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JAIME F. RECASENS · 

The effects of Age and Endotoxin ori Antioxidant Enzyme Activity in the 

Eye. 

(Under the Direction of KEITH GREEN, Ph.D.; D.Sc~) 

The relationship between inflammation, antioxidant erizyme activity 

and aging in the eye was examined·in the present study. Superoxide 

dismutase activity (SOD) was measured in the irides (n=l6) of .control· 

animals (albino rabbits) ·and 24 hours after the intravitreal 

administration of·l µg of E. coli endotoxin (lipopolysaccharide,.n=l2). 

Endotoxin-treated irides- exhibited SOD activity ~qualing 177% of control 

values (P<0.05). The concomitant administration of the protein synthesis 

inhibitor, cycloheximide (n=8), prevented the elevation of SOD indicating 

that the induction represented de_ nova synthesis. Pretreatment with the 

phospholipase inhibitors dexamethasone (Dex, n=6), medrysone (Med, n=4'), 

, or quinacrine (n=4), blocked the induc~ion df SOD. Neither the 

cyclooxygenase inhibitor indomethacin (n=4) nor aspirin (n=7) reduced the 

induction in SOD (P<O~OS and.directional as compared to ·endotoxin-treated 

. animals), whereas ·the lipxoygenase inhibitor, nordihydroguaiaretic · acid 

(NDGA, n=8) prevented.the induction. The data indicate that a 

lipoxygertase-dependent· product_ may mediate _the induction of SOD produced 

by the endotoxin~induced ocular inflammation. 

SOD activity was measured in the irides, choroids, and the retinas of 

young (4-6 weeks old, n=l8~ 10 and 10), adult (6 months old, n=l6, 4 and 

4), and aged (4+ years old, n=l8, 12 and 12) albino rabbits. Under 

control conditions, no age-related decrease in SOD was noted. However, 

after endotoxin admirtistratio~; iridic SOD in adult animals equalled 177% 

of age-matched control values (n=l2, P<O~OS) whereas in aged animals, SOD· 
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was reduced to 65% 6f control values (n=20, P<0.05). Similarly, choroidal 

SOD equalled 149% of aged matched control values after endotoxin in adult 

an;i.mals (P<0.05),-while no elevation was noted in aged animals. 

Furthermore, retinal SOD equalled 142% after endotoxin in adult rabbits as 

compared to age-matched controls while no induction occurred in the 

retinas of aged animals. Plasma ceruloplasni.in exhibited no difference 

after ocular e~dotoxin administration. 

Catalase activity in the irides of con~rol. adult. (n=6) and aged 

animals (n=6) ·was examined· and exhibited an age-related decrease of 22% 

-
(P<O. 02). While· intravitreal ·endotoxin did not produce a change in 

catalase activity in adult animals (20.46±0.90 .units vs. 20.01±0.82), in 

aged. animals_ catalase_ ·activity exhibited a 45% decrease 24 hours after 

endotoxin (20. 01±0. 82 for controls and 8. 76±1. 86 for endotoxin-treated 

eyes, P<0.001). 

The direct· effects (not leukocyte mediated) of endotoxin, Lipid A,· 

and monophosphoryl Lipid A on the cornea were assessed by mounting corneas 

in dual-chambered perfusion specular microscopes. While control corneas 

perfused with glutathione-enriched bicarbonate Ringer soltition ~id not 

exhibit significant. swelling during the course of perfusion (3 hours), · ·_ 

corneas·perf1:1sed with 0.1% endotoxin exhibited·a swelling rate of 37.7 

um/hr (P<0.001) and corneas perfused with 0.1% Lipid A exhibited a 

· swelling rate-of 16.2 u~/hr (P<0.01). 

The data indicate that both endotoxin and Lipid A·promote direct 

tissue inflammatory responses. Morphological assessment.of tissue damage 

(by Draize Scale rating) ·and malondialdehyde_ quantification in irides from· 

young~ adult and aged animals before and aft~r endotoxin indicated an 

age-related increase in oxidativ·e damage. The propensity of aged animals 
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to experience greater tissue damage after an inflammatory· stimulus may,· 

therefore~ be ·related to the inabili~y of tissue from aged animals to 

induce SOD after an .inflammatory· ·stimulus, the age-related decrease in 

catalase·activity, and the age-r~lated decrease in catalase activity after 

endotoxin. 
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INTRODUCTION 

I. .Free Radical Chemistry, Formation, and Pathology 

Covalent bonds constitute the basis for the complex interplay between 

atom~ that affords the molecular diversity which co~prises life it~elf. 

Covalent bonds are characterized by a _pair 6f oppositely spinning 

(antiparallel) ele.ctrons that are shared ~y two atoms and thus act to 

unite the atoms. These bonds can be broken in one of two ways. In the 

first, one atom takes with it either both of the electrons or neither 

.electron. This is.known as "heterolytic bond dissociation",. terme~ such 

due to the unbalanced distribution of the ·two electrons between the two 

.atoms. Acid-base reactions are examples of _heterolytic bond 

dissociations. Conversely, in the second example, bond dissociation 

occurs 1.n _which each atom takes with it one of the electrons involved -in 

the covalent bond is known as "hemolytic bond dissociation" due to the 

homogeneous· .distribution· of said electrons between the two atoms. The 

result of hemolytic bond dissociation is two atoms or molecules containing 

unpaired electrons. An atom or molecule containing an unpaired electron 

(and thus an odd total number of electrons) is known as a free radical. 

Free radicals can also res.ult from the gain (reduction) or loss 

(oxidation) of an electron through any of .numerous oxidation-reduction 

reactions that commonly occur in all l1ving things. Reduction of one 

molecule·can only occur with the concomitant oxidation of-another and 

vice-versa (Commoner, 1954; Huyser, 1970). 

_ l.Jnpaired · electrons (and thus all free radicals) constitute both. 

nucleophilic (due to electrostatic attraction to positively-charged 

nuclei) and electrophilic (due to the tendency of.electrons to spin in· 

pairs) entities. Such dual nucleophilicity and electrophilicity makes 
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free radicals highly reactive as witnessed by their short half-lives. 

Furthermore, all· nuclei and covalent bonds are potential targets of free 

radical attack. 

Not only are free radical reactions important due to their extreme 

reactivity, and the extensive number of potential targets, but also due to 

the very nature of free radical reactions (characteristic self-propagating 

chain reactions).· As previously mentioned, hemolytic bond disassociation 

results in the formation of two free radicals as in Reaction I (known as 

the Initiation Step): 

R-H ---> R
0 

+ H
0 

(Reaction I) 

where R represents any atom or molecule and, according to Lewis dot 

schemata, R0 represents the free radical product of R. Since R0 

constitutes a highly electrophilic entity, it can attack virtually any 

covalent bond as the unpaired electron attempts to pair with another 

electron as in Reaction II: 

R
0 

+ o2 ---> R-00° (Reaction II) 

However, H
0 

can react with a second R2-H molecule thus generating another 

radical R
2

• (Reaction III): 

R-0-0° + R -H ---> R. + ROOH (Reaction III) 
. 2 2 

leading to a repetition of Reaction II which in turn results in another 

reaction of type III and so 6n. This self-propagating phenomenon can, 

theoretically, continue endlessly until all RH molecules have undergone 

type II_ ~eactions (Huyser, 1970). Meanwhile, a peroxiode, ROOH, is formed 

with each reaction of R
0 with o

2
. 

Free radical chain reactions can only terminate upon combination of 

two free radicals as in Reaction IV: 

R. + R. ---> R -R (Reaction IV) 
X y X .y _ 
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This is known as a·chain-terminating reaction and involves the formation 

of a covalent bond from two free radicals. 

Alternatively, the oxidation of organic compounds can be initiated by 

molecular oxygen (dioxygen, o
2

) or one of its derivatives (i.e., singlet 

oxygen) as follows: 

Initiation RH + 02 ----> R" + H0 2 
. 

Propagation R" + 02 ----> R0 2 
. 

' R0 2 
. 

+ RH ----> R 
. 

+ ROOH 

Termination R" + R" ----> R:R, or 

R" + HO" 
2 

----) ROOH 

where R is an organic molecule, R" is an alkoxyl radical, ROOH is an 

organic peroxide, Ro
2

• is a peroxyl radical, His a hydrogen atom and Ho 2 · 

is the protonated form of superoxide anion, the perhydroxyl radical. As 

before, termination of the free radical chain mechanism oc~urs only upon 

the combination of two radicals thus forming a covalent bond. 

Life arose in a reducing environment whereby, through the.process of 

photosynthesis, oxygenation of the biosphere was effected as electrons 

were transferred from H2o to carbon atoms. The resulting hydrocarbons~ in 

turn, undergo oxidation as electrons are transferred to molecular oxygen 

(dioxygen, o
2
). Since each oxygen atom is a diradical (containing one 

electron in each of the two out~rmost orbitals) and thus can readily 

_accept two electrons, ·each dioxygen molecule typically accepts four 

electrons·. Although_ the tetravalent reduction of o2 to H2o characterizes 

aerobic metabolism, the products of the successive univalent reduction of 

o
2

, superoxide ~nion ~adical (o2 · ), hydrogen peroxide (H2o
2
), and 

hydroxyl radical ("OH) constitute highly electrophilic and thus reactive 
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moieties due to their electrostatic attraction.and attempt to form. 

stabilizing spin pairs, respectively. Thus, an "oxygen paradox" is said to 

exist due to the absolute requirment for oxygen as an electron acceptor 

yet its potential toxicity in intermediate reduction states. 

These 

Complete (on~ step) tetravalent reduction of o
2 

to H
2
o: 

o
2 

+ 4e 
+ 

+ 4H -------> 
Successive univalent reduction of o

2
: 

·o 
. 2 + e- -------> 02 

- + 

-

02 + e + 2H -------> H202 

. H202 
=- -------> OH HO. + e + 

oxygen-centered radicals promote cellular damage by reacting with 

lipids, proteins and nucleotid,es (Freeman and Crapo, 19 82) .• Thus, 

although the tetravalent reduction of oxygen is a requisite for aerobic 

metabolism~ a paradox .is created due to the deleterious effects of the 

partially-reduced oxygen intermediates. 

The reactivity of partially-reduced oxygen-centered radicals 

(oxyradicals) has been examined by Pryor (1986) who has estimated the 

half-lives of several oxyradicals and their related species. The major 

oxyradicals (and their half-lives) are listed in Figure 1. 
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Figure I. 
Principal Oxygen-Centered Radicals and Their Half~Lives. 

Radical 
Symbol 

R0-
0 

Roo·, (100·) 

0 
R-C-00 

0 
R-c-oo· 

Name· 

Hydroxyl 

_Alkoxyl 

Peroxyl (L = a lipid) 

Linolenyl 

Hydrogen peroxide 

Superoxide anion 

Hydroperoxyl (perhydroxyl) 

Singlet oxygen 

Semiquinone radical anion 

Semiquinone radical 

Ozone 

Nitrogen dioxide 

Hypochlorous acid 

Acyloxyl 

Acylperoxyl 

Half-life 
at 37°C 

sec 

sec 

sec 

sec 

Medium 
dependent 

Medium 
dependent 

sec 

Days 

Hydrogen peroxide is a stable molecule in aqueous solution (Pryor,- 1986). 

It is connnercially avail~ble in solutions of up to 30 % (9 moles/ liter). 

However, oxygen-oxygen covalent bonds can readily undergo hemolytic bond 

dissociation (due t,o the strong ele_~tronegativity of each oxygen atom) 

rendering the molecule very sensitive to decomposition in the presence of 
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even extremely low.concentrations of transition metals-which act as 

catalysts through sequential reduction and o~idation •. Thus, th~ half-lif~ 

of hydrogen peroxide is quite medium-dependent. Similarly, the reactivity 

of the superoxide anion iadical and its conjugate acid (pKa = 4.5), the 

-hydroperoxyl radical (Hoo·), varies greatly according to its environment. 

The rate constant of the spontaneous (non-enzymatic) dispropdrtioriation 

7 -1 -1 reaction of the superoxide radical at neutral pH is 2 x 10 M sec 

+ (McCord and Fridovich, 1969). Since H is a substrate· in the spontaneous 

disproportionation reaction of o
2
-, the reaction is highly pH-dependent. 

The rate of the reaction at an_ acidic pH (i. e~ thc3;t of the lysosome or 

phagocytic vacuole) is much greater than.that at the neutral. pH of the 

cytoplasm. Bielski et al. (1985) have thoroughly examined the 

reactivities of o2 ·-/Ho2• in aqueous sol;tion. As implied by its short 

half-life (0.001 microsecond), the rate of Ho· reaction with most organic 

compounds approaches diffusion-limited rates such that the hydroxyl 

radical can theoretically travel only up to a few atomic diameters before 

reacting. - The hydroxyl radical is 1014 times more reactive than -OH and. 

has a half-iife_l03 times shorter than that of an alkoxyl radical and 107" 

times shorter than that of a peroxy1 radical. Since H2o
2 

and OH·· are 

generally considered to be products generated secondary to o
2
- formation, 

o2 has been thought to be the principal.mediator of oxygen.radical 

toxicity (Gerschman, 1981). The biology of oxygen radicals has been 

reviewed by Fridovich . (1978) and their toxicity in mammals has been 

reviewed by Jamieson (1989). 

Oxy- and ftee 1 radicals include those of both endogenous and exogenous 
' ' 

·origin (Machlin and Bendich, 1987). Sources of endogenous oxyradic;als 

include electron transport systems, the inactiv.ation of flavins and 
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thiols, the activity of oxidases (notably NADPH oxidase, NADH oxidase, 

amine oxidase, xanthine oxidase, aldehyde oxidase, ·and glucose oxidases 

all of which reduce dioxygen thus.forming both superoxide radical and 

hydrogen peroxide), cyclooxygenases, lipoxyg~nases, dehydrogen~ses 

(notably dihydroorotate dehydrogenase), peroxidases (e.g., 

myeloperoxidase), ferric iron (Fe+3) in hemoglobin and myoglobin,. 

catecholamines (epinephrine is oxidized to adrenochrome by xanthine 

oxidase), reduced flavins (e.g. leucoflavin, which react with oxygen to 

produ~e flavin semiquinone and superoxide radical), Q-hydroquinone (reacts 

with oxygen to produce coenzyme Q and superoxide radical), and electron 

transport .from transition metals (Grisham and Granger, 1988). 

0xidoreductases constitutes one of the six major.cl.asses of enzymes (the 

others being transferases, hydrolases, lyases, isomerases, 

ligases/synthetases). 0xidoreductases + characteristically utilize NAD , 

+ . + 
NADP , a cytochrome, a disulfide, or dioxygen (e.g. Retinal:NAD 

oxidoreductase) as electron accetors. Thus, the activity of numerous 

oxidoreductases result in either superoxide radical or hydrogen peroxide. 

formation (Florkin and Stotz, 1973). 

Site·s of endogenously-generated oxyradicals include mitochondria, 

lysosomes, peroxisomes (Urate oxidase and D-amino acid oxidase located in 

the peroxisome divalently reduce o2 to H
2
o

2
), endoplasmic reticulum, and. 

plasma membranes .. Grisham and McCord (1986) have estimated that 

approximately 98% of all o2 consumed by- a cell is done so in the 

mitochondria where direct tetravalent reduction occurs via the.terminal 

oxidase, cytochrome oxidase. Chante (1979) has postulated that oxyradicals 

may escape the active site of cytochrome C and thus interact with other 

cellular o·rganelles. Therefore, at least some o2 consumption .(reduction) 
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occurs extra-mitochondrially ,: and all oxygen consumption in the 

mitochondria is not completely tetravalent. Both of these observations 

explain the diversity of sites putatively involved in oxyradical 

generation. 

Oxyradicals can also result frcim exogenous sources such ~s tobacco 

smoke, air pollutants (ozone and nitrogen dioxide), organic solvents 

(carbon tetrachloride~ CC1
4
), anesthetics, hyperoxic conditions (both 

hyperbaric and normobaric), the metabolism of xenobiotics (e.g., bleomycin 

and adriamycin), pesticides, herbicides (e.g., paraquat), phorbol 

myristate acetate (a potent inducer of stiperoxide generation by ·phagocytic 

cells), pulsed. radiolysis, flash photo.lysis, gamma ray irradiation, X-ray 

irr~diation, and finally, ionizing radiation (Machlin, 1987). The eye 

offers the added complication of the interaction of endogenous and 

exogenous sources of oxyradicals due to photoactivation processes. 

(photosens_itization) not prevalent elsewhere. in the body. Examples of 

this interaction are. the photosensitization of and subsequent lens damage 

by N-formylkynurenine, trisoralen-induced cataractogenesis upon 

ultraviolet _light_ exposure, ultraviolet light-induced damage in the retina 

which,.unlike other ·tissues, receives focused ultraviolet light, an~ 

~hlorpromazine radical (the product of chlorpromazine sensitized with 

ultraviolet light in the-B wave length range, UVB) accumulation in the 

cornea. Theses finding.are supported by epidemiological observations of 

increased incidence of cataracts amongst peoples occupying regions of 

higher ultraviolet light exposure (e.g., Eskimos and.Lapps). In the skin, 

which, -like the eye,.receives significant ultraviolet exposure, the 

interaction of trisoralen with·UV light results ·in delayed·erytqema. In 

support of the putative oxygen radical mediation in erythema-, · Fee (1972) 
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has reported that superoxide dismutase protects erythrocytes from 

peroxidative hemolysis. 

B·ecause of their interactions with lipids, proteins and nucleotides, 

and the:ir inherent diversity, numerous pathologies have been attributed to 

the action of the oxyradicals. Among· the diseases and pathologies that 

are thought to involve,· to some degree, radical-mediated mechanisms are 

emphysema (Laurent, 1983), ·cancer (Cavalieri, 1984), arthritis (Del 

Maestro·, 1984), atherosclerosis (Barrowcliffe, 1984), cirrhosis (Klein, 

1983), stroke (Koganemaru, 1982), myocardial infarction (McCord, 1984), 

Parkinson's Disease~ Alzheimer's Disease, and adult respiratory distress 

syndrome (Freeman·, 1982). Furthermore, the dominant (and landmark) theory 

of aging contends that· senescent changes are a consequence of th.e 

accumulated action of free (and oxy-) radicals (Harman, 1956). 

The role of oxyradicals in damage to ocular tissues has been reviewed 

by Wiegund (1984), Mittag (1984), and Varma and Richards (1988). Reactive 

oxygen species, their toxicity, metabolism and re~ctions ·in the eye have· 

been reviewed by Buckley·and Freeman (1988). Oxyradicals have been 

implicated in- cataractogenesis (Berkman, 1977), ocular inflammation (Burk, 

1981)~ ceroid lipofuscinosis (Armstrong, 1982), drug-induced retinopathy 

(Kretzer, 1981; Kretzer, 1982), retrolental fibroplasia (Hittner, 1981), 

photic retinopathy (Hiramitsu, 1976), ocular siderosis (Hiramitsu, 1976), 
- . ' 

ocular tumors (Bhuyan, 1977), postsurgical corneal edema, cystoid macular 

edema fol_lowing lens extraction, Drusen f orma.tion in ·the retinal pigment 

epit.helium and both senile and non-age-related macular degen~ration 

(Varma, 1988), and experimental allergic uveitis produced by bovine serum 

albumin or retinal-S antigen (Rao, 1985; 1987). Oxyradicals have also 

been implicated in changes in the trabecular meshwork' which result in 
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decreased outflow facility and subsequently glaucoma. In each of the 

aforementioned conditions, cell destruction and changes in the 

extracellular matrix proceed_s through pathways common to lipid or protein 

oxidation (Wiegund, 1984). 
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II. Antioxidant Defense Mechanisms 

Since oxyradicals constitute species capable of producing both 

subcellular and cellular pathologies, it is not surprising that several 

antioxidant mechanisms have evolved. Cellular antioxidant mechanisms 

include both low molecular weight molecules. ("chain-breaking" or 

"chain-terminating" antioxidants), such as ascorbic acid, S-carotene, 

glutathfone and a-tocopherol (Vitamin E), and high molecular weight 

(enzymatic) antioxidants, such as superoxide dismutases, catalase and the 

enzymes of the glutathione redox cycle (glutathione peroxidase and 

glutathione reductase). Furthermore, the unique compartmentalization of 

each of these antioxidant mechanisms results in a discrete and highly 

organiz~d protective system. This series of enzymatic and non-enzymatic 

reactions together form a metabolic pathway for the removal of oxygen and 

free radicals. 

While normally a balance exists between the presence of oxyradicals 

and reducing capacity of protective antioxidant mechanisms, antioxidant 

mechanisms can be overwhelmed (Freeman and Crapo, 1982) due to conditions 

of increased oxyradical production (e.g., activation of xanthine oxidase), 

increased oxyradical exposure (e.g., infiltration of polymorpho

nucleocytes), or compromised antioxidant defenses (e.g., those 

accompanying the aging process, Csukas et al., 1987, expo~ure to 

antioxidant inhibitors such as 3-aminotriazole or antioxidant depletors 

such as in acetaminophen-induced depletion of hepatic glutathione, or 

nutrient deficiency states). 

While low molecular weight antioxidants serve imp.ortant 

chain-breaking functions, several factors limit their utility. Most low 

molecular weight antioxidants are of exogenous origin (nutrients) and are 
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not synthesized in the body (e.g., Vitamin E in humans, primates and 

guinea pigs, and ascorbic acid). Thus, antioxidant protection attributed 

to these molecules is limited by dietary intake as the organism can not 

actively synthesize extra amounts to meet increased demands. Secondly, 

these molecules, unlike enzymes, are not specific in terms of substrate 

reactivity. Thirdly, the reaction of a free radical with a low molecul~r 

weight antioxidant results in the formation of another, albeit less 

reactive, radical. For example, the reaction of a free radical with 

ascorbic acid, results in the formation of dehydroascorbate, the hydrogen 

abstraction product of ascorbate. The a-tocopherol radical, for example, 

is les.s reactive and, thus, does not propagate the chain reaction (Burton, 

1981) as follows: 

LOO" + InH ----> LOOH + In° 

Loo· + In" ----> NRP (non-reactive product) 

where Loo· is a lipid peroxide (an alkoxyl radical), InH is a 

chain-breaking antioxidant (an inhibitor), and rn· is the radical form of 

the antioxidant. Much analogous to acid-base chemistry, the formation of 

a less reactive radical product is thermodynamically favored. However~ 

such a product, for example dehydroascorbate, may itself act as an oxidant 

(Hornsby, 1983). Fourth, with the exception of glutathione, due to the 

existence of the enzymes glutathione peroxidase artd glutathione reductase, 

low molecular weight antioxidants are non-regen~rating. Once they react, 

they are permanently changed and new molecules are required to replace 

them. Finally, the limited bioavailability of low molecular weight 

antioxidants results in antioxidant activity that can not match that of 

enzymatic systems. For example, the turnover number of the enzyme 

catalase is 2,400,000 ·per second. This means that a single molecule of 
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catalase can reduce 2,400,000 substrate molecules (hydrogen peroxide) in 

just one second. An equal number of ascorbate or a-tocopherol molecules 

would be required, however, to react with that many free radical 

substrates for just one second. During acute exposure to oxyradicals, or 

chronic (prolonged) periods of oxyradical exposure such as chronic 

inflammatory states (i.e., rheumatoid arthritis), low molec·ular weight 

antioxidant levels may be insufficient to cope with the "load" of 

oxyradicals. 

High molecular weight (enzymatic) antioxidants promo~e the catalysis 

of the termination step in free radical reactions and offer several 

advantages over low molecular weight antioxidants. First, enzymes are 

endogenous products synthesized in the body.· Theoretically, this 

translates -into inducibility in times of increased demand. Such induction 

can be specific to the organ, tissue or organelle affected. The ability 

to synthesize enzymes reduces the exogenous requirement to constituent 

essential amino acids and prosthetic groups (notably transition metals). 

Secondly, enzymes are substrate specific. This generally precludes th_e 

formation of secondary radicals that are not handled by subsequent enzymes 

(i.e. dehydroascorbate in eukaryotes), and allows for a coordinated 

reduction of free radicals as will ·be discussed. Thirdly, enzymatic 

antioxidant systems are highly compartmentalized, and thus are active at 

specific sites of oxyradical generation (i.e., mitochondria) and where 

radical-mediated damage to macromolecules is likely to occur. Such 

compartmentalization results in a coordinated, successive reduction of 

oxyradicals. Mechanisms .such as feedback inhibition (e.g., H
2
o

2 

inactivates superoxide dismutases and o
2

• inactivates catalase, Bray et 

al., 1974) and substrate inducibility (o
2

· increases superoxide dismutase 
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activity) of enzyme activity appear to play a role -in protection by 

antioxidant enzymes. Finally, enzymes, by definition, are unaltered as a 

result of their reaction and thus do not require regeneration 

(resynthesis). This translates into very large turnover numbers and a 

reserve capacity unmatched by non-enzymatic antioxidants due to the 

limited bioavailability of the latter. 

The principle antioxidant enzymes that have been elucidated include 

those which promote the reduction of the major oxyradicals that have been 

described. Included are the superoxide dismutases and the 

stress-inducible protein ceruloplasmin which catalyze the reduction of 

0
2
·-, and catalase and peroxidases which reduce hydrogen peroxide. Unlike 

catalase, peroxidases require a non-substrate electron donor. 

The s~peroxide dismutase (superoxide: superoxide oxidoreductase, 

1.15.1.1) enzymes (cytosolic CuZn-SOD, mitochondrial Mn-SOD and 

extracellular EC-SOD) catalyze the disproportionation of superoxide anion 

by the following reaction: 

0. + 0 . + 2H+ 
2 2 

SOD --------> 
thus, the superoxide dismutases protect cells against the harmful effects 

of superoxide anion radicals and the reduction products formed from 

superoxide anion (e.g. hypochlorous acid and hydroxyl radical). SOD has 

been noted to protect hyaluronate against free ·radical-mediated 

depolymerization (McCord, 1974) and exogenous SOD might have an 

anti-inflammatory effect (Salin and McCord, 1975). This puta.tive 

anti-inflammatory effect may involve the inhibition of prostanoid 

formation since, as will be discussed below, oxidation of the endoperoxide 

PGG2 .to PGH2 occurs with the concomitant reduction of dioxygen to 

superoxide radical. Kozak et al. (1989) have reported that SOD 
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administered by repeated intraperitoneal injections is an efficacious 

antiphlogistic agent in severe experimental retinal S antigen-induced 

allergic uveitis _in rats. 

Cu,Zn-SOD consists of two.subunits of identical molecular weight 

(32,500 Dal ton total) which are joined by a disulfide bond (Keele e·t al. , 

1971). Each subunit contains two Cu (II) and two Zn (II) atoms. Forman 

and Fridovich (1973) have reported that the zinc atoms play a structural, 

stabilizing role while the copper atoms are directly involved in the 

catalytic activity. While H
2
o

2 
inactivates all known types of SOD (Bray 

et al., 1974), cupro-zinc superoxide dismutases can be differentiated- from 

the mangano forms of the enzymes by the ability of cyanide to inhibit 

cupro-zinc SODs (Beauchamp, 1973). Mn-SOD is composed of two subunits and 

has a total. molecular weight of 35 kDa. Mn-SOD does not share sequence 

homology with CuZn-SOD apparently as a result of mitochondrial genetic 

origin. Manganese, like copper, is a transition metal that readily 

converts from the II to III oxidation state. Mn-SOD is located in the 

mitochondria. 

Extracellular superoxide dismutase is a homotetrameric glycoprotein 

of 135 kDalton molecular weight. Each EC-SOD molecule contains four 

copper and four zinc atoms which function similarly to those found· in 

CuZn-SOD. Since EC-SOD is a glycoprotein, it exhibits some hydrophobic 

properties and, thus, may be associated with cellular membranes (Fridovich 

and Freeman, 1986). Marklund (1988) has reported that intravascular 

EC-SOD is, to i large extent, associated with the endothelium and is 

heparin-dissociable. The role of EC-SOD may be significant due tb its 

extensive distribution, partial hydrophobicity, and the fact·that it 
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accounts for about 5% of SOD activity in tissue homogenates (Marklund, 

1984). 

The acute phase (stress-inducible) protein, ceruloplasmin, also 

catalyzes the superoxide dismutation reaction. Ceruloplasmin (Iron 

II:oxygen oxidoreductase, 1.16.3.1) is a copper-containing glycoprotein 

composed of four subunits (molecular weight 140 kDalton). It is found in 

mammalian plasma and serves an important function in copper.transport. 

Its deficiency results in Wilson's Disease, a disorder of copper transport 

and subsequent tissue deposition. Induction of ceruloplasmin gene 

expression in response to endotoxin has been reported by Fleming and 

Gitlin (1988). 

Since ceruloplasmin is blood-born, it along with extracellular 

superoxide_dismutase may contribute hydrogen peroxide to that formed by 

the spontaneous dismutation of o
2

~ extracellularly. Diffusion of hydrogen 

peroxide intracellularly can result in its enzymatic reduction by a 

number of mechanisms including by catalase and peroxidases such as 

glutathione peroxidase and myeloperoxidase. The peroxisomal 

metalloenzyme, catalase (1.11.1.6, H
2
o

2
:H

2
o

2 
oxidoreductase), catalyzes 

the divalent reduction of H2o2 to H
2
o by the following reaction: 

2H2o2 catalase> 2H2o + o2 

thus using hydrogen peroxide as both an electron donor and acceptor. Since 

the pH optimum of the uncatalyzed reaction is 7.0 (Maehly and Chance, 

1954), the role of catalase in decomposing hydrogen peroxide may be 

especially important in acidic milieus such as that of peroxisomes (versus 

the neutral pH of the cytosol and extracellular matrix) where· the 

catalytic rate is less than optimal due to the low pH. Catalase is 

ubiquitous as it is present in neatly all animal cells and microorganisms 
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and even in many anaerobic microorganisms protecting them against the 

bactericidal activity of hydrogen peroxide. The potent cytotoxicity of 

hydrogen peroxide can be witnessed by its commercial and medical use as a 

microbicidal/antiseptic agent in aqueous solutions as dilute as 3%. by 

volume. Mammalian catalase is a homotetrameric heme-containing enzyme of 

240 kDalton molecular weight (Kiseler et al., 1967; Burk, 1978). As with 

all ferreheme compounds, four of the six valence sites in the iron atom 

are occupied by porphyrin nitrogen, while site# 5 is occupied by the 

protein molecule, leaving site# 6 as the active site where the alternate 

-
oxidation and reduction of H

2
o

2 
occurs. During catalysis, the heme group 

undergoes alternate d~alent oxidation and reduction. In the oxidized 

state, catalase, termed compound I, is marked by an iron atom in the 

Fe(IV) oxidation state. In the reduced state (compound II), the ferriheme 

is at an oxidation state of II (two electrons have been taken from one 

hydrogen peroxide molecule). The high Km (25 rnM) of catalase (in relation 

to glutathione peroxidase) suggests that its relative importance rises 

with increases in hydrogen peroxide concentration.· 

Unlike catalase, peroxidases require a non-substrate electron donor. 

The enzymes of the glutathione redox cycle, glutathione peroxidase 

(1.11.1.9) and glutathione reductase (glutathione reductase NADPH/NADH, 

1.6.4.2) , utilize the central reduced thiol of the tripeptide glutathione 

(y-glu-cys-gly) to divalently reduce H2o2 and other peroxides via the 

oxidation of the thiols of 2 glutathione molecules as follows: 

Glutathione reductase serves to regenerate reduced glutathione through the 

use of the reducing equivalents of NADPH (by hydrogen abstraction) thus 

returning the disulfide to dithiol form. 
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GSSG + 2NADPH GSH Rd> 
+ 

2GSH + 2NADP. 

Glutathione is widely distributed in animal tissues, plants and 

·microorganisms, and is typically present at high levels (0.1 to 10 mM, 

Meister, 1988). Because it also reacts with peroxides other than hydrogen 

peroxide, glutathione and the glutathione redox cycle serve an important 

complementary, and possibly synergistic, function to the action of 

catalase. The lower Km of glutathione peroxidase suggests that its 

importance in cellular hydrogen peroxide decomposition at physiological 

levels is greater than that of catalase (Fridovich and Freeman, 1986). 

Glutathione is the most prevalent cellular thiol and the-most abundant low 

molecular weight peptide accounting for up to 90% of the total nonprotein 

sulfur (Meister, 1988). Repeated intraperitoneal injection of glutathione 

peroxidase.has been reported to attenuate ocular damage (assessed by 

morphological parameters) secondary to retinal S antigen-induced allergic 

uveitis (de Kozak et al., 1989). 
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III. Organization of Cellular Antioxidant Protective Mechanisms 

Since superoxide dismutases and other agents generate potentially

toxic hydrogen peroxide, the intricate organization of the sequential 

action of the superoxide dismutases and peroxidases and low molecular 

weight antioxidants must be noted in order to understand the net 

protective benefits of each system. This is especially true in light of 

the numerous reports of potassium superoxide and hypoxanthine/xanthine 

oxidase-induced oxidative cytolysis both in vitro and in vivo (Hull et 

al., 1981; 1984a; 1984b; 1985). Though SOD and glutathione peroxidase 

failed to afford protecfion, catalase alone did protect leading to the. 

conclusion that H
2
o

2 
was primarily responsible for the damage. 

Mn-SOD is localized in the mitochondria. The mitochondria are the 

site of the electron transport system and thus the primary location of the 

reduction of o2 to H2o. CuZn-SOD, on the other hand, is located 

throughout the cytosol. EC-SOD is located extracellularly in fluids. 

including plasma, lymph and synovial fluids (Marklund, 1988). Although 

superoxide anion can be reduced in the mitochondria, cytosol and ECF, the 
. . 

inherent generation of hydrogen peroxide in each of ·these locations must 

be dealt with in order to ·preclude H
2
o

2
-associated toxicities due to the 

presence of hydrogen peroxide reducing elements (notably transition 

metals) in each of these locations. If, on the other hand, hydrogen 

peroxide decomposition were merely a peroxisomal phenomenon, H
2
o

2 
would 

likely react with more proximal lipids and proteins befci~e reaching a 

peroxisome. 

Unlike the superoxide dismutases, only one form of catalase has been 

described. Peroxisomes are known to have high concentrations of catalase~ 

urate oxidase and D-amino acid oxidase. The location of catalase in 
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peroxisomes may be associated with the presence of urate oxidase and 

D-amino acid oxidase which are located in peroxisomes. Both of the latter 

enzymes generate hydrogen peroxide as a product while the former 

detoxifies it. Urate oxidase (uricase, Urate: o
2 

oxidoreductase) catalyzes 

the terminal step in purine catabolism in virtually all mammals as 

follows: 

+ 

D-amino acid oxidase (D-amino acid: o
2 

oxidoreductase) divalently reduces 

molecular oxygen during the oxidative deamination of D-amino acids to 

their corresponding a-keto acid as follows: 

Glutathione, on the other hand, is located throughout the cytosol. 

Furthermor~, the enzyme glutathione peroxidase is distributed throughout 

the cytosol (Fridovich and Freeman, 1986). Export of glutathione has been 

reported such that its protective function may be both intracellular and 

extracellular and serve both intraorgan and interorgan purposes (Meister, 

1988). 

Compartmentalization of low molecular weight antioxidants results 

from the solubility profiles of each agent. Since a-tocopherol (Vitamin 

E) is lipid soluble, this chain-breaking antioxidant acts primarily as an 

important agent in preventing iipid peroxidation in membranes _due to its 

ability to partition into biological membranes. This is especially 

important in membranes such as in the retina which contain large amounts 

of polyunsaturated fatty acids (PUFAs) and thus readily undergo hemolytic 

hydrogen abstraction due to the presence of doubly-allelic hydrogens 

(furthermore, the retina has the highest o2 consumption per gram of tissue 

of any in the body. Additionally, the retinal pigment epithelia has a high 
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degree of endocytotic activity, Hall, 1987). Ascorbic acid, on the other 

hand, is very hydrophilic and, thus, is of primary importance in 

non-membranous tissues in the ECF and cytosol and special fluid 

compartments such as synovial, the aqueous humor, and the vitreous humor. 

These latter two complex fluids surround the lens which is a prime target 

for oxidative damage since its proteins, which are mainly extracellular, 

normally exist for the entire life of the organism, and do not undergo 

regular repair processes such as degradation of cross-linked chains. In 

fact, ascorbic acid concentrations in the aqueous humor (Costarides et 

al., 1989) exceed those found in other bodily fluids by at least tenfold. 

Thus, a scenario arises in which the location of each antioxidant 

results in·coordinated- protection against the presence and-production of 

oxyradicals. In the cytosol, Cu,Zn-SOD activity results in.the generation 

of H
2
o

2
-. Hydrogen peroxide is reduced by the glutathione redox system 

(due to the cytosolic distribution of glutathione), as well as cytosolic 

low molecular weight antioxidants such as ascorbic acid. In the 

mitochondria, where most cellular oxygen consumption occurs, cytochrome 

oxidase accounts for up to 90% of oxygen consumption directly reducing 

dioxygen tetravalently without yielding reactive intermediates such 

as o
2

· or H2o2 (Fridovich_ and Freeman, 1986). However, up to 8% of 

oxygen consumption is cyanide-resistant (non-cytochrome oxidase mediated 

and thus potentially oxyradical-generating) under normoxic conditions. 

Mn-SOD generates H
2
o

2 
which in turn is reduced by catalase located in 

mitochondria-associated peroxisomes. Catalase also decomposes hydrogen 

peroxide generated from the direct divalent reduction of dioxyge·n. In the 

extracellular fluids, EC-SOD (and ceruloplasmin in the plasma) generates 

H2o2 which then can react with ascorbic acid, glutathione, or lipid 
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membrane-associated a-tocopherol. Thus, H
2
o

2 
generated in the cytosol is 

handled by glutathione, that g~nerated in the mitochondria by catalase, 

that present in the ECF by glutathione or ascorbic acid, or in the lipid 

bilayers, by a-tocopherol (Figure II). 

Figure II. 

Cellular Antioxidant Organization. 
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A metabolic pathway can be broadly defined as a series of coupled 

enzyme reactions. More specifically (and accurately), a metabolic pathway 

is a catalytic series of reactions in which the product of one 

biomolecular reaction serves as the substrate of a subsequent reaction. 

Control of the flow of metabolites through the pathway results from 

sensitivity of any ensuing enzyme to activators or inhibitors thus 

matching substrate presentation. If the second or ensuing enzyme in the 

metabolic pathway is present in insufficient amounts (or, possibly,. in 

inappropriate areas, i.e. Zellweger Syndrome), buildup of the intermediate 

metabolite occurs. If tfiis metabolite is a reactive species, as in the 

case of oxyradicals, tissue damage may occur. 
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IV. The Role of Oxygen Radicals and Eicosanoids in the Inflammatory 

Response 

The interplay between inflammation, phagocytosis and oxidative damage 

has been reviewed by Best and Taylor (1985). The biosynthesis ~nd 

metabolism of prostaglandins have been reviewed by Lands (1979) and the 

cellular mechanisms of prostaglandin action has been discussed by Harris 

and Ramwell (1979). The effects of steroidal anti-inflammatory agents 

within the context of the eye have been reviewed by Polansky and Weinreb 

(1984) and those of nonsteroidal anti-inflammatory agents by Masuda 

(1984). When microorganisms or their products (i.e. endotoxin) breach the 

local defenses and normal permeability barriers such as skin and. mucosal 

surfaces, systemic reactions are elicited to destroy the invading 

microorgan~sm. These reactions are of two pri.nciple types; immune 

responses and leukocyte (white blood cell) responses. The activation of 

the plasma complement system serves to unite the immune (antibody) 

response to the phagocytic and microbicidal activities of leukocytes 

(granulocytes and macrophages). Oxyradicals serve as principle players in 

the orchestrated activity of the inflammatory and phagocytic processes 

that result in cytolysis. 

Activation of the complement system results in the generation of 

mediators of vasodilation, increased vascular permeability, chemotaxis, 

opsonization, phagocytosis, degranulation, kallikrein-kinin activation, 

blood coagulation and fibrinolysis. As a consequence, the overt signs of 

inflammation, e.g., vasodilation, hyperemia, edema (as a result of 

exudation from vessels with increased va·scular permeability), accumulation 

of granulocytes and monocytes, fibrin deposition, and damage to both 

cellular and the connective tissue matrix may occur. 
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The effectors of phagocytosis and microbicidal killing are, in fact, 

the effectors of inflammation (Best and Taylor, 1985). These include 

neutral proteases released from lysosomal granules, lipid mediators 

(eicosanoids) that are generated upon surface stimulation of various 

cells, and oxyradicals. Furthermore, ·these three classes of molecules 

interact synergistically (e.g., oxyradicals promote increased formation of 

eicosanoids). 

In phagocytic defense reactions, and in inflammatory conditions, 

granulocytes respond by adhering to vascular endothelium, emigrating from 

-
blood vessels, accumulating at a tissue site, and forming aggregates in 

tissue. At this site they ingest microorganisms or opsonized -material and 

activate biochemical ·pathways which effect cell killing before eventually 

degranulating. Phagocyte activation produces both mechanical and 

biochemical changes in the phagocyte. Mechanical changes include 

invagination of plasma membrane, extension of pseudopodia, enclosure of 

the phagocytic vacuole, fusion of both primary (lysosomal) and secondary 

(specific) vacuoles, and secretion of granular contents both 

i~tracellularly (into the phagocytic vacuole) and extracellularly. 

The biochemical events of granulocyte activation involve a remodeling 

of membrane phospholipids which results from methylation of m_embrane 

phospholipids. Subsequently an increase in intracellular calcium occurs. 

The rise in intracellular calcium leads to an activation of proteases and 

phospholipase A2 which, in turn, liberates arachidonic acid (20:4 

eicosatetraenoic acid) with subsequent formation (via oxidation) of 

prostaglandins, leukotrienes, and acetyl glycerol ether·phosphorylcholine. 

Concomitantly, th~ granuloiyt~ undergoes a respir~tory burst (incr~ased 

oxygen consumption) which regenerates oxyradicals such as o
2 

• - , H
2
o

2
_ and 
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"bH and, in the presence of myeloperoxidase found in primary granules, 

hypochlorous acid (HOCl). Such granulocyte activation can be triggered by 

the binding of numerous ligands to the granulocyte (e.g., chemo"tactic 

peptides, complement components, or immune complexes). Anaerobic 

mechanisms of microbial killing include the low pH of the lysosomal 

granules, the secretion of lysosomal (primary) granule proteolytic enzymes 

(acid hydrolases) and· cationic proteins into the phagocytic vacuole and 

neutral proteases (elastase, cathepsin G and collagenase). 

As mentioned, _lipid mediators of inflammation (eicosanoids) are 

formed in response to stimulation of surface membrane receptors by 

chemoattractants, opsonins, etc. (Lands, 1979). This triggers the 

sequential methylation. of membrane phospholipids, influx of extracellular 

calcium, activation of phospholipase A
2

, and liberation of arachidonic 

acid from its ester bond attachment to membrane phospholipids. 

Arachidonic acid is subsequently oxidatized by lipoxygenases and 

cyclooxygenase (prostaglandin synthetase). Arachidonic acid acts as a 

substrate-inducer for these and several other enzymes which vary in tissue 

distribution. 

It has been reported that methylation of phospholipids takes place 

within seconds of surface receptor stimulation. Methylation begins on the 

cytoplasmic side of the plasma membrane as Methyltransferase I moves a 

methyl group from S-adenosyl-methionine to phosphatidylethanolamine. This 

substrate then moves to the plasma surface of the membrane where 

Methyltransferase II adds two more methyl groups yielding 

phosphatidylcholine (Best and Taylor, 1985). These methylation reactions 

precede the calcium influx and subsequent activation of phospholipase A
2

. 

Phospholipase A2 lib~rates arachidonic acid from phosphatidylcholine with 
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the concomitant formation of lysophosphatidylcholine, a detergent-like 

agent that may be involved in the fusion of granules and. plasma membranes 

during degranulation. 

Phospholipase C, which is independent of ca2
+ influx, is also 

activated when leukocytes or platelets are stimulated. The enzyme's 

substrate is phosphatidylinositol and acts as follows: 

Phosphatidylinositol 

Phospholipase C 

Diacyl glycerol 

Arachidonic acid Monoglycerol Phosphatidic acid 

Phosphatidic acid acts as a calcium ionophore thus amplifying the influx 

++ of Ca that results from membrane phospholipid methylation. 

Three principle routes of arachidonic acid metabolism have been 

described: 1) by cyclooxygenase, 2) by lipoxygenases and, 3) cytochrome 

P450. 

Cyclooxygenase acts on arachidonic acid to form the unstable 

endopetoxide, PGG2 • PGG
2 

undergoes oxidation forming PGH
2 

with the 

concomitant release of a reactive oxygen species (probably superoxide 

anion since the oxidation of PGG2 to PGH2 i.s univalent). Superoxide 

dismutase has, in fact, been reported to be an efficacious 
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anti-inflammatory agent. Granulocyte functions have been reported to be 

suppressed by lipophilic antioxidants such as ascorbyl palmitate (Baader 

et al., 1988). The fate of PGH
2 

is subsequently determined by the site of 

its generation (cell type-specificity). In platelets, where thromboxane 

(Tx). synthetase predominates, TxA
2 

is formed. At endothelial cells, where 

prostacyclin (PGI) synthase is prevalent, prostacyclin (PGI2) is formed. 

Alternatively, PGE
2 

and PGD
2 

are the major prostaglandins formed by 

granulocytes which contain prostaglandin isomerase. 

While the products of the cyclooxygenase pathway, the prostanoids, 

prostaglandins and thromboxanes, are important vasoactive and platelet 

activating agents, the products of the lipoxygenase pathway, the 

leukotrienes, play dramatic chemoattractant functions as exemplified by 

their role in delayed hypersensitivity and inflammatory responses. In 

leukocytes, 5'-lipoxygenase catalyzes the formation of 

5-hydroperoxyeicosatetraenoic acid (5-HPETE) which is a precursor to 

leukotriene A4 (LTA4). In platelets, 12'-lipoxygenase forms 12-HPETE (the 

product of peroxidation at carbon# 12 versus carbon# 5 with 5-HPETE 

formation). 

Though the .discovery th~t most organisms require oxygen for normal 

metabolism occurred early in the history of biology, the potentially 

pathogenic nature of oxygen and its reduction products has only recently 

been described (Pryor, 1985). The observation of the dichotomous nature of 

oxygen has led to the term "oxygen paradox"--oxygen as both requisite for 

aerobic metabolism yet also a putative mediator of diverse pathologies. 

However, not only does an "oxygen paradox" exist in terms of aerobic 

metabolism, but also in the need for oxyradicals for .effective cytolysis 

during the inflammatory response (a "dual" dichotomy). The survival 
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benefit of reactive oxygen species in inflammation is illustrated by 

Chronic Granulomatous Disease where an inability to generate o
2

· leads to 

recurrent infection and subsequent death in early childhood. During 

phagocytosis or after exposure to a·membrane-stimulating agent (e.g., 

endotoxin) granulocytes undergo a marked increase i'?- their o
2 

consumption 

(respiratory burst, Chance, 1979). Associated with the respiratory burst 

is the univalent reduction of o
2 

to o
2

• (via either glucose-6-phosphate 

dehydrogenase ~r NADH/NADPH oxidase) and an increase in the consumption of 

glucose in the hexose monophosphate shunt (while normally only 1% of 

-
glucose is consumed in the hexose monophosphate shunt, during the 

respiratory burst this figure can increase tenfold). Generation of o2 • 

is essential for oxygen-dependent microbial killing. Such generation 

requires the activation of a granulocyte oxidase (an enzyme that transfers 

electrons to o
2
). This oxidase is a flavoprotein located in the plasma 

membrane and uses NADPH or NADP as an electron donor. 

202 + 2NADPH oxidase> 
- + + 20 • + 2NADP + 2H 

2 

The hexose monophosphate shunt is activated by the conversion of NADPH to 

NADP. In Chronic Granulomatous Disease, a severe deficiency of 

glucose-6-phosphate dehydrogenase, the first enzyme in the hexose 

monophosphate shunt, leads to a deficiency of glucose-6-phosphate and, 

hence, NADPH (the substrate for the granulocyte oxidase). 

The generation of o2 · results in the rapid formation of H
2
o

2 
in 

granulocytes (Lambeth, 1988). This "dismutation" or disproportionation 

reaction involves the simultaneous .reduction of one molecule and oxidation 

of another. Since the dismutation of o2 · has a pH optimum of _4 .8, the 

reaction occurs sp6ntaneously in the acidic milieu of the phagocytic 

vacuole. The pH of the vacuole falls due to acidification mechanisms~ 
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Conversely, at the neutral pH of the granulocyte cytoplasm, dismutation 

requires superoxide dismutase. Thus, both the neutral pH of the cytosol 

(7.4) and the combined action of SOD and catalase protect subcellular 

components from the products of the respiratory burst while, 

simultaneously, cytolysis is occurring in the acidic phagocytic vacuole 

which lacks both SOD and catalase. 

While o
2

· itself has little direct bactericidal activity, it readily 

forms H
2
o

2
, ·oH, and HOCl via the following reactions (Haber, 1934): 

+ 2H ---->HO + 0 2 2 2 

Haber-Weiss 0 • +HO ---------> "OH+ OH-+ o
2 2 2 2 . . 

Fenton 

where Mn represents a metal ion in then oxidation state, and Mn+l 

represents the same metal ion at a higher oxidation state due to the 

donation of one of its electrons. Lactoferrin, present in granulocytes, 

contains bound iron and is particularly effective in promoting the 

production of ·oH via a Fenton type mechanism. The presence of 

myeloperoxidase (MPO) in primary granules further promotes the production 

of the potent oxidants hypohalous acid (including HOCl) in the presence of 

halides. 

though H
2

o
2 

is only a weak microbtcidal agent when acting alone, HOCl is a 

potent microbicidal agent via its direct oxidant effects and its 

inhibition of antiproteases. 
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Oxyradicals can injure tissue cells and conne·ctive tissue matrix 

through a variety of direct.and indirect mechanisms (Freeman and Crapo, 

1982). Direct mechanisms.include peroxidation of lipids, oxidation of 

protein thiol groups and the promotion of nucleotide base pair deletions. 

Indirect mechanisms include the formation of reactive lipid peroxidation 

products (fatty acid radicals). Polyunsaturated fatty acids (PUFAs) are 

particµlarly vulnerable to peroxidative alteration gince they contain 

doubly allelic hydrogens which can readily undergo hemolytic bond 

dissociation (and hence·form fatty acid radicals). Oxyradicals augment 

connective tissue damage-by inactivating a
1
-protease inhibitor, the major 

inhibitor of granulocyte elastase. Both superoxide anion and hypochlorous 

acid have been reported to be potent inactivators of a1-proteas.e inhibitor 

(Ohlsson, i980). This appears-to be the mechanism in tobacco-induced 

emphysema, where inactivation of a
1
-protease inhibitor due to oxyradicals 

produced by pulmonary alveolar macrophages results in a marked increase in 

local tissue proteolytic activity (Pryor, 1984). Furthermore, the 

inflammatory response is amplified and tissue damage augmented as o2 • and· 

its metabolites diffuse.extracellularly. Interaction of o
2
·- with 

components of the aqueous humor has been shown to markedly increase the 

migration of leukocytes indicating. the formation of a chemotactic factor. 
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V. Endotoxin-Induced Uveitis as a Model of Ocular Inflammation 

The cell envelopes ·of gram-negative bacteria contain molecules known 

as endotoxins (lipopolysaccharides). Gram-negative bacteria are normal 

constituents of the intestinal flora. In certain surgical procedures, a 

high rp.te of infection with endotoxin-producing gram-negative bacteria 

occurs depending on the location of the procedure. Unchecked, endotoxin 

infection results in the life-threatening sequence of blood-born 

infection, septic shock and disseminated intravascular coagulation 

(Corrigan, 1971). Robbins-Roth (1989) has estimated that 250,000 to 

400,000 gram negative septicemias occur annually in the United States 

alone. Of these cases, 40,000 to 50,000 result in fatalities. 

Alternative estimates _of endotoxin-produced septicemias in the United 

States are_300,000 cases annually with up to 80,000 faltalities. Thus, 

the pro-inflammatory effects of endotoxin are of clinical relevance beyond 

its experimental use as an uveitis-inducing agent. In the rabbit, 

intravenous administration of as little as 1 to 10 ug of endotoxin are 

lethal (Takayama et al.,1984). In spite of its potentially lethal effects, 

endotoxin paradoxically has been used to produce beneficial changes such 

as tumor regression and·immunostimulation. 

Endotoxin has often been used to induce a selective ocular 

inflammation (Herbert, et al., 1989). Endotoxins are derived from the 

outer membrane of gram-negative bacteria. Their structure and interaction 

have been described by Bradley (1985). The outer membrane of gram-negative 

bacteria is a unilayer composed of phospholipids, proteins, and 

lipopolysaccharides (endotoxins). Endotoxins are large (100 to 900 kDa), 

amphiphatic molecules composed of three components: 1) Lipid A, 2) core 

oligosaccharides, and 3) and an O side chain. The Lipid A moiety is the 
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_ hydrophobic part of the molecule and contains 6 fatty acid chains that are 

linked by two glucosamine residues. The core oligosaccharide is a ten 

unit structure (a decasaccharide) with branch points projecting outward 

from the main chain. The O side chain is made up of repeating 

tetrasaccharide units the variability of which counters antibody 

formation. These outermost polysaccharides render the bacterial surface 

hydrophilic (making it less susceptible to phagocytosis). 

The toxic and pro-inflammatory effects of endotoxin are multiple. 

First, endotoxin elicits the formation of antibodies to which macrophages 

bind. Such binding (surface stimulation) triggers the generation of 

chemotactic agents and oxyradicals (as discussed previuosly). Secondly, 

endotoxin activates convertases in the plasma which promote the formation 

of C3b from the complement protein C3a. This results in opsonization 

reactions whereby these complement components bind the endotoxin molecule 

and are themselves bound by macrophages thus facilitating phagocytosis 

(opsonization). This is known as the alternative pathway of complement 

activation. Thirdly, endotoxin can have direct inflammatory effects (not 

leukocyte mediated) by its activation of methyltransferases I and II. The 

resulting perturbation of membrane integrity results in an influx of 

extracellular calcium and resulting liberation and oxidation of 

arachidonic acid (and concomitant o
2

· generation) via the activation of 

calcium-dependent phospholipase A
2

. Furthermore, arachidonic acid has 

been reported to inhibit both Na+-K+-ATPase and prbtein kinase C activity 

2+ (Suttorp et al., 1987), thus possibly affecting Ca transport out of the 

2+ cell and continuing the stimulation of Ca -dependent phospholipase and 

protease activities. McCord (1984) has reported that calcium-dependent 
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proteases promote xanthine oxidase formation (and thus o
2

· generation) 

from xanthine dehydrogenase. 

· Since an imbalance between antioxidant defenses and oxidative stress 

leads to subcellular and cellular pathologies, numerous attempts have been 

made to exogenously and endogenously supplement antioxidant levels 

(Beckman, 1986) thus affording cells greater protection against oxyradical 

damage. Since enzymatic antioxidants offer. the advantages discussed 

previously, much attention has focused on augmenting their activity. 

Successful_in vitro methods of exogenous enzyme augmentation include 

-
electroporation, microinjection (Tanswell,1987), and enzyme induction 

(Randhawa, 1986). In vivo methods of exogenously supplementing enzymatic 

antioxidants include introduction of enzymes in their.native form or

conjugated.to polymers such as polyethylene glycol (PEG), delivery via the 

use of liposomes (Turrens, 1984; Buckley, 1987), and induction by bulethal 

administration of inducing agents such as endotoxin (Frank, 1985). 

Endogenous augmentation has been accomplished by chemically-mediated 

induction with agents such as endotoxin (Koizumi, 1986; Shiki, 1987; 

Recasens, 1988a, 1988b, 1988c, 1989, 1990). Induction can be the result 

of deinhibition, activation or de nova transcription of an enzyme. An 

inducer is a chemical compound, either a substrate of the. enzyme or an 

effector molecule (such as a hormone), which stimulates induction. 

Endotoxin has been shown to protect rats (decreased mortal{ty) during 

exposure to normobaric hyperoxia, promote tumor regression (Bloksma, 

1984), and to induce superoxide dismutase, catalase and glutathione 

(Frank, 1985). However, the inherent toxicity of endotoxin precludes its 

use to provide increased tolerance to hyperoxia and other conditions of 

increased oxyradical production and/or exposure. Dexamethasone offers 
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protection against high dose endotoxin without the loss of increased 

tolerance to hyperoxia in the rat (Koijumi, 1986). Thus, the lethality of 

endotoxin, and its ability to produce tolerance to o
2 

through the 

induction of SOD, may be disassociated by the use of dexamethasone. 

Dexamethasone alone has been shown to increase SOD activity in cultures of 

fetal rat lung (Randhawa, 1986, 1987). 

Suttorp et al. (1987) have reported that endotoxin from Salmonella 

abortus equi led to activation of phospholipase, a dose-dependent 

generation of prostacyclin (PGI
2
), enhanced synthesis of cyclooxygenase, 

and inc·reased capacity of prostacyclin synthetase when applied to cultures 

of porcine pulmonary artery endothelial cells. Quinacrine (a 

phospholipase A
2 

inhibitor), indomethacin (a cyclooxygenase inhibitor), 

and the anti-inflammatory steroids, dex~ethasone and hydrocortisone 

(inhibitors of both arachidonic acid metabolism by their action of 

phospholipases and the immune response by their action on leukocytes, 

Flower, 1981), blocked these changes while progesterone failed to do.so. 

Furthermore, Bhattacherjee et al. (1977) have noted an increase in ocular 

prostaglandin synthetase (cyclooxygenase) activity after endotoxin. 

Phylactos et al. (1987)·have also noted increased prostaglandin.synthetase 

activity in the iris-ciliary body of the inflamed rabbit eye during 

endotoxin-induced _acute ocular inflammation. 

Whereas traditionally it has been thought that endotoxin initiates 

oxidative, free radical damage which induces a rise in antioxidant 

activity (substrate induction, Stark, 1988), the possible role of 

arachidonate metabolism in the ability of endotoxin to elevate SOD 

activity (effector induction) must be suspected. If, in fact, altered 

arachidonate metabolism accounts for an elevatim:l in superoxide dismutase 
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or other antioxidants, the possibility of isolating the particular 

mediator, and thus augmenting antioxidant protection, arises. 
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VI. Summary and Intent of Current Experiment 

Inflammation and aging constitute two circumstances in which the 

normal balance between antioxidant defense mechanisms and oxyradical 

production and/or exposure may be overwhelmed and subsequently translate 

into oxidative tissue damage. Since superoxide anion is the principle 

product of the respiratory burst of stimulated neutrophils and mononuclear 

phagocytes (Babier, 1978), compromised superoxide dismutase activity 

(i.e., in aging) may be especially deleterious during the inflammatory 

process. Superoxide anion not only directly promotes tissue damage by 

inactivating antiproteases (Janoff, 1982) and directly causing lipid and 

protein oxidation (Fridovich, 1978), but also is a major precursor to 

other more reactive species including hydrogen peroxide, hypochlorous 

acid, and peroxyl, alkoxyl and hydroxyl radicals. Rao (1985) has 

estimated that 80% of H
2
o

2 
in the aqueous humor is the result of the 

disproportionation of superoxide anion. 

This research arose from the basic observation that the inflammatory 

response is a normal and necessary process that can, however, result not 

just in the lysis of the causative agent but also of endogenous tissues. 

The hypothesis used as a starting point for the present study was: Given 

that during processes such as the inflammatory response tissues are 

exposed to increased amounts of oxygen and other free radicals that can 

overwhelm normal cellular antioxidant mechanisms and thus result in 

cellular damage, what mechanisms are available by which tissues can 

endogenously augment (induce) these protective antioxidants and thus 

minimize oxidative damage? Furthermore, if such antioxidant regulation 

does exist~ do changes in these "endogenous adaptive mechanisms" occur 
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during the aging process that may account for the propensity of tissues 

from aged animals to experience damage secondary to oxidative stressS 

The purpose of the present study was to examine age-related 

antioxidant changes in enzyme activity by assessing a variety of ocular 

tissues in young (4-6 weeks old), adult (approximately 6 months old), and 

aged (> 4 years old) albino rabbits. Secondly, superoxide dismutase and 

catalase activity were measured during endotoxin-induced ocular 

inflammation in each age group. Thirdly, the damage in each age group in 

response to endotoxin was assessed by quantification of malondialdehyde 

(MDA, an indicator of lipid peroxidation), ·aqueous humor protein 

concentration (a measure of breakdown of the blood-aqueous barrier), and 

visual assessment of ocular anatomical integrity by markers of damage 

including gradation of iridic hyperemia, clouding and fibrin formation in 

the aqueous humor, and choroidal vasculitis (choroidal striation). 

Furthermore, the ability of short-term (3 days) and long-term (49 

days) topical steroidal anti-inflammatory agents and_ non-steroidal 

anti-inflammatory agents to prevent endotoxin-associated ocular damage and 

changes in antioxidant enzyme activity was assessed. Similarly, the 

ability of these agents to disassociate inflammation and antioxidant 

enzyme changes was examined. 

In light of reports of maturational decreases in ocular catalase 

activity (Csukas, 1987), tissue from aged animals may be particularly 

susceptible to oxidative damage resulting-from the aerobic activities 

accompanying the inflammatory process. The present study attempts to 

define the interaction between inflammation, aging, antioxidant enzyme 

status and ocular tissue damage and shed light on the mechanism of action 

of endotoxin exposure. 
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MATERIALS AND METHODS 

A. Techniques. 

I. Animal Models. 

Albino rabbits weighing between 2.0 and 2.5 kg (approximately 6 

months of age) were used for all experiments except where noted. These 

animals are defined as "adult" animals and hereafter referred to as such •. 

"Young" animals are defined as albino. rabbits weighing approximately 1 kg 

(approximately 6 weeks of age). 11 Aged 11 animals are defined as·those over 

the age of four years. 

New Zealand Red rabbits (weighing between 2.0 and 2.5 kg_ and 

approximately 6 months of age at the commencement of the experiments) were 

used for all long-term steroid experiments as this breed has been shown to 

exhibit be~ter survivability under such regimens ~Knepper et al.,. 1986). 

Rabbits were obtained from Charles Scruggs Rabbitry of North 

Carolina. All animals were housed within the laboratory facilities and 

cared for by the vivarium staff following procedures approved and 

supervised by the Institutional Animal Welfare Committee·. Animals 

received water· and feed ad libitum. 

In experiments involving endotoxin, one eye of each pair received 

endotoxin either alone or in the presence of a .topical or systemic ' 

treatment modality. ·. The untreated contralateral eye was not used as a 

control in order to avoid. t_he possible interference of secondary systemic 

effe~ts (i.e., the effects of elevated plasma concentrations of 

prostaglandins or other chemotactic agents of contralateral origin~ or the 

effects of a systemically administe.red treatment). 



II. Anesthesia and Sacrifice. 

a) Intravitreal injections. 

Intravitreal injections were performed under general anesthesia 

produced by the combination of xylazine hydrochloride and ketamine 

hydrochloride. Animals were administered 2 ml of a 1:1 mixture of 100 

mg/ml xylazine and 100 mg/ml ketamine via intramuscular injection 10-iS 

minutes before the procedure. Depth of anesthesia was assessed by the 

corneal reflex -- slight touching of the cornea or lashes to produce a 

blinking response. Absence of the blink reflex was considered an 

indication of sufficient sedation and anesthesia. 

Xylazine hydrochloride (Rompun, Haver, Shawnee, Kansas) is a non

narcotic sedative and analgesic which also acts as a centrally-acting_ 

muscle relaxant. The agent's principal pharmacological activities develop 

within 10-15 minutes. Analgesia lasts for 15-30 minutes and a 

dose-dependent sleep-like state lasts for 1-2 hours. 

Ketamine hydrochloride (Bristol Laboratories, Syracuse, NY) ·is a 

non-narcotic, no.n-barbiturate agent whose pharmacological action is 

characterized by profound ·analgesia that appears to act by selectively 

interrupting association pathways in the brain .. 

b) Whole body Ringer's perfusion/blood clearance technique. 

Animals to be perfused (as will be described in Section VII) _were 

first administered 2 ml -of a 1:1 xylazine/ketamine mixture intramuscularly 

10-15 minutes before commencement of the perfusion procedure and 2 ml/kg 

body weight of 25% urethane (ethyl carbonate) intravenously •via the 

marginal ear vein 2 to 3 minutes before th~ first incision. Subsequently, 

depth of anesthesia was adjusted by supplementation with intravenous 25%· 

urethane. 
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c) Animal sacrifice. 

Animal sacrifice was performed by the intracardiac administration of 

5 ml of sodium pentobarbital (65 mg/ml, Vet Labs Ltd., Lenexa, KS) using 

an 18 gauge sterile hypodermic needle and syringe. Such administration 

provided immediate and apparently painless sacrifice. 
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III. Chemicals and Solutions. 

All chemicals were obtained from Sigma _Chemical Co. (St. Louis, MO) 

unless otherwise stated. All materials were-weighed using a Mettler AE163 

balance (Mettler Instruments, Inc., Highstown, NY). 

a) Krebs Bicarbonate Ringer Solution (305 ± 5 mOsm, pH 7.3) 

NaHC0
3 

25.00 mM 

NaCl 118.00 mM 

KCl 4.70 mM 

CaC1
2

.2H
2

0 ·1.90 mM 

KH
2

Po
4 

1.18 mM 

MgSO 
4

• 7H
2
0 1. 18 mM 

Glucose 27.80 mM 

Sodium bicarbonate solution was bubbled for 1 hour with 95% 02/5% CO 2 

before the other solutes were added. The l)H of the solution was assessed 

utilizing a Fisher Accumet pH.Meter Model 815 MP (Fisher-Scientific), and 
! 

the final pH.was adjusted with concentrated HCl or NaOH to pH 7.30. 

Osmolarity was measured using. an Osmette Micro Osmometer (Precision 

Systems, Ltd., Sudbury, MA). The solution was stored in sealed glass 

containers at 4°c for up to 7 days. 

The solution used for corneal-endothelial perfusions was identical 

that. listed above but was supplemented ~ith 30 millimolar reduced 

glutathione which aids endothelial viability during the· course of the 

perfusion technique·(3 hours) •. This solution will hereafter be referred 

to as Glutathione-enriched/Bicarbonate/Ringer Solution (GBR). · Corneas 

perfused with endotoxin, were perfused with GBR to which 1 mg E. coli 

·endotoxin (Sigma, 026:B6) / 100 ml GBR was added (0.001%). This 
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concentration of endotoxin has been noted to alter SOD activity in the in 

vitro studies cited previously (Randhawa, 1986). E.coli Lipid A was first 

dissolved in 1 ml deionized H
2

0 containing 0.2% triethylamine (E.M. 

Science, Cherry Hill, N.J .. ) before its addition to GBR. The final 

concentration of Lipid A equalled that of endotoxin, 1 mg/ 100 ml GER. 

Monophosporyl Lipid A (MPLA, Ribi Immunochemicals, Inc., Hamilton, MT) was 

similarly first dissolved in 0.2% triethylamine-containing deionized H
2
o. 

b) Phosphate Buffer 

50 mM Na, K Phosphate 

1. 

2. 

50 mM 

50 mM 

For pH 6.60, a 50:50 mixture of solutions 1 and 2 was used. For pH 7.00, 

a 40:60 mixture of solutions 1 and 2 was used. The final pH was measured 

and adjusted, if necessary, with concentrated HCl or NaOH. 

c) Tissue Rinsing Solution 

Isotonic Saline (0.9% W/W), pH 7.40 

9 gm NaCl/L deionized H20 

The final pH was adjusted with concentrated HCl and HaOH. 

d) Eicosanoid suspensions: 

Ten milligrams of each eicosanoid (PGA1 , PGE2 , PGE1 , PGFZa' Thromboxane B2 

and Leukotriene B4) were individually dissolved in 1 ml of absolute 

ethanol. Nine milliliters of a 0.02% _(w/w) sodium carbonate solution (in 

deionized H20) was then added. The final eicosanoid concentration of each 

stock solution, therefore, equalled 10 mg/10 ml solvent (final molarity 

approximately 2.82 millimolar). 

e) Steroid suspensions: 

Topical suspensions of 1.0% progesterone and 1.0%-RU486 (Roussel-Dela(, 
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Romainville, France) were prepared by mixture of each agent in a sterile, 

isotonic ophthalmic solution, Comfort Tears (Barnes Hind, Inc., Sunnyvale, 

CA). Comfort Tears contains the visc6sity enhancer, hydroxyethyl

cellulose, along with the preservatives benzalkonium chloride (0.005%) and 

edetate sodium (EDTA, 0.02%). Each suspension was vortexed immediately 

before application. 

f) Indomethacin solution: 

Indomethacin was first dissolved in absolute ethanol at a concentration of 

5 mg indomethacin/50 µl ethanol. This solution was then diluted twenty

fold with sterile 0.9% NaCL (in H20) for a final indomethacin 

concentration of 5 mg per ml solvent (95% 0.9% NaCl and 5% ethanol). Each 

animal was administered 10 mg/kg by intraperitone~l injection in the right 

lower abdominal quadrant with the use of a sterile, disposable 22 gauge 

needle and syringe. 
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IV. Intravitreal Injections. 

Animals were anesthetized using a 2 ml intramuscular injection of a 

1:1 mixture of ketamine and xylazine 10 to 15 minutes before each 

procedure. Depth of anesthesia was verified by assessment of the corneal 

reflex. Intravitreal injections were performed using a sterile Gilmont 

microsyringe with Teflon plunger (sterilized using ethylene oxide after 

boiling in H20 for 30 minutes) affixed to a sterile, disposable 30 gauge 1 

cm hypodermic needle. 

Endotoxin was administered intraocularly as follows:· E. coli 

endotoxin (lipopolysaccharide) was suspended in deionized H20. All H20 

used for injection procedures was previously filtered through a sterile 

0.2 µm Millipore filter to exclude impurities. Final endotoxin 

concentration equalled 1 mg/100 ml. The needle was introduced through the 

sclera at a point through the lateral rectus muscle approximating the 

middle of the globe. In order to minimize leakage of vitreous humor, the 

injections were made through the lateral rectus muscle.. This site of 

injection uses the muscle as a tamponade against retrograde fluid loss 

from the injection site. The tip of the needle was viewed through the 

pupil in order to verify that it was located in the vitreous· humor and not 

in contact with the lens, uv~al tract or the retina. A total of 10 µl of 

the endotoxin solution was dispensed. Ten seconds were allowed to elapse 

before the slow removal of the needle to allow the intraocular pressure 

increase, caused by the volume injection, to return to normal limits. The 

total length of time for the entire injection procedure was typically 30 

seconds. 
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V. Vehicle Controls. 

"Sham" animals that were to-be injected intravitreally were first 

anesthetized and then administered an equal volume of vehicle alone by 

intravitreal injection to control for the possible effects of the vehicle 

and injection procedure. Unless otherwise stated, vehicle consisted of 

deionized H20 that had been passed through 0.2 µm Millipore filters in 

order to exclude impurities. 
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VI. Tissue Harvesting and Sampling. 

All tissues were excised 24 hours after an eye received either 

endotoxin (alone or in the presence of a given treatment modality) or the 

appropriate vehicle control. 

a) Enucleation. Adult albino rabbits were anesthetized with 1 ml 

intramuscular injection of a 1:1 mixture of ketamine and xylazine. 

Thereupon, animals were sacrificed via intracardiac administration of 5 ml 

of sodium pentobarbital. Eyes were enucleated in their entirety by making 

an circumferential incision approximately 1 cm above the margin of the 

eyelid. An enucleation scissors was used to sever the extraocular 

muscles, optic nerve, and adherent subconj unc t_i val tissue. 

b) Aqueous humor. Aqueous humor samples were taken with the use of 

a sterile disposable 1 ml tuberculin syringe and 22 gauge sterile 

disposable hypodermic needles. Immediately after animal sacrifice, one 

eye was proptosed and the tip of the needle was inserted tangentially into 

the stroma at the limbus of the cornea and was threaded stromally toward 

the anterior (central) portion of the cornea at which point the tip of the 

needle was directed through the endothelium and into the anterior chamber. 

Between 100 and 200 µl of aqueous humor were aspirated from each eye and 

the needle was removed via the route of insertion. Aqueous humor samples 

were placed in microcentrifuge tubes then weighed.using a Mettler AE163 

balance which weighs to ±10 µg and placed on ice. Aqueous humor samples 

from inflamed eyes were diluted tenfold (w/w) with 0.9% NaCl before 

protein concentration measurement in order to approximate the protein 

concentration of aqueous humor samp°les from control eyes and to fall on 

the linear portion of the bovine serum albumin standard curve prepared for 

protein assay (Section XI). 
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c) Iris-ciliary bodies. Iris-ciliary bodies (hereafter referred to 

as irides or iris) were removed by gently proptosing the eye immediately 

after animal sacrifice, excising the entire anterior half of the .eye 

(bisecting the globe) and removing the iris in its entirety. Attached 

vitreous humor was removed by scraping the suspended iris with forceps. 

Irides were immediately placed in a covered Petri dish to prevent drying. 

The tissue was then placed on ice, weighed on wax paper using a Mettler AE 

163 balance and immersed in iced buffer appropriate for the assay to be 

undertaken. Care was taken to minimize the amount of time that elapsed 

-
between tissue excision and immersion (typically less than 60 minutes). 

d) Retinas and choroids. 

Retinas and choroids were removed from eyes enucleated in their 

entirety immediately after animal sacrifice. After excision of the 

cornea, lens, iris and vitreous, four incisions radiating posteriorly from 

the limbus were made thus exposing the interior of the eye which was then 

laid flat on Petri dishes that were previously placed on ice. Delicate 

scraping effectively removed the retina while vigorous scraping .removed 

the more adherent choroid. The two tissues were further visually 

differentiated by the extensive vascularity of the choroid. Any tissue 

not readily identifiable (i.e., connective tissue) was excluded from 

collection. Both retinal and choroidal tissues were immediately placed on 

ice in a covered Petri dish, weighed and immersed in iced buffer solution. 

e) Blood samples. 

Blood samples were taken by direct cardiac puncture (immediately 

before sacrifice) utilizing 20 gauge, 3 cm hypodermic blood collection 

needles (Vacutainer brand Precision Glide, Becton Dickinson, Rutherford, 

NJ) into 5 ml Vacutainer brand sterile interior evacuted blood collection 
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tubes containing 7.5 mg EDTA (Na2) per tube which were promptly vortexed· 

for 15 seconds and then refrigerated at 4°C until use. Approximately 4 ml 

of blood were collected per animal. 
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VII. Ringer Perfusion/Blood Clearance Technique. 

Blodd, rich in superoxide dismutase and catalase activity (Toth, 

1986), was cleared from the tissues to be examined by a blood clearance 

perfusion technique. The already-anesthetized animal (2 ml of a 1:1 

ketamine/xylazine mixture injected intramuscularly 10-15 minutes before 

the commencement of the procedure) first received 4 ml of heparin (1°5,000 

units/ml) intravenously via the marginal ear vein and 2 ml of 25% urethane 

via the same route 2 to 3 minutes before commencement of the procedure. 

A midline incision was_made from the sternal notch to the xiphoid 

process exposing the underlying chest wall. The chest wall was opened 

Just laterally to the sternum. The thorax was exposed u_sing a pediatric 

chest spreader that was ins.erted between the ribs and sternum. The 

pericardium was then secured and opened. An incision was made in the left 

ventricle and a Tygon tube (S-50-HL, 3/16" inner diameter and 5/16" outer· 

diameter) was inserted through the opening and threaded into the aorta. 

After aortic cannulation (secured manually with a forceps), the animal was 

perfused with 800 - 1000 ml of Ringer solution (305 ± 5 mOsm, pH 7.3, 

25°C) containing 4 ml heparin/1000 ml Ringer. Flow was controlled through 

the use of a peristaltic pump (Harvard Apparatus). A flow rate of 100 -

150 ml per minute was established. Assuming an outflow_pressure of O mm 

Hg (the atmospheric pressure in the open right atrium), this flow rate 

resulted in a calculated perfusion pressure of lOO_mrn Hg x n'/n (where n 

is the viscosity factor for blood and n' is the viscosity factor for the 

Ringer solution approximately that of water, as per the equation for 

Poiseuille's Law where flow rate is directly proportional to the fourth 

power of the radius. of the.vessel-the inner diameter of the cannulati6n 

tubing-multiplied by Pi·and the perfusion.pressure, divided by eight times 
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the fluid viscosity and vessel length). This calculation provided a marked 

advantage over the use of an in-line pressure transducer as, after 

determination, the flow rate could be set for the entire series of 

experiments as opposed to the use of a transducer which would require 

continual set-up, calibration and monitoring without mention of the 

expense of the transducer and recording device themselves. Perfusion time 

ranged from 5-8 minutes. The animal was simultaneously exsanguinated by 

draining the venous return through an opening previously made in the right 

atrium. 

The effectiveness of blood clearance was assessed in two ways. 

Observation of the venous return through the opening in the right atrium 

confirmed the clearance-of blood from the vasculature. Secondly, the iris 

was visually inspected to confirm erythrocyte removal. This latter method 

proved particularly valuable in albino rabbits whose irides are void of 

pigment and therefore exhibit a marked change in color upon blood removal. 

The effects of this perfusion technique on tissue swelling are 

reported in the Results section (as gm tissue/mg protein, Table I) and its 

efficacy on blood clearance,w~s assessed by assaying of tissues for 

hemoglobin content by the method of Harboe (1959) as described in Section 

A, XII. 
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VIII. Superoxide dismutase activity assay. 

Total SOD activity was assessed by the ~pectrophotometric pyrogallol 

autoxidation method first described by Marklund and Marklund (1974; 

Marklund, 1976) with some modifications which make-it appropriate for 

crude homogenate samples (Del Maestro, 1985). This assay is based on the 

ability of SOD to scavenge superoxide anion radical. 

Upon excision, tissue samples were immediately placed on ice in 

covered disposable 35 mm Petri dishes to avoid drying of tissue and then 

weighed using a Mettler AE163 balance. Iridic tissue samples ranged from 

-
20 to 100 mg in weight while choroid and retinal samples ranged from 5 to 

10 mg. Samples were promptly placed in 2 ml of 10 mM potassium phosphate 

buffer (pH 7. 4) supplemented with 30 mM KCl which has be.en reported to 

facilitate· .the recovery. of Mn-SOD (Peeters-Joris et al., 197 5) and O .1% of 

the detergent Triton in order to facilitate tissue disruption upon 

homogenization. Homogenization was performed for a total of 20 seconds in 

1 second bursts using a Tekmar Tissumizer homogenizer (Tekmar Instruments, 

Cincinnati, OH) with microtip attachment. Gell disruption was effected by 

s6nication for 20 seconds also in 1 second bursts during which time the 

test tube was immersed in ice in order to limit the heating effect 

produced by sonication. Th~ homogenate was then centrifuged at 12,000 g 

(10,000 rpm) at 4°C for 5 minutes utilizing a Beckman Model J-21C 

Centrifuge (Beckman Instruments~ Palo Alto, CA) and Beckman type JA-20.1 

rotor. The supernatant was drawn off into 2 ml microcentrifuge tubes and 

placed on ice. 

Blood samples were taken by cardiac puncture utilizing 20 gauge l½ 

inch hypodermic needles into EDTA~containing Vacutainer brand evacuated 

blood collection tubes. After vortexing, 0.1.ml sample of whole blood was 
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placed in 2.0 ml of 1o·mM potassium phosphate buffer that did not contain 

KCl but was supplemented with 0.1% Triton. The samples were allowed to 

stand at room temperature for 30 minutes and the lysate centrifuged at 

12,000 g for 5 minutes at 4°C and subsequently stored on ice. 

This assay is based on the ability of superoxide dismutase to inhibit 

the superoxide radical-dependent autoxidation of pyrogallol. The reaction 

is initiated by adding 25 µl of a 24 mM pyrogallol solution (dissolved in 

10 mM HCl since pyrogallol is stable at low pH's) prepared immediately 

before use and between 100 and 500 µl of supernatant (approximately enough 

to produce 50% inhibition in the rate of pyrogallol autoxidation) into 

between 2400 and 2900 µl of 50 mM Tris-HCl buffer (pH 

8.2) containing 1 mM diethylenetriami,ne-pentacetic acid (DTPA) for a final 

volume of 3.025 ml. The change in optical density at 420 nm was monitored 

for 3 minutes. One unit of SOD is defined as the amount which inhibits 

the rate of autoxidation under the aforementioned conditions by 50% (= 125 

µg BOD/mg protein). 

SOD activity is calculated as follows: 

ng SOD % inhibition 
X 125 X 3.025 2000 

X-- X 
1 

mg protein 50 sv Prot 

where% inhibition= lOOx 
rate of pyrogallol autoxidation with· _sample) 
(-------------,,---------
rate of control pyrogallol autoxidation 

125 = ng SOD per unit, 2000 = µl homogenate sample, SV = sample volume in 

µ1, Prot = protein concentration of sample in mg per ml, 50 =%inhibition 

equalling 1 unit of activity, and 3.025 = total volume in cuvette in ml. 

The ability of cyanide to inhibit copper-containing SODs allows for 

the differential quantification of copper-containing SODs versus the 
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mangano form as the latter is cyanide resistant. Thus, Mn-SOD was 

quantified by first determining th~ total SOD activity of a_sample and 

then adding cyanide and determining the remaining activity (Mn-SOD 

activity). The difference of the two (total SOD activity less Mn-SOD 

activity) was calculated to determine the level of SOD activity 

attributable to the copper-containing forms of the enzyme. The results 

are noted in the text in the Results Section II and are used to determine 

which of the two forms of the enzyme (manganese-or coppor-containing). 

undergo changes during the aforementioned experimental conditions. 

Since centrifugation at 12,000 g (Del Maestro, 1985) is expected to 

remove mitochondria (Graham, 1984) and thus mitochondrial SOD (Mn-SOD), 

the detergent Triton w~s added to a final concentration of 0.1% in the 

tissue buffer in order to effect disruption of this organelle possibly 

liberating the enzyme. Homogenation and sonication in the 

Triton-containing buffer was,expected to "free" the mitochondrial SOD. 
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IX. Plasma Ceruloplasmin Concentration. 

The number of different plasma proteins has been estimated to exceed 

100 of which about 60 have been isolated and characterized. Fortunately, 

plasma proteins can be isolated without a loss of biological activity by 

methods such as gel filtration, ion exchange chromatography, 

ultrafiltration, immunoadsorption chromatography and affinity 

chromatography. Gianazza and Arnaud (1982) have reported the 

fractionation of up to 27 different plasma proteins from a single step 

simply by altering the pH and ionic strength of elution buffers utilizing 

an affinity gel resin. This technique was adopted in the present study in 

which affinity chromatogr.aphy. was used to isolate ceruloplasmin · from 

rabbit blood. Enzyme activity was determined in both whole serum and in 

the partia~ly~purified eluate. The protein content of both the whole 

serum and ceruloplasmin-containing fraction was determined as described 

elsewhere. 

Blood samples were taken by cardiac puncture as described previously •. 

Blood cells were removed _by sedimentation in the collection tube. Serum 

proteins were separated by application to a 1 x 5 cm column that was 

previously filled with DEAE Affi-Gel (Bio-Rad Laboratories, Richmond, CA). 

This resin binds different serum proteins with varied affinity .. Protein 

elution from the column is a product of both their affinity for the resin 

and their molecular size (weight)·.. Albumin, which constitutes about 50 % · 

of serum protein, binds to the resin with great affinity and thus is 

released and_elutes only after application of a high salt buffer (1.4 M 

KCl). Ceruloplasmin binds with less affinity requiring the application of 

only a mild salt buffer CO. 4 M KCl). 
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Equilibration buffer (0.02 M KH
2
Po

4
, pH 8.0) ~as allowed· to run 

through the column and a flow rate of 80 drops/minute (=4.5·ml/min) was 

established. A fraction collector divided the eluate into 4.5 ml per 

tube. One ml of the serum sample-was applied to· the surface of the resin. 

Fourteen tubes-were collected before the elution· buffer was changed to 0.4 

M KCl (in 0.02 M KH2Po4). 'I'en tubes were then collected and the elution 

buffer was again changed to the stronger salt content (1.4 M .KCl in 0.02 M 

KHzP04). Eight more tubes were collected. More than lOO·ml of 

equilibration buffer was passed through the column betwee~ application of 

- different samples. The protein concentration of each fraction was 

determined and recorded using a standard curve prepared.from bovine serum 

albumin. 

Since_ ceruloplasmin i_s a copper-containing glycoprotein, it has a 

characteristic blue color which offers an.easily-identifiable visual 

and/or spectrophotometric reference for elution samples since 

ceruloplasmin accounts for 90-95% of circulating copper (hence no other 

plasma proteifis emit this color). The blue-hued fractions were combined 

and their absorption spectrum was analysed at every 10 nm interval between 

500 and 700 nm. 

Ceruloplasmin oxidizes many compounds including the dye 0-dianisidine 

" 
(Wolf, 1982). One hundred microliter samples from the suspected 

cerulpplasmin--containing samples were taken and added to 1.5 ml of 

acetate buffer and incubated at 30° Cina water bath for 5 minutes. One 

hundred inicroliter samples of whole serum were prepared and incubated 

similarly. At this point, 0.4 ml of 0-dianisidine was added and the 

reaction was allowed· to proceed in separate samples · of each for 5 and 15 

minutes. The reaction was stopped by the addition of 18 N sulfuric acfd. 
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The resulting magenta solution was read at 540 nm and ceruloplasmin 

activity in M/ml was calculated from the following equation: 

Ceruloplasmin in moles/ml= (A
15 

- A
5

) x 6.25 x 0.1 

where A15 = the absorbance at 540 nm of the mixture reacted for 15 

minutes, A
5 

= the absorbance of the mixture reacted for 5 minutes, 6.25 

(6 x 10)/(9.6 x 10) where 9.6 is the molar absorbance for the substrate 

consumed (0-dianisidine),_6 and 10 are corrections for volume dilutions 

-
and the 10 in the denominator represents the 10 minµtes average for.the 

reaction time. The results. are presented within the text in the Results 

Section II and "are expressed as micromoles/ml serum and mg/ 100 ml serum. 
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X. Catalase Activity. 

Catalase (Cat) catalyzes the divalent reduction of hydrogen peroxide 

as foliows: 

Cat 
2 HO ----> 2 2 

Since this is a first order reaction, the amount.of hydrogen peroxide 

reduced is directly proportional to: 1) the concentration of H
2
o

2
, and 2) 

the concentration of catalase. Subsequently, the concentration of 

catalase in a tissue sample can be determined by comparing the consumption 

of a known concentration of H2o2 wi_th the consumption of the same 

·-
concentration of H2o2 in the presence of a known activity of catalase~ 

The procedure for the determination of catalase activity (Beers and Sizer, 

1952) is as follows. Both a dilute solution of approximately 50 units of 

catalase p~r ml buffer (0.05 M phosphate) and 19 mM H2o2 in 50 mM 

potassium phosphate buffer solution (pH 7.0) are prepared. One hundred 

microliters of the substrate (H20
2

) solution is placed in a silica cuvette 

at 25°C. The absorbance at 240 mm (A
240

) decreases as the substrate is 

consumed, and the time for the A
240 

to reach 0.400 from 0.450 is recorded 

(this change corresponds to 3.45 µmoles of H202). Total activity in 3 ml 

equals 3.45 units/minutes required~ 
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XI. Malondialdehyde·Assay. 

The oxidative breakdown of polyunsaturated fatty acids (lipid 

peroxidation) in biological membranes is a radical-mediated process 

crucial in the manifestation of toxicity due.to oxidative stress (Sies, 

1987). Lipid peroxidation can.;.-lead to compromise of membrane integrity at 

the cellular and subcellular level. Kappus (1985) has suggested that 

lipid peroxidation is responsible for numerous deleterious oxyradical

mediated biological effects and, thus, many oxyradical-related diseases~ 

Packer (1984) and Slater (1984) have provided overviews of methods for 

detecting lipid peroxidation. 

The volatile hydrocarbons, ethane and pentane, though only minor end 

products of lipid peroxidations (Sies, 1987), have been used as 

quantifica~ion products as they can be measured both in in vivo and in 

vitro by non-invasive techniques.· Similarly, low-level chemiluminescence 

invasive techniques include the measurement of malondialdehyde (Bird, 

1984) and conjugated dienes (Marshall, 1985). However, the most commonly 

used assay is that for malondialdehyde (Bird, 1984). 

Malondiaidehyde (1:1DA) is a product of lipid peroxidation which is 

apparently produced in relatively cons.tant proportion to lipid 

peroxidation (Aust, 1985). The thiobarbituric acid (TBA) assay for MDA as 

described by Aust (1985) is performed by mixing the sample with the TBA 

reagent (0.375% TBA_ and 15% trichloroacetic acid (TCA) in 0.2S'N HCl). 

TBA is first dissolved in HCl, then TCA is added. The mixture of TBA 

reagent and sample is placed in a bath of.boiling water for 15 minutes, 

cooled, and centrifuged. The optical density of the supernatent is 

recorded at 532 nm. A standard curve using MDA tetraethylacet~l is 

prepared. 
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Detected are both preexisting MDA and that formed during the assay. 

The addition of butylated hydroxytoluene (BHT 0.01 volumes of 2% BHT in 

ETOH) to the TBA reagent prevents MDA formation during the assay. 

Singal and Tong (1988) have outlined a modified thiobarbituric acid 

method based on the method of Pla6er et al. (1966) which was adapted for 

the riurrent study as outlined beldw. Excised irides were placed in 0.9% 

KCl (pH 7.4, approximately 5% tissue to beffer weight) and homogenized for 

20 seconds in 1 second bursts then incubated at 37°C for 1 hour in a water 

bath. A 2 ml aliquot of each homogenate was then pipetted into an 8 ml 

. Pyrex tube. One ml 40%"'TCA was added to each tube in order to precipitate 

protein present in the homogenates. One ml of 0.2% TBA was added promptly 

thereafter. The tubes were then vortexed.briefly and boiled at 100°C in a 

water bath for 15 minutes followed by cooling on ice for 5 minutes. Two 

ml of 70% TCA were then added. The contents were again vortexed then 

allowed to stand-for 20 minutes. The tubes were then centrifuged at 1500 

rpm for 20 minutes. The supernatant was drawn off and then centrifuged at 

3500 rpm for 20 minutes. The resulting color was read at 532 nm utilizing 

disposable 4 ml acrylic cuvettes and a Beckman DU-7 spectrophotometer. 

The results were compared with known MDA standards. The data is expressed 

as nmol MDA/gm tissue and nmol MDA/mg protein. 
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XII. Protein concentration. 

Protein concentrations were quantified by the commercial BCA assay 

(Pierce)·which combines the· reaction of protein with cupric i~n (Cu2+) 

with the highly selective. reagent, bicinchoninic acid, resulting. in 

markedly increased sensitivity (Smith, 1985) over t_he commonly used method 

of Lowry et al. (1951). Aqueous protein concentrations were measured by 

the Pierce BCA assay using the enhanced ~rotocol (incubation at 60°C for-

30 min). A· standard curve was prepared for each .assay using bovine serum 

albumin (BSA) using a stock so·lution of 2 mg bovine serum albumin per 

milliliter. Standards of 0 mg BSA/ml, 0.2 mg BSA/ml, 0.4 mg BSA/ml, 0.6 

mg BSA/ml, 0.8 mg BSA/ml, 1.0 mg BSA/ml, 1.2 mg BSA/ml and 2.0 mg BSA/ml 

were·measured.and correlation coefficients were calculated for each assay. 

All samples and standards were run in triplicate. Absorbance was read at 

532 nm using a DU~7 Beckman Spectrophotometer. 
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XIII.Hemoglobin concentration. 

As mentioned previously, blood contains both SOD and catalase 

activity and, thus, must be either cleared from_ tissues or the activity of 

the enzyme in question in blood must be accounted for when blood 

contamination of the tissue is present or suspected. 

In order to correct for blood contamination, blood samples from 

non-perfused animals were taken by cardiac puncture at the time tissues 

were taken. The amount of hemoglobin in each tissue and blood sample were 

determined by the method of Harboe (1959). ·Enzyme activity per gm 

hemoglobin blood was then assayed. The amount of enzyme activity in each 

tissue sample w_as determined by multiplying tissue hemoglobin 

concentration (in mg per ml homogenate) by the amount of activity per _gm 

hemoglobin~ The result, units per ml attributable to blood, was then 

subtracted from the total tissue activity resulting in "adjusted units" 

SOD per mg protein. 

As mentioned, hemoglobin concentration was determined by the 

spectrophotometric method of Harboe (1959). This assay is based on. the 

optical density of hemoglobin at 450, 415 and 380 nm, where: 

mg Hb = 2 x OD 415 - (on380 + OD450 ) x dilution x 1000 

dl, 1.655 Ex 100 

where _OD
415

, OD
380 

and on450 represent the optical densities at the 

respective·wavelengths (m nm), 1000 represents the dilution of 0.01 ml 

blood lysate i_n 1.0 ml of O. 01% Na2co
3

, · _100 represents the conversion of 

ml to dl, and E = the extinction coefficient 6.88 as cited by Harboe. 

OD
415 

equals the absorbance peak·for hemoglobin. on380 and OD450 

represent absorbance peaks for a turbidity factor used to correct for 

non-hemoglobin plasma proteins. 
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Either 0.1 ml of tissue homogenate ot 0.01 ml of blood lysate were 

placed in 1 ml of the sodium carbonate buffer and the optical densities at 

the three wavelengths were read. 
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XIV. Correction for SOD activity in blood in long-term non-perfused 

animals. 

Blood samples were taken by cardiac puncture using 20 gauge sterile, 

disposable Vacutainer hypodermic needles into EDTA-containing Venojet 

containers. Blood hemoglobin concentration was quantified by the method 

of Harboe (1959) as described previously. Similarly, the hemoglobin 

concentration of each tissue supernatant was determined after 

centrifugation at 12,000 g for 5 minutes. Blood SOD activity was measured 

by the pyrogallol autoxid~tion method of Marklund as ·described by Del 

Maestro (1985). Units of SOD activity attributable to blood contamination 

in tissue samples were determined by the following formula: 

Units SOD 

mg tissue protein 

mg Hb x Units SOD x 1 ml .t:i.ssue homog·enate ---=--- --------
ml tissue 

homogenate 

mg Hb in blood mg protein 

The units SOD due to blood contamination were then subtracted from 

the total units of SOD/mg protein in the homogenate resulting in adjusted 

units SOD/mg protein.· The percentage of SOD activity attributable to 

blood contamination for each experimental condition is also listed. 

All animals used. in long-term studies were New Z~aland ·Red rabbits 

approximately six months of age at the commencement of the studies as this 

breed has been shown to ·exhibit better survivability under long-term 

steroid regimens than albino rabbits (Knepper et al., 1986). All animals 

were housed simultaneously and therefore were age-matched at both the 

commencement and termination of the studies and time of tissue harvesting -

and assay. 
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XV. Gradation of iridic hyperemia after endotoxin and in the presence of 

anti-inflammatory agents. 

The parameter used to quantify the degree of uveitis after endotoxin 

administration and in conjunction with various anti-inflammatory agents 

was gradation of iridic hyperemia by visual _inspection. Iridic hyperemia 

was defined as the swelling and redness due to the vas~ular injection of 

iridial tissue with erythrocytes that accompanies inflammation of the 

iris. The scale for gradation of iridic hyperemia was a modification of 

that developed by Draize et al. (1944) as described by Csukas (1987). 

Gradation of iridic-hyperemia: 

Grade Evaluation criteria. 

0 

1 

2 

3 

4 

Iris quiescent. No visibly apparent signs of 

inflammation. 

Some injection of iridial folds. 

Mild to moderate injection of iridial folds with 

erythrocytes and/or mild swelling of iridial tissue. 

Single patch of discoloration. 

Moderate injection of iridial folds and/or mild to 

moderate swelling of iridial folds. Multifocal 

discoloration. 

Moderate to severe injectfon of·iridial folds and/or 

moderate to severe swelling of iridial tissue. 

Several patches of discoloration. 

All evaluations were performed in.adult albino rabbits 24 hours after 

the intravitreal injection of endotoxin either alone or in the presence of 

a topical or systemic treatment-modality as described in Sections B-II, 
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B-IIl and B-IV. The results are cited within the Results Section, Table 

x. 
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XVI. Assessment of the effects of age and endotoxin on the presence of° 
. . 

indicators of ocular damage. 

The effect of age on ocular damage after endotoxin was visibly 

assessed by the presence or absence of four indicators of tissue damage 24 

hours after endotoxin injection. First, vascular injection in the iris 

I 

(iritis) and conjunctival hyperemia were noted. Second, the aqueous humor 

was assessed•in order to note any change in its normal transparency 

(clouding of the aqueous humor). Third, the visible presence of fibrin in· 

the anterior chamber was noted and recorded. Finally, upon examination of 

the posterior _segment of the eye and removal of retinal tissue,· the· 

incedence of marked choroidal vasculitis of (choroidal striation) was 

recorded. 

These.four parameters served as easily identifiable markers of 

endotoxin-induced damage thus minimizing dependence on other more 

arbitrary and inherently subjective criteria. 
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XVII~Measuiement of corneal thickness and swelling rate. 

In order to assess any direct changes in corneal appearance elicited 

by endotoxin treatment and direct inflammatory effects of endotoxin (those 

occurring without the interplay of _leukocytes), corneal thickness was 

measured in corneas mounted in a dual-chambered specular microscope ·· 

(Mishima, 1968) and· superfused (hereafter referred to as.perfused in 

accordance to prior literature descriptions on the technique) with either 

endotoxin-free GBR, GBR tontaining 1·mg E. coli endotoxin/ 100 ml, GBR 

containing 1 mg E.coli Lipid A/ 100 ml, or GBR containing 1 mg/ 100 ml 

MPLA following the methodology of Mishima and Hedbys (1968) which is 

based on_ the visualization of both the corneal endothelium and the corneal 

epithelium with the use of a specular microscope (Cooper Vision Pro EB-1). 

A constant _temperature of 37 ° C. and a flow rate of 0 .1 ml/ minute were 

established through the use of a recirculating water bath (Porta Temp, 

Precision Scientific Co.) and syringe-based infusion pump (Harvard 

Apparatus Syringe Infusion Pump 2 ._2, Southnatick, MA), respectively. 

Perfusion pressure was continuously monitored through the use of a 

pressure transducer and display unit (Stemtech, Inc.) and maintained at 22 
\ . 

mm Hg. After an initial equilibration period of 15 to 30 minutes with 

"just GBR during which corneal thickness was monitored each 5 minutes to 

determine constancy, corneal thickness readings were recorded every 15 

minutes for the course of the perfusion (3 hours). Apparent changes in 

endothelial cell morphology were also noted and chronicl~d by serial 

photography of representative control and endotoxin-treated corneas a~ 30 

minute intervals. The data are presented within the text in the Results 

Section X and in Graph I. 
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·xvIII.Statistical methods and analysis. 

Data.for each experimental groups were expressed as mean± standard 

error mean (SEM). Student's unpaired t-test with SEM for sample groups 

was determined using a .Tektronix Model 4051 computer and software written 

specifically for the Tektronix. For comparisons involving the response· 

between multiple treatment or variable ·groups (i.e. age and endotoxin), 

two-way analysis of variance was used such that statistical significance 

due to either varaiable (e.g. age or treatment) was noted. Statistical 

significance was d.efined as P<O .OS, but are reported at the intervals of 

less than 0.05, 0.01, and 0.001 where appropriate. Statistical 

insignificance was deemed at P equal to or greater than0.05. 

All one-way and .two.,.;way statistical analyses were performed using 

SuperAnova (Version 1.5) software (Abacus Concepts, Berkeley, CA) and a 

Macintosh Plus Apple computer. One-way analyses of variance were 

performed within the groupings delineated by-each table. Once 

significance was established by the one-way anova, a Student-Newman-Keuls 

Test for the set was performed. Significance at P<0.05 as compared to 

controls is noted within each table though it was determined for all 

possible pairings (noted in Appendix). 

69 



B. Ex~erimental Design. 

These .studies were performed in a number of experimental groups ~nd 
. . . 

are described corresponding to· the order of presentation in the tables in 

the Results section. 

I. Assessment of the effects of the Ringer perfusion/blood replacement· 

. techniqie on tissue swelling iri the iris~ 

In order to assess· the effect·s of the Ringer perfusion/blood,-· · 

replacement technique on ·fridic tissue swelling, 20 adult New Zealand Red_ 

rabbits were.perfused while 7 age- and weight-matched animals were not. 

Irides were excised, w_eighed, placed in 2 ml phosphate buffer contain:ing 

0.1% Trit,on_to facilitate tissue disruption, homogenized for 20 seconds 

utilizing a Tekmar Tissumizer homogenizer at 70% maximal output and 

sonicated tor a total 6f 20 ~econds in 1 second bursts.· The protein 

concentration of the ti·ssue homogenates was assayed by a commercial BCA 

assay (Pierce) using bovine serum albumin standards. The results are 

reported as mg wet weight/mg protein, because total protein co_ntent of the 

tissue is constant regardless of tissue sweliing over the limited· time 

required for the perfusion techniqtie. Tissue swelling would, therefore, 

be indicate~by an incr~ase in the ratio of tissue wet weight to tissue 

protein content. 
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II. The effect~ of endotoxin, Lipid A and the intravitreal injectioh 

procedure on superoxide dismutase activity· in the adult rabbit ·iris .. 

Rabbits were divided into different groups.· 

-Animals in.Group I (n=l6) were controls and received no treatment to 

either eye. 

Animals in G~oup II served as vehicle. COD;trols ("Shams.", n=14) 

receiving 10 µl of sterile deionized R20 by an intravitreal injet::tion 

technique 24 hours before enzyme assay. 

Group III animals (n=l2) received 1 µg of E.coli endotoxin 

(Lipopolysaccharide) susp-ended _ in 10 µl of sterile deionized· H20 by . 

intravitreal ·inj_ection 24 hours before enzyme activity determination. 

In order to dete:rmine the amount, if any, of SOD induction 

attributabl_e to de ~ synthesis of the ·enzyme, animals in Group IV (n=8) 

received both endotoxin (1 µg in 10 ·µl H
2
0) and 10 µ·l of 10-4 . M · 

cycloheximide (in H
2
0), a potent inhibitor of protein synthesis (Hall and 

Abrams, 1987). 

The efficacy of SOD induction by Lipid A, an.active moiety of the 

endotoxin molecule, was assessed ·by the intravitreal injection of 1 µg.of 

Lipid A in 10 µl of deionized H
2

0 to animals in Group V (n=lO).· 

The amount of de~ enzyme synthesis produced after Lipid A was 

examined by the concomitant administration of Lipid A and cycloheximide to 

animals in Group VI (n=~). 
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III. The effecta of endotoxin and phospholipase inhibitors on supero~ide .· 

dismutase activity in the adult albino, rabbit iris:. 

· As a control for the actions of the steroida·1 anti..;.inflainmatory 

aget1ts, animals in Group VII (n=8)' were administered.topical 1.0% 

progesterone one drop each 8 hours (q. 8 h.) for 3 days,· while Group· VIH ' .. 

(n=8) received pr9gesterone. ·2 days before and l day after endotoxiri. 

Topical 0.1% dexamethasone (sterile ophthalmic-suspension in sodium. 
. . 

phosl)hate, U ~ S. P. , - one·- drop. q. · 8 h. ~or · 3 days) ~as admiriis tered "to Group - · 

IX animals (n=6) ,· while Group X ·(n=6) received dexamethasone 2 days .b_efore 

and 1 day .aftei; endotox1n·. 

Group xi (n=4): was administered 1.0% topical medrysone (Med, sterile -

ophthalmic suspension, trade name ·HMS, Allergan) q. ·8 h. for 3 days, while 

Group XII ~n=4) received Med 2 days before- and 1 day after endotoxin. 

· Animals in Group XIII (n=lO) _were injected intraperiton~ally (i. p. ). 

-with 5 mg/kg body weight of the non-steroidal phospholipase A
2 

inhibitor_, 
. . .. 

quinacrine . (Blackwell, 19 77) , 48 hours before enzyme assay while Group XIV -

- animals (n=4) received quiriacrine 24 hours before · endotoxin ( 48 hours 

· bef ora. enzyme ass~y). 
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IV. The effects of endotoxin and cyclcioxygenase and lipoxygenase .· 
. . . . 

inhibiiors on superoxide dismutas~ activity in th~· adult albino rabbit 

iris. 

Group XV animals (n=lO) _ received 20_ mg/kg of the cyclooxygen~se 

inhibitor, indomethacin (Kulkarni, 1985)_ by intra~~rftoneal inje~tion 48-

h6urs before enzy~e mea~urement but did not receive endotoxin. Similarly~ 

animals in Group XVI ( n=4) were : injected with th~ same . dose .of 

indomethacin 24 hours before receiving endotoxin (48-hours before enzyme 

assa_y). · 

Group .XVII animals.(n=8) were admini'stered 600 mg of the 
. . . . ' ' ' . . 

cyc:looxygena·se· inh;i.bitor, · acetylsalicylic acid (aspirin), in suppository 

· form 48 hours· before. sac·rifice but did not receive endotoxin. Group .XVIII· 

animals. (n=:7) received aspirin· 24 before endotoxin (48 hours before ep.zyme 

assay). The dosages coincided with those cited by E~kin~ et al. (1975). 

The putative-· lipoxygenase inhibitor, nordihydroguaiaretic acid (NDGA; 

Ozaki, 1986; Garceau, 1987) , was administe_red by intraperitoneal inj e~tion . 
. . . . . . 

. . 

(7.5 mg/kg) to animals in G~oup·XIX·(n=6) 48 hours before enzyme assay. 

As they did not receive endotoxin,. they served as controls for ~roup XX. 

Group XX received NDGA 24- hours before endotoxin-. 
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V. The effects of arachidonic acid and arachidonate metabolit~~ bn 

superoxide dismutase activity in the adult albino· rabbit iris. 

Animals in Group XXI (n=l4). received topical 2% arachidonic acid in 

deionized H
2

0 q. 8 h. for 1 day before perfusion, tissue harvesting and 

·enzyme assay. 

Group XXII anima.ls (n=8) received intravitreal injections of 10 µl of 
. . 

3M arachidonic.acid also 24 hours before tissue·processing.· 

Animals in Groups XXIII (n=7), XXIV. (ri=8), XXV (n.=8) and XXVI {n=8) 

received 10 µl intravitreal injections of 2.8 M of the cyclooxygenase· 

products PGA
1

, P.GE
1

, PGE2 and ·PGF 2a, .respectively. Similarly, Group XXVII 

animals· (n=6) were injected with 10 µl of 2.8 M thromboxane. B2 • -Finally; 

animals in Group XXVIII (n;:;6). received intravitreal injections.(10 µl of 

2 .• 8 M) of the lipoxygenase product Leukotriene B4 , a potent . 

· chemoattractant. 
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VI. Correction for SOD activity in blood in long-term non-perfused 

animals. 

Animals in Group XXIX (n=7).served as controls receiving 1 drop 

.. topically of the vehicle, Comfort Tears (Barnes-Hind., Sunnyvale, CA) q. 6 

h. for 49 days. S:i.milarly, animals in Group XXX (n=l2) received Comfort 

Tears topically q. 6 h. for 49 days and an intravitreal injection of 10 µ1 

of deionized H
2

0 24 hours before tissue harvesting. These animals were 

termed "Shams" as they received vehicle by. the same route of 

administration though in the absence of an active agent. Animals in Group 

XXXI (n=l2) underwent the same vehicle (Comfort Te.ars) application regimen 

but received 1 µg of ·E.coli endotoxin intravitreally.24 hours .befor~ 

tissue harvesting. 

Animals in Group XXXII (n=12) received topical 0.1% dexamethasone q •. 

6 h. for 49 days, while Group .XXXIII (n=12) receiv.ed dexamethasone for 49 

days. q. 6 h. and endotoxin 24 hours before sacrifice. 

Group XXXIV animals (n=7) were admini~tered topical 1.0% medrysone q. 

6 h. for 49 days. Similarly, Group XXXV animals (n=S) received the.same 

medrysone regimen but were also administered l µg.of endotoxin 24 hours 

before ·sacrifice. 

As a control ·for the non...;.anti-inflammatory actions of.the steroidal 

agents used, animals in Group XXXVI received the stero~d receptor 

antagonist RU486 .(Rousell-Uclaf) in 1.0% topical form (suspended in· 
.. . 

Comfort Tears) q. 6 h ~·.for 49 days,. while Group XXXVII received .RU486 for 

49 days.and endotoxin 24 hours before enzyme assay. 



VII. The effects ~f endotoxin and lopg-term (49 day) topical steroid 

administration on SOD activity in the adult New Zealand Red rabbit. 

As mentioned previously., New Zealand Red rabbits were used for all 

experiments utilizing long-term steroid regimens. 

Animals in Group XXIX (n=7) were control animals receiving topical 

Comfort Tears q. 6 h. for 49 days as this was the vehicle used to deliver 

the steroid RU486 to other groups of animals in this experiment. Animals 

in Group XXX (n=l2) were defined as "Shams" receiving topical vehicle only 

q. 6 h. for 48 days before and 1 day after the intravitreal injection of 

10 µl of deionized H20. ~issues were harvested 24 hours after the 

intravitreal injection of H
2

0. Group XXXI animals (n=12) received the 

vehicle topically q. 6 h. for 48 before and 1 day after the intravitreal 

injection o~ 1 µg of endotoxin. 

Group XXXII (n=l2) animals received topical dexamethasone q. 6 h. for 

49 days while Group XXXIII was pretreated with dexamethasone for 48 days 

and then received endotoxin 24 hours before enzyme assay~ 

Similarly, animals in Group XXXIV (n=7) were treated with 1.0% 

topical Medrysone q.6 h. for 49 days before sacrifice, while Group XXXV 

(n=S) were treated with topical medrysone for 48 days before and 1 day 

after endotoxin. 

The progestational agent and steroid antagonist RU486 was 

administer~d in 1.0% topical form (suspended in Comfort Tears) q. 6 h. for 

49 days to Group XXXVI (n=12) while animals in Group XXXVII were treated 

with RU486 for 48 days before and 1 day after receiving endotoxin. 
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VIII. The effects of long-term (49 day) topical steroid treatment on 

blood hemoglobi~ concentrations, blood SOD activity and body weight. 

Whole blood sample were taken by cardiac puncture at the time of 

sacrifice. Blood hemoglobin concentration was quantified py the 

spectrophotometric technique of Rarboe (1959). Blood SOD activity was 

determined by the method described by Del Maestro (1985) and is reported 

as units SOD/ml blood since decre~ses in blood Rb content might falsely 

lead to the appearance of an increase in units SOD/mg Rb if activity were 

reported in this latter form. Group LT-I (n=l9) represents a pooling of 

the animals in Groups XXIX and XXX (the change in nomenclature numeration 

connotes pooled groups, while "LT" is the abbrevation for long-term). 

Similarly, Group LT-II-represents data pooled from Groups XXXII apd 

XXXIII, Group LT-III from groups XXXIV and XXXV, and Group LT-IV from 

XXXVI and XXXVII. 
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IX. The effects of age and endotoxin on aqueous.humor protein 

concentration in the albino rabbit. 

Aqueous humor samples were taken from young, adult and aged control 

animals (Groups XXXVIII, XXXIX and XL, n=8, 23 and 14, respectively) as 

described below and assayed for protein concentration. In order to verify 

the breakdown of the blood-aqueous barrier in the three age groups after 

the administration of endotoxin, aqueous samples were similarly taken from 

young (Group XLI, n=4), adult (Group XLII, n=13) and aged (Group XLIII, 

n=l8) animals 24 hours after the intravitreal administration of endotoxin. 
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X. The effects of age and endotoxin on the presence of indicators of 

ocular damage in the albino rabbit. 

The effect of age and endotoxin on the presence of indicators of 

ocular damage were assessed in young, adult and aged albino rabbits which 

represent a pooling of groups XLXVIII through XLIX. The four parameters 

assessed were 1) the presence of vascular injection/iritis/conjunctival 

hyperemia, 2) clouding. of the aqueous humor, 3) fibrin formation in the 

anterior chamber, and 4) choroidal striation. Incidence of each of these 

parameters was noted in each age group and the observations are noted in 

Table X. 
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XI. The effects of age and endotoxin on superoxid~ dismutase acti~ity in 

the albino rabbit iris. 

Superoxide dismutase was assessed in the irides of young (Group 

XXXVIII, n=l8), adult (Group XXXIX, n=l6), and aged (Group XL, n=l8) 

control animals and 24 hours after age-matched groups (young: Group XLI, 

n=8; adult: Group XLII, n=l2; aged: Group XLIII, n=20) received 

intravitreal injections of endotoxin. 
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XII. The effects of age and endotoxin on superoxide dismutase activity in 

the albino rabbit choroid. 

Superoxide dismutase activity was assessed in the choroids of young 

(Group XXXVIII, n=lO), adult (Group XXXIX, n=4) and aged (Group XL, n=l2) 

control albino rabbits. Similarly, SOD activity was quantified in the 

choroids of young (Group x1r·, n=lO), adult (Group XLII, n=4), and aged 

·(Group XLIII, n=l2) animals 24 hours after endotoxin administration. 
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XIII. The effects of age and. endotoxin on sup-eroxide dismutase activity 

in the albino rabbit retina. 

SOD activity was quantified in the retinas of young (Group X..~XVIII 

n=lO), adult (Group XXXIX, n=4), and aged (Group XL, n=l2) control albino 

rabbits and in those of young (Group XLI, n=lO), adult (Group XLII, n=4), 

and aged (Group XLIII, n=12) albino rabbits 24 after intravitreal 

injection with endotoxin. 
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XIV. The effects of age and endotoxin on Malondialdehyde.formation in the 

albino rabbit iris. 

Iridic malondialdehyde (MDA), a index of lipid peroxidation, was 

quantified by the modified thiobarbituric acid method (Placer, et al., 

1966) as described by Singal (1988). 

MDA was determined in the irides of young (Group XLIV, n=8), adult 

(Group XLV, n=8), and aged (Group XLVI, n=8) albino control rabbits, and 

in age-matched groups (Groups XLVII, XLVIII and XLIX, each n=8) 24 hours 

after the administration of endotoxin. 
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XV. The effects of blood replacement by whole body Ringer's perfusion on 

catalase activity in the adult albino rabbit iris. 

Animals in Group C-I (n=26) underwent blood replacement by the 

Ringer's whole body perfusion technique described in Section A, VIII. 

Irides were removed immediately upon sacrifice·from animals .in Group C-II 

(n=6) which did not undergo whole body perfusion. 

Irides were excised as described previously and placed in covered 

Petri dishes on ice until weighing. After tissue weights were recorded, 

each sample was placed in 2 ml of 10 mM phosphate buffer, homogenized for 

20 seconds and sonicated for 20 seconds. Protein concentrations were 

determined by the commercial BCA assay using bovine serum albumin 

standards. Catalase activity was quantified by the method described in 

Section A, .IX. 
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XVI. The effects of age and endotoxin on catalase activity in the albino 

rabbit iris. 

The effects of age on catalase activity in the iris was examined by 

quantifying the enzyme's activity in irides from adult (Group C-II, n=6) 

and aged (Group C-III, n=6) albino rabbits. Similarly, the effects of age 

and endotoxin on catalase activity in the iris were assessed by examining 

catalase activity in adult (Group C-IV, n=6) and aged (Group C-V, n=6) 

animals 24 hours after they had received intravitreal injections of 

endotoxin. 
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RESULTS 

I. The effects of Ringer perfusion and blood replacement technique on 

tissue swelling in the iris. 

The effects of the perfusion technique on tissue swelling were 

assessed in adult pigmented New Ze-aland Red rabbits by perfusing animals 

in one group before tissue harvesting while not performing perfusion in 

another group. Protein concentrations in iridic homogenates were 

determined by the BCA assay (Section A, XII) and the ratios -of tissue wet 

weight to tissue protein are reported in Table I. 

No statistically s1.gnificant difference was noted between tissues 

from animals that were not perfused (Group A) and those that were perfused 

(Group B). Iridic tissue from non-perfused control animals averaged 22.55 

±0.30 mg wet weight/mg protein while that from age-matched perfused 

control animals averaged 20.08 ±0.58 mg wet weight per mg protein. Since 

protein content of tissue remains constant regardless of tissue swelling 

over the relatively short period of perfusion (5-10 minutes). The data 

indicate that the blood replacement technique by aortic catmulation 

described in Methods Section A, VII does not promote tissue swelling. 

Furthermore, the perfusion technique was efficacious in clearing iridic 

tissue of blood as measured by iridic tissue hemoglob{n content in 

perfused versus non-perfused animals as will be discussed below. 
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Table I. 
The Effects of Ringer Perfusion Technique on Tissue Swelling in the Iris of 

Adult Pigmented New Zealand Red Rabbits.· 

A. Non-perfused Controls 

B. Perfused Controls 

+ , not significant (P>0.05). 

n 

7 

20 

Wet Wt. 
Avg. (mg) 

83.45 

74.70 

87 

Total 
Protein 
Avg. (mg) 

4.10 ± 0.55 

3.72 
+ 

± 0.12 

mg Wet Wt/mg 
Protein 

22.55 ± 0.30 

.20.08 + 
± 0.58 



II. The effects of endotoxin, Lipid A and the intravitreal injection procedure 

on superoxide dismutase activity iri the adult albino rabbit iris. 

Superoxide dismutase activity was assessed by the pyrogallol autoxidation 

method of Marklund (1974) as described in Section A, VIII. Control values 

(Table II, Group I) were comparable to those reported by Bhuyan and Bhuyan 

(1978) in the same animal and tissue model employing the same assay pro.cedure 

(17.58 ± 1.24 units SOD/mg ~rotein, n=l6 for the current study vs. 16.63 ± 

2.25, n=7). Furthermore, running samples in duplicate or triplicate produced 

reasonable reproducibility (<±5.0%). Iridic SOD activity for animals receiving 

intravitreal injection of vehicle (10 µl of sterile deionized H
2

0) equalled 

13.97 ± 0.79 units/mg protein.(Table II, Group II not significantly different 

as compared to controls). Such injection did not produce ostensible 

inflammatory changes (conjunctival hyperemia, vascular injection, iritis, 

etc.). An indication of this fact is that irides from sham animals were not 

noted to have increased hemoglobin content (as will be discussed later). 

Endotoxin-treated eyes (Table II, Group III). showed marked inflammation 

and hyperemia of the iris and conjunctiva 24 hours later, with obvious cellular 

infiltrates in the anterior chamber along with visible clouding of the aqueous 

humor and fibrin formation along with, upon examination after dissection, 

retinal hyperemia and marked striation of the choroid. 

SOD activity in the irides of endotoxin-treated animals (Table II, Group 

III) equalled 177% of that of control animals (Table II, Group I) and 222% of 

animals injected only with vehicle. (''sham") animals, (Table II, Group II). 

Concomitant administration of the protein synthesis inhibitor, 

cycloheximide, completely prevented the elevation in SOD (Table II, Group IV) 

while not affecting th~ visible signs of the endotoxin-associated ocular 

inflammation. Induction can be the result of de~ transcription, activation 
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or deinhibition of an enzyme. The ability of cycloheximide to prevent the 

induction of SOD seen with endotoxin alone, suggests, but does not prove, that 

the induction is protein synthesis-dependent (de~ transcription-dependent). 

Lipid A, an active moiety of the endotoxin molecule, was not associated 

with a marked an increase in SOD activity as was endotoxin. Irides from 

animals receiving intravitreal injections of 1 µg of Lipid A in 10 µl deionized 

H
2
0 (Group V) exhibited a 13.0% increase (though statistically insignificant) 

in· SOD activity at 24 hours. Concomitant administration of cycloheximide and 

Lipid A (Group VI) effectively precluded even this statistically insignificant, 

though directional, change. 

Cyanide-resistant SOD (Mn-SOD) activity approximated 10 % of control 

(total) SOD activity at 1.10 ± 0.22 units/ mg protein in iridic homogenates (n 

= 4). In ~ndotoxin-treated animals, Mn-SOD activity averaged 1.16 ± 0.36 

units/ mg protein. Thus, no_significant difference was noted in Mn-SOD between 

treatment groups inspite of the fact that total SOD activity nearly doubled 

after endotoxin treatment. Therefore, it appears that the induction of SOD 

activity after endotoxin invo1oves a copper-containing form of the enzyme. 

Since Mn-SOD was constant during the greatest induction noted and since its 

measurement involved large deviations (as noted by the standard error means), 

Mn-SOD was thereafter not examined in order to expedite the assay procedure and 

minimize tissue decomnpostion. Hereafter, only total SOD activity is noted. 

Ceruloplasmin concentration in the serum of both a control adult albino 

rabbit and 24 hours after endotoxin treatment was examined in order to 

determine if any of the SOD activity induced during endotoxin treatment was 

attributable to ceruloplasmin (even though this possibility was unlikely 

because blood was cleared from the iridic tissues during the perfusion 

technique). In the control animal, the ceruloplasmin concentration in the 
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ceruloplasmin-cdntaining fraction equalled 1.25 micromoles/ml (16.S mg· 

ceruloplasmin/100 ml serum, or specific concentration of 1.78 micromoles/mg 

protein). The total ceruloplasmin concentration in whole.serum from the same 

control animal equalled 13.125 micromoles/ml (173.25 mg/100 ml, or a specific 

concentration of 2.21 micromoles/mg protein). Serum from the endotoxin-treated 

animal did not show any appreciable difference, amounting to L20 micromoles/ml 

serum (15.84 mg ceruloplasmin/100 ml of serum, or a specific concentration of 

1.69 micromoles/mg protein) in the ceruloplasmin-containing fraction. In the 

whole serum from the endotoxin-treated animal, ceruloplasmin equalled 12.85 

micromoles/ml serum (2.13 micromoles/mg protein, or 169.62 mg ceruloplasmin/100 

ml serum). In support of the reliability of the technique, the absorbance peak 

corresponding to the albumin band (Gianazza and Arnaud, 1982) indeed contained 

over 68% of the total protein which eluted. 
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Table II. 
The Effects of Endotoxin on Superoxide Dismutase Activity 

in the Adult Albino Rabbit Iris. 

Units SOD/ 
Group n mg Protein 

I. Control 16 17.58 ± 1.24 

II. Sham 14 13.97 ± 0.79 
+ 

;* 
III. Endo toxin 12 31.06 ± 1.07 

IV. Endotoxin + 
Cycloheximide 8 17.10 ± 0.57+· 

v. Lipid A 10 19.87 ± 0.59+ 

VI. Lipid A + + 
Cycloheximide 6 17.96 ± 0.59 

Endotoxin, 1 µg E.coli endotoxin in 10 µl deionized H20 by intravitreal 
injection. Sham, 10 µl_~eionized H20 by intravitreal injection. 
Cycloheximi~e, 10 µl 10 Min deionized H20. Lipid A, 1 µgin 10+µ1 deionized 
H

2
o. Data-expressed as means± SEM. n, number ~r observations. , not 

significant as compared to co.ntrols (Group I). , P<0.05, as determined by 
one-way analyses of variance ·followed by Newman-Keuls Test. Group III was also 
significantly different from an other groups (see Appendix). 
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III. The effects of endotoxin and phospholipase inhibitors on SOD activity in 

the adult albino rabbit iris. 

The steroidal phospholipase inhibitors dexamethasone and medrysone and the 

non-steroidal phosphospholipase A2 inhibitor, quinacrine (i.p.), were used 

either alone or along with the inflammatory stimulus endotoxin. The agents 

varied in ·their ability to prevent the visible signs of endotoxin-induced 

ocular inflamniation. Short-term (2 day) topical 1.0% dexamethasone 

pretreatment (Table III, Group VII) fully prevented the overt signs of 

inflammation (conjunctival hyperemia, vascular injection, cellular infiltration 

of the aqueous and iritis). The anti-inflammatory efficacy of medrysone (Table 

III, Group XII) was markedly less than that of dexamethasone as judged 

subjectively by the inflammatory signs. 

The n~n-steroidal phospholipase A
2 

inhibitor, quinacrine, also failed to 

prevent the endotoxin-induced iritis and conjunctival hyperemia (Table III, 

Group XIV). Furthermore, the group receiving quinacrine alone (5 mg/kg by 

intraperitoneal injection, Group XIII) was marked by iritis and indications of 

a breakdown in the blood-aqueous barrier. 

Although each of the phospholipase inhibitors examined varied in their 

anti-inf_lammatory efficacy against endotoxin, each acted similarly in 

preventing the induction of SOD in the iris produced by intravitreal endotoxin. 

Topical dexamethasone treatment q. 8 h. 2 days before and 1 day· afte·r blocked a 

statistically significant induction of SOD from occurring. The same was true 

for topical medrysone pretreatment which permitted only an insignificant 

elevation in SOD after endotoxin. The sam~ topical progesterone pretreatment 

regimen (Group VIII) before endoto~in did not block a significant elevation in 

SOD from occurring (Table III). 
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Even though quinacrine alone apparently led to ocular inflammation, 

induction was prevented in animals pretreated with quinacrine before receiving 

endotoxin (Group XIV). Furthermore, irides from animals receiving quinacrine 

before endotoxin exhibited SOD activity levels equalling only 74.9% of control 

values (a statistically significant decrease). 

Thus, though each of the phospholipase. inhibitors examined varied in its 

ability to prevent the overt signs of endotoxin-produced ocular inflammation 

(as will be discussed later), all three agents acted similarly in preventing 

the induction in SOD produced by endotoxin at 24 hours. 
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I. 

III. 

IV. 

VIL 

-VIII. 

IX. 

x. 

XI. 

XII. 

XIII. 

XIV. 

Table III. 
The Effects of Endotoxin and Phospholipase Inhibitors on Superoxide 

Dismutase Activity in the Adult Albino Rabbit Iris .. 

Group 

' Control 

Endo toxin 

Endotoxin + 
Cycloheximide 

·Progesterone 
1.0% t.i.d. 3 d. 

Progesterone+ 
Endo toxin 

Dexamethasone 
0 • 1% t . i. d • 3 d .• 

Dexamethasone + 
Endo toxin 

Medrysone 
1.0% t.i.d. 3 d. 

Medrysone + 
Endo toxin 

Quinacrine 
· 5 mg/kg i. p. 

Quinacrine + 
Endo toxin 

n 

16 

12 

8 

8 

8 

6 

6 

4 

4 

10 

4 

Units SOD/ 
mg Protein 

17.58 ± 1.24 

31.06 

17.10 

14.72 

21.47 

. 18. 34 

19.65 

15 .71 

20.64 

21.37 

13. is 

* ± 1-.07 

+ 
± 0.57 

+ 
± 0.64 

+ 
± 0. 71 

+ * One-way analysis of variance. not significant. P<0.05, as determined by 
Newman-i<euls Test as compared to controls. Group III exhibited a statistically 
significant level of SOD as compared to all other groups (see Appendix). 
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IV. The effects of endotoxin and cyclooxygenase and lipoxygenase inhibitors on 

superoxide dismutase activity in the adult albino rabbit iris. 

The ability of cyclooxygenase and lipoxygenase inhibitors to modify the 

endotoxin-associated induction in iridic SOD and ocular inflammation was 

examined through the use of the cyclooxygenase inhibitors indomethacin and 

aspirin and the lipoxygenase inhibitor nordihydroguaiaretic acid (NDGA). 

Intraperitoneal pretreatment with 20 mg/kg indomethacin 24 hours before 

endotoxin (Table IV, Group XVI) failed to block the endotoxin-associated 

induction in SOD. Irides from animals inJected with indomethacin alone Table 

IV, Group XV) did not exhibit SOD activity varying from that of control 

animals. Aspirin pretreatment (Group XVIII) prevented a significant rise in 

SOD after endotoxin. However, animals receiving just aspirin 48 hours before 

tissue harvesting (Group XVII) exhibited iridic SOD activity equalling only 

64.4% of control values (statistically significant). While aspirin was of some 

apparent value in limiting the overt signs of endotoxin-associated ocular 

inflammation, indomethacin offered no noticeable protection. 

The lipoxygenase inhibitQr, NDGA, was the most efficacious in preventing 

ocular inflammation of the group of cyclooxygenase or lipoxygenase inhibitors 

tested. Furthermore, NDGA pretreatment by intraperitoneal injection 24 hours 

before endotoxin (Table XIV, Group XX) completely blocked the induction of SOD 

seen with endotoxin alone. NDGA alone (Group XIX) had no significant effect on 

SOD activity. 

Thus, the cyclooxygenase inhibitors, indomethacin and aspirin, though 

varying in their' ability to prevent endotoxin-associated ocular inflammation, 

both failed to block the induction in SOD. The lipoxygenase inhibitor, NDGA, 

was both efficacious in preventing the overt signs of inflammation and the 

induction of SOD. 
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Table IV. 
The Effects of Endotoxin and Cyclooxygenase and Lipoxygenase Inhibitors 

on Superoxide Dismutase Activity in the Adult Albino Rabbit Iris. 

Group 

I. Control 

III. Endo toxin 

IV. Endotoxin + 
Cycloheximide 

XV. Indomethacin 
20 mg/kg i. p. 

XVI. Indomethacin + 
Endo toxin 

XVII. Aspirin 600 mg 
Suppository 

XVIII. Aspirin + 
Endo toxin 

XIX. NDGA 
7.5 mg/kg i.p. 

xx. NDGA + 
Endo toxin 

n 

16 

12 

8 

10 

4 

8 

7 

6 

8 

Units SOD/ 
mg Prot.ein ± SEM 

17 .58 ± 1.24 

* 31.06 ± 1.07 

17.10 ± 0.57+ 

19.39 ± 1.03+ 

* 30.40 ± 3.05 

11.32 ± 0.57+ 

23.87 ± o. 72+ 

19.34 ± 0.95+ 

13.69 ± 1.68+ 

+ 
One-way analysis of variance, followed by Newman-Keuls Test.- , not 
significant. , P<0.05, as compared to controls. For interactions among other 
pairings, please see Appendix. 
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v. The effects of arachidonic acid and arachidonate metabolites on superoxide 

dismutase activity in the adult albino rabbit iris. 

The effects of various arachidonate metabolites on SOD activity were 

assessed in adult albino rabbits and the data is presented in Table V. Topical 

application of 1 drop of 2% arachidonic acid q. 8 h. for 1 day (Table V, Group 

XXI) resulted in a 29.4% increase in iridic SOD activity at 24 hours after the 

first drop. However, a single intravitreal injection of 10 µl of 3M 

arachidonic acid 24 hours before tissue sampling failed to elevate iridic SOD 

activity (Table V, Group XXII). Similarly·, 10 µ1 intravitreal injections of 

2.82 M cyclooxygenase products PGA
1 

(Group XXIII), PGE1 (Group XXIV), PGE2 

(Group XXV), PGF2~ (Group XXVI), or thromboxane B2 (Group XXVII), failed to 

augment iridic SOD activity at 24 hours. The lipoxygenase product Leukotriene 

B
4

, althou~h a potent chemo-attractant, also was ineffective. in raising SOD 

activity after a single intravitreal injection (Group XXVIII). 
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Table V. 
The Effects of Arachidonic Acid and Arachidonate Metabolites on SOD Activity 

in the Albino Rabbit Iris. 

Groups/Condition 

I. Control 

XXI. Arachidonic Acid 
2% t. i.d. topical 1 d. 

XXII. Arachidonic Acid 
10 µl 3M intravitreal 

XXIII. PGA1 intravitreal 

XXIV. PGE1 
· intravitreal 

XXV. PGE2 intravitreal 

XXVI. PGF2 

intravitreal 

XXVIL Thromboxane B2 intravitreal 

XXVIII. · Leukotriene B
4 intravitreal 

Units SOD/ 
n mg Protein 

16 17.58 ± 1.24 

* 14 22.75 ± 0.59 

8 15.77 ± 0135+ 

+ 
7 17. 65. ± 0.62 

8 16.00 ± 0.60+ 

8 16.03 ± 0.60+ 

8 18.89 ± 0.66+ 

6 17.84 ± 0.41+ 

6 18.47 ± 0.71+ 

+ * , not significant. , P<0.05, as compared to controls as determined by 
one-way analysis of variance followed by Newman-Keuls Test. For further 
interactions, please see Appendix. 
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Table VI. 

Correction for SOD Activity in Blood in Long-Term Non-Perfused Animals. 

gm Hemoglobin/ Units SOD/ Units SOD Total Units Percentage of Adjusted units 
ml tissue gm Rb due to SOD/mg total SOD SOD/mg protein 
homogenate blood protein activity 

content of attributable to 
tissue blood content 

Group n of tissue 

XXIX Control 7 0.34±0.04 2.86±0.32 .0.99±0.15 l 20.80±0.20 4.86±0.82 19. 80±1. 20 

XXXII Dex 49 d q 6 hr 12 0.28±0.07 2.70±0.19 0.75±0.04 19.43±0.98 4.01±0.64 18.68±0.98 

XXXIII Dex 49 d + ·End 12 0.22±0.01 2.24±0.24 0.49±0.03 12. 26±1.00 4. 22±1. 64 11. 74±1.00 

XXXIV Med 49 d q 6 hr 7 0.32±0.07 2.55±0.58 0.55±0.14 19.98±1.20 2. 81±0. 77 19 .43±1.23 

XXXV Med 49 d + End 5 1.09±0.41 2.39±0.46 2.09±0.41 15.06±2.11 15.22±4.50 12.97±2.48 
\,!) 
\,!) 

XXXVI RU486 49 d q 6 hr 12 0.31±0.02 3.08±0.27 0.96±0.05 18.74±0.95 5.40±0.29 17.78±0.95 

XXXVII RU486 + End 12, 0.68±0.03 2.97±0.14 2.03±0.09 15 .11±0. 62 15.54±0.64 13.08±0.62 

SOD, ,superoxide dismutase; Rb, hemoglobin; Dex, dexamethasone;_ Med, medrysone. Values are mean ± SEM. 



VII. The effects of endotoxin and long-term topical steroid treatment on 

iridic superoxide dismutase activity in the adult New Zealand Red rabbit iris. 

Control values for irides of adult New Zealarid Red rabbits (Group XXIX) 

did not differ significantly from those of age-matched control albino rabbits 

(Table II, Group I). Intravitreal injection of vehicle alone (Table VII, Group 

XXX) did not significantly elevate iridic SOD. 

Endotoxin injection in these pigmented rabbits was associated with a 

marked reduction in iridic SOD. Iridic SOD in endotoxin-treated animals (Group 

XXXI) equalled only 61.8% of control animals and only 56.1% of sham animals 

-
(statistically insignificant). 

Neither long-term dexamethasone (Group XXXII), medrysone (Group XXXIV) nor 

RU486 (Group XXXVI) administration was associated with altered iridic SOD 

activity. 

SOD activity after endotoxin in animals receiving long-term pretreatment 

with dexamethasone (Group XXXIII) equalled only 11.74 ± 1.00 units/mg protein. 

This amount equalled only 53.8% of that of sham tissues (statistically 

insignificant) though did not differ from that of animals receiving endotoxin 

alone. Similarly, animals receiving endotoxin after l.ong-term medrysone 

pretreatment (Group XXXV) exhibited iridic SOD of only 12.97 ± 2.48 units per 

mg protein (59.5% of sham values statistically insignificant). This figure did 

·not differ from that of animals administered just endotoxin.- Animals receiving 

long-term topical RU486 pretreatment before endotoxin (Group XXXVII) similarly 

exhibited iridic SOD activity approximating that of endotox_in-treated animals 

(only 60% that of sham animals, not statistically significant). 

Thus, though iridic SOD activity in control pigmented New Zealand Red 

rabbits did not differ significantly fr6m that of age-matched control albino 

rabbits, while SOD induction was noted in albino rabbits after endotoxin, in 
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the pigmented rabbits endotoxin administration did not result in significant 

elevation of SOD activity at 24 hours. This directional (but not statistically 

significant) reduction in SOD activity was not prevented by long-term 

pretreatment with topical dexamethasone, medrysone or RU486·. Administration of 

these agents without endotoxin had no effect on iridic SOD when compared to 

control animals. 
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Table VII. 
The Effects of Endotoxin ·and Long-Term (49 day) Topical Steroid Treatment 

on SOD in the Adult New Zealand Red Rabbit Iris. 

Units SOD/ 
Group Condition n mg Protein 

XXIX Control 7 19.80±1.20 

XXX Sham 12 21.80±1.09 
+ 

XXXI Endo toxin 12 12.24±0.65 
+ 

XXXII Dex 49 d q. 6. h. 12 18.68±0.98+ 

XXXIII Dex + endotoxin 12 11.74±1.00 
+ 

XXXIV Med 49 d q. 6 h .. 7 19.43±1.23+ 

XXXV Med+ endotoxin 5 12.97±2.48 
+ 

XXXVI RU486 49 d q. 6 h. 12 
. + 

17.78±0.95 

XXXVII RU486 + endotoxin 12 13.08±0.62 
+ 

+ One-way analysis of variance. not significant, as compared to controls 
(Group XXIX) as determined by Newman-Keuls Test. For the interactions for 
other pairings, please see Appendi~. 
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VIII. The effects of long-term topical steroid treatment on plasma hemoglobin 

concentration, blood SOD activity and body weight. 

Though long-term topical administration of dexamethasone, medrysone and 

RU486 had no effect on iridic SOD either aione or in the presence of endotoxin, 

such a regimen. had some noted, and potential deleterious, systemic effects. 

The systemic effects·of long-term.topical steroid treatment on plasma 

hemoglobin, plasma SOD activity and body weight are chronicled in Table VIII. 

Though neither long-term RU486 nor medrysone altered plasma hemoglobin, 

long-term topical dexamethasone administration (Table VIII, Group LT-II) led to 

a 14.0% reduction in plasma hemoglobin concentration. 

Furthermore, long-term dexamethasone led to a 28.0% reduction in blood SOD 

activity when activity. is calculated as units SOD/ml blood and not units SOD/mg 

hemoglobin.in order to avoid the spurious lack of difference produced by 

concomitant reduction in plasma hemoglobin concentration. Long-term steroid 

administration had marked effects on body weight. Thus, long-term 

administration of topical ophthalmic steroids possibly included deleterious 

systemic effects. 
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Table VIII. 
The Effects of Long-Term .(49 day) Topical Steroid Treatment on 

Plasma Hemoglobin, Plasma SOD Activity and Body Weight. 

gm Hb/ Units SOD/ Body Weight (kg) 
Condition n 100 ml ml blood Initial End 

blood 

LT-I Control 19 15.00 42.04 2.32 3.01 
±0.32 ±1.70 ±0.10(24) ±0.11(22) 

LT-II Dexamethasone 
0.1% 49 d. q. 
6 h 12 12.88** 30.31*** 3.05 

*** 
2.56 

** ±0.61 - ±1.81 ±0.16(14) ±0.14(12) 

LT-III Medrysone 1.0% 
49 d.q. 6 h. 12 15.35+ 38.75+ 1.88 

** 
2.48 

** ±0.50 ±6.09 ±0.10(14) ±0 ~ 12 (13) 

LT-IV RU486 1.0% 
49 d. q. 6 h. 12 14.59+ 44.11+ 2.50 + 3.02 + 

±0.46 ±1.12 - ±0.07(12) ±0.11(12) 

+ * ** *** , not significant (P<0.05). , P<0.05; , P<0.01;. , P<0.001. For body 
weights, n in parenthesis. 
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IX. The effects of age and endotoxin on aqueous humor protein concentration. 

The effects of endotoxin on aqueous humor protein concentration in young, 

adult and aged animals are given in Table IX. No significant age-related 

difference was noted in control animals. Intravitreal injection of endotoxin 

led to a marked increase in aqueous humor protein concentration in the three 

age groups examined. After endotoxin,- aqueous humor protein ranged from 36.38 

± 1.18 to 39.41 ± 1.91 mg protein per ml. This. constituted a twelve-to

fourteen fold increase in protein concentration indicating endotoxin-induced 

breakdown of the blood-aqueous barrier in each of the age groups examined. 

Aqueous protein concentration after endotoxin did not quantitatively differ 

significantly between the three age groups. Thus, intravitreal endotoxin was a 

sufficient stimulus to. produce the inflammatory response noted earlier. 
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Table IX. 
The Effects of Age and Endotoxin on Aqueous Humor Protein Concentration. 

Age and condition n mg protein/ml ± SEM 

XXXVIII Young (4-6 weeks old) 8 3.07 ± 0.09 
XXXIX Adult (6 months old) 23 3.28 ± 0.13 
XL Aged (4+ years old) 14 2.83 ± 0.27 

*** XLI Young+ 1 µg Endotoxin 4 36.38 ± 1.18*** 
XLII Adult+ 1 µg Endotoxin 13 36. 96 ± 1. 34*** 
XLIII Aged+ 1 µg Endotoxin 18 39.41 ± 1.91 

*** , P<0.001 as compared to age-match controls. 
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X. Th~ effects of age and endotoxin on the presence of indicators of ocular 

damage in the albino rabbit. 

Though age was apparently of no benefit in preventing breakdown of the 

blood-aqueous barrier, differences in the visible signs of inflammation were 

noted amongst the three age groups. These are given in Table X. Upon visual 

examination of individual animals immediately before paracentesis and 

sacrifice, four visible parameters of the endotoxin- induced ocular 

inflammation were assessed and noted. They were; first, the extent of vascui'ar 

injection, iritis and conjunctival hyperemia; secondly, clouding of the aqueous 

humor; thirdly, fibrin formation in the aqueous and finally, choroidal 

striation due to inflammation of choroidal vessels. 

While all aged animals and virtually all adult animals exhibited marked 

ocular vascular injection, iritis and conjunctivitis, approximately one-third 

of young animals did noto Indeed, some young, treated eyes could barely be 

differentiated from control animals. Furthermore, clouding of the aqueous 

humor was noticeable in all aged animals and approximately half of adult 

animals yet was not detected in any young animals. Similarly, fibrin formation 

in the anterior chamber was apparent in most aged and a few adult animals. Not 

a single young animal, however, exhibited the formation of this material. 

The degree of choroidal striation provided the most dramatic age-related 

visible difference in response to endotoxin. · While no marked difference was 

noted between the choroids of young endotoxin-treated animals and those of 

young control animals, the choroids of all endotoxin-treated aged animals 

exhibited marked striations indicative of inflammation of the choroidal 

vessels. The choroids of adult, endotoxin-treated animals failed to exhibit 

such a response. 
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Thus, in each of the visible parameters of ocular inflammation noted 

(including Draize Scale ratings), increased age was correlated with increased 

propensity to exhibit morphological changes indicative of tissue damage in 

response to endotoxin. 

In order to more objectively quantify the direct inflammatory response 

produced by endotoxin on the cornea without the involvement of cellular and 

infiltrates and cytokines;.corneas were perfused with either glutathione 

bicarbonate Ringer solution or glutathione bicarbonate Ringer solution 

containing 1 mg E.coli endotoxin/100 ml (0.001%). Preliminary data was 

completed at the time of this writing, indicating that endotoxin produces a 

direct effect on the cornea. While control corneas exhibited a swelling rate 

of only 4.6 ± 1.3 micrometers/hour (n = 7) during the three hour cour~e of the 

perfusion, .corneas receiving endotoxin-containing perfusate averaged a swelling 

rate of 37.7 ± 5.3 micrometers/hour (n = 6, P compared to control less than 

0.001). Visible changes produced in the cornea by endotoxin during the 

perfusion period included significant darkening (apparent by 45 minutes) and 

loss of the· normal cellular hexagonal shape (polymorphism), size 

polymegathism), and proximity which characterize the unperturbed corneal 

endothelium. Perfusion with 0.001% E.coli Lipid A also resulted in a 

significant rate of swelling (16.2 ± 2.2 micrometers/hour, n = 4, Pas compared 

to controls less than 0.01) while perfusion with 0.001% monophosphoryl Lipid A 

did not result in.a significant rate of swelling (1.2 ± 1.1 micrometers/hoQr, n 

~ 6). Morphological changes produced by Lipid A were not, however, as marked 

as thcise produced by perfusion with-endotoxin~ Corneas perfused with MPLA·did 

not exhibit notable differences from control corneas. 
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Table X. 
The Effects of Age and EndotEEin on Iridic Hyperemia and the Presence of 

Indicators of Ocular Damage in the Albino Rabbit after Endotoxin. 

Vascular injection/ 
iritis/conjunctival 
hyperemia 

Clouding of 
aqueous humor 

Fibrin formation in 
anterior chamber 

Choroidal 
striation 

Draize Scale 
Rating 

Young 

-++ (20) 

--- (12) 

--- (12) 

( 8) 

0/1 (12) 

Number of observations in parenthesis. 

Adult Aged 

+++ (33) +++ (46) 

-+ (21) +++ (26) 

--+ (21) +++ (26) 

( 8) +++. ( 8) 

2/3 (21) 3/4 (26) 

Draize Scale ratings of iridic hyperemia, please see texto 
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XI. The effects of age artd endotoxin on superoxide dismutase activity in the 

albino rabbit iris. 

The effects of age and endotoxin administration on iridic SOD activity 

were examined in the albino rabbit. The data are presented in Table XI . 

. Although irid~c SOD activity was 25.0% lower in adult control animals (Group 

XXXIX) than in young animals (Group XXXVIII), iridic SOD activity in aged 

control animals (Group XL) did not differ from that of young animals and was, 

in fact significantly greater than that in adult animals. Furthermore, while 

endotoxin administration produced a 77% increase in iridic SOD in adult animals 

at 24 hours (Group XLII), SOD activity in endotoxin-treated aged animals (Group 

XLIII) equalled only 65% of that of age-matched controls (a 35% decrease) and 

only 52% of that of endotoxin-treated adult rabbits. 
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Table XI. 
The Effects of Age and Endotoxin on Superoxide Dismutase Activity 

in the Albino Rabbit Iris. 

Units/SOD mg 
n Protein± SEM 

XXXVIII Young (6 weeks old) 18 23.44 ± 0.87 
XXXIX Adult (6 months old) 16 17.58 ± 1.24 
XL Aged (4+ years) 18 24.57 ± 0.70 

** XLI Young + Endotoxin 8 18.56 ± 0.65*** 
XLII Adult + Endotoxin 12 31.06 ± 1.07 *** 
XLIII Aged+ Endotoxin 20 16.05 ± 0.85 

** *** , P<0.01 as compared tu age-matched controls; , P<0.001 as compared to 
age-matched controls. 
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XII. The effects of age and endotoxin on superoxide dismutase activity in the 

albino rabbit choroid. 

The data are presented in Table XII. As with measurements in the iris, no 

age-related decrease in choroidal SOD was noted as choroidal SOD in aged 

control animals (Table XII, Group XL) approximated that of young controls 

(Group XXXVIII). However, as with iridic SOD, activity in tissue from adult 

animals (Group ~~XIX) was significantly lower ~han that in young animals 

(Group XXXVIII) exhibiting a 28.5% decrease (P<O.O5). 

Endotoxin administration was associated with a 22.6% increase in young 

animals. (Group XLI) when-compared to age-matched controls. Similarly, a 49.1% 

induction in SOD was noted in adult animals (Group XLII) that had received 

endotoxin. Whereas induction was noted in choroidal tissue from young and 

adult animals,' a 13.1% (though not statistical significant) decrease in 

choroidal SOD occurred after endotoxin in aged animals (Group XLIII) as 

compared with age-matched controls (Group XL). Thus, as with iridic tissue, 

though no aging related decrease in SOD was noted, the inability of choroidal 

tissue from aged animal to induce SOD may account for the age-related 

differences in overt inflammatory signs seen in the choroid with aging. 
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Table XII. 
The Effects of Age and Endotoxin on Superoxide Dismutase Activity 

in the Albino Rabbit Choroid. 

Units/SOD mg 
n Protein± SEM 

XXXVIII Young 10 17.32 ± 0.69 
XXXIX Adult 4 12 .3'9 ± 1.37 
XL Aged 12 18.78 ± 0.60 

XLI Young + Endotoxin 10 21.23 ± 
+ 

1.89** 
XLII Adult + Endotoxin 4 18.47 ± 0.53+ 
XLIII Aged+ Endo toxin 12 16.32 ± 1.37 

+ ** , not significant. ,_P<0.01 as compared to age-matched controls. 
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XIII. The effects of age and endotoxin administration on SOD activity in the 

retina in the albino rabbit. 

The data are presented in Table XIII. As in the iris and choroid, no 

age-related decrease in retinal SOD was noted. However, while SOD induction 

occurred after endotoxin in retinas from adult animals (Group XLII), retinal 

tissue from aged rabbits (Group XLIII) failed to exhibit any significant change 

after endotoxin. 
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Table XIII. 
The Effects of Age and Endotoxin on Superoxide Di-smutase Activity 

in the Albino Rabbit Retina. 

Units/SOD mg 
Group n Protein± SEM 

XXXVIII· Young 10 13. 45 ± 1.03 
XXXIX Adult 4 11.51 ± 2.15 
XL Aged 12 17.54 ± 2.03 

XLI Young + Endotoxin 10 15.42 
+ 

± 1.08* 
XLII Adult + Endotoxin 9 16.33 ± 1.46 
XLIII Aged+ Endo toxin 12 18.67 ± 1.43+ 

+ * , not significant. , l?(O. 05 as compared to ·age-matched controls. 
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XIV. The effects of age and endotoxin on Malondialdehyde formation in the 

albino rabbit iris. 

Malondialdehyde content was determined in iridic homogenates of young 

(Table XIV, Group XLIV, n=8), adult (Group XLV, n=8) and aged (Group XLVI, n=8) 

control albino rabbits and in irides taken 24 hours after the intravitreal 

administration of endotoxin from young (Group XLVII, n=8), adult (Group XLVIII, 

n=8) and aged (Group XLIX, n=8) albino rabbits. 

Though basal levels of iridic malondialdehyde did not show an apparent 

age-related difference, endotoxin administration led to a statistically 

significant increase in iridic malondialdehyde content in each of the three age 

groups examined. In young animals, endotoxin administration was associated 

with a 56.6% increase in malondialdehyde as compared to age-matched controls. 

Similarly, _malondialdehyde concentration was increased 64.2% after endotoxin in 

irides from adult animals. However, irides from aged animals exhibited a 

151.2% elevation in malondialdehyde as compared to age-matched controls. 

Thus, it appears that iridic.tissue from aged animals undergoes a greater 

increase in lipid peroxidation after endotoxin administration than that from 

young and adult animals. 
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Group 

XLIV 
XLV 
XLVI 

XLVII 
XLVIII 
XLIX 

Table XIV. 
The Effects of Age and Endotoxin on MalondialdehyJe Formation 

in the Albino Rabbit Iris. 

n nmoles MDA/mg protein 

Young (6 weeks old) 8 10.40 ± 0.78 
Adult (6 months old) 8 13.49 ± 1.02 
Aged (4+ years) 8 12.28 ± 0.68 

* Young+ Endotoxin 8 16.29 ± 2.53*** 
Adult+ Endotoxin 8 22.15 ± 1. 41*** 
Aged+ Endo toxin 8 30.85 ± 2.24 

+ * *** , not significant. , -P<0. 05 vs. aged-matched controls. , P<0. 001 vs. 
age-matched controls.· 
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XV. The effects of blood replacement by whole body Ringer's perfusion on 

catalase activity in the adult albino rabbit iris. 

In order to verify the need to perform the blood replacement technique by 

whole body perfusion, catalase activity was measured in the irides of a group 

of adult animals (Table XV, Group C-I) undergoing the perfusion technique and 

another group that was not perfused before sacrifice (Table XV, Group C-II). 

Whole body perfusion and blood replacement had no apparent effect on iridic 

catalase activity as catalase activity in perfused animals equalled 19.66 ± 

1.02 units per mg protein while blood activity iri non-perfused animals .equalled 

20.46 ± 0.90 units per mg protein. This did not represent a statistically 

significant difference. Subsequently, animals in each experimental condition 

were not perfused before catalase quantification. 
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Table XV. 
The Effects of Blood Replacement by Whole Body Ringer's Perfusion on 

Catalase Activity in the Adult Albino Rabbit Iris. 

Group 

C-1. Perfused 

C-11. Non-Perfused 

+ , not significant (P<0.05). 

n 

26 

6 

Units Catalase/rng Protein 

120 

19.66 ± 1.02 

20.46 ± 0.90+ 



XVI. The effects of age and endotoxin on catalase activity in the albino 

rabbit iris. 

The effects of age and endotoxin administration on catalase activity in 

the iris were examined ~n adult and in aged albino rabbits. The data are 

presented in Table XVI. Values for adult control animals did not differ from 

those of previous reports (Csukas, 1987) using the same tissue and animal model 

and assay procedure (19.66 ± 1.02, n=20 versus 20.46 ± 0.90, n=6 for the 

current study). Catalase activity in control aged animals (Table XVI, Group 

C-III) equalled only 78% of that of irides.from control adult animals (Table 

XVI, Group C-II). This 22% decrease in catalase activity represented a 

statistically significant difference (P=0.002). Endotoxin administration had 

no effect on catalase activity in adult animals (Group C-IV). However, in aged 

animals, endotoxin administration was associated with 45.1% decrease in 

catalase activity (Group C-V) when compared with age-matched controls (Group 

C-III). Furthermore, catalase activity in aged animals receiving endotoxin 

(Group C-V) equalled only 43.8% of that of younger (adult) animals also 

administered endotoxin (Group C-III). Thus, a significant age-related decrease 

in catalase activity was noted in control animals. Furthermore, a marked 

reduction in catalase activity after endotoxin in aged, though not adult, 

animals occurred. 

121 



Table XVI. 
The Effects of Age and Endotoxin on Cat~lase Activity in the 

Albino Rabbit Iris. 

Group/Condition n Units Catalase/mg Protein 

C-II. Adult 8 20 .. 46 ± 0.90 

** C-III. Aged 8 15.96 ± 0.69 

C-IV. Adult + Endotoxin 8 20 .01 ± 0.82+ 

*** C-V. Aged+ Endo toxin 8 8.76 ± 1.86 

+ ** *** , not significant. , P<0.01; , P<0.001. -
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DISCUSSION: 

I. OVERVIEW 

The animal and tissue model (rabbit eye) utilized in the current study 

offered several advantages. First, a large body of literature and data 

regarding this model already exists allowing for ease of comparison in regards 

to experimental design, execution, data and analysis. The rabbit eye has been 

the primary (though certainly not exclusive) model for ocular research. 

Secondly, the rabbit eye is of sufficient size to allow for procedural 

consistency. Intravitreal injections could be readily performed without 

perturbation of the retina or lens. Third, the rabbit eye offers sufficient 

tissue quantities to avoid tissue pooling a$ often is necessary with mouse or 

rat models (Romero, et. al., 1989). Fourth, the albino rabbit, lacking iridic 

pigment, was ideal for the visual detection of hyperemia and, conversely, 

verification of clearance of blood by the perfusion technique. Fifth, 

sufficient quantities of the three ages of animals used were available as 

required thereby eradicating the need and. added expense of "aging'.' (long-term 

boarding) animals on the premises. Finally, since-the rabbit eye shares a 

great deal of morphological and· physiological similarity with the human eye, 

this mo.del permits the possible extrapolation to human ocular inflammatory 

conditions and gram-negative inflammatory states and septicemias in general 

produced by endotoxin. Rosenbaum et al. (1980) have examined 

endotoxin-induced uveitis in the rat as a model for human disease. A more 

thorough understanding of the immunopharmacology of inflammatory states 

produced by endotoxin (experimental or ·otherwise) may aid in the development of· 

more effective intervening agents. 

The endotoxin-induced ocular inflammation model offers many additional 

advantages. First, the inflammatory response initiated by endotoxin is both 
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visibly and biochemically verifiaqle and non-lethal. Given that the doses of 

endotoxin used in the present study, if administered intravenously versus 

intravitreally, have been reported to be lethal in the rabbit (Takeyama, et 

al., 1984), it appears that ocular clearance of the endotoxin molecule (100 to 

900 k.Da) may be limited, preventing the lethal sequence of events normally 

produced by intravenous endotoxin. Among the visible changes that 

endotoxin-treated eyes exhibited were inflammation of the iris and conjunctiva, 

apparent cellular infiltrates in the anterior chamber, clouding of the aqueous 

humor, fibrin formation in·the anterior chamber, corneal swelling and striation 

of the choroid. Furthermore, biochemical analyses of tissues from 

endotoxin-treated eyes revealed marked increases in aqueous humor protein 

concentration (an indication of breakdown of the blood-aqueous barrier), 

elevation in malondialdehyde content (an index of lipid peroxidation) in the 

iris, and an increase in iridic hemoglobin concentration (a marker of vascular 

injection). Secondly, the extremely large size of the endotoxin molecule 

(typically 100 to 900 kDa) results in an exclusive ocular inflammation after 

intravitreal injection thus avoiding the possible interf'erence of direct 

secondary systemic effects (i.e., the effects of eleva~ed plasma concentrations 

of eicosanoids or other chemotactic agents) originating as a result of 

diffusion of the endotoxin molecule and, subsequently, inflammatory response to 

extraocular tissues. In the footpad endotoxin-induced model of uveitis, ocular 

inflammation results principally from the dissemination of the inflammatory 

response possibly via the action of blood-born eicosanoids. However, even 

intraocular endotoxin administration does not preverit·secondary mediators of 

inflammation from escaping the eye and entering the systemic circulation. Since 

many of these agents are _known to elicit vasoactive responses, the eye of 

course, is susceptible to the consequences of the actions of these secondary 
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mediators. This emphasizes the importance of the direct effects noted in the 

corneas mounted in the dual-chambered specular microscopes. These in situ 

observations paralleled those noted in vivo. Thirdly, intravitreal injection 

of endotoxin promotes a rap~d. onset of inflammation· (apparent at < 24 hours) 

that does not require priming of the animals with adjuvant (i.e., with BCG as 

is the case with retinal-S-antigen) or repeated administration. Fourth, 

intravitreal endotoxin promotes a diffuse ocular inflammation that is .apparent 

in various ocular tissues and is not merely secondary to a posterior (retinal) 

cellular (leukocyte) infiltration (as with retinal-.S-antigen). Such a diffuse 

-
response, albeit less specific, allows for the examination of possible 

pro-inflammatory effects of endotoxin on various ocular tissues. One obvious 

advantage is that changes noted may be attributable to the direct effects of 

the endotoxin molecule (as substantiated by the corneal perfusion studies) and 

not to the spectrum of cytokines that leukocytes generate. This consideration 

may be important given the work of Wong and Goeddel (1988) which attributes 

Mn-SOD induction to tumor necrosis factor. Since the release of tumor necrosis 

factor is a natural consequence of leukocyte infiltration, it would be 

interesting to note .if tissues_ can endogenously induce antioxidant enzymes such 

as the SODs without the.interplay of white blood cells or their products 

(cytoki~es) as this process may be several hours removed from the first 

appearance of the inflammatory stimulus. Finally, the endotoxin molecule 

promotes direct inflammatory response by its interaction with cell membrane 

receptors (Wightman, 1984) and activation of plasma membrane methyltransferases 

(Herbert et al., 1989). Thus, endotoxin-induced ocular inflammation is not 

solely a cellular infiltrate-dependent response as is the case with other 

models of ocular inflammation (i.e .. , retinal-S-antigen and bovine serum 

albumin) which require antibody formation. Neither retinal-S-antigen nor 
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bovine serum albumin can alone elicit an inflammatory response without the 

interplay of leukocytes and antibody formation. 

Although species variations exist (and even subspecies variations as noted 

by the lack of endotoxin-associated SOD induction in pigmented rabbits in the 

current study), the rabbit has been noted to undergo a heightened response to 

inflammatory processes (Bito, 1984) such that a minimal trauma produces a 

significant inflammatory response and release of inflammatory mediators. 

Though quantitatively magnified, data from rabbit ocular inflammation model has 

been assumed to be qualitatively applicable to human ocular inflammatory 

states. 

The blood clearance technique by whole body perfusion effectively 

eliminated tissue blood c-ontamination (as determined by tissue hemoglobin 

content) while not producing tissue swelling (as indicated·by the constancy of 

tissue mg wet weight to protein content ratio, Table I). This technique gains 

added credence in light of recent reports of the presence of 

heparin-dissociable endothelium-associated extracellular superoxide dismutase 

(EC-SOD) by Marklund (1988). Furthermore, the technique may aid in the 

clearance of leukocytes still in the vasculature that would otherwise 

contribute to apparent tissue enzyme activity levels. This may be of 

considerable importance when an inflammatory stimulus such as endotoxin is 

present and elevated chemotactic agents (eicosanoids) are suspected. 

Modification of the perfusion technique by the addition of the-peristaltic pump 

not only quickened the procedure thereby possibly decreasing time-dependent 

tissue decomposition, but also resulted in consistency of perfusion press_ure, 

flow rate and time of perfusion over the previously-described method (Csukas, 

1987). 
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Control values for iridic SOD activity were comparable to those of 

previous reports (Bhuyan, -1978) using the same tissue and animal model, and 

assay procedure. In this study the intravitreal injection of 1 µg of the 

bacterial product E.coli endotoxin resulted in a nearly 77% increase in iridic 

SOD activity over control values at 24 hours after injBction and a 122% 

increase over values for animals receiving intravitreal injections of vehicle 

alone (Table II). These findings are in accordance with those of Shiki ~t al. 

(1987) who noted an increase in Mn-SOD in _pulmonary endothelial cells in tissue 

culture exposed to endotoxin. Stark et al. (1988) have reported that endotoxin 

increases SOD and catalase in the livers and spleens of ECG-primed mice. 

Enzyme induction can be the result de~ transcription, activation or 

deinhibition of the enzyme. Concomitant administration of endotoxin and the 

prot_ein sy1.J.thesis inhibitor, cycloheximide, fully prevented the elevation in 

SOD activity produced by endotoxin alone (Table II) without affecting the 

degree of inflammation. Such concomitant administration of endotoxin and 

cycloheximide indicates that the induction of SOD associated with endotoxin is 

protein dependent (possibly a result of de~ synthesis of the enzyme itself 

or a requisite protein intermediate). Hassan (1988) has examined the 

biosynthesis and regulation of superoxide dismutases and noted that the 

biosynthesis of SODs in most biological systems is under rigorous control. 

Exposure to increased p0
2

, increased intracellular fluxes of o
2
-, perturbation 

of metal ions, and exposure to several environmental oxidants have been shown 

to influence the rate of SOD synthesis in a variety of both prokaryotic and 

eukaryotic organismi. 

In the present study, Lipid A, an active moiety of the endotoxin molecule, 

failed to significantly .increase iridic SOD activity when administered in the 

same vehicle and by the same route of injection as endotoxin. Concomitant 
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administration of Lipid A and cycloheximide, similarly, produced no response. 

Since the Lipid A molecule lacks the repeating polysaccharide portion 

characteristic of ·endotoxins, three major differences arise that.may resolve 

its apparent inability to produce the same induction of SOD associated with 

endotoxin. First, the repeating polysaccharide moiety of the endotoxin 

molecule renders it quite hydrophilic. Lipid A, on the other hand, lacks this 

hydrophilicity. The lipophilicity of Lipid A is apparently the product of its 

seven constituent fatty acid chains, while its hydohphilicity is limited to its 

two glucosamine rings each containing one phosphoryl group. Thus, the 

-
amphiphilicity of Lipid A is quite limited. Since Lipid A was prepared in the 

same vehicle (deionized H20) as was endotoxin, the ability of the former agent 

to be adequately suspended is subject to doubt. Thus, in retrospect, 

presentation of Lipid A in an organic solvent (i.e., olive oil) that more 

closely approximated its solubility would have been advisable. Subsequent 

contact with Ribi Immunochemicals, Inc., a major producer of both bacteria 

endotoxins and Lipid A, has led to the suggested inclusion of between 0.05% and 

0~2% triethylamine to yield vesicular aggregates of Lipid A. Secondly, the 

absence of the polysaccharide segment from the Lipid A molecule results in a 

markedly lower molecular weight facilitating a more rapid ocular clearance. 

Therefore, -ocular clearance prior to· eliciting inflammatory -effects may have 

occurred. Finally, the polysaccharide portion of the endotoxin molecule acts 

as a potent antigen, activating CS converta5-es which_involve the endotoxin 

molecule in opsonization r~actions thereby.triggering various leukocyte 

activities (respiratory burst, adhesion, etc.). Thus, the apparent inability 

of Lipid A to promote the induction of iridic SOD activity as examined in the 

current study may be attributable to the molecule's lower solubility in water, 

lower molecular weight and/orinability to .activate opsonins. 
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The anti-inflammatory efficacy and ability to modulate the endotoxin

associated elevation in SOD of the steroidal phospholipase inhibitors, 

dexamethasone and medrysone, and the non-steroidal phospholipase A
2 

inhibitor, 

quinacrine, were assessed. Topical progesterone was used as a control for the 

non-anti-inflammatory effects of the steroids. Additionally, in order to 

assess the effects of these·agents independent of endotoxin, groups of control 

animals received each agent in the absence of endotoxin. 

Each agent varied in its ability to prevent the overt signs of endotoxin

induced ocular inflammation. Progesterone offered no protection. This did not 

come as a surprise since inhibition of phospholipase activity due to induction 
I 

of lipocortin has not been reported with progesterone. Progesterone, in fact, 

was included in the treatment modalities as a control for the possible 

non-anti-inflammatory-effects of the other steroids.utilized. Eyes pretreated 

with topical progesterone and endotoxin exhibited all the signs of ocular 

inflammation that endotoxin administration alone produced~ Eyes treated with 

progesterone that also received endotoxin exhibited severe vascular injection 

and discoloration of iridial folds along with apparent extensive swelling of 

iridial tissues. Dexamethasone pretreatment, on the other hand, proved quite 

efficacious in limiting the signs of inflammation normally associated with 

endotoxin. Though some injection of iridial folds and mild swelling of iridial 

tissue was apparent, no changes in corneal or aqueous humor transparency were 

noted indicating that_ extravasation of vascular contents had been limited. 

Medrysone, though it acts similarly to dexamethasone in inhibiting 

phospholipases, proved relatively ineffective_ in protecting against 

endotoxin-associated uveitis. However, a caveat regarding the doses. used must 

be noted. Though the doses of topical agents reflected ~hose in clinical use 

(and thus readily available commercially), biological equivalence cannot be 
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concluded hindering comparisons of efficacy. Eyes pretreated with medrysone 

before endotoxin exhibited moderate to severe injection of iridial folds and 

moderate to severe iridic swelling along with occasional opacification of the 

aqueous humor. 

Though the three phospholipase inhibitors varied in their ability to 

prev~nt the overt signs of inflammation associated with endotoxin 

administration, ·each proved efficacious in preventing the induction of 

superoxide dismutase produced when endotoxin was administered alone. 

Short-term topical dexamethasone pretreatment limited the induction of 

superoxide dismutase after endotoxin to a level that was not statistically 

significant from that of control irides. Medrysone similarly prevented a 

statistically significant elev_ation in SOD from occurring after endotoxin 

treatment. . The non~steroidal phospholipase inhibitor, quinacrine, likewise 

prevented an endotoxin-associated rise in SOD~ Thus·, each of the three 

phospholipase inhibitors tested, though differing in structure (steroidal 

versus non-steroidal) and route of administration (topical application for the 

steroids and intraperitoneal injection for quinacrine) prevented a s·ignificant 

induction in SOD activity. 

Whereas the phospholipase inhibitors dexamethasone, medrysone and 

quinacrine blocked the endotoxin-associated rise in SOD as· did the lipoxygenase 

inhibitor NDGA, the cyclooxygenase inhibitors, indomethacin and aspirin failed 

to do so. Although it has been reported that glucocorticoids such as 

dexamethasone may play a role in augmenting SOD activity in cultures of· fetal 

rat lung (Randhawa,. 1986) and· other tissue models, short-term (3 day) topical 

dexamethasone (Table III, Group IX) failed to do·so in the current study. 

Similarly, topical short-term medrysone application·also did not affect SOD· 

activity in the iris. Progesterone (Table III, Group VII) was equally without· 
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effect. Of the systemic agents examined, quinacrine (Table III, Group XIII) 

led to a 21.6% increase in SOD activity when administered alone though it 

produced iritis and apparent breakdown of the blood-aqueous barrier as noted by 

clouding of the anterior chamber. Neither the cyclooxygenase inhibitor 

indomethacin (Table IV, Group XV) nor the lipoxygenase inhibitor, NDGA (Table 

IV, Group XIX), significantly elevated SOD activity when administered alone. 

However, aspirin administration (Table IV, Group XVII) resulted in a 35.6% 

decrease in iridic SOD at 48 hours. 

Kulkarni (1985) has noted that 90% of arachidonic acid metabolism is 

mediated by the cyclooxygease pathway in rabbits (70% in humans). The 

anti-inflammatory efficacy of two specific cyclooxygenase inhibitors, 

indomethacin and aspirin, was examined along with their ability to affect the 

changes in-SOD that had been noted in the initial experiments with endotoxin. 

While aspirin proved somewhat efficacious in preventing t~e ostensible signs of 

overt inflammation following endotoxin, indomethacin failed to offer any 

apparent protection. In fact, the eyes from animals receiving intraperitoneal 

injections of indomethacin could not be visibly differentiated from those 

_ receiving endotoxin alone. Asp"irin, which irreversibly inhibits cyclooxygenase 

by acetylating the enzyme molecule, was similar to indomethacin, however, in 

its inability to prevent a directional elevation in SOD in endotoxin-treated 

irides. It should be noted, however, that aspirin pretreatment limited the 

induction to.approximately half of that seen in indomethacin-pretreated animals 

that also received endotoxin. 

Pretreatment by intraperitoneal injection of the putative lipoxygenase 

inhibitor NDGA provided the most dramatic prevention of signs of ocular 

inflammation. Some eyes could virtually not be differentiated from control or 

sham-injected eyes. Thus, ·though under normal conditions -the majority of 
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arachidonic acid is metabolized via the cyclooxygenase pathway, it appears that 

many of the overt signs of ocular inflammation and probable tissue damage are 

mediated by the leukotriene products of the lipoxygenase pathway and/or the 

leukocytes they recruit. In fact, the immunosuppressant, cyclosporine (via its ' 

action on T helper cells, Bo~el and Lafferty, 1983) has been used successfully 

to limit ocular damage in retinal-S-antigen induced uveitis (Herbert, 1989). 

Such protection appears to result from the decreased number of 

oxyradical-producing phagocytic cells (macrophages and neutrophils) that 

normally occupy an inflamed tissue. 

Unfortunately, any conclusions that are drawn from experiments involving 

NDGA inhibition of lipoxygenase product formation are still questionable ·due to 

both th_e scarcity of reports of NDGA' s efficacy and NDGA' s putative alternate 

functions (including antioxidant). Van der Zee, Elirig and Mason (1989) have 

reported that NDGA is one of the most efficient inhibitors of lipoxygenases 

based on ESR spectroscopic experiments~ However, given the reports of lipid 

peroxyl radical intermediates in the peroxidation of polyunsaturated fatty 

acids by lipoxygenase (Chamulitrat and Mas_on, 1989), even NDGA' s inhibition of 

lipoxygenase activity may actually involve antioxidant prope-rties. Prudency 

would dictate the use of other putative lipoxygenase inhibitors amenable to in 

vivo experimentation (as they become available) in order to verify any 

observations that can be attributed to the inhibition of this enzyme. 

Alternatively, assessment of lipoxygenase products by radioimmunoassay may 

substantiate any actual lipoxygenase inhibition. 

Leukocytes, it has been noted, contain antioxidants including SOD which 

protect them from the oxyradicals they themselves produce. Therefore, at 

least part of the ·increase in SOD activity may be attributable to the large 

influx of WBCs expected in an inflammatory response. However, a major focus of 
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the present study was the disassociation of the inflammatory response from the 

induction of SOD. The degree of inflammation was asses.sed by both subjective 

criteria as per Draize (1944) and by the recording of four verifiable markers 

of ocular inflammation (vascular injection/iritis/conjunctival hyperemia, 

clouding of the aqueous, fibrin formation in the aqueous humor, and choroidal 

striation). Unfortunately, no.unanimously agreed-upon objective criteria for 

the assessment of the inflammatory response (and thus the efficacy of 

anti-inflammatory agents) currently exists. However, the amount of induction 

of SOD under the influence of the different treatment modalities appeared to be 

independent of the degree of inflammation. If, in fact, WBC infiltration is 

commensurate with the extent of inflammation, it may be inferred that, since 

SOD induction was disassociated from the degree of inflammation, it was also, 

at least partly, independent o~ WBC infiltration. Such.inferential knowledge, 

however, is no substi~ute for empirical observations and future work 

quantifying cellular infiltration (e.g., by myeloperoxidase staining) is 

warranted. On the other hand, although WBCs may well be present (especially 

macrophages which predominate during the first 24 hours of diapedesis) and 

contribute to SOD activity in endotoxin-treated irides, Shiki's (1987) 

observation of SOD induction in vitro support the observed induction of SOD 

in the current study as no WBCs are present in cultures of single cell lines. 

The protein concentration in the aqueous humor is normally only 1% of the 

that found in the plasma. Loss of' the integrity of the blood~aqueous barrier· 

results in the extravasation of plasma protein down their concentration. 

gradient until such a gradient no longer exists (since the plasma volume is 

approximately 20,000 times the normal aqueous humor volume, the aqueous humor 

protein concentration will eventually approach that of the plasma). Such a 

sharp increase in aqueous humor protein content results in numerous disruptions 

133 



in ocular function. First, proteins have a marked absorption in the visible 

range of the light spectrum (peak at 280 nm). Such absorption results in 

noticeable opacification of the aqueous and; hence, disruption in light 

· transmission with resulting loss in visual accuity. Secondly, since the 

aqueous humor is a highly delicate ultrafiltrate with normally only a minimal 

protein content, an increase in aqueous humor protein concentration results in 

shifting of the Starling filtration forces towards augmented filtration (due to 

the oncotic pressure on the newly-present protein). This, along with the 

solvent drag phenomenon, results in a marked increase in ocular fluid content 

and thus an increase in intraocular pressure. An increase in intraocular 

•pressure itself can be sight-threatening. Thirdly, the presence of cellular 

debris and protein in the aqueous humor can result in compromised outflow· 

· facility as these products may interact and "clog" the highly complex . 

extracellular matrix of the trabecular meshwork. A decrease in the outflow 

facility of the trabecular meshwork can lead to a marked elevation in 

intraocular pressure. Thus, an increase in protein content can be sight

threatening by disrupting both optical light transmission and the precarious 

ocular morphology. 

Phylactos et al. (1987) have examined enzymatic changes in the rabbit 

iris-ciliary body during endotoxin-induced acute ocular inflammation. SOD 

activity was determined by the method of Beauchamp and Fridovich (1971) which 

utilizes a xanthine/xanthine oxidase oxyradical generating system while 

following SOD-inhibitable reaction spectrophotometrically. Their observations 

included: 1) the inflammatory response reached its peak at 24 hours. 2) Aqueous 

humor protein increased from 1.7 mg/ml to 19.3 mg/ml 24 hours after endotoxin 

treatment (an 11.4-fold increase) .. In the present study, in adult control· 

animals auqeous humor protein concentration averaged 3.28 ± 0.13 mg protein/ml 
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(n = 23) and 39.41 ± 1.91 mg/ml (n = 13) in endotoxin-treated animals (a 

12.0-fold in~rease). The less sensitive (Smith, 1985) method of Lowry et 

al. (1951), was employed in the work by Phylactos. It should be noted that, in 

the present study, although the increase in aqueous humor protein concentration 

did not quantitatively differ between the three age groups after endotoxin, 

qualitative differences in aqueous humor proteins after endotoxin between the 

three age groups are suggested by the observances of both fibrin formation and 

clouding of the aqueous in aged animals. As will be discussed later, work is 

currently under way to examine qualitative differences in aqueous humor 

proteins after endotoxin~induced inflammation. 3) Endotoxin-treated eyes 

displayed a substantial infiltration of PMNs on the first day (apparently 

arriving from the uvea_l circulation) . 4) Mn-SOD -was measured at 1, 2, 3, and 7 

days after_endotoxin and showed a significant decrease in specific a~tivity at 

all time points (most pronounced at 24 hours). 5) Fractionation analysis and 

cyanide inhibition indicated that about 40% of SOD activity was 

cyanide-inhibitable (therefore 60% of activity is attributable to Mn-SOD), 50% 

of SOD activity is cytosolic, 37% mitochondrial, and 13% associated with 

membrane rich fractions. 6) Specific Cu,Zn-SOD activity was unchanged (although 

an increase in soluble protein in the cytoso1ic supernatant from inflamed 

tissues was also noted)~ 7) Electron microscopy revealed ~ross swelling of the 

mitochondria (although mitochondrial protein content was not reported). 8) 

Cholinesterase and lactate dehydrogenase activities did not cha·nge, while 

alkaline phosphatase activity was increased and suc_cina:te dehydrogenase was 

decreased. 

Divergent results between the present study and that of Phylactos may have 

resulted from several differences in experimental procedures. First, endotoxin 

differing in both origin. (Shigella versus E~coli) and quantity (5 micrograms 
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versus 1) was used. Robbins-Roth (1989) has noted that immunomodulators such 

as endotoxins lack a linear do·se/ effect relationship making optimum dose 

scheduling difficult~ Greater doses are often equated with diminished 

responses. Second, SOD activity was assessed by the method of Beauchamp and 

Fridovich (1971) in which o2 is generated ·by the addition of 33.3 micromolar 

xanthine and 3 mUnits of xanthine oxidase. Only one-sixth of the electrons 

transferred by xanthine oxidase are done so univalently (thus reducing o2 to 

_o
2
-) allowing possibly significant divalent reduction of o

2 
to H

2
o

2 
(Fridovich, 

1985). Hydrogen peroxide is known to inhibit SOD.possibly by interference with 

intrachain disulfide bonds (Bhuyan and Bhuyan, 1978). The pyrogallol 

autoxidation method used in the present study lacks this involvement and was 

the assay of choice of Bhuyan and Bhuyan (1978) for assaying SOD activity in 

various ocular tissues after comparing these two approaches. Third, in the work 

by Phylactos, the cytosolic fraction was considered to be what remained after 

removal of the membrane-rich pellet (400 g), the mitochondrial-rich pellet 

( 1500 g) , the lysosomal-rich pellet (40,000 g) , and the micro_somal pellet· 

(120,000 g). In the present study, SOD activity was measured in the 

supernatant after centrifugation at 12,000 g, such that SOD activity in 

fractions removed in the procedure as described by Phylactos may have 

contributed to the induction noted. Each of the aforementioned may account for 

the seeminglf contradictory findings. 

Suttorp et al. (1987) have examined the effects of endotoxin on 

atachidonate metabolism in pulmonary endothelial cells·. Both endotoxin and 

Lipid A stimulated the generation of large amounts of prostacyclin, 

cyclooxygenase and prostacyclin synthetase synthesis in cultures of pig 

pulmonary artery endothelial cells in a time- and dose-dependent manner. 

Though the presence of the complement ·cascade was not required, the presence of 
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at least 1% serum in the incubation media was needed, indicating that the 

changes p.roduced required· the involvement of an activator in the serum. The 

phospholipase inhibitor, quinacrine, the cyclooxygenase inhibitor, indo~ethacin 

and the glucocorticoid phospholipase inhibitors, dexamethasone and 

hydrocortisone (but not progesterone) each blocked the inductions indicating 

the requisite activation of phospholipase. The involvement of RNA and protein 

synthesis (as discussed below) was similarly implied as both actinomycin D (an 

inhibitor of RNA transcription) and cycloheximide (an inhibitor of protein 

synthesis by blocking RNA translation) both blocked the observed changes. 

-
Paterson (1988) has noted that ascorbic acid appears to "protect" 

cyclooxygenase and lipoxygenase activity and that hydrogen peroxide suppresses 

.arachidonic acid metabolism. Green et al. (1987) have demonstrated an 

age-related reduction in hydrogen peroxide clearance from the eye. If, in 

fact, SOD induction is related to a product of the lipoxygenase pathway., the 

possibility arises that the inability of tissues from aged animals to induce 

SOD after an inflammatory stimulus may be related to the decreased clearance of 

hydrogen peroxide from said tissue. Further work in clarifying the link between 

arachidonic acid metabolism and ocular hydrogen.peroxide clearance rates seems 

warranted. 

Protein synthesis requires four discrete step~; 1) transcription, 2) 

posttranscriptional modification, 3) translation, and 4) posttranslational 

modification. Transcription involves the formation of mRNA from the DNA 

template. This step is catalyzed by RNA polymerase. Posttranscriptional 

modifications result in the elimination of introns--segments of the DNA which 

are not to be translated--such that the final mRNA that enters the cytoplasm is 

made up of only exons (segments to be translated). Upon reaching a ribosome, 

the mRNA dictates. the formation of a polypeptide (translation). First, amino 
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acids are activated by combination with AMP. There are 20 different kinds of 

tRNA (one for each kind of amino acid). A specific tRNA combines with each 

activated amino acid. The pair (activated amino acid and its specific tRNA) 

then attaches to the mRNA template in the ribosome. Each RNA triplet 

(corresponding to each DNA codon) represents a particular amino acid. 

Posttranslational modification involves alteration of the residues withii the 

polypeptide chain (hydroxylation, carboxylation, glycosylation or 

phosphorylation), cleavage of the polypeptide chain at specific sites, or 

packaging peptides into their final form (including quaternary interactions). 

Since de novo synthesis of an enzyme involves all the steps normally 

required for protein synthesis, ·and age-related changes in the ability of some 

ti"ssues to induce certain-antioxidant enzymes were noted, it would be prudent 

to examine each step in the process of protein synthesis to determine where any 

possible deficit lies in the aged animals. The protein inhibitor used in this 

study, cycloheximide, acts by inhibiting the transfer of the tRNA-amino acid 

complex to the growing polypeptide. The.mechanism of. action of tetracycline is 

similar. Actinomycin· D, _on the other hand, acts to inhibit protein synthesis 

by binding to DNA (and thus blocking RNA transcription, Salmon, 1982). Thus, 

while cycloheximide and tetracycline permit transcription of DNA to mRNA but 

prevent translation of mRNA to peptide form, actinomycin D interrupts protein 

synthesis before tra_nscription can occur. 

Wong and Ge>eddel (1988; 1989) have reported on the induction of 

manganous-SOD in the cultured A549 carcinoma line by Tumor Necrosis Factor 

(Cachectin, TNF-a). · However, this work focused on the expression of specific 

mRNAs for different antioxidant enzymes versus the expression of the proteins 

themselves. While TNF-S, TNF-a, Interleukin-1 {IL-fo), and IL-lS each induced 

the mRNA for Mn-SOD, each o·f these cytokines failed to induce the rnRNA for 
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Cu,Zn-SOD, catalase, and glutathione peroxidase. The induction of the mRNA for 

Mn-SOD was blocked by actinomycin D but not by cycloheximide which works 

subsequently to the formation of mRNA. The increased transcription of the mRNA 

for Mn-SOD seemed to be specific as TNF-a did not produce a change in other 

mitochondrial enzymes including cytochrome C oxidase, pyruvate dehydrogenase, 

ornithine aminotransferase, and aspartate aminotransferase. Similar results 

were demonstrated in a variety of other cell lines including human cervical 

carcinoma, colon carcinoma, oral epidermo~d carcinoma, rhabodosarcoma. 

glioblastoma, normal lung fibroblasts, SV4O transformed WI38, breast carcinoma 

and human peripheral blood lymphocytes. In vivo work with TNF-a in mice has 

demonstrated increased mRNA for Mn-SOD in the kidney, bone marrow, spleen, and 

thymus. Among the agents ineffective in inducing the mRNA .for Mn-SOD either in 

vitro or in vivo were interferon-aA (INF-aA), IFN-S, IFN-a,Tumor Growth 

Factor-a, IL-6, IL-2, hydrogen peroxide, phorbol myristate acetate, and 

endotoxin. The similarity worth noting between the work of Wong and the 

present study is that Wong and Goeddel examined the direct effects of a variety 

of potent chemoattractant agents in vitro while the· present study implies the 

involvement of the lipoxygenase pathway in the induction of SOD. The work of 

Wong and Goeddel demonstrates that chemoattractant agents may have direct 

inductive effects even in the absence of·leukocytes. 

However, mRNA complexity studies have revealed that individual mammalian 

cells contain the mRNAs for up to 10,000 different polypeptides yet only about 

2,000 of such.peptides are apparently translated (Celis and Bravo, 1982). 

Thus, it can not be assumed that an increase in a given mRNA necessarily 

results in an increase in the amount of the protein it translates because only 

20% of the proteins represented by- a cell's mRNA ~s actually detectable. 

Age-related deficits in enzyme induction may involve an alteration in any of 
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the steps.involved in protein synthesis or a combination thereof. Thus, though 

the present study ind1cates the lack of final product (the enzyme SOD), mRNA 

analysis w·ould both substantiate the claim and possibly implicate the level at 

which the deficit in tissue from aged animals occurs (be it nuclear-

transcriptional, or ribosomal--translational). 
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II. POSSIBLE FUTURE STUDIES 

All research creates more questions than it answers~ The present study is 

no exception and work is currently under way to; 1) identify the SOD being 

induced during the inflammatory response, 2) determine the defect or alteration 

which accounts for inability of tissues from aged animals to mimic the 

induction seen in tissues from younger animals, 3) examine the f_easibility of 

a novel cationic liposomal transfection technique to increase intracellular 

antioxidant enzymes, 4) examine age-related qualitative differences in aqueous 

humor proteins after endotoxin-induced inflammation in order to more fully 

understand the observed age-related differences in aqueous humor appearance 

(clouding and fibrin formation) that suggest the development of high molecular 

weight insoluble proteins in aged animals, and 5) examine the direct 

inflammatory effects of endotoxin on corneal swelling as to putative inhibition 

of corneal endothelial function (both pump and barrier functions, i.e., 

Na+-K+-ATPase activity in the corneal endothelium) and, thus, provide a more 

objective parameter for the assessment of ocular inflammation. 

It has been estimated from mRNA complexity studies that individual 

mammalian cells can contain up to 10,000 different polypeptides ranging from 

109 copies per cell to a few hundred per cell. However, two-dimensional 

polyacrylamide analysis has demonstrated only 1800· d.ifferent individual 

proteins (Celis and Bravo, 1983). Duncan and Mcconkey (1982) have estimated 

that only about 2,000 proteins are expressed with the majority of the mRNA 

rarely if ever translated. 

On average,. 1500 · deoxynucleotide base pairs are- involved in the 

transcription and translation of a typical protein. Since only 2,000 

individual protein_s · are expressed. in a cell, this means that 3. 0 x .106 base 

pairs (1500 base pairs per protein x 2000 different proteins) are involved in 
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the expression of the amino acid sequences of proteins found in a typical cell. 

However, the complete genome .. has. been estimated at 3. 0 x 109 base pairs 

(Kornberg,. 1980) meaning that only one-thousandth of the full genome is 

involved in the expression of the proteins normally found. Each nucleated 

somatic cell contains the entire genetic message. Furthermore, the DNA·content 

is the same for all cells with a diploid set of chromosomes within an organism. 

Yet great differeritiation and specialization in cellular function result even 

though only a·small part of the genetic message is normally translated. Thus, 

the genetic message is normally maintained in a highly repressed state. 

Derepression of segments of the message is brought about by a variety of 

hormones and other agents (e.g. effectors). and may be·involved in the induction 

of enzymes that allows coherent flow of substrates through a metabolic pathway. 

As discussed previously, at _least four distinct protein molecules 

(Cu,Zn-SOD, Mn-SOD, EC-SOD, and ceruloplasmin) catalyze the superoxide 

dismutation reaction. Even though data from the present study indicated .that 

the induction involved a cyanide-inhibitable form of the enzyme (and thus not 

Mn-SOD) and that increased blood-born ceruloplasmin was not augmented, further 

work is needed (and is currently being conducted) to qualitatively identify the 

cellular component responsible for the increased SOD activity. Two-dimens.ional 

polyacrylamide gel electrophoresis. is being. perf armed on .iridic tissue 

homogenates from-eyes previously exposed to endotoxin. It is hoped. that·this 

procedure will provide sufficient pure sample for subsequent Southern blotting 

·and sequencing of the peptide. Although the sequences of SODs from various 

sources (including human, bovine, and yeast) have been reported, no reports on 

the primary amino acid sequence of any son· from rabbit are present in the 

literatu:re. Such sequence-information will both identify the molecule 

responsible for the increased activity of SOD noted in-the current study~ anq 
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allow the preparation of a DNA probe which will be used to·locate the gene that 

is being expressed. Since each amino acid is coded for by a segment of DNA 

~nly three bases long (a codon) and there are only four different nucleotide 

bases in DNA (A,T,C,G), 64 (34) different codons exist and all have been 

matched to each of the 20 amino acids. By preparing a short oligonucleotide 

(20 to 30 bases long) _from a known sequence of just a few (6 to 10) sequential 

amino acids, a probe can be generated that will bind to its complementary 

segment in the native DNA thus verifying the location of the gene through 

subsequent restriction mapping digestion techniques. Since, as stated earlier, 

only one-thousandth of the DNA of a cell is normally expressed, the possib~lity 

that a previously-unexpressed segment ·and thus a novel protein is translated 

exists. Analysis of m.RNA, and subsequent· "reverse transcription", can le.ad to 

the same results. 

Once -the amino acid sequence of rabbit SOD is·known and a probe is 

prepared, this probe can he used to examine the corresponding gene in cells 

from aged animals. It has been postulated that dedifferentiation may account 

for the propensity of ·cells from aged animals to survive given_ stresses 

(oxidative, physiological, etc.). Alternatively, the error catastrophe theory 

holds that point mutations in DNA from aged·animals (the result of a lifetime 

of exposure to mutagenic agents and conditions such as ultraviolet light) ·leads 

to the transcription and translation·of altered proteins which are are void of 

their·normal activity, either more or less susceptible to degradation (i.e. 

lipofuscin), or recognized as foreign (i.e. the increased incidence of 

auto-immune .disorders such as rheumatoid arthritis with ·age). The differential 

interaction of the probe (oligomer) with DNA from aged animal may elucidate any 

or all of the ·aforementioned. Also, further study on the basic mechanisms of 

protein synthesis (especially in terms of stress-inducible proteins such a~ 
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heat shock and acute phase proteins) is warranted. For years~ an age-related 

reduction in both protein synthesis and protein degradation has been known. If· 

such a reduction results in the alteration of normal responses to _enzyme 

requirements, disruption in metabolic pathways may occur. ·In the case of 

oxyradicals, such a_disruption (e.g. decreased catalase activity though normal 

SOD activity) can lead· to an accumulation of reactive intermediates (Le. 

H2o2). Ultimately, all cell functions are a result of- protein expression. 

Examination of cellular function must, therefore, encompass- both qualitative 

and quantitative protein changes. 

Since their conceptualization just 24 years a.go (Baugham, 1965; 1974) 

interest in liposomes · has· assumed exponential growth (Szoka, 1978-;. 1980). The 

advent of recombinant -DNA techniques represents a harbinger for rational drug 

design especially in the area of protein therapeutics. The principle methods 

for liposome preparation, the sonication method, the reverse-phase method, and 

the detergent-dialysis method each expose the to-be-delivered proteins to 

potentially~inactivating conditions (sonication, heat and organic solvents, and 

detergents, respectively). · Recently, Felgner and Holm (1989) have described a 

technique for the transfection (internalization) of DNA segments utilizing the 

positively charged lipid N<l-(2,3-dioleyoxy)propyl)-N,N,N-trimethylammonium 

chloride which can form liposomes and interact spontaneously with DNA or RNA 

(both negatively-charged). Such complexes.can be utilized to internalize 

nucleotide segments. This approach offers the advantage of not promoting DNA 

shearing due to the aforementioned requisites for other liposome preparation 
,. 

techniques. As a continuation of the work in augmenting antioxidant enzyme 

activity commenced in the present study, this cationic liposome-:-mediated 

tran~fection technique (Felgner, 1989) is currently being adapted to the 

delivery of superoxide dismutase to· corneal, s·tromal fibroblasts.· ;Preliminary 
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experiments have demonstrated successful transfection of proteins as diverse as 

carbonic anhydrase and albumin. 
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III. CONCLUSION 

Proper ocular function is dependent-on the eye as an entire entity. The 

eye does not haye independent functional units (e.g .. the glomerulus in the 

kidney or the hepatocyte within the liver), but rather its function is 

depe~dent on the integrated.and orchestrated activity of all constituent 

tissues. Damage to one component can severely impede the function of others 

and ultimately compromise the eye's function, image_ transduction. _ 

Inflammation apd aging constitute two conditions in which the propensity 

for.ocular dysfunction i~ increased. In-each of these conditions, as examined 

in the present work, antioxidant enzyme regulation, or possibly, co-regulation, 

appears altered translating into an apparent correlation between age and tissue 

_ damage secondary to the inflamma_tory process. More work to elucidate the level 

of any possible aberration is warranted. 
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Table II 

- - - - - - - ONE WAY - - - - - - -·- - -

Variable· ·. SOD 
By Varlable. GROUP 

. Source 

Betwe.en Groups. 

Within Groups 

Total 

Group. Count 

I 16 
II 14. 
III 12 
IV. 8 

. V. 10 

D.F. 

5 

60 

65 

Mean 

-
17.5800 
13.9700 
31.0600 
17.1000 
19.8700. 

VI. 6 · 17. 9600 

Total . 6.6 19.5885 

Analysis 

Sum of 
~quares 

2151.8800 

694.4592 

2e46.3392 

standard 
Deviation 

.. 
4.9600 
2.9600 
3.7100 
1.6100 
1.8700· 
1.4500 

6.6174 

Tests for Homogeneity of Variances 

of Variance 

Me·an F 

Squares. Ratio 

430.3760 37.1837 

11. 5743 

.standard 
Error 95 Pct Conf Int 

1.2400· 14 .• 9370 To 
• 7911 12.2609 To 

1.0710 ·2a.~ 1028 To 
.5692 15.7540 · To 

.• 5913 18.5323 To 
._-5920 16.4383 To 

.8145 -17.9617 To 

.F .. 

Prob. 

.0000 

for· Mean 

20.2230 
15.6791. 
33.4172 
18.4460 . 
21~2077 
19.4817 

21.2152 

cochrans c = Max •.. variance/sum(Variances) = 
Bartlett-Box F = · · 

• 4447 ,_~ P = 
3.879 ,, P = 

• 003 (Approx.) 
.• 002 

Maximum Variance/ Minimum Variance 11.701 

(*) Denot~s pairs of.groups significantly different at the .• 050level 

------ - I I I V V I 
I V I I 

I 
Mean Group 

13.9700 .· II 
, 1.7 .1000· IV 
17,.5800· I· 
17.9600 VI 
l~.8700 V * 
31.0600 II.I ·* * *: * * 
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Table III 

- - - - - - - 0 N E_W A Y - - - - .-.. 

. Variable SOD . 
By Variable GROUP . 

Analysis·of Variance 

Sum of Mean F F 
Source D.F~ . . . Squares ·. · Squares Ratio-. .Prob. 

Between Groups 10. 2166~5219 216. 6522. · 20.4543 .0000 

Within· Groups 75 794.3994 10.5920. 

'Total- 85· · 2960·.9213 

·standard Standard·· 
Group .count Mean Deviation Error 95 'Pct Conf._Int for Mean·. 

.· - . 

.I 16 . 17. 5800 4. 96.00- 1.2400 14.9370· To - 20.2230 
III_· · 12 · 31.0600 · 3. 7100 1.0710 28.7028- To 33.4172 
IV. 8 17~1000- · l. 6100 · .5692 15.7540 To 18.4460 

. V!I 8 . 14. 7200 2.6900 .9511 .12 .-4711. To 16.9689 
VIII 8· 21.4700. 1. i'300 .3995 20.5253 To 22.4147 · 
IX -6 18.3400 ·2.oaoo • 8492. 16.1572 To 20.5228 
X 6.·. ·. 19. 6500 2.5700 1.0492 16.9530 To 22.3470 
XI 4- 15. 7100 1.2800 .6400 .13.6733 To 17.7467 
XII 4 20.6400 5.4800 2.74·00 -11.9202 To 29 .3598 ·. 

XIII 10 _ 21. 3700 2.2500 .1115· : 19. 7504·. To 22.9796 
XIV 4 13.1800 • 5800 · .2900. 12.2571 To 14.1029 

Total '86 20.0009 5 .• 9021 .6364 is. 7355· To 21.2663 

Tests for Homogeneity of Variances 

Coc~rans. C = Max~· Variance./Sum(Variances r = 
_Bartlett-Box F = 

• 3·oa 1, . P · = 
3.601 P -

89.270. 

.004· (Approx.) 

.000 
Maximum· Variance / Minimum .Variance.·. 



. , .. ,: 

(*)·Denotes pairs of groups significantly different at the .050 level 

·x V X I I I X XX V I 
I I I V X I I I I 
V I- I I I I 

I I 
Mean Group 

13.1800 XIV· 
14. 7200 VII 
15.7100 XI 
17.1000 IV 
17.5800 I 
18.3400 IX 
19.6500· X 
20.6400 _.XII 
2i. 3700 XIII 
21.4700 VIII 
31.0600 III· * * * * * * * * * * 
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Table IV 
- - - - - - - - - ~ O N E W A Y - - - - - - - -

Variable SOD 
By Variable GROUP 

Analysis of Variance 

Sum of Mean. F F-
Source D.F. Squares Squares Ratio Prob. 

Between Groups 8 3092.8017 386.6002 27.8777 .0000 

Within Groups .70 970.7389 13.8677 

Total 78 4063.5406 

Standard -Standard 
Group Count Mean Deviation Error 95 Pct Conf Int for Mean 

·I 16 17.5800 4. 9600 · 1.2400 14.9370 To 20.2230 
III 12 31.0600 3.7100 1.0710 28.7028 To 33.4172 

· IV 8 17 .1000 :..- 1.6100 .5692 15.7540 To 18.4460 
xv 10 19.3900 3.2600 1.0309. 17.0579 To 21. 7221 

-xvI 4 30.4000 6.1000 3. o"5oo 20.6937 To 40 •. 1063 
XVII 8 11.3200 1.6100 .5692 9.9740 To 12.6660-
XVIII 7 23.8700 1.9000 ·• 7181 22 .1128 To 25.6272 

-·xix 6 19.3400 2.3300 .9512 16.8949 To 21.7851 
xx 8 13.6900 4.7500 1.6794 9. 7189 To 17.6611 

· Total 79 20.1204 7.2178 .8121 18.5·037 To. 21. 7371 

Tests for Homogeneity of Variances 

Cochrane C = Max. Variance/Sum(Variances) = 
Bartlett-Box F = 

.3025, P 
2.821 P -

14.355 

.020 (Approx.) 

.004 
Maximum Variance/ Minimum Variance 

(*) Denot~s pairs of ~roups significantly different at the .050 le~el 

.X X I I X X XX. I 
V XV I V V V I 
I X I I. I 

------ I I 
I 

Mean- Group 

· 11.3200 XVII. 
· . 13. 6900 xx 

·17 .1000 IV 
17.5800 I 
·19. 3400 · XIX 
19.3900 xv * 
23.8700 XVIII 
30.4000 XVI * * * * * * 
31.0600 III * * * * * * 
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Table V 
- - - - - - - - - - 0 N E W A Y - - - - - - - -

Variable SOD 
By Variable GROUP 

Source 

Between Grou·ps 

Within Groups 

Total 

Group Count 

I 16 
XXI 14 
XXII 8 
XXIII 7 
XXIV 8 
XXV 8 
XXVI 8 
·xxvII 6 
XXVIII 6 

Total 81 

D.F. 

8 

72 

80 

Mean 

17.5800 
22. 7500 ~ 
15.7700 
17. 6500 . 
16.0000 
16.0300 
18.8900 
17.8400 
18.4700. 

18.2063 

Analysis of Variance 

Sum of Mean F 
Squares Squares Ratio 

426.7539 53.3442 7.1048 

540.5919 7.5082 

967.3458 

Standard Standard 
Deviation Error 95 Pct Conf Int 

4.9600 1.2400 ·14.9370 To 
2.2100 .5906 21.4740 To 

.9900 .3500 14.9423 To 
1.6400 · .6199 16.1333 To 
1.7000 .6010 14.5788 To 
1.7000 .6010 14.6088 To 
1.8700 .6611 17.3266 To 
1.0000 .4082 16.7906 To 
1.7400 .7104 16.6440 To 

3.4773 .3864 17.4374 To 

Tests for Homogeneity of Variances 

F 
Prob. 

.0000 

f.or Mean 

20.2230 
24.0260 
16.5977 
19.1667 
17.4212 
17.4512 
20.4534 
18 .• 8894 
20.2960 

18.9752 

Cochrans c = Max. Variance/Sum(Variances) = 
Bartlett~Box F = 

.5295, P = 
4.975 P = 

25.101 

• 000 (Approx.) 
.ooo 

Maximum Variance/ Minimum Variance 

(*) Denotes pairs of groups significantly different at the .050 level 

X X X I X X X X X 
X X X X X X X X --- I I V I vv V I 
I V I I I I 

I I I 
I 

Mean Group 

15.7700 XXII 
16.0000 XXIV 
16.0300 XXV 
17.5800 I 
17.6500 XXIII 
17·. 8400 XXVII 
18.4700 XXVIII 
18.8900 XXVI 
22.7500 XXI * * * * 

i51 



:. -. Table VII 
- - - - - - - - - ~ 0 N E W A Y - - - - - -

Variable SOD 
By Variable GROUP 

Analysis of Variance 

Sum of Mean F F 
Source D.F. Squares Squares Ratio- Prob. 

Between Groups 8 1238. 7776 154.8472 14.3030 .0000 

Within Groups 82 887.7516 10.8262 

Total 90 2126.5292 

Standard Standard 
· Group Count Mean Deviation Error 95 Pct Conf Int for Mean 

XXIX 7 19.8000 3.1700 1.1981 16.8683 To 22.7317 
XXX 12 21. 8000 - 3.7800 1.0912 19.3983 To 24.2017 
XXXI 12 12 .• 2400 - 2.2500 .6495 10.8104 To 13.6696 
XXXII 12 18.6800 3.3900 .9786 16.5261 To 20.8339 
XXXIII 12 11.740.0 3.4600 .9988 9.5416 To 13.9384 
XXXIV 7 19.4300 3.2500 1.2284 16.4243 To 22.4357 
XXXV 5 12.9700 5.5500 2.4820 6.0789 To 19.8611 
XXXVI 12 17.7800 3.2900 .9497 15.6896 To 19.8704 
XXXVII 12. 13.0800 2.1500 .6207 11. 7140 To 14.4460 

Total 91 16.3000 4.8609 .5096 15. 2877 To 17.3123 

Tests for Homogeneity ot Variances 

Cochrans C = Max. Variance/Sum(Variances) = 
Bartlett-Box F = 

. 2809 ,. P = 
1.114 P = 
6.664 

• 028 (Approx.) 
.350 

Maximum Variance/ Minimum Variance 

(*) Denotes pairs of groups significantly different at the .050 level 

X X X X X X X X X 
X X X X X X X X X 
X X X X X X X I X 

---- I I V V V I I X 
I I I I V 
I I 

Mean Group 

11.7400 XXXIII 
12.2400 XXXI 
12.9700 XXXV 
13.0800 XXXVII 
17.7800 XXXVI * * 
18.6800 XXXII * * * 
19.4300 XXXIV * * * 
19.8000 XXIX * * * 
21. 8000 XXX * * * * 
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LEGEND TO FIGURE III~ 

The direct effects of endotoxin, Lipid A, and monophosphoryl Lipid A on 
the rabbit cornea. Corneas from adult albino rabbits were mounted in a 
dual-chambered specular microscope and perfused with a glutathione-enriched 
bicarbonate solution (GBR, _Controls~ n = 7), GBR containing 1 mg/100 ml E.coli 
endotoxin, GBR containing 1 mg/100.ml E.coli Lipid A, or GBR containing 1 
mg/100 ml S.aureus monophosphoryl Lipid A after an intital equilibr~tion period 
of one hour during which the corneas were perfused with just ·GBR. Corneal 
thickness measurements were taken at 15 minute intervals for three·hours. 
Change in corneal thickness (in microns) is noted. 
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