or
alternatively, destroy them as rapidly as they are formed.

The goal of the present study was to develop an SOD
assay which is applicable to very crude tissue extracts
and not susceptible to the many possible interfering
substances which are inevitably present in such prepara-
tions (Misra and Fridovich, 1977). Within the decade in
which the importance of SOD has been known, many assays
have been developed, but most have been employed in the
determination of specific activities of purified extracts.
Problems arise in assays for SOD due to the fact that

whereas SOD is specific for the substrate, 0,7, the sub-

2 ’
strate is not specific to the enzyme. Thus, apparent
SOD activity can arise from the presence of various other
enzymes and small molecules in crude tissue extracts.

An assay procedure has been developed which aids in

detecting these problems when applied to crude tissue
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extracts. It has been utilized in an investigation into
the physiological levels of SOD within the ocular tissues

of the rainbow trout, Salmo gairdneri. This species has

long been used as a model in the study of ocular oxygen
toxicity because of the unusually high oxygen tensions
under which this visual system operates (Wittenberg and
Wittenberg, 1962; Fairbanks et al., 1969). Levels of
superoxide dismutases were determined in the choroidal
layer, retinal pigment epithelium, photoreceptor outer

segments, and neural retina of this species.



LITERATURE REVIEW

In reviewing the literature, only a very brief
summary of SOD chemistry will be presented. The family of
SOD enzymes will then be placed into cellular perspective,
particularly in relation to other antioxidant mechanisms
which have long been purported to be of significance in
protecting the cell against the toxic effects of oxygen
and other lethal agents. Attention will next be turned
to the specific sources of concern within those ocular
tissues which are of interest to the current study. Finally,
the levels of SOD which have been measured in other tissues

in the past decade will be tabulated.

Oxygen Reductions and the

Superoxide Dismutases

All cells which can exist in an environment containing
oxygen, or which utilize oxygen in metabolism, inevitably
generate very reactive free radical intermediates of
oxygen. This occurs in the normal course of events,
without the encroachment of cytotoxic agents. During
biological oxidations, most cellular oxygen is reduced by
two-electron transfers via the cytochrome carriers to
yield harmless water (HZO)' However, during electron
transport to molecular oxygen via the mitochondrial
respiratory chain, toxic univalent reduction products of
oxygen may be formed indirectly, presumably as transient

8
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intermediates on the active sites of such enzymes. The
most important intermediate is the superoxide anion (027).
Superoxide anion formation has been detected in heart sub-
mitochondrial particles treated by succinate and NADH
(Loschen et al., 1974; Tyler, 1975a). This species is
also produced as a direct reduction product of various
hydroxylation and oxygenation reactions within the

general cytoplasm, for example, in the aerobic actions

of the enzymes xanthine oxidase, aldehyde oxidase and many
flavin dehydrogenases (Fridovich, 1975a). The NADPH
oxidation system of liver microsomes (Fridovich and

Handler, 1961) and ferredoxins (Misra and Fridovich, 1971a)

2 L]
autoxidations of reduced flavins, hydroquinones and

also generate O The superoxide anion is produced in
catecholamines as well (Michelson, 1977a). Although
both non-haem iron and flavin groups have been proposed
as sites of O2 reduction to 02', non-haem iron sites
appear to be far more effective reductants than are sites
containing flavin (Misra and Fridovich, 1971b, 1972a).
Molecular oxygen is a relatively unreactive species.
Unlike most other elements, oxygen has two unpaired elec-
trons with parallel spins. The complete divalent reduction
of one oxygen atom requires an electron pair having
parallel but opposite spins to that in oxygen. Such a

pair is a rarity,however, since most compounds offer

pairs of electrons with antiparallel spins. For this
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reason, ground state molecular oxygen is relatively
unreactive. Therefore the normal reduction of oxygen
must proceed through steps of univalent electron additions,
thereby forming superoxide radical anions as intermediates
in the ultimate divalent reduction process. This univalent
reduction product is much more reactive in that the parallel
spin restrictions do not exist for this species.

Although superoxide anion is a very reactive speciles
itself, the real danger lies in the various side products
which are formed as the superoxide anion spontaneously
dismutates with itself and reacts with other species
present within the cellular milieu. Superoxide anion may
nonenzymatically lose an electron to give rise to singlet
oxygen (lOZ) and hydrogen peroxide (H202) (Stauff et al.,
1963; Khan, 1970; Pederson and Aust, 1973; Fee and
Valentine, 1977):

- - + 1.
0,7 + 0,7 + 2H ——= H,0, + 70,

Singlet oxygen is an electronically excited oxygen molecule
in which a valence electron is shifted from its normal
bonding orbital to an orbital of higher energy in which

the electron spins are paired (Wilson and Hastings, 1970;
Maugh, 1973). Singlet oxygen may act as an initiator of
lipid peroxidation (Howes and Steele, 1971; Dowty et al.,
1973; Pederson and Aust, 1973). The lipoperoxides thus
formed cause not only changes in lipid composition via

self-perpetuating autoxidative chain reactions (May and
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McCay, 1968a,b), but further serious damage to essential
structural components such as lipoproteins and enzymes
(Tappel, 1973; Desai and Tappel, 1963; Hochstein and
Ernster, 1963). These are among the main reactions leading
to widespread cell damage and death.

Superoxide anion and hydrogen peroxide have been
postulated to further combine through what is known as
the Haber-Weiss reaction to form the hydroxyl free radical

(OH®) (Haber and Weiss, 1934):

O2 +H202'—-——-"0H + OH +02

The hydroxyl radical is the most potent oxidant known to
mankind, capable of attacking virtually any of the organic
substrates found in cells (Fong et al., 1973; Myers, 1973;
Kellogg and Fridovich, 1975). The extent of damage
attributable to this mechanism is currently a matter of
active debate (Cohen, 1977; Fee and Valentine, 1977).

The role of the superoxide dismutase enzymes (SOD) is
to prevent the accumulation of the superoxide radical (02').

SOD catalyzes the following dismutation reaction:

- +
O2 +02 + 2H —-02+H202

The SOD enzymes are present in high concentrations and are
extraordinarily active, suggesting that 02’ radicals are
being continuously produced during the enzymatic reduction
of oxygen by various enzymes and enzyme systems and are

quickly removed (Fridovich, 1977a).
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SOD is found in two forms, one in the extramitochon-
drial cytosol and another in mitochondria. The mitochon-
drial SOD of eukaryotes is similar to the SOD of many bac-
teria with respect to its chargcteristic content of Mn'"
and many homologies in amino acid sequence. The cytosol
form of SOD has quite a different structure and contains
Cu++ and Zn++. These differences lend support to the
currently extant concept of a symbiotic bacterial ancestry
to mitochondria (Cohen, 1973; Puget et al., 1977; Harris
and Steinman, 1977; ILumsden et al., 1977).

The biological importance of superoxide dismutase in
its capacity as a defense mechanism has been demonstrated
by a number of studies conducted with prokaryotic bacteria.
McCord et al. (1971) examined the distribution of SOD
among three classes of micro-organisms: aerobes which
utilize oxygen in their metabolism almost exclusively,
aerotolerant organisms which have an anaerobic metabolism
even when grown in air, and strict anaerobes which cannot
survive in oxygen. In all cases the aerobic organisms
contained the highest activity of SOD, followed by inter-
mediate activity in the aerotolerant group. Strict anaer-
contained no SOD, which may explain their inability to
tolerate oxygen. Hence, this family of enzymes is of pen-
ultimate importance to all aerobic cells.

The molecular chemistry and reaction kinetics of SOD's

have been reviewed many times in the past few years
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(Malmstrom et al., 1975; Michelson et al., 1977;
Fridovich, 1974a,b, 1975a,b, 1976, 1977a,b,c, 1978),

so only the most general overview to the subject has

been made here.



The Cellular Perspective

Although SOD has been emphasized in recent years as
being the key cellular protective agent against oxygen
toxicity and oxidative degradation, numerous other sub-
stances have been advanced for this role as well. Among
these are catalase, peroxidase, ascorbate, reduced gluta-
thione, vitamin E, selenium, glutathione peroxidase and
succinate. The lipid components of the membrane have long
been considered a major site of oxidative susceptibility
as evidenced by the accumulation of autofluorescent "wear
and tear" pigment (i.e., lipofuscin) in oxidatively damaged
cells. In addition, many essential sulfhydryl-containing
enzymes seem particularly susceptible to damage. The evi-
dence accumulated in these areas must be unified into the
overall scheme of cellular antioxidant protection as well.
This discussion will lead to a much clearer understanding
of the multifarious processes occurring within the reaction
mixture of crude tissue extracts during the SOD assay pro-

cedure as well.

Catalase and Peroxidase

Granted the ubiquitous distribution of SOD and its
importance in destroying superoxide anion radical, the
reaction equation shows that in so doing, it produces
hydrogen peroxide. Although hydrogen peroxide is a more

stable and less reactive molecule, it is still highly

14
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toxic to the cell since it can, by reaction with the super-
oxide anion or with Fe' " produce the extremely reactive
hydroxyl free radical (OH") (Weiss, 1953; Tappel, 1975;
Cohen, 1977). Additionally, H202 absorbs ultraviolet light
continuously from 410 nm to 200 nm and this absorption
results in the photolytic decomposition into two OH®
radicals (Fee and Valentine, 1977).

Catalase and peroxidase have evolved as a second
defense against a buildup of hydrogen peroxide (Feeney and
Berman, 1976). They act to reduce HZOZ to harmless water.
In emphasis of the secondary role played by these enzymes,
neither catalase nor peroxidase share the ubiquity of
distribution among aerobic and aero-tolerant organisms
that is enjoyed by SOD. Catalase is found mainly in liver,
kidney, and erythrocytes, and the peroxidases are a group
of enzymes found in a variety of cell types, namely
leukocytes, mammary, thyroid, and salivary glands, and
most recently, in retinal pigment epithelium (Klebanoff,
1975; Paul, 1963; Pilz et al., 1976; Armstrong et al.,
1975, 1978a). The difference between the two enzymes is

that catalases can use H202 as both oxidant and reductant:

H202 + H202 _— ZHZO + 02

whereas, peroxidases use some reductant other than H202

as hydrogen donor:

H202 + H2R —_— ZHZO + R
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The physiological reductant may be glutathione, ascorbic
acid, or cytochrome c. The physiological reductants are,
in turn, renewable by the reduced forms of nicotinamide
adenine dinucleotide phosphate (NADPH) or nicotinamide

adenine dinucleotide (NADH).

Alternative Scavengers of Free Radicals

Reduced glutathione, ascorbic acid, and cytochrome c
readily accept electrons and may themselves serve a backup
function by scavenging free radicals (McCord and Fridovich,
1969). 1In the case of cytochrome c, however, this effect
is not related to its function in the respiratory chain in
that the amount of added cytochrome ¢ required for maximal
protection of NADH oxidase activity during NADH treatment
is about 500 times the amount of endogenous cytochrome c
present in the submitochondrial particles (Tyler, 1975a).

Thiol compounds terminate free radical reactions by
allowing the hydrogen on the —SH to be abstracted. The
resultant thieyl radical, —S°', may then combine with
another to form disulfide, —S—S— (Demopoulos, 1973a,b).

In the cell, the major SH component is glutathione
(Haugaard, 1968). Glutathione reacts very slowly with

0 but in the presence of copper or iron ions glutathione

2’
reacts very rapidly with oxygen (Isherwood,1959). These

metallic ions cause a catalytic conversion of 0, to O

v
2 2!
OH®' and other reactive intermediates (Michelson, 1977b):
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rFett + 0, —= Fe ' + 0,7

Fe'm + 0.7+ 20 —— = Fe™tt 4 1O
2 2%

rett + H,0, ———= Fe'*t + O + oH°

Fe't + OH* — = Fe' " + oH™

Activated oxygen in the form of 02T thus can cause hydrogen
abstraction from the glutathione sulfhydryl groups (GSH =
reduced glutathione, GS° = glutathieyl radical, GSSG =
glutathione dimer):

2GSH + 02’ ——= 2GS° + H,0,

2GS' ——— = GSSG
Thus, treatment with excess reduced glutathione will
scavenge the superoxide anion thereby assisting in the
protection against the effects of hyperbaric oxygen
(Baeyens and Meier, 1978).

Glutathione is a stronger reducing agent than ascorbic
acid and may also play a role in keeping ascorbate in its
reduced form in the cell (Colowick et al., 1954; Mapson,

1959) (DHA = dehydroascorbic acid, AH2 = ascorbic acid):

2GSH + DHA

GSSG + AH2

Ascorbic acid is widely referred to as another free

v

2
occurs as follows (Epel and Neuman, 1973; Allen and Hall,

radical scavenger. The oxidation of ascorbic acid by 0

1973; Nishikimi, 1975):

T + .
O2 + AH2 +H —= HZOZ + AH
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The AH' radical is a semiquinone, but unlike the semiqui-
nones of flavin and NADH (Vaish and Tollin, 1971; Land and
Swallow, 1971; Misra and Fridovich, 1971b), AH® is unable
to reduce 0, to 0, (Nishikimi, 1975). Instead, it is

further oxidized by yet another 02’:

T . +
O2 + AH®" + H ——'-H202+DHA

Although the reaction rate of ascorbate oxidation is low

as compared to that of the SOD reaction (2.7 x 10° M tsec™t

vs. 1.9 x 107 M_lsec-l)

, the rate is still 2.7 times the
rate of spontaneous dismutation (1 x lO5 M-lsec'l) (McCord
et al., 1977b). It has been proposed that the velocity of
the ascorbate reaction may become comparable to that of the
SOD reaction in tissues of high ascorbic acid concentration
(Nishikimi, 1975; Nishikimi and Yagi, 1977). This would
have to be concentrated 7000 times that of the same tissue's
SOD concentration. Treatment with large doses of ascorbic
acid has been repofted to protect against oxygen poisoning
(Benbough, 1969; Jamieson and Van den Brenk, 1964).

On the other hand, it has also been shown that
ascorbic acid readily oxidizes in the presence of molecular
oxygen and this reaction is increased by the presence of
metal ions such as Cu' ' and Fe' . A mixture of ascorbic
acid and a metal complex functions as a source of OZH'
radicals. This process is termed homolysis by redox

coupling and can ultimately lead to 02'r generation (Slater,

1972):
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Fe't + 0 H" ———e Fe' T+ HO,~

Fe T 4+ HO,  ——— Fe' &+ H + 0,7

Liver microsomes have been shown to peroxidize when exposed
to ascorbic acid especially in the presence of added ADP-
ferrous ions. This system is very sensitive to a-tocopherol
and EDTA (Hochstein and Ernster, 1963). The effect of
ascorbic acid on lipid peroxidation complicates studies on
the biosynthesis of this vitamin for lipid peroxidation
causes a decrease in the activity of L-gulonolactone oxidase
which is part of the biosynthetic route to ascorbic acid
(Chatterjee and McKee, 1965). Low concentrations of EDTA,
however, prevent this peroxidation and allow accurate
measurements of vitamin C synthesis to be made. The system
is also responsive to hyperbaric oxygen (McCay et al., 1960).
L-gulonolactone oxidase activity is increased upon exposure
to hyperbaric oxygen and this, by increasing the synthesis
of ascorbic acid, increases lipid peroxidation, causing a
decrease in the polyunsaturated fatty acid (PUFA) content

of rat liver microsomes. Currently, much work is being done
on the effects of 1lipid peroxidation on photoreceptor and
retinal function using a ferrous sulfate-ascorbate incuba-
tion medium to induce lipid peroxidation (Kozlov et al.,
1972; Kagan et al., 1975; Novikov et al.,1975; Shvedova et
al., 1979). The effect of ascorbic acid within the cell
will depend, then, upon the concentrations present and upon

the presence or absence of trace amounts of metal ions,
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particularly non-haem iron.

Carotenoids quench triplet molecules efficiently
(Chessin et al., 1966; Fujimori and Livingston, 1957).
Carotenoid pigments have additionally been demonstrated to
be quenchers of singlet oxygen in vitro (Foote and Denny,
1968) and may function similarly in vivo (Krinsky, 1971;
Krinsky, 1974b). B-carotene in solution is an extremely
efficient quencher for singlet oxygen (BB—carotene =
triplet state):

3
1O + B-carotene —— e (O

> + 3B—carotene

2
In this reaction, one molecule of B-carotene quenches at
least 100 molecules of singlet oxygen (Foote, 1968). A
demonstration of this quenching mechanism was provided by
experiments conducted by Krinsky (1974a). A mutant strain
of bacteria deficient in carotenoid pigments was observed

to be much more susceptible to killing by human polymorpho-
nuclear (PMN) leukocytes than a comparable carotenoid-
containing strain. These PMN leukocytes destroy ingested
bacteria by generation of singlet oxygen which disrupts
bacterial membranes (Allen et al., 1972; Maugh, 1973;

Allen et al., 1974). Thus, the susceptibility of the

mutant bacteria to destruction by PMN leukocytes may be

due to an inability to quench singlet oxygen. There is

some evidence to indicate that carotenoids may also function
in eukaryotes to quench singlet oxygen. Matthews (1964)

was able to protect against the lethal photodynamic effects
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of intraperitoneally injected hematoporphyrin in mice when
the animals were simultaneously injected with B-carotene.
The protection afforded in mice to photodynamic lethality
may be due to quenching of singlet oxygen, as many photo-
oxidations proceed via singlet oxygen mechanisms (Foote,

1968).

Melanin

Melanin is a free radical itself, and as such, may have
a role as a biological electron-transfer agent (Mason et
al., 1960). Melanin granules are membrane-limited,
compacted layers of melanopolymer. The melanin compound
is an insoluble, high molecular weight polymer derived from
the enzymatic oxidation of tyrosine and dihydroxyphenyl-
alanine. On the basis of molecular orbital calculations,
Pullman and Pullman (1961) postulated that melanin should
be an extremely good electron acceptor. Melanin appears
to be unique among free radicals in its relative stability,
yet it can efficiently transfer electrons in a manner
analogous to the processes in p- or n-type semiconductors
(Longuet-Higgins, 1960). This has been demonstrated by
its ability to transfer electrons from NADH to ferricyanide
(Gan et al., 1976). Melanin can also bind paramagnetic
transition metal ions such as manganese, copper, or iron
(Sarna et al., 1976) all of which are essential cofactors
for forms of copper-containing oxidases and superoxide

dismutases (Malmstrom et al., 1975). Superoxide anion
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and other free radical species containing one unpaired
electron, are by definition themselves paramagnetic {(Fee
and Valentine, 1977), but whether melanin has an affinity
for 02T for this reason alone is not known.

It is not yet known whether the free radical character
of melanin is beneficial or detrimental to the cell. Mason
et al. (1960C) suggested that melanin may be able to protect
the tissues against the reducing and oxidizing conditions
which might otherwise liberate reactive free radicals
capable of disrupting metabolism. This is consistent
with the postulated photoprotective actior of melanin
(Edelstein, 1971).

On the other hand, incident radiation has been shown
to stimulate the formation of free radicasls in melanin.
Mason et al. (1960) demonstrated that under conditions of
ultraviolet radiation, black hair gives a strong increase
in free radical ccntent whereas unmelanized hair gives a
poor response. Proctor et al. (1974) cite evidence suggest-
ing that melanin can absorb this excited state (i.e., free
radical) energy and channel it into processes yielding
highly cytotoxic substances, including hydrogen peroxide.
Additionally, Van Woert (1967, 1968) and Gan et al. (1974)
have reported that melanin can oxidize NADH, while molecular
oxygen is simultaneously reduced to H202. Through this
mechanism, UV-generated hydrogen peroxide is responsible

for the bleaching action of sunlight on hair. Similarly,
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Cope et al. (1963) have demonstrated a reversible free
radical generation in melanin granules from eyes by visible

light.

Lipid Peroxidation

Many free radicals, regardless of their source, are
capable of acting on biomembranes, and specifically on their
polyunsaturated fatty acids (PUFA) (Tappel, 1975). The
free radical chain reaction proceeds in three distinct
steps (Pryor, 1973). First, is the initiation process in
which the radicals are generated. Second, is a series of
propagation reactions in which the number of free radicals
is conserved. Finally, there is a series of termination
reactions in which free radicals are destroyed (Bus, 1975)
(LH = polyunsaturated lipid; L' = lipid free radical; LOO" =
lipid peroxide radical; LOOH = 1lipid hydroperoxides):

Initiation:

2LH + 02* —= L' + H,0

Propagation:

L* + 0, —= LoOo*
L00" + LH ——— LOOH + L°

Termination:

L* + L' —— nonradical products

L' + LOO" — & nonradical products

L00* + LOO0® —— nonradical products
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Unsaturated fatty acids are particularly susceptible
to peroxidation because the presence of a double bond
weakens the carbon-hydrogen bond on the carbon atom
adjacent to the unsaturated carbon-carbon bond (Swern,
1961; Demopoulos, 1973a). As a result these allylic
hydrogens are susceptible to abstraction by small amounts
of oxidants or initiators (initiation reaction). Molecular
oxygen can abstract an allylic hydrogen, but it first must
be activated. The role of singlet oxygen as an initiator
of 1lipid peroxidation has been confirmed by several
investigators (Howes and Steele, 1971; Dowty et al., 1973;
Pederson and Aust, 1973).

Once initiated, an avalanche of autocatalytic free
radical chain reactions may occur. The lipid free radical
(L') is readily converted to lipid peroxide radical (LOO')
in the presence of molecular oxygen. The LOO" is a highly
reactive species which triggers a chain propagation reaction
by interacting with an adjacent PUFA molecule in the mem-
brane. This process, known as autoxidation, 1is self-
perpetuating in the presence of oxygen, and plays the
leading role in membrane damage.

The lipid hydroperoxides (LOOH) that are generated in
the propagation step are unstable and decompose to form
additional radical products. In a process called
molecule-assisted homolysis, trace amounts of transition

metal ions or hemeproteins capable of hydrogen bonding with
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peroxide groups will weaken the oxygen-oxygen bond and
cause decomposition of lipid hydroperoxides resulting in
the generation of additional 1lipid free radicals (Holman,
1954 ; Heaton and Uri, 1961; Barber and Bernheim, 1967;
Pryor, 1976) (Mn+ = transition metal ion):
LOOH + M* — s 10" + o~ + n{™)*

(n+1)+

LOOH + M = 100" + H o+ M

The catalytic decomposition of lipid hydroperoxides along
with propagation reactions previously described are there-
fore auto-catalytic, i.e., more free radicals are renewed
as reaction products.

In addition to initiating a peroxidative chain
reaction, the lipid peroxide free radical (L0O0°) can also
decompose, forming highly reactive fragments such as

malonaldehyde, a three carbon dialdehyde (OHC-CH,-CHO).

2
This substance readily forms cross-linkages with free amino
groups of proteins, phospholipids, and nucleic acids,
giving rise to high molecular weight fluorescent polymers,
and at the same time immobilizing functionally important
enzymes 1in cellular and subcellular membranes. These
chemically damaged cell organelles appear to be auto-
phagocytized by the cell's lysosomal system, but owing

to their relative insolubility and indigestibility (or

due to the lack of appropriate enzymes), they cannot be

completely degraded. These indigestible biomolecules

accumulate within the lysosomal compartment of the
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cytoplasm and are recognhized structurally as autofluorescent
late-stage secondary lysosomes or residual bodies.
Classically, they are known as lipofuscin or age pigments
(Tappel, 1975; Feeney, 1978). They are morphologically
heterogeneous due to variations in the molecular structure
of the original damaged organelles.

The lipid peroxide radicals (L0OO') that are generated
in the propagation step may themselves abstract hydrogen
atoms from neighboring proteins, resulting in protein

cross-linking to form polymers (Tappel, 1965) (P = protein):

L00' + P ———= LOOH + P(-H)

P(-H) + P ———— P-P

Studies by Chio and Tappel (1969) have demonstrated that
sulfhydryl enzymes are most susceptible to inactivation by
lipid peroxidation, as a result either of alteration of
membrane structure, or of protein-protein cross-linking.
Several membrane proteins like succinic dehydrogenase
and B-hydroxy butyrate dehydrogenase may derive some of
their structure from closely associated membrane lipids.
In the presence of lipid peroxidation, and in particular,
the termination reactions in which two adjacent fatty
acids are joined in abnormal bonds, the enzyme structure
may be sufficiently altered to affect activity (Demopoulos,
1973a). Both Na-K ATPase and rhodopsin are integral
membrane proteins and their function is highly dependent

upon the physico-chemical characteristics of their
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immediate 1lipid environment (Xorenbrot, 1977).

The autocatalytic propagation reactions continue
until substrate is depleted, sufficient termination
reactions occur, or until intervention by another line of
defense interposes itself to interrupt the chain reaction
process (Demopoulos, 1973b). Certain substances, notably
a-tocopherol (i.e., vitamin E), are able to intercept or
terminate the autoxidative chain reaction and thereby
protect the membrane against further damage. In general,
antioxidants function by allowing a hydrogen to be
abstracted from themselves rather than from the allylic
hydrogen of an unsaturated lipid and thus act by inter-
rupting the free radical chain reactions (Tappel, 1972)

(aTH = a-tocopherol; aTQ = a-tocopherol quinone):

Antioxidant action:

L00" + aTH ———= LOOH + aT’

Termination:

100" + aT® ——= LOOH + aTQ

The lipid hydroperoxides thus generated are still
capable of decomposing into additional lipid and peroxide
free radicals via the molecule-assisted homolytic reactions
discussed above. To minimize this, another protective
system exists in the cell which inactivates LOOH by
converting it to a harmless hydroxy fatty acid (LOH).

This reaction utilizes glutathione peroxidase, a selenium-

containing enzyme.
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Selenium and vitamin E are thought to act synergisti-

cally in protecting cell membranes from oxygen damage. The
antioxidant function of selenium was proposed from early
studies which demonstrated that vitamin E deficiency
syndromes such as nutritional muscular dystrophy were
reversed by addition of small amounts of selenium to the
diet (Bieri et al., 1961; Scott, 1962; Scott, 1969). It
has also been long known that the enzyme glutathione
peroxidase could detoxify hydrogen peroxide and lipid
hydroperoxides (LOOH) in vivo (Mitts and Randall, 1958;
Cohen and Hochstein, 1963; Christopherson, 1969; 0'Brien
and Little, 1969). Recently, Rotruck et al. (1973) proposed
that selenium was a necessary cofactor for glutathione
peroxidase, as selenium deficient rats were unable to
prevent hydrogen peroxide induced erythrocyte hemolysis.
Purification of glutathione peroxidase from erythrocytes
has demonstrated that the enzyme consists of four subunits,
with one gram-atom of selenium per subunit (Flohe et al.,
1973; Oh et al., 1974). Other recent investigations have
shown that glutathione peroxidase activity is directly
related to the levels of dietary selenium in rats (Chow
and Tappel, 1974; Hafeman et al., 1974; Reddy and Tappel,
1974; Smith et al., 1974; Tappel, 1974) and in chicks
(Noguchi, 1973; Tappel, 1974). Thus, the majority of the
antioxidant activity of selenium appears to be mediated

through glutathione peroxidase activity.
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The importance of glutathione peroxidase activity in
detoxifying lipid hydroperoxides has been demonstrated in
studies in which animals were exposed to oxidant stress.

It has been proposed that glutathione peroxidase may
protect against lipid peroxidative damage since the activity
of this enzyme was induced in rat lung after exposure to
the oxidant gas, ozone (Chow and Tappel, 1972; Chow et al.,
1974). It was also observed by these investigators that
the enzyme activity of glutathione reductase and glucose-
6-phosphate dehydrogenase was induced in response to ozone
exposure, in addition to the induction of glutathione
peroxidase. The three enzymes were referred to as the
glutathione peroxidase system and are proposed to function
as a unit in combating lipid peroxidation. The conversion
of toxic lipid hydroperoxides to 1lipid alcohols by
glutathione peroxidase is now thought to be linked to the
activity of glutathione reductase and glucose-6-phosphate
dehydrogenase which supply reducing equivalents in the form
of reduced glutathione (GSH) and NADPH, respectively

(Chow and Tappel, 1972).

Thus, the biochemical consequences of lipid peroxida-
tion at the membrane level are exceedingly complex and
involve not only the unsaturated lipids, but also the many
different proteins that are an integral part of membranes.
Similarly, free radicals are capable of directly damaging
enzymes, amino acids (Mead, 1976) and mucopolysaccharides

(Matsumura et al., 1966).



30

Role of SOD Protection against Lipid Peroxidation

From the above discussion, it is evident that much
oxidative damage occurs within the hydrophobic, polyunsatu-
rated fatty acid-rich, lipid environment of the membranes.
Oxygen is 7-8 times more soluble in nonpolar media and
thereby has an affinity for the hydrophobic midzone of
membranes. Some of the most potent catalysts involved in
lipid peroxidation (coordinated iron and hemeproteins) are
found in association with membranes (Tappel, 1973). Yet,
the superoxide dismutases are soluble enzymes and not
available inside the hydrophobic inner membrane layers.

This apparent paradox is explicable by considering
the rarely emphasized importance of the redox potentials
involved in the reactions. The oxidation-reduction
potential for the 02/02' redox couple (O2 + e —m 02’)
is -0.57V in aprotic solvents, but only -0.31V in protic
solvents such as water (Fee and Valentine, 1977). Thus,
although a paucity of biological reducing agents exist
that are as strong as -0.57V, superoxide production can
clearly be driven by a number of biological reducing agents
in the aqueous cytoplasmic medium. Similarly, the charged,
anionic 02'r would be unlikely to penetrate the lipophilic
zone in which the PUFA exist, but if allowed to spontane-
ously dismutate to give rise to activated singlet oxygen,
this species not only could, but would have an affinity

for the lipophilic zone. The soluble mitochondrial and
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cytosol forms of SOD are thus available precisely where

needed. Their true role being to sequester 0,° generated

2
as enzymatic by-products either within the protic environ-
ment of the cytoplasm or on the hydrophilic zones of the
membrane, and to catalytically dismutate these species
before they spontaneously react to form: 1) the extremely
reactive hydroxyl free radical, or 2) singlet oxygen,

which would enter the hydrophobic zone to initiate lipid

autoxidative chain reactions.

Mitochondrial Free Radical Formation

The organelle primarily concerned with cellular
oxygen utilization is the mitochondrion. Within this
structure are the enzymes responsible for the tricarboxylic
acid cycle which acts to provide reducing equivalents in
the form of NADH to the electron transport chain. Electron
transport chain redox enzymes are a series of highly
organized, integral membrane proteins occurring within the
inner mitochondrial membrane. The electrons are passed
sequentially from NADH dehydrogenase to ubiquinone to the
b cytochromes, cytochrome c, cytochrome a, and finally to
oxygen in a divalent reduction step. During this transfer,
all cellular ATP is generated.

During oxidation of substrate by mitochondria (Boveris
et al., 1972) and during NADH oxidation by submitochondrial
0, are

272

formed. This H202 is very likely to originate from the

particles (Hinkle et al., 1967) small amounts of H
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dismutation of 02T generated in the respiratory chain
(Flohe et al., 1977). Cytochrome b-type pigments (Minakami
et al., 1964), cytochrome oxidase (Fridovich and Handler,
1961; Chance and Leigh, 1977), and NADH dehydrogenase
(Tyler, 1975a) have been implicated in this 02T production.
The b-type cytochromes are part of an isopotential

pool with an apparent midpoint potential of zero volts
(Wikstrom, 1973). Two flavoproteins, two iron-sulfur
proteins and ubiquinone are also components of this pool.
0f these, however, only cytochrome b566 in the reduced
state readily reacts with oxygen and since this cytochrome

is a monovalent redox catalyst, the primary product of

h

2
This reaction is not, however, likely to be of importance

its reaction with oxygen will be 0O (Flohe et al., 1977).
under normal conditions. Submitochondrial particles (SMP's)
are obtained by sonic disruption of intact mitochondria.

The end result is a membrane vesicle turned inside out.

SMP's only produce H O2 when in the presence of antimycin

2
A and a suitable substrate (succinate, malate, a-ketoglut-
arate) (Loschen et al., 1974; Azzi et al., 1975).
Antimycin A induces a selective reduction of cytochrome
b566 by blocking electron flow on the oxygen site of the
b-type cytochromes (Loschen et al., 1973a,b; Slater, 1973).

Only when cytochrome b566 is reduced do uncoupled intact

mitochondria or SMP's produce HZOZ via 021 (Flohe et al.,

1977). Also, in the presence of ADP, cytochrome b566 is
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completely oxidized, but in the presence of excessive

T

2
(Flohe et al., 1977). Thus, although cytochrome b566

amounts of ATP, it is reduced and can give rise to O

is capable of generating 0,° under artificially manipulated

2
conditions, this is unlikely to be a major site for O

T

2
production under normal conditions.

An iron-sulfur component of respiratory chain-linked
NADH dehydrogenase is the most likely site of oxygen
reduction (Gutman et al., 1972). That the respiratory
chain NADH dehydrogenase is capable of reducing O2 to 02'
is consistent with the E; value of the 02/02T couple of
-0.31 V (Boyer et al., 1977). The superoxide anion formed
here is in turn capable of reacting with and inhibiting
NADH dehydrogenase activity and thereby, the entire NADH
oxidation system (Tyler, 1975a). No evidence is seen that
inhibition is due to 1lipid peroxidation in this case. The
mechanism of inactivation has been attributed to the
oxidation or some other modification of the Type III thiol
group (i.e., susceptible sulfhydryl site) of the NADH
dehydrogenase complex (Tyler, 1975a). The effect of 02T
appears to be largely confined to the NADH branch of the
respiratory chain (Tyler, 1975a). Hyperbaric oxygen has
the ability to inhibit enzyme systems related to ATP
production (Thomas et al., 1963), to depress ATP concen-

trations in brain tissue (Sanders et al., 1966), and

inhibit reduction of NADH (Chance et al., 1965). Excess
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NADH within preparations of submitochondrial particles
causes a progressive and substantial inhibition of the
NADH oxidation system and oxygen is required for this in-
activation to occur (Tyler, 1975a).

In mitochondria, the TCA cycle which is responsible
for NADH production is regulated in part by succinate
dehydrogenation. Although this reaction is not usually
the rate-setting step in the cycle, it competes with
NAD-linked reactions in donating electrons to the electron
transport chain and thus may affect the integration of the
dehydrogenation reactions of the cycle (Lehninger, 1975).
The entry point of the succinate pathway circumvents the
NADH dehydrogenation step which generates the 02T anion.
Succinate administration has been demonstrated to protect
against both acute and chronic oxygen toxicity (Sanders
et al., 1965; Sanders et al., 1972; Sanders and Currie,
1971; Block, 1977), and its mode of action has been
correlated with its ability to stimulate ATP production
(Sanders et al., 1972). Succinate oxidation remains
unaffected by NADH treatment (Tyler, 1975a). The failure

of succinate oxidation to cause respiratory chain inactiva-

T

2
during cytochrome b566 and cytochrome oxidase activity

tion (Tyler, 1975a) suggests that the formation of 0

is unlikely to produce harmful effects on the respiratory
chain (Markossian and Nalbandyan, 1975). The succinate

pathway allows continued production of ATP while bypassing
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the 02'—generating NADH dehydrogenation step.

This same mechanism probably operates during the
protective action seen with reduced glutathione treatment
(Baeyens and Meier, 1978). Both reduced and oxidized gluta-
thione can be converted to succinate via a glutathione
succinate shunt (Roberts et al., 1958), thereby stimulating
oxidative metabolism again avoiding reliance upon the
labile NADH dehydrogenation reaction.

Thus, the ability of exogenous succinate treatment
to prevent oxygen toxicity appears to be related to its
ability to supervene in the control of energy transport
through the respiratory chain. The potential advantage
of succinate treatment over SOD administration has been
demonstrated by Block (1977). Whereas intraperitoneal
injection of SOD is apparently unable to achieve access
to the crucial mitochondrial particles, succinate does.

The mitochondrial matrix contains the mangano-SOD and
glutathione peroxidase (Flohe et al., 1977) but lacks
catalase (Tyler, 1975b). It may be concluded that under
normal conditions, by protecting the relatively small
quantities of NADH dehydrogenase present in cells (Cremona
and Kearney, 1964; Tyler, 1975a) against inhibition by
02', mitochondrial superoxide dismutase ensures that the
key role of NADH dehydrogenase in electron transport
activity and energy conservation reactions is maintained

in the presence of oxygen. Glutathione peroxidase then
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further metabolizes the product of 027 dismutation, i.e.,
HZOZ'

Mitochondrial SOD is crucial in the protection of tis-
sues against oxygen toxicity. Induction of SOD by elevated
oxygen tensions occurs both in prokaryotic bacteria
(Gregory and Fridovich, 1973a,b) and yeast (Gregory et al.,
1974), and in eukaryotes. Rosenbaum et al. (1969) demon-
strated that exposure of rats to 85% O2 for 7 days prolonged
the survival time compared to nonpretreated rats when these

rats were transferred to 100% O SOD activity in the

X
lungs of rats exposed to 85% O2 for 7 days was increased
50% compared to controls. Furthermore, the rate of
tolerance development to 100% O2 for rats pretreated with
85% O2 closely paralleled increases in pulmonary SOD
activity (Crapo and Tierney, 1974). Thus, a correlation
between enhanced SOD activity and resistance to elevated
O2 has been demonstrated in both prokaryotic and
eukaryotic organisms. In pulmonary macrophages, 70%

of the total SOD activity is normally in the form of cya-
nide-insensitive mitochondrial mangano enzyme (Rister and
Baehner, 1976). When SOD is induced in both in vivo and
in vitro neonatal rat lung tissues by hyperoxic treatment

the increase i1s due entirely to increased synthesis of the

mangano-S0D (Stevens and Autor, 1977).
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The Ocular Standpoint

To recap for a moment, oxygen toxicity, X-ray irradia-
tion, and UV and visible light damage---seemingly unrelated
phenomena---may in fact have a common mechanism through
which they cause cellular destruction, namely, the pro-
duction of free radicals. The protective actions of SOD,
catalase and peroxidase are supported by b-carotene, ascor-
bic acid, reduced glutathione, vitamin E, and the glutathi-
one peroxidase system. The true role of melanin in free
radical reactions is uncertain, but the current concensus
seems to be that melanin is probably neither a source nor
a sink for free radicals, but rather an efficient transfer
agent for a variety of ionic species.

Even though ocular tissues have a normal complement
of protective mechanisms against free radicals, if any
step in the defense system fails, or if the defense system
is inundated due to the incursion of agents which act to
acutely stimulate the production of free radicals, the
tissues would be unable to cope with the continuous pro-
duction of cytotoxic species resulting in widespread mem-

brane and protein damage.

Free Radical Reactions and the Role of

Antioxidants in the Retinal Pigment Epithelium

In proposing a justification for abnormally high or

low levels of SOD activity within any specific cell type,
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it is instructive to review known functional and biochem-
ical peculiarities of that tissue. The main functions of
the retinal pigment epithelium (RPE) are:

1) to serve as a light screen for the photoreceptor
outer segments during photopic vision (Murray and Dubin,
1975),

2) to regulate the flow of ions between choroidal
blood and the neural retina (Miller and Steinberg, 1976,
1977),

3) to store and convert retinol (Vitamin A) to the
biologically active esterifies ll-cis form (Dowling, 1960;
Krinsky, 1958),

L) to synthesize the mucopolysaccharides and glyco-
proteins found in the extracellular matrix surrounding
the photoreceptor cells (Young and Bok, 1970; Berman,
1964), and

5) to phagocytose and dispose of shed photoreceptor
outer segments (P0S) (Young and Bok, 1969; Hogan, 1972).

The RPE is rich in mitochondria, and ATP is required
for many of the functional roles described above. In
particular, the RPE has been shown to have a Na/K ATPase
pumping mechanism (Riley et al., 1978); phagocytosis is
an energy dependent process (Silverstein et al., 1977);
and ATP is also involved in the migration of pigments
along the microtubules in the light and dark adaptation

processes (Murray and Dubin, 1975). Thus, with a large
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metabolic demand, one would expect a large amount of mito-
chondrial Mn-SOD.

In addition to the mitochondrial electron transport
chain as a site for 02'r production, the phogocytic activity
may also involve free radical processes for which the cel-
lular antioxidant mechanisms have been modified. Photo-
receptor outer segment disks are periodically detached
and phagocytized by the RPE and incorporated into their
lysosomal system (Young and Bok, 1969). Various cell
organelles are similarly autophagocytized and undergo lyso-
somal digestion (Frank and Christensen, 1968).

Based upon morphological evidence alone, lysosomal
enzymes have been purported to be solely responsible for
the degradation of phagocytosed outer segment disks. Seven
forms of pigmented inclusions within the RPE are associated
with these phagocytic and degradative processes (Feeney,
1978): phagosomes, phagolysosomes, secondary lysosomes,
lipofuscin granules, melanin granules, melanolipofuscin,
and melanolysosomes. Phagosomes are the 1initial phago-
cytic vacuole containing ROS disks. Primary lysosomes
fuse with the phagosome membrane and as the initial degra-
dation begins, autofluorescent lipid breakdown products be-
come detectable. At this stage, the inclusions are re-
ferred to as phagolysosomes. Older phagolysosomes in
which the degradation is at a more advanced stage are

termed secondary lysosomes. In the eyes of young humans,
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these secondary lysosomes continue to diminish in size
and disappear (Feeney, 1978). 1In old eyes, however, they
represent intermediates in lipofuscin formation. They are
autofluorescent and contain extractable lipid and protein-
aceous material, the latter of which presumably represent
lysosomal enzymes and undigested opsin.

Lipofuscin granules are the fluorescent age pigments
(Sinex, 1977; Sanadi, 1977). The lipids of the lipofuscin
granules, originate mainly from phospholipids of photorecep-
tor outer segment (POS) disks which are rich in PUFA (Berman
et al., 1974; Anderson and Maude, 1970; Anderson et al.,
1976). With increasing age the quantity of fluorescent
granules increases (Streeten, 1961). By the fifth decade
of life RPE cells are strikingly fluorescent, and lipofus-
cin granules predominate in the cytoplasm (Streeten, 1961;
Feeney, 1978). Fusions between primary lysosomes and lipo-
fuscin granules continue and are common in older eyes, sug-
gesting that the overall degradative process involves re-
peated injection of lysosomal enzymes. Lipofuscin granules
also coalesce with large phagolysosomes (Feeney, 1978).
Thus, the initial fusion of lysosomes with phagosomes is
only one of several attempts to hydrolyze the membranous
material. Despite the residual body designation, the lipo-
fuscin compartment is a dynamic intracellular compartment
capable of many different interactions with other cellular

inclusions of the RPE cytoplasm.
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The RPE melanin granules are synthesized prenatally,
achieve maturity before the first decade of life (Toda and
Fitzpatrick, 1972; Moyer, 1969) and thereafter are generally
thought to be unchanging structures in the cytoplasm of
these essentially non-dividing cells. This is in contrast
to the melanosomes of uveal and dermal origin which show
ultrastructural and enzymatic properties suggestive of con-
tinual synthesis during life (Feeney et al., 1965; McGovern
and Russel, 1973). Feeney (1978), however, postulated that
the melanin of the RPE is undergoing autophagic remodelling
if not actual degradation. This process is evidenced in
the presence of two types of melanin-containing complex
granules. Melanolysosomes are melanin with a cortex of non-
lipid, enzyme-reactive material. Melanolipofuscin is mela-
nin with a cortex of lipofuscin. These indicate that mela-
nin commonly becomes incorporated into the lysosomal system
and undergoes modification or degradation there. Melanin
polymer, although highly insoluble, is linked to protein
which is amenable to enzymatic digestion (Zimmerman, 1977).
Disassembly of melanin via dissolution of this protein ma-
trix is suggested since various degrees of compaction of
the layers of melanopolymer are seen in the melanolipo-
fuscin granules (Feeney, 1978).

As stated previously, from this morphological evidence,
lysosomal enzymes appear to be solely responsible for the

degradation of phagocytosed outer segment disks leaving no
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need for free radical mechanisms. Contrary to what one
would expect for such a task, however, the RPE lysosomal
enzymes differ neither in composition nor in quantity from
the rest of the normal neural retina (Siakotos et al., 1978).
Lysosomes of the RPE do contain acid lipases (Rothman et al.,
1976; Hayasaka et al., 1977) which hydrolyze fats by attack-
ing the ester linkages between glyceral and fatty acids.

This does not, however, account for the further degradation
of PUFA into the autofluorescent products seen in the RPE
lipofuscin granules. In short, the lysosomal system appears
not to be equal to the task required.

As emphasized throughout this discussion, PUFA are
particularly amenable to degradation via free radical
mechanisms. In fact, free radicals have been shown to be
damaging to lipids in the rod outer segments (Kagan et al.,
1973). In addition, the autofluorescent material which
accumulates is considered to be the end product of free
radical-mediated autolytic degradations of polyunsaturated
fatty acids (Tappel et al., 1973). Hydrogen peroxide,
hydroxyl free radicals, lipid radicals are all capable of
destroying rhodopsin as well. In fact, retinal is easily
autoxidized and, as such is inhibitory to lysosomal enzymes
such as b-glucuronidase (Christner et al., 1970). Thus, a
free radical mechanism would be beneficial in this case for
the degradation and disposal of the phagocytized photore-

ceptor outer segments.
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There is a well-established precedent for the involve-
ment of oxygen free radical mechanisms in the phagocytic
activities of mammalian blood neutrophils and monocytes.
Baboir et al. (1973) showed that phagocytizing neutrophils
elaborate 02’. This may interact with H,0, to form hydroxyl
radical (OH'), a possibly important part of the bactericidal
mechanism (Johnston et al., 1973). A role for singlet
oxygen (102) in bacterial killing has also been proposed
(Allen et al., 1972; Webb et al., 1974; Johnston et al.,
1975; Rosen and Klebanoff, 1976).

In polymorphonuclear (PMN) leukocytes, triggering of
the Ozv-generating system occurs at the cell surface (Roos
et al., 1977). An NADPH oxidase may be the primary enzyme
in this reaction (Curnutte et al., 1975; DeChatelet et al.,
1975). It has been suggested that NADPH oxidase is of
lysosomal origin (Patriarca et al., 1973; Hohn and Lehrer,
1975). But, as Roos et al. (1977) point out, a lysosomal
localization presents some teleological problems. In theory,
during attack on an ingested microorganism, 02'r is generated
inside the phagosomes via a lysosomal NADPH oxidase. Yet,
there is no way for the cytosol-produced NADPH substrate
to enter the phagosome. Additionally, a lysosomal local-
ization for an 0, -generating system does not account for

2

the high amounts of 0,7 and H,0, found in the extracellular

2 22
milieu upon triggering the oxidative metabolism of these

cells (Fridovich, 1972). This would mean that these products
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would have to pass through the cytosol which contains SOD
to reach the extracellular environment.

An alternative localigzation for NADPH oxidase is on
the plasma membrane (Johnston et al., 1975; Baehner et al.,
1975; Roos et al., 1976, 1977). In this case, NADPH oxi-
dase is proposed to be a membrane spanning enzyme where the
NADPH would come from the cell interior and the 02 from the
cell exterior, releasing NADP inside, but 02T and H on
the outside of the cells. In the case of phagosome forma-
tion, NADPH does not need to pass through the phagosomal
membrane, since the phagosome is surrounded by a piece of
inverted plasma membrane. By this mechanism, there is a
directed release of 02' to the inside of the phagosomes and
to the outside of the cells.

If similar mechanism were operating within the retinal
pigment epithelium one might expect this to be reflected in
the cellular antioxidant levels. Catalase and glutathione
peroxidase are absent from RPE cells, whereas peroxidase
is present (Armstrong et al., 1978a). There are two forms
of peroxidase in the RPE, a soluble form with a pH optimum
of 5.0 and a membrane-bound or insoluble enzyme having a pH
optimum of 7.4. This is in contrast to the peroxidases of
the neural retina whose pH optima for both soluble and
bound forms is 7.4 (Armstrong et al., 1978a,b). Peroxidase

levels have been found in dogs to be 30 to 150 times higher

in the RPE than in the retina (Armstrong et al., 1978b).
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In a syndrome termed canine ceroid lipofuscinosis
(CCL), there is a specific and significant reduction in
peroxidase actitity. The initial pathogenic event seems
to be an inability of affected cells to cope with per-
oxidative damage at an early stage. With age and pro-
gression of the disease the reduced peroxidase activity
manifests itself in an increase in lipofuscin accumula-
tion (Armstrong et al., 1978b), followed by an exagger-
ated, yet furtive, attempt by the cells to digest accumu-
lating lipopigments by increased titers of acid lipase
and acid phosphatase (Siakotos et al., 1978). Hence, in
this disease, 1t is a failure of the cellular antioxidant
mechanism (peroxidase in this case) rather than in the
lysosomal system which gives rise to the accumulation of
lipofuscin in the RPE.

It is tempting to speculate from the above discussion
that a free radical-initiated autoxidation of the PUFA of
ROS membranes takes place during or immediately after phago-
cytosis of shed ROS via the RPE. Melanin may also be in-
volved in free radical transfer as implicated by the pres-
ence of the melanolipofuscin and melanolysosome granules
(Feeney, 1978). 1In senescence (Streeten, 1961; Feeney et
al., 1965; Sinex, 1977; Sanadi, 1977), in vitamin E de-
ficiency states (Hayes, 1974), and in CCL (Armstrong et al.,
1978b), the process whereby phagocytized POS disks are de-

graded and converted to lipofuscin granules is likely to



Lé
be the consequence of a failure of some of the free
radical protective mechanisms.

Lysosomal involvement would remain important in that
the vitamin E and SOD of the POS require degradation and
disposal prior to proceeding with free radical-mediated
degradation of PUFA. Additionally, the lysosomal acid
hydrolases (esp., B-galactosidase and N-acetyl-B-glucosamin-
idase) would be important in the catabolism of rhodopsin and
of the mucopolysaccharides (glycosaminoglycans) and glyco-
proteins found in the extracellular matrix surrounding the
photoreceptor cells (Berman and Bach, 1968; Berman, 1971).
In fact, if the situation were analogous to that in the
PMN leukocytes, lysosomes could introduce myeloperoxidase
into the vacuole which would serve to enhance the overall
effectiveness of oxygen metabolites (Johnston and Lehmeyer,

1977) (MPO = myeloperoxidase):

H202 + 1 —— HZO + 0C1

- - 1 %
0Cl1 + HZOZ —_— HZO + C1 + O2

Assuming for the moment that a complex system of
free radical production and disposal is operating contin-
uously in these cells, this does not necessarily imply that
there will be elevated cytosolic Cu-Zn SOD. In fact, PMN
leukocytes have been found to contain quantitatively less
SOD than most other cell types (Salin and McCord, 1977).
The superoxide production associated with this activity is

not produced within or directed toward the cell interior,
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but rather to the outside of the cell and to within the
phagolysosomes. As discussed previously, 02T is not likely
to diffuse into or across the hydrophobic zone of membranes,
but if allowed to spontaneously dismutate to 10;,

will enter the membrane and cause the initiation of lipid

this

peroxidative autolysis. Also, if there is a paucity of
PUFA and/or a large amount of chain terminating reagents
within the membrane, this autolytic damage would not be as
extensive. Such may be the case in the PMN leukocyte and

RPE plasma membranes.

Significance of Antioxidants in

the Photoreceptor Outer Segments

If the RPE is generating 02T by a mechanism analogous

to that of PMN leukocytes, 0,7 will be released into the

2
matrix surrounding the POS. This may not be a matter for
concern for the POS Jjust as it is not for the PMN leuko-
cytes themselves. The cell membrane appears to be an
effective barrier to the diffusion of 02T back into the
cell. If the composition of that membrane is low in PUFA
it would not be susceptible to damage. Shvedova et al.
(1979) have exposed retinas in vitro to exogenous sources
of 02'r and demonstrated that the ERG a-wave was relatively
resistant and the photoreceptor cell membrane potential
remained unaffected. They were also unable to visualigze

any ultrastructural changes in the POS membranes. Thus,

elevated SOD within the POS (Hall and Hall, 1975) is
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probably a defense against an endogenous source of OZT.

Although there are no sources for the metabolic
generation of oxygen free radicals within the POS, this
structure may be a major site for photodynamically induced
free radical generation. This mechanism involves the
excitation of a sensitizer molecule by photons into an
excited singlet or triplet state. Most photosensitized
oxidations proceed by way of the triplet sensitizer since
the triplet state has a much greater lifetime than the
excited singlet state (Foote, 1968). The most effective
sensitizers are those which give rise to a long-lived
triplet state in high quantum yield. The sensitizer
triplet may then react with oxygen, with a specific sub-
strate, or it may decay spontaneously to the ground state
(Sens = ground state sensitizer; 3Sens = sensitizer triplet;

Subs = specific substrate; Subs' = substrate-sensitizer

reaction product) (Foote, 1968):
k

————Jl——-Sens
ko
hv 3 2 T
—_— —_—
Sens Sens + O2 SensOX + O2
k

+ Subs-———ii————-Sens + Subs'

The predominance of one pathway over another depends upon
the relative oxygen and substrate concentrations and the

reaction rates ks, kO , and kd. In oxygen- or air-saturated
2

solutions, the oxygen concentration is in the range of

2

1072M to 1077M (Livingston and Owens, 1956). No matter
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what the sensitizer, k seems to be very close to lO9

0
-1 2

M sec_l (Gollnick, 1968). This is a very high rate
constant so that the reaction with oxygen will predominate
unless kS(S) is close to lO6 to lO7 sec_l (Foote, 1968).
The reaction with oxygen may involve a process of electron
transfer to oxygen to form superoxide anion (Weiss, 1935)
or it may involve the formation of singlet oxygen (Foote,
1968).

Although never reported directly in the literature as
such, all of the components for this process are present
within the photoreceptor outer segments. Grady and Borg
(1968) have demonstrated free radical formation within the
visual pigment upon illumination. The incidence of a
photon upon the ll-cis retinal excites it into a triplet
state in which there is no energy barrier to rotation to
the all-trans form (Knowles and Dartnall, 1977). This is
of prime importance in photoisomerization. This isomeriza-
tion process is equivalent to a sensitizer triplet decay
reaction. The triplet excited state of retinal has also
been found to accept an electron to be converted to a
retinyl radical anion (Grady and Borg, 1968) which leads
to further breakdown products of retinal (Sack et al.,
1972). One destination for the electron is a transfer from
the chromophoric group to the tryptophan moeity of opsin,
to form a linear free radical. The quantum yield for the

formation of this species is only about 0.1 and so it



50

does not seem to be on the main pathway of the bleaching
sequence (Knowles and Dartnall, 1977). This is equivalent
to the sensitizer-substrate interaction.

2' or 102 via
reaction of triplet rhodopsin with oxygen, however, several

No one has reported the production of 0

observations are suggestive of this process. The outer
segments are a major site of primary light-induced damage
in the retina (Noell et al., 1966; Kuwabara and Gorn, 1968).
Continuous cool illumination with even ordinary fluorescent
lights leads to profound changes in photoreceptor function
and morphology. Noell and associates (1966) postulated
that photosensitized oxidations leading to the formation

of lipid peroxides could play an important role in light
damage, and direct evidence supporting this hypothesis was
recently provided using the frog (Kagan et al., 1973).

It was shown that 1lipid hydroperoxides were formed in

POS after only 30 minutes exposure to light in vivo. The
structural damage is due to peroxidation of POS membrane
fatty acids, the principal one being docosahexaenoate, a
22-carbon fatty acid containing six unsaturated double
bonds (22:6) (Nielsen et al., 1970; Anderson and Risk,
1974). This species is highly susceptible to autoxidation
by the mechanisms described above. The maximum concentra-
tion of lipid hydroperoxides was found to occur at 508 nm
gradually decreasing to the level of non-illuminated

controls at shorter (455 nm) as well as longer (668 nm)
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wavelengths. Light exposure at 508 nm leads to 95%
bleaching of the rhodopsin in POS. As free radical lipid
peroxidation is initiated, increasing damage to the mem-
branes would be expected in time possibly leading ulti-
mately to the physical release of fragments from the POS.
Indeed photoreceptor shedding has been found to be control-
led or initiated by cyclic lighting (Lavail, 1976;
Basinger et al., 1976).

In addition to the observation of typical oxygen-
mediated lipid peroxidation processes, the POS are
known to possess defenses against these reactions.
Vitamin E is an integral component of POS membranes, and
its depletion adversely affects these polyunsaturated
fatty acid-rich membranes, especially when challenged with
oxygen (Farnsworth and Dratz, 1976). This has been
substantiated by Hayes (1974) who showed extensive degen-
eration of rod outer segment membranes in vitamin E
deficient monkeys with a concomitant buildup of lipofuscin
in the pigment epithelium. Peroxidase is absent in the
canine POS (Armstrong et al., 1978b), but superoxide
dismutase is approximately 400 times as active in bovine
and frog POS (Hall and Hall, 1975) as anywhere else in
the retina. Thus, 02'r may very well be reduced via a
photoactivation mechanism, thereby explaining the presence
of such large amounts of SOD in the outer segments. The

question whether rhodopsin is a direct sensitizer for
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the photooxidation of associated phospholipids (Blasie,
1972; Kagan et al., 1973) is yet to be resolved.

One other source of peroxidizing free radicals exists
in the POS. Micro-amounts of non-haem iron have been
found in vivo (Fujishita, 1962) as well as comparatively
high concentrations (0.5 mM) of ascorbate (Daemen, 1973).
These are precisely the components of a system for the
induction of lipoperoxidation in proportions optimal for
the catalysis of the free radical oxidation of lipids
(Kagan et al., 1975).

Whether or not rhodopsin is the source of the lipid
peroxidation, the lipoperoxide free radicals observed
upon illumination must be controlled, otherwise free
radicals are known to be capable of destroying rhodopsin
(Chio and Tappel, 1969). Also, like other integral
membrane proteins, the function of rhodopsin depends very
largely upon the integrity of the membrane surrounding the

molecule (Korenbrot, 1977).

Significance of Antioxidants in the

Neural Retina

The retina is transparent and Varma et al. (1977)
postulated that it is thus uniquely susceptible to photo-

dynamic generation of 0,7 in addition to that generated

2

by normal processes of tissue oxidative metabolism. The

photochemical generation of 0, is known to take place by

2
the interaction of ambient oxygen and photoexcitable
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substances like riboflavin and flavin adenine dinucleotide
(FAD). These are universal cell constituents. The primary
site of light-induced retinal damage appears, however, in
the photoreceptor cells and retinal pigment epithelium.
The ganglion, horizontal, amacrine, and Mueller cells
escape the damaging effects of visible light at intensities
and durations which destroy the other cell types (Noell et
al., 1966). The neural retina atrophies only long after
the complete obliteration of these two layers (Noell et al.,
1966; Kuwabara and Gorn, 1968). This evidence suggests that
photosensitization of intracellular flavin compounds 1is
possible, but not a major source of 02'r within the cell.
The retina is peculiar in its exceedingly high rate
of metabolic activity (Noell, 1958) being exceeded only by
cancer tumor tissue and embryonic tissue, This elevated
rate of metabolism would in turn be expected to result in
correspondingly elevated superoxide anion production. A
portion of this metabolic activity is accountable in terms
of anaerobic glycolysis and hexose monophosphate (HMP)
shunt activity (Hoffert et al., 1974; Masterson et al.,
1978). The HMP shunt serves as an important alternate
glucose metabolic pathway as it provides for 1) the produc-
tion and disposal of pentoses used, for example, in nucleic
acid synthesis, and 2) the generation of NADPH which is
used in many reductase systems, notably in lipid synthesis

which is essential for membrane formation. Within the
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retina, there must be a large amount of lipid production
which continues well past the developmental stages since
the photoreceptor outer segments are continually renewed.
Roos et al. (1977) demonstrated that SOD induces a marked
activation of the HMP shunt, presumably through activation
of the glutathione peroxidase pathway by increased amounts
of H202. Phagocytizing neurtrophils undergo a cyanide-
insensitive "respiratory burst" consisting of oxygen con-
sumption, generation of H202, and activation of the HMP
shunt (Klebanoff, 1975). Thus, even though there is a
very high rate of metabolism within the retina, this may
not be reflected in a very large supply of mitochondrial
SOD.

Embryologically, the neural retina is directly de-
rived from central nervous tissue. Thus, the antioxidant
mechanisms of the two tissues might be expected to be sim-
ilar. Fried and Mandel (1975) found that the SOD in crude
extracts of whole beef retina had approximately the same
activity as that from the brain. Brain mitochondria
appear to have an oxygen metabolism different from that of
other tissues (Sorgato et al., 1974). Neither H202 nor
02T are produced in rat brain mitochondria, and catalase
is low in concentration.

Catalase and peroxidase are also present in both

the brain and neural retina. The importance of peroxidases

is again demonstrated in the syndrome of canine ceroid
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lipofuscinosis (CCL) (Armstrong et al., 1978b; Siakotos et
al., 1978). This is a hereditary metabolic disease with
secondary retinal degeneration occurring in a particular
strain of English setter. Massive deposits of autofluo-
rescent lipo-pigments (i.e., lipofuscin) accumulate in
neurons of the central nervous system and the neural retina
(Koppang, 1973/74). Toward the end of the CCL disease, the
brain is grossly atrophic weighing about 70% of that of
normal controls. The brain loss 1s caused by neuronal
degeneration and neuronal death. The retinal cells,
however, remain mostly intact but do contain excessive
intracellular lipopigment. Lysosomal acid hydrolase
activities have been implicated in normal lipofuscin
generation (Feeney, 1978), but Armstrong et al. (1978Db)
demonstrated a specific and significant decrease in
peroxidase with age and the progression of the disease.
Hence, in this disease, a failure of the cellular anti-
oxidant mechanisms gives rise to the accumulation of
lipofuscin in the neural retina.

In addition to catalase and peroxidase, high concen-
trations of ascorbic acid are found in the retinas of
many species (Heath et al., 1961). In rats, ascorbic
acid 1s transported into the retina by an energy-dependent,
sodium sensitive process (Heath and Fiddick, 1966) to a
concentration on the order of 20 to 30 times that of the

plasma. The function of ascorbic acid in the eye is not
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yet known (Heath, 1962). It may have a subsidiary role

as a cellular antioxidant (Nishikimi, 1975).

Significance of SOD in the Choroid

The choroidal layer is composed of a rich vascular
network embedded within a connective tissue matrix in
which are found numerous melanocytes. Like dermal melano-
cytes, uveal melanosomes show ultrastructural and enzymatic
properties suggestive of continual synthesis during life
(Feeney et al., 1965; McGovern and Russel, 1973). No
lipofuscin granules are seen in choroidal melanophores
(Streeten, 1961). The function of these melanophores is
not yet known. They probably play a part in the absorption
and reflection of whatever light passes the retinal pigment
epithelium or in through the sclera from the cranial regions
(Hogan et al., 1971). The connective tissue and associated
fibroblasts may for the present discussion be considered
rather inert to the discussion of oxygen toxicity and
antioxidant mechanisms.

The vascular tissue is of prime interest to the current
discussion. In retrolental fibroplasia, it was seen that
the immature retinal vasculature was the most sensitive to
elevated arterial oxygen tensions. Only the proliferative
retinal endothelia are susceptible, this susceptibility
being lost upon maturation (Patz, 1976). The choroidal
circulation remains unaffected in RLF because it is

largely developed at birth and out of the proliferative
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phase. By the eleventh prenatal week arteries have branched
extensively throughout the human choroid (Hogan et al.,
1971). 1In contrast, the retinal vasculature is still
proliferating at birth particularly in the vicinity of the
ora serrata, and the most drastic effects are seen precisely
in these proliferating areas (Ashton et al., 1954).

The endothelial damage is thought to be either a
direct cytotoxic effect of oxygen, or a secondary response
to the reduced retinal blood flow associated with severe
vasoconstriction (Patz, 1975). In vitro studies of cultured
retinal vascular endothelia indicate that lysosomal labil-
ity is an early sign of acute hyperbaric oxygen exposure
(Tripathi et al., 1974). Although a role for vitamin E
was considered by early investigators, results were
inconclusive (Patz, 1976). The other components of the
armamentarium that protect tissues from oxygen toxicity
need also to be studied in seeking to understand the
special vulnerability of immature retinal vascular endo-

thelium.

Survey of SOD Levels

In compiling some of the published levels of SOD
activity, one must first understand some of the pitfalls
of the assay procedures involved. Therefore, some of the
most widely used spectrophotometric methods of SOD assay

and associated problems will be reviewed prior to tabulating
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the reported data.

Methods for the determination of SOD activity exploit

T

2
would otherwise reduce a suitable electron accepting

the ability of this enzyme to scavenge O radicals which
indicator. Most assays have been developed for charac-
terizing purified enzyme. Relatively few attempts have
been made to develop modified assay approaches for quanti-
fying levels in crude extracts.

A vast array of substances occur within crude extracts
which are capable of interfering with the assay reactions.
Problems arise from the fact that whereas SO0D appears to
be specific to the substrate superoxide anion, the sub-
strate is not specific to the enzyme. Any substance other
than SOD or the indicator which will react with 02T to any

significant degree, or any substance other than the

T

designated O9T-generating system which can give rise to O2

will either yield erroneously high apparent SOD activity
or mask actual activity. Any substance in a crude extract
which acts directly upon the indicator substance will also
yield spurious readings.

Apparent SOD activity can arise from the presence of
significant amounts of various small molecules such as FAD,
FMN, riboflavin, NADH, and Fe+++ (Michelson, 1977a).
Catalase interferes with the assay reaction to some degree
though the affinity of catalase for superoxide anion is at

least tenfold less than that of SOD (Kovacs and Matkovics,
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1975). Peroxidase can be reduced by 02T to form oxyper-
oxidase (Sawada and Yamazaki, 1973) which may in turn

break down again to give rise to free 0, radical (Rotilio

2
et al., 1975). Thus, both catalase and peroxidase can

give rise to apparent SOD activity. As discussed previously

T

both ascorbate and reduced glutathione may react with 02

and thereby may also interfere with the assay.
The original SOD assay procedure of McCord and Frido-
vich (1969) utilizes a system of xanthine and xanthine

oxidase for the generation of 0,7 radicals, and ferricyto-

2
chrome ¢ as an indicating electron acceptor. The presence
of SOD is characterized by an inhibition of the rate of
cytochrome c¢ reduction.

Modified versions of the cytochrome ¢ method have
been discussed by McCord et al. (1973), Wesser et al. (1972)
and Wesser and Voelcker (1972). McCord et al. (1977a)
point out that cytochrome c¢ reductases and oxidases are
present in membranes of mitochondria, microsomes and
nuclel and must be accounted for. Cyanide is often
included in the reaction mixture in high enough concen-
trations (0.5 mM) to inhibit endogenous cytochrome per-
oxidases, yet too low to inhibit Cu-Zn SOD (Gregory and
Fridovich, 1973a). Azzi et al. (1975) used acetylated
cytochrome ¢ in the reaction mixture. This is unrecogniz-

able to the endogenous oxidases and reductases for which

cytochrome ¢ is a substrate, but it remains reducable by Ozﬁ
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In the nitroblue tetrazolium (NBT) photoreduction
assay, NBT is used as the indicator and the aerobic
photoreduction of certain dyes or flavins in the presence
of suitable electron donors such as EDTA can be used to
generate superoxide radicals (McCord et al., 1973;
Beauchamp and Fridovich, 1971). In this case SOD prevents
the formation of colored insoluble blue formazan. The NBT
photoreduction method can be applied to detect SOD activity
in polyacrylamide gels. For crude extracts, however, NBT
reductases within mitochondria, microsomes and nuclei
prevent its application as a useful assay (Hatefi, 1963;
Mii and Green, 1954).

Co-oxidation of epinephrine to adrenochrome was used
as an early assay (McCord and Fridovich, 1969). However,
it was later found that not only co-oxidation, but also
autoxidation can lead to the formation of adrenochrome
(Misra and Fridovich, 1972a).

Misra and Fridovich (1977) deveioped a color augmenta-
tion assay using dianisidine, rather than the typical color
inhibition assays. This procedure was purported to be
free of any interference problems in crude homogenates,
however, others have not found this to be the case (Eldred,
unpublished observations; S. Aust, personal communications).

A chemiluminescent reaction produced in an oxygen-hypo-
xanthine-xanthine oxidase-luminol system is inhibitable by

SOD and this has also been used as an assay technique
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(Puget and Michelson, 1974). A minimum concentration of
about 0.2 ng erythrocyte SOD can be estimated by this
technique.

Each of these assay procedures defines one unit of SOD
activity to be that quantity required to inhibit the reac-
tion rates by 50%, but this means that the unit of activity
is peculiar to the specific assay. In reviewing the reported
levels, it also becomes evident that no standardization has
been established for the expression of the measured activi-
ties; some expressing it in terms of units of activity per
milligram of protein, and others per mg whole tissue, or
per mg DNA, or per gram of hemoglobin, or per 106 cells,
etc. This makes comparison of findings difficult if not
impossible.

Finally, one error commonly made is a failure to ac-
count for erythrocytic activity. In some tissues, such
as the liver (Castagna, 1965), this source of activity
could be very large and lead to erroneous results. Hemo-
globin in large amounts is reported to interfere with many
assays and should be removed prior to the determination.
Bannister et al. (1977) have found the Tsuchihashi proce-
dure, based upon the precipitation of hemoglobin with a
mixture of ethanol and chloroform, to be the best method
for this purpose.

Some of the SOD levels are tabulated in Tables 1,2 and

3. Although it is difficult to compare these values because
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of the varying units involved, several enlightening ob-
servations have been made in these studies. Allen and
Hall (1973) state that in spinach chloroplasts, there are
5 to 10 molecules of SOD per electron transport chain.
Just as in the mitochondrial electron transport chain,
there are several steps which are energetically capable

of giving rise to O In several oxygen toxicity studies

-
o
it has been demonstrated that specific and significant
induction of manganic SOD synthesis occurs which cor-
relates with increased resistance to oxygen toxicity,

while no such change in cupro-zinc SOD activities take place
(Fridovich, 1978). There are species-specific differences
in specific tissue levels. For instance, McCord et al.
(1977b) state that the human liver contains 20 times the
amount of Mn-S0D, but less than half the amount of Cu-Zn
SOD contained in an equivalent weight of rat liver (Tyler,
1975b; Peeters-Joris et al., 1975; Panachenko et al., 1975).
On the average there is twice as much Mn-SOD as Cu-Zn SOD
in primate livers, but the ratio varies considerably from
individual to individual (McCord et al., 1977b). They
conclude by stating that "fluctuations in Mn SOD content
are particularly intriguing in view of the quite constant

concentrations of Cu-Zn SOD found from tissue to tissue,

and organism to organism."
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TABLE 1: Survey of some reported SOD levels. Activities
are total of all forms unless otherwise specified.

Tissue and Treatment Assay* Level Ref .%*#*

Aerobic bacteria:

Holobacterium salinarium 1 2.1 U/mg prot. 1
Escherichia coli 1 1.8 U/mg prot. 1
Escherichia coli B
Grown in N, la 3.8 U/mg prot. 2
Grown in air la 13.5 U/mg prot.
Grown in 1 atm. O, la 21.2 U/mg prot. 2
Grown in 5 atm. O
L5 min exposure la L2.5 U/mg prot. 2
Grown in 5 atm. O2
19 hr. exposure la 92.8 U/mg prot. 2
Escherichia coli K-12 his~
Grown in N, 1 6.0 U/mg prot. 4
Grown in 20% 0, 1 6.1 U/mg prot. L
Grown in 100% 0, 1 5.5 U/mg prot. 4

Azotobacter chroococcum
(an aerobic soil bacterium
capable of N, fixation)

Grown in 5% 0, lc 3700 ug SOD/mg prot. 3
Grown in 20% 0, lc 1100 pg SOD/mg prot. 3
Grown in 30% 0, lc 700 pg SOD/mg prot. 3
Anaerobic aerotolerant bacteria:
Streptococcus mutans 1 0.5 U/mg prot. 1
Streptococcus fecalis 1 0.8 U/mg prot. 1
Grown in 0 atm 0, la 0.8 U/mg prot. 2
Grown in 1 atm 0, la 3.5 U/mg prot. 2
Grown in 5 atm O, la 7.0 U/mg prot. 2
Grown in 10 atm 0, la 9.5 U/mg prot. 2
Grown in 15 atm 0, la 12.0 U/mg prot. 2

¥ See Table 2
*¥%* See Table 3
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TABLE 1: Continued

Tissue and Treatment Assay¥* Level Ref , #%#

Obligate anaerobic bacteria:

Clostridium sp. 1 0.0 U/mg prot. 1
Veillonella alcalescens 1 0.0 U/mg prot. 1

FEukaryotic yeast:

Saccharomyces cerevisiae

Grown in N, 1 1.3 U/mg prot. L
Grown in 20% 0, 1 2.5 U/mg prot. L
Grown in 100% O, 1 8.6 U/mg prot. L
Bukaryotic fungi:
Neurospora crassa la 4L U/mg prot. 5
Chloroplasts:
Spinach 6 500 U/mg chloro- 6
phyll
Erythrocytes (Hemoglobin-free supernatants):
Porcine 3 216 U/mg prot. 8
Normal Human 2a 2720 U/gm hemo- 7
globin
Downs syndrome
Trisomy G21 2a 4930 U/gm hemo- 7
globin
Unbz%iﬁggd translocation 22 4410 U/gm hemo- o
globin
Blood platelets:
Normal Human
Mn SOD L 6.44 U/mg prot. 9
Cu-Zn SOD 4 40.30 U/mg prot. 9
Downs syndrome Trisomy 21
Mn SOD L 4.31 U/mg prot. 9
Cu-Zn SOD L 62.79 U/mg prot. 9

¥ See Table 2
*¥ See Table 3
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TABLE 1: Continued

Tissue and Treatment Assay* Level Ref , *#*
Phagocytic Cells:
Polymorphonuclear leukocytes
Without Cyanide 1b 17.58 U/mg prot. 10
With Cyanide 1b 17.25 U/mg prot. 10
Monocytes
Without Cyanide 1b 30.93 U/mg prot. 10
With Cyanide 1b  28.29 U/mg prot. 10
Pulmonary alveolar
macrophages
Without Cyanide 1b  39.99 U/mg prot. 10
With Cyanide 1b  34.80 U/mg prot. 10
Cu-Zn SOD la 0.9 U/lo6 cells 11
Mn SOD la 2.1 U/lo6 cells 11
Whole Lung:
Turtle 3 2.20 U/mg prot. 13
Rabbit 3 6.81 U/mg prot. 13
Mouse 3 6.86 U/mg prot. 13
Rat
Cu-Zn SOD 5 109 ug/whole lung 12
Cu-Zn SOD after 7 days
exposure to 85% 0, 5 155 ug/whole lung 12
Control 3 100 U/mg DNA 14
Perfused lung 3  6.9375 U/mg prot. 15
Pretreated 1 day with
85% 0, 3 113 U/mg DNA 14
Pretreated 3 days with
85% 0, 3 118 U/mg DNA 14
Pretreated 7 days with
85% 0, 3 133 U/mg DNA 14

*  See Table 2
¥¥*¥ See Table 3
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TABLE 1: Continued
Tissue and Treatment Assay* Level Ref ,*¥*
Heart:
Turtle 3 3.01 U/mg prot. 13
Rabbit 3 3.76 U/mg prot. 13
Mouse 3 3.18 U/mg prot. 13
Liver:
Turtle 3 13.16 U/mg prot. 13
Rabbit 3 14.21 U/mg prot. 13
Mouse 3 14.50 U/mg prot. 13
Hog 3a 315 U/mg prot. 8
Human la 4L U/mg prot. 16
Skeletal Muscle:
Turtle 3 1.08 U/mg prot. 13
Rabbit 3 1.92 U/mg prot. 13
Mouse 3 2.41 U/mg prot. 13
Brain:
Turtle 3 3.98 U/mg prot. 13
Rabbit 3 6.33 U/mg prot. 13
Mouse 3 6.20 U/mg prot. 13
Fetal rat (14 days)
forebrain & telencephalon 1la,k4 46 pmol/mg prot. 17
cerebellum, pons & medulla la,4 35 pmol/mg prot. 17
Fetal rat (18 days)
forebrain & telencephalon 1la,4 41 pmol/mg prot. 17
cerebellum, pons & medulla la,4 27 pmol/mg prot. 17
Adult rats (male)
telencephalon la,l 58 pmol/mg prot. 17
forebrain la,4 56 pmol/mg prot. 17
cerebellum & pons la,4 54 pmol/mg prot. 17
medulla la,l 56 pmol/mg prot. 17

*# See Table 2
#% See Table 3
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Tissue and Treatment Assay* Level Ref . **
Adult rat (female)
telencephalon la,4 43 pmol/mg prot. 17
forebrain la,4 56 pmol/mg prot. 17
cerebellum & pons la,4 59 pmol/mg prot. 17
medulla la,4 73 pmol/mg prot. 17
Eye:
Bovine
iris 2 30.30 ug prot./U SOD 18
lens cortex 2 0.23 pg prot./U SOD 18
lens nucleus 2 0.15 pg prot./U SOD 18
sclera 2 27.8 pg prot./U SOD 18
vitreous 2 15.8 pug prot./U SOD 18
choroid 2 20.6 pg prot./U SOD 18
retina 2 27.8 ug prot./U SOD 18
cornea 2 0 ug prot./U SOD 18

*¥ See Table 2
#* See Table 3
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TABLE 2: Assays reported in Table 1.

Assay

1 Cytochrome c assay:

02’-generating system: xanthine-xanthine oxidase

Monitoring system:

0,7 reduces ferricytochrome
& to ferrocytochrome c
which absorbs at 550 nm

Unit: The amount of extract re-
quired to inhibit the rate
of reduction of cytochrome

c by 50%
Original Source: McCord and Fridovich (1969)
Objections: Cytochrome c oxidases and

peroxidases are prevalent
in crude homogenates.

la Modification:

2 to 5 x lO—5 M cyanide is included in the reaction
mixture to inhibit cytochrome ¢ peroxidases
Gregory and Fridovich, 1973a)

1b Modification:

1 mM sodium azide is included in the reaction
mixture to inhibit cytochrome c oxidases. Cyanide
insensitive SOD was measured at the final cyanide
concentration of 1 uM (Rister and Baehner, 1976).

lc Modification:

Interference by peroxidases and cytochrome oxidases
is eliminated by the use of acetylated cytochrome c.
The unit of SOD activity is also redefined as the
amount of SOD that gives 25% inhibition of the rate
ofoacetylated cytochrome ¢ reduction at pH 9 at
29°C (Buchanan and Lees, 1976).

2 Nitroblue tetrazolium assay:

0,"-generating system: xanthine-xanthine oxidase

2 or univalent reduction of
0, by photoinduced ribo-
flavin

Monitoring system: Soluble nitroblue tetrazol-

ium forms an intensely blue
insoluble precipitate (blue
formazan upon reduction
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TABLE 2: Continued

Assay

2 NBT Assay: cont'd

Unit: That quantity of SOD re-
quired to inhibit the rate
of NBT reduction by 50%.

Original Source: Beauchamp and Fridovich
(1971)
Objections: NBT is susceptible to di-

rect reduction by certain
reductants and dehydrogen-
ases likely to be found in
crude homogenates via mech-
anisms not inhibitable by
SOD (McCord et al., 1977a).
The formazan is insoluble
in aqueous solution and
quickly precipitates (Frieg
1975).

2a Modification:

The unit is standardized against BESOD
(Winterbourn et al., 1975).

3 Epinephrine-adrenochrome assay:

OZT—generating system: At pH 10.2 epinephrine auto-
oxidizes via a free radical
chain reaction involving
0,7 as a chain-mediating
sPecies.

Monitoring system: Adrenochrome appears as an
end product and is detect-
able spectrophotometrically.

Unit: The amount of SOD required
to cause a 50% inhibition
of adrenochrome formation.

Original Source: Misra and Fridovich (1972a)

Objections: Not only autoxidation, but
also cooxidation of epi-
nephrine occurs in the
reaction mixture. In work-
ing with crude homogenates,
significant assay variabil-
ity occurs due to unidenti-
fied reactants, chain
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TABLE 2: Continued

Assay

3 Epinephrine assay: cont'd

breakers, etc. (McCord et

al., 1977a).
3a Modification:

Activity is reported after one purification step:
ammonium sulfate precipitation

L Chemiluminescent Luminol assay:

0,7 -generating system: xanthine-xanthine oxidase

2

Monitoring system: Chemiluminescence of luminol
is induced by 02T

Unit: That quantity of SOD re-
quired to inhibit the
maximal light intensity
by 50%.

Original Source: Puget and Michelson (1974)

Comments: Very sensative: 0.2 ng/ml

(Puget et al., 1977)

5 Antibody titrations:
Specific for Cu-Zn SOD

6 Oxygen uptake studies:
Assay method unclear (Allen and Hall, 1973).
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TABLE 3: References for Table 1.
Ref. No. Reference
1 McCord et al. (1971)
2 Gregory and Fridovich (1973a)
3 Buchanan (1977)
L Gregory et al. (1974)
5 Misra and Fridovich (1972b)
6 Allen and Hall (1973)
7 Kedziora et al. (1977)
8 Bartkowiak et al. (1979)
9 Sinet et al. (1975)
10 Rister and Baehner (1976)
11 Stevens and Autor (1977)
12 Crapo (1975)
13 Simon et al. (1977)
14 Crapo and Tierney (1973)
15 Crapo and Tierney (1974)
16 McCord et al. (1977Db)
17 Bohnenkamp and Wesser (1975)
18 Crouch et al. (1978)



MATERIALS AND METHODS

Animals

Ocular tissues were collected from 150 to 300 gm

commercially cultured rainbow trout, Salmo gairdneri

(Midwest Fish Farming Enterprises, Inc., Harrison, Michi-
gan). Fish were held in fiberglass tanks at 12 + l.OOC,
with a continuous flow of aerated water. The animals were

exposed to light-dark periods of 16 and 8 hours, respective-

ly.

Dissection Procedures

The trout were dark-adapted and all enucleation and
dissection was carried out under dim red illumination.
All dissections were done in a plastic dish. The retinal
pigment epithelial cells should not come into contact
with glass during the dissection procedure. The trout
were single pithed by cervical section prior to enuclea-
tion. The optic nerve was trimmed to the level of the
sclera and the lamina cribosa was trimmed away. The an-
terior segment of the eye was separated at a level Jjust
posterior to the limbus. The vitreous body in S. gairdneri
is very viscous and adheres tenaciously to the surface of
the retina so no attempt was made to remove this portion.
The neural retina was separated from the RPE by gently
teasing out the retina with a pair of forceps. Upon
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removal from the eyecup, a small camel-hair brush was used
to gently remove any clinging RPE from the surface of the
retina. This was saved to be pooled with the rest of the
RPE fraction. The detached neural retina was transferred
to a polycarbonate centrifuge tube containing phosphate
buffered saline (PBS; 0.6% NaCl in 0.05M phosphate buffer,
pH 7.8 at 0°C with 0.4M sucrose) and stored on ice.

Next, several milliliters of 0.4M sucrose were added
to the eyecup and a camel hair brush was used to brush the
eyecup surface in order to detach the retinal pigment
epithelium. The detached cells in sucrose were collected
by aspiration and fresh 0.4M sucrose was added to the eye-
cup. The brushing and recovery of detached cells was re-
peated once more. Aspiration was done with a 500 ml poly-
ethylene wash bottle modified by cutting the outlet tube
to within 1 inch of the inside surface of the cap. The
bottle can be employed as a suction device but cannot dis-
charge its contents.

Finally, the remining choroidal layer was removed and

pooled in PBS over ice in a polycarbonate centrifuge tube.

Tissue Fractionation

The desired final fractions from these dissected tis-
sues were 1) neural retina, 2) photoreceptor outer segments
(POS), 3) retinal pigment epithelium (RPE), and 4) choroidal

layer. Further fractionation procedures were adapted from
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the techniques described by Hall and Hall (1975) and

Siakotos et al. (1978).

Photoreceptor OQuter Segments

The POS were separated from the neural retina by mild
agitation (Hall and Hall, 1975). The tube containing neural
retinas was filled with PBS such that the volume of solu-
tion was twice the volume of the retinas. The tube was
then capped, inverted twenty times to liberate the POS and
centrifuged in the cold (400) for 5 min. at 50g. The super-
natant containing the POS was removed. Two volumes of PBS
were added to the pellet and the procedure was repeated.

The pooled supernatants were then centrifuged at 50g for
10 min. to remove retinal debris. The POS were pelletized

by centrifugation at 2000g for 10 min.

Retinal Pigment Epithelial Fraction

The RPE suspension as dissected is contaminated with
outer segments and with red blood cells derived from the
choriocapillaris. The RPE are known to be phagocytic
(Hollyfield and Ward, 1974) whereas neither the RBC's nor
POS posses this ability. Like other phagocytic cells
(Rabinowitz, 1964) the RPE attach to glass surfaces and can
be reversibly detached by the addition of bovine serum
albumin. This then, serves as the basis for a method of
separating the RPE from non-RPE contaminants (Siakotos et
al., 1978).

The RPE suspension was poured onto columns packed with
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glass beads averaging 210 um diameter (Class IV A Micro-
beads, Cat. No. 710, Cataphote-Ferro, Inc., Jackson, MS).
The beads were pretreated with concentrated hydrochloric
acid, washed with distilled water until free of acid,
followed by a wash with 1M Tris base, again with distilled
water and finally acetone, and dried at room temperature.
The columns used were a series of four 600 ml, 90 mm
diameter Pyrex brand Buchner funnels with coarse (40-60 um
pore size) fritted discs. These funnels were packed with
beads by pouring dry beads into the column containing 0.4M
sucrose to a bed height of 5-6 cm. Siakotos et al. (1978)
emphasize that the quantity of cells per cm of column dia-
meter is critical. Four 90 mm diameter columns packed as
described above were found necessary to separate the RPE
yield for 70 trout eyes.

The beads at 4°C were washed with several aliquots of
cold 0.4M sucrose solution and then the suspension of
brushed RPE cells were applied directly to the columns.
Once the sucrose level had fallen to within 1 cm of the
top of the column bed, a second volume of sucrose was
added and the upper few cm of the column bed was gently
stirred. This was followed by a third wash volume of
sucrose. By this method erythrocytes, outer segments and
fragmented RPE debris are removed from the intact RPE cells.

Next, the column was inverted to empty the adsorbed

RPE cell-glass bead mixture into a plastic beaker. To
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detach the washed RPE cells from the glass beads, one
volume (i.e., volume of glass beads) of 1% bovine serum
albumin (BSA) (Sigma Chemical Co., St. Louis, MO, A-4503)
plus 2% Dextran (Sigma Chemical Co., St. Louis, MO, D-4751)
in 0.2M sucrose was added and the bead-cell mixture was
stirred gently with a glass stirring rod. The glass beads
were allowed to settle and the supernatant sucrose contain-
ing the RPE cells was poured off into polycarbonate
centrifuge tubes. The RPE cell-glass beads were washed
again. The pooled 1% BSA-Dextran-sucrose-RPE cell suspen-
sion was centrifuged at 1000g for 10 min. to pelletize the
RPE cells. These RPE pellets were then resuspended in
small volumes of PBS, pooled together, and recentrifuged
both to remove the contaminating albumin protein and to

end with one final RPE pellet.

Choroidal Fractions

Finally, the choroidal tissues were treated identically
to the neural retina, being capped, inverted, centrifuged
at 50g for 10 min., and rewashed, in order to remove as
many red cells as possible. The amount remaining trapped
within the choroidal vasculature after this procedure was
significant.

Perfused choroidal tissues were also prepared as
follows. Trout were anaesthetized to stage 5 (Jolly et
al., 1972) using tricaine methane sulfonate (MS-222; Finquel,

Ayerst Laboratories, Inc., N.Y., N.Y.) and the heart was
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then exposed by a mid-ventral incision. The apex of the
ventricle was cut off and the auricle clipped to prevent
the buildup of back pressure. The blunt bevel tipped
cannula (PE 240) was then introduced into the conus
arteriosus and gently advanced into the ventral aorta until
meeting the first bit of resistance and then withdrawn
slightly. The fish were then perfused for 6 minutes at
a stroke volume of 0.1 ml/stroke and pulse rate of 45
strokes/min. The perfusate was a Cortland's saline
solution (Appendix I; Wolf, 1963) containing 2 USP units
per ml heparin plus 0.3% procaine hydrochloride, pH 7.2.
Procaine is used to prolong the anticoagulant action of
heparin (Loomis et al., 1952). The eyes were then enuc-
leated and choroids collected, washed and centrifuged as

described above.

Cell Disruption and Extraction Procedures

The pelletted neural retina, POS, RPE, and choroidal
tissue were resuspended in approximately 5 ml PBS and
sonicated over ice in three consecutive 10 second periods
at a power setting of 60 watts (Sonifier Cell Disruptor,
Model W-185-C, fitted with a Micro Tip, Branson Instruments,
Inc., Danbury, Conn., 06810). Addition<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>