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Abstract. Research into the mechanisms underlylng the development of age-related 
macular degeneration (AMD), the leading cause of visual loss in the United States and 
Europe in people over 60 years old, has been limited in part by the lack of animal 
models for this disease. In the current study, we examined 62 elderly (220 years old) 
rhesus macaques (Macaca rnulatta) for the presence and severity of macular drusen. 
Drusen were observed in 47% of the macaques; they were similar histologically and in 
clinical appearance to the drusen observed in humans with AMD. It has been pro- 
posed that excessive tissue free radical damage may contribute to the development of 
AMD. Thus, circulating levels of select components of the free radical defense system 
and plasma thiobarbituric acid reactive substances (TBARS), an estimate of lipid 
peroxides, were measured in the above animals. Macaques diagnosed with drusen 
were characterized by alterations in concentrations and activities of several compo- 
nents of the free radical defense system. Alterations were most evident with respect 
to those enzymes associated with copper. The concept that excessive oxidative lipid 
damage might be a factor contributing to the occurrence of this disease is suggested 
by the findings of higher plasma TBARS concentrations in animals with >10 drusen 
compared with animals without drusen. [P.S.E.B.M. 1995, Vol 2081 

ge-related macular degeneration (AMD) is the 
leading cause of visual loss in the United A States and Europe in people over 60 years old, 

affecting up to 30% of those over the age of 75 (1, 2). 
It is currently thought that the disease is an advanced 
stage of an age-related deteriorative process that oc- 
curs in all eyes to some degree (3, 4); however, the 
mechanisms underlying the development of the dis- 
ease are poorly understood. One hypothesis for the 
increased susceptibility of some individuals to develop 
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AMD is that these individuals may have membrane 
damage resulting from their inability to detoxify free 
radicals generated via photooxidation in the retina 
(5-7). 

Characteristic of AMD is atrophy of the retinal 
pigment epithelium (RPE) that is most pronounced in 
the central macular region of the eye, the area of great- 
est visual acuity (8,9).  The RPE cells have many func- 
tions, including the transportation of nutrients to the 
neurosensory retina and disposal of waste products 
from the photoreceptor cells (rods and cones), through 
an extensive lysosomal system (10). Early stages of 
the disease are characterized by the presence of 
drusen, which are yellowish-white, elevated nodules 
of lipofuscin deposited within and between Bruch’s 
membrane and the RPE (11, 12). Evidence suggests 
that the density, size, and lipid composition of drusen 
determine the magnitude of vision loss associated with 
AMD (13, 14). Although there are numerous theories 
regarding the pathogenesis of drusen, there is no gen- 
eral agreement on how they are formed. They appear 
to occur due to alterations in the cells’ digestive mech- 
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anisms, probably resulting from a failure of several 
different metabolic processes (11). As the size and 
number of drusen increase, so do the chances that the 
RPE cells will die (8) and that AMD will progress (13, 
14). 

A major impediment in studying AMD has been 
the lack of available animal models. However, the 
presence of macular subretinal hypopigmented le- 
sions, which resemble drusen found in humans with 
AMD, has been reported in rhesus macaques (1 1, 12, 
15, 16). The reported frequencies of affected animals 
in the colonies surveyed varied from 6% to 76%, and, 
when combined, the results from these studies indicate 
that the prevalence of the disease increases with age 
(12, 15). Given the above, we sought to determine if a 
significant frequency of macular drusen was present in 
elderly populations of rhesus macaques maintained 
at the California Regional Primate Research Center 
(CRPRC) at  the University of California, Davis 
(Davis, CA) and at the Wisconsin Regional Primate 
Research Center (WRPRC) at the University of Wis- 
consin (Madison, WI), and if the clinical presentation 
of the drusen was similar to that observed in humans. 
In addition, plasma and erythrocyte levels of select com- 
ponents of the antioxidant defense system, and plasma 
thiobarbituric acid reactive substances (TBARS), an es- 
timate of lipid peroxides, were measured to determine if 
there was evidence of an altered circulating oxidative 
defense system in macaques with drusen. 

Materials and Methods 
Subjects. Colonies of elderly rhesus macaques 

(Macaca mulatta) housed in indoor animal facilities at 
the CRPRC and WRPRC were included in the present 
investigation. All macaques were maintained accord- 
ing to AAALAC standards, housed in raised stainless 
steel cages with automatic watering systems, and fed a 
commercial, complete primate diet (Purina Monkey 
Chow; h r i n a  Mills Inc., St. Louis, MO). All proce- 
dures used conformed to the Association for Research 
in Vision and Ophthalmology Resolution on the Use of 
Animals in Research. Protocols were approved by 
each campus’s veterinarian and Animal Care and Re- 
sources Committee. 

From the CRPRC, a total of 16 female and 13 male 
macaques were included, with ages ranging from 20 to 
33 years old; ages of females and males were 23.6 t 
0.9 and 23.4 2 0.6 years, respectively. From the 
WRPRC, a total of 23 female and 10 male macaques 
were included, with ages ranging from 21 to 36 years 
old; ages of females and males were 24.2 * 0.6 and 
28.4 ? 1.7 years, respectively. 

Clinical Observations. Ocular examinations 
were conducted under ketamine hydrochloride anes- 
thesia (10 mg/kg body wt). Mydriacil (1%) was applied 

to the cornea for pupillary dilation. Indirect ophthal- 
moscopy, with either a 20D or 14D lens, was used to 
confirm the presence or absence of drusen. Fundus 
photographs were taken with either a KOWA RC2 or 
Zeiss fundus camera. Photographs were reviewed by 
two independent, experienced readers. Each CRPRC 
animal’s health status was evaluated using physical 
examination, hemograms, and serum chemistries. In- 
direct blood pressure measurements were taken on 
California macaques using a Dinamap vital signs mon- 
itor (Model 1846SX; Critikon Inc., Tampa, FL), while 
the animals were under ketamine anesthesia. 

Fundus fluoroscein angiograms were performed 
on four macaques from the CRPRC and one macaque 
from WRPRC, under anesthesia as described above. 
Two milliliters of 25% sodium fluoroscein were in- 
jected intravenously into the antecubital vein. Photo- 
graphs were taken at intervals using a fundus camera. 

Histopathology. During the course of the study 
an elderly macaque at the CRPRC with paralyzing spi- 
nal cord compression was euthanized with an intrave- 
nous overdose of pentobarbital (1 cc/kg body wt). The 
animal was enucleated immediately following death 
and the eyes processed for histopathology. The eyes 
were fixed by immersion in 10% neutral buffered for- 
malin. After fixation the globes were opened in a 
parasagittal plane and a central portion containing the 
macula was processed routinely and embedded in par- 
affin. Five micron sections were cut and stained with 
periodic acid-Schiff (PAS) and examined by light mi- 
croscopy to identify drusen. 

Collection and Processing of Blood Samples. 
Peripheral venous blood samples (5-7 ml) were col- 
lected into heparinized tubes. Aliquots of whole blood 
were stored at -80°C for subsequent analysis of glu- 
tathione peroxidase (GSHPx) and glutathione reduc- 
tase (GSHRed) activities. Diluted plasma was ana- 
lyzed for TBARS as an estimate of plasma lipid per- 
oxide levels. One hundred microliters of whole blood 
was added to 1 ml of physiological saline and centri- 
fuged at 1500g for 15 min; the supernate was stored at 
- 80°C until analyzed for TBARS (17). The remaining 
blood was centrifuged at 1500g for 20 min, and plasma 
fractions were stored at - 80°C until analyzed for cop- 
per and zinc concentrations, and ceruloplasmin (Cp) 
activity. To prepare lysates for red blood cell super- 
oxide dismutase (RBC SOD) activity determination, 
packed red blood cells were diluted with an equal vol- 
ume of distilled, deionized water, mixed, and centri- 
fuged at  1500g. Plasma samples from WRPRC 
macaques were collected and stored at -80°C until 
analyzed for the above parameters; these samples 
were also analyzed for vitamins A and E, extracellular 
(EC) SOD and GSHPx activities, and Cp concentra- 
tions. Seven milliliters of venous blood obtained from 
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the CRPRC macaques was collected into tubes with 
EDTA for complete blood counts, and into tubes free 
of anticlotting agents for chemistry panels. 

Enzyme and Trace Element Analysis of Blood 
Fractions. Analytical grade chemicals and reagents 
were from Sigma Chemical Co. (St. Louis, MO) unless 
otherwise noted. 

Blood and plasma GSHPx activities were assayed 
according to the method of Lawrence and Burk (18). 
Selenium-dependent GSHPx activity was specifically 
measured by utilizing 5 mM hydrogen peroxide in the 
assay system. Glutathione peroxidase activity is pre- 
sented as units per milligram hemoglobin (for blood) or 
units per milliliter (for plasma), where one unit is de- 
fined as one nanomole NADPH oxidized per minute. 

Blood GSHRed activity was measured as de- 
scribed by Rogers and Augusteyn (19); data are ex- 
pressed as units per milligram hemoglobin, where one 
unit is defined as one nanomole of NADPH oxidized 
per minute. 

Following hemoglobin extraction from the red cell 
lysates (20), RBC SOD activity was determined ac- 
cording to Marklund and Marklund (21). One unit of 
SOD activity is defined as the amount of enzyme 
needed to inhibit the autooxidation of pyrogallol by 
50%. Results are expressed as units of activity per 
milligram hemoglobin. Extracellular SOD was deter- 
mined in plasma using a modification of the pyrogallol 
autooxidation method (22); results are expressed as 
units of activity per milliliter plasma. 

Hemoglobin concentrations were determined by 
the cyanornethemoglobin colorimetric procedure (Di- 
agnostic Kit #525). 

Plasma TBARS were measured as described by 
Yagi (17); results are expressed as nanomoles malon- 
dialdehyde (MDA), an end product of lipid peroxida- 
tion, per milliliter blood. The analytical standard used 
was 22 p M  1,1,3,3-tetraethoxypropane. 

Plasma zinc and copper concentrations were de- 
termined by flame atomic absorption spectrophotom- 
etry (23) (Model 55 1 ; Thermo Jarrell Ash, Wilmington, 
MA). Plasma was diluted with 0.1 N Baker’s Instra- 
Analyzed nitric acid (J. T. Baker, Phillipsburg, NJ) 
prior to analysis. 

Plasma Cp activity was measured following the 
oxidation of o-dianisidine dihydrochloride as de- 
scribed by Schosinsky et al. (24). Units of activity are 
defined as the difference in absorption at 540 nm at 5 
and 15 min, and are expressed per liter plasma. Plasma 
Cp protein concentrations were determined using a 
commercial radial immunodiffusion kit (The Binding 
Site, Birmingham, England); results are expressed as 
milligrams per liter plasma. 

Plasma concentrations of vitamins A and E were 
measured simultaneously by HPLC according to the 

method of Driskell et al. (25). Concentrations were 
quantitated by comparing heights of retinol or tocoph- 
erol peaks to the height of the retinyl acetate internal 
standard peak. 

Chemistry panels and complete blood counts were 
determined by the University of California Veterinary 
Medicine Teaching Hospital diagnostic laboratory 
(Davis, CA). 

Data Analysis. Results are presented as mean ? 
SEM. One-way analysis of variance (ANOVA) was 
used for statistical analysis (Statview 11; Abacus Con- 
cept, Berkeley, CA). A P value 60.05, using Fisher’s 
least significant difference test, was considered statis- 
tically significant. 

Results 
Data for control monkeys from the two colonies 

(CRPRC and WRPRC) were not significantly different 
from each other, and therefore, to ease presentation, 
the data from the two sets of animals have been 
combined. 

Clinical Observations. Ophthalmic examination 
and photographs of the fundi revealed that 14 of the 29 
animals at the CRPRC and 15 of the 33 animals at the 
WRPRC examined had subretinal yellowish-white le- 
sions, considered to represent drusen. When further 
categorized according to the number of drusen per an- 
imal, a total of 18 animals had 1-10 drusen and 1 1  had 
> 10 drusen. Ages of the animals, were similar among 
the groups (24.1 2 0.7, 24.8 * 0.7, and 25.5 ? 1 . 1  
years old for no drusen, 1-10 drusen, and >10 drusen 
groups, respectively). Males and females were evenly 
distributed among the groups. 

The drusen were confirmed by fluoroscein angiog- 
raphy in five animals and by histopathology in one 
animal (Fig. 1-3). The drusen were clinically distinct 
from the previously described intra-RPE flecks (26), 
and were of both the soft and hard type. All animals 
had bilateral involvement, but there was no evidence 
of subretinal neovascular hemorrhages or disciform 
scars in any of the animals observed. 

There were no differences in systolic or diastolic 
blood pressure among the three groups (data not 
shown). 

Histopathology. Figure 3 shows an example of 
several sub-RPE deposits that are PAS positive; the 
histopathology was consistent with the description of 
drusen in human eyes (27). 

Enzyme and Trace Element Analysis of Blood 
Fractions. Plasma Cp activity was significantly higher 
in macaques with 1-10 drusen compared with 
macaques without drusen and thpse with >10 drusen 
(Table I). Cp protein concentrations were significantly 
higher in macaques with 1-10 drusen than in macaques 
with >10 drusen; macaques without drusen had levels 

372 FREE RADICAL DEFENSE AND MACULAR DRUSEN 



Figure 2. A fundus fluorescein angiogram of a rhesus macaque 
showing hyperfluorescent window defects characteristic of 
d rusen. 

Figure 1. A fundus photograph of a rhesus macaque with mac- 
u la r d r usen. 

that were similar to values obtained from animals di- 
agnosed with drusen (Table I). 

Macaques with > 10 drusen had significantly lower 
RBC SOD activities than macaques diagnosed with 
1-10 drusen, and tended to have lower activities than 
those free of ocular lesions (P = 0.14) (Table I). Blood 
GSHPx and GSHRed activities tended to be higher in 
macaques with drusen compared with those without: 
those with 1-10 drusen had higher blood GSHRed ac- 
tivities than controls, and macaques with > 10 drusen 
had higher blood GSHPx activities compared with 
macaques without drusen (Table I). Activities of 
plasma GSHPx and EC SOD, and concentrations of vi- 
tamins A and E were similar among the groups (Table I). 

Consistent with plasma Cp activity, plasma cop- 
per concentrations were highest in the animals with 
1-10 drusen (P = 0.07 vs macaques with no drusen) 
(Table 11). When copper concentrations were re- 
gressed against Cp activity, macaques without drusen 
and those with 1-10 drusen had 3 values typically ob- 
served for this analysis (r2 = 0.63 and 0.61, respec- 
tively; P < O.OOOl) ,  whereas macaques with > l o  
drusen had a very poor regression value (3 = 0.08). 

Plasma zinc concentrations tended to be lower in 
macaques with >lo  drusen compared with those diag- 
nosed without drusen (P = 0.10) and those with 1-10 
drusen (P = 0.12) (Table 11). 

Plasma TBARS concentrations were higher in 
macaques as the number of drusen increased; those 
macaques with > 10 drusen had significantly higher 
circulating TBARS than macaques without drusen 
(Table 11). 

Enzyme activities measured to evaluate liver func- 
tion (ALT and AST) in the CRPRC animals, were sim- 
ilar among the groups (data not shown). There were no 
differences among the groups with regard to other 
CBC and chemistry panel parameters. 

Discussion 
The present investigation was undertaken to 

achieve two major goals: (i) to determine if macular 
drusen was evident in colonies of elderly rhesus 
macaques at a high frequency, and if the clinical pre- 
sentation of the drusen was similar to that observed in 
humans, and (ii) to determine if there was evidence of 
an altered circulating oxidative defense system in the 
macaques with drusen. 

With respect to the first goal, the occurrence of 
drusen was observed in 47% of the macaques exam- 
ined aged 20 years and older (n  = 62). This finding is 
consistent with that of Ulshafer et al. (12) who ob- 
served a frequency of drusenoid lesions in 76% of 29 
aged (mean age, 20 years) rhesus macaques examined. 
In a survey of 574 rhesus macaques located at 12 dif- 
ferent primate research centers, Stafford et al. (16) 
reported that only 5.9% of the macaques had drusen, 
however, the ages of the macaques ranged from 10 to 
31 years. This suggests that similar to humans, drusen 
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Figure 3. A photomicrograph of macular drusen in a rhesus macaque showing PAS-stained subretinal pigment epithelium deposits. 

are more frequently observed in older animals. Con- 
sistent with this, El-Mofty et al. (27) and Bellhorn et 
al. (15) have reported a general increased incidence of 
macular pigmented anomalies in old compared with 
young macaques. The observation of soft drusen in the 
current investigation support the use of the macaque 
model in studying AMD, as it is the soft drusen, more 
so than hard drusen, that are associated with the pro- 
gression of AMD in humans (13, 14). 

In addition to the clinical and histopathologic anal- 
yses, the current study evaluated circulating concen- 
trations of select trace elements and activities of sev- 
eral antioxidant enzymes to test the hypothesis that 
macaques with macular drusen have an altered free 
radical defense system. It has been suggested that the 
antioxidant activity of the RPE is reduced in AMD (9, 

28) and that this reduction may be linked to the RPE 
deterioration observed with AMD (8, 29). Oxygen 
turnover in the retina is very high, in part as a conse- 
quence of the intensive energy production associated 
with the large numbers of mitochondria in the photo- 
receptor inner segments; this high oxygen turnover 
contributes to the retina's exposure to high concentra- 
tions of oxygen free radicals (30). The combination of 
the RPE's extremely high proportion of polyunsatu- 
rated, and, thus, peroxidizable fatty acids and a high 
generation of reactive oxygen species may induce the 
degenerative changes and damage seen in the aging 
macula (9, 30). In the current study, plasma zinc and 
copper concentrations were measured in part because 
the RPE has one of the highest concentrations of zinc 
and copper in the body (31, 32). In addition, a signif- 

Table 1. Circulating Antioxidant Levels and TBARS Concentrations in Elderly Rhesus Macaques 

No drusen 1-10 drusen >lo drusen P value 

Plasma Cp activity (Ulliter)' 
Plasma Cp protein (mg/liter)d 
Plasma vitamin A (kgldl)d 
Plasma vitamin E (kgldl)d 
Plasma EC SOD activity (U/ml)d 
Plasma GSHPx activity (Ulml)d 
Blood GSHPx activity (Ulmg Hb)a 
Blood GSHRed activity (Ulmg Hb)= 
RBC SOD activity (Ulmg Hb)' 
Plasma TBARS (nmoles MDNml)' 

128 2 7b 
450 ? 18''' 
54.3 2 3.2 
1070 ? 56 
31.0 2 3.0 
98.9 ? 5.5 

2.26 k 0.09 
0.525 5 0.019b 
5.82 5 0.16b 

17.4 ? 0.7 

162 k 10" 
491 5 28b 
56.0 2 10.5 
1103 2 77 
28.1 k 3.1 
94.9 f 9.7 
18.6 f 0.7 
2.55 k 0.13 
0.634 2 0.030" 
6.08 2 0.36'9' 

123 5 15b 
418 ? 21" 
69.0 k 13.0 
1120 k 93 
27.8 ? 3.4 
109.1 2 8.0 
20.1 2 1.2 
2.53 k 0.21 
0.469 f 0.038b 
7.05 k 0.55" 

0.01 2 
0.049 
0.360 
0.873 
0.740 
0.469 
0.1 27 
0.1 41 
0.001 
0.034 

Note. Values are the mean 2 SEM. Cp = ceruloplasmin; EC = extracellular; SOD = superoxide dismutase; GSHPx = glutathione 
peroxidase; GSHRed = glutathione reductase; TBARS = thiobarbituric acid reactive substances. 
a n = 33, 18, 11 for monkeys without drusen, 1-10 drusen, and >10 drusen groups, respectively. 
b,c Values within a row not sharing a common superscript are significantly different from each other (P < 0.05). 

n = 18, 7, 8 for monkeys without drusen, 1-10 drusen, and > l o  drusen groups, respectively. 
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Table II. Plasma Copper and Zinc Concentrations 
in Elderly Rhesus Macaques 

P No drusen 1-10 drusen >10 drusen value 

Plasma copper 

Plasma zinc 
(IN 17.9 2 0.8 20.3 * 1.2 18.7 2 0.9 0.16 

(PM) 11.6 -+ 0.6 11.8 2 0.8 9.6 2 1.1 0.19 

Note. Values are the mean * SEM (n = 33, 18, and 11 for no 
drusen, 1-10 drusen, and >10 drusen groups, respectively). 

icant proportion of the zinc and copper is associated 
with the antioxidant enzymes, CuZn SOD (33) and EC 
SOD (34). Zinc is also involved in oxidative defense 
via its ability to stabilize biomembranes against per- 
oxidative damage (35) and via its association with met- 
allothionein, which has putative free radical quenching 
properties (36, 37). 

Recently, there has been considerable interest in 
the idea that zinc metabolism may be altered in indi- 
viduals with AMD. While the functions of zinc in the 
retina are still poorly defined, zinc deficiency can lead 
to visual impairment, which is reversible with admin- 
istration of zinc (3840). With regard to AMD the in- 
terest in zinc is primarily based on two observations; 
first, Wyszynski et al. (41) reported that the activity of 
the zinc-dependent lysosomal enzyme, a-mannosi- 
dase, in human RPE cells cultured in vitro decreased 
as donor age increased. These investigators reported 
that ZnSO, added to the cell supernates stimulated 
enzyme activity, suggesting that low a-mannosidase 
activity in the old RPE cells was due in part to a lack 
of the metal. Second, Newsome et al. (42) reported 
that the use of oral zinc supplements reduced the rate 
of visual loss in humans with AMD. The latter study 
was conducted based on the concept that zinc plays an 
important metabolic role in the retina and that the el- 
derly are at risk for zinc deficiency. It is important to 
note that in the study by Newsome et al., neither pre- 
nor postsupplementation plasma zinc values were sig- 
nificantly different from those of an ocular-normal 
group. In the present study, plasma zinc concentra- 
tions tended to be lowest in macaques with the highest 
incidence of drusen, suggesting that zinc metabolism 
may be altered in macaques with a high number of 
drusenoid lesions. Table I11 summarizes the results for 
plasma zinc and copper concentrations and plasma Cp 
activity found in the literature in humans with AMD 
compared with control populations. 

Our data regarding plasma copper distribution 
among elderly macaques with and without drusen are 
similar to the findings of Newsome et al. for humans 
with AMD (43). Macaques with 1-10 drusen had 
higher activities of plasma Cp, a copper-binding pro- 
tein. The higher Cp activity observed in these animals 
may be indicative of a chronic acute phase reaction in 

response to chronic physiological stress and/or tissue 
injury. Given that one putative function of Cp is to 
scavenge reactive oxygen species (44), the finding of 
high plasma Cp activity in macaques with drusen may 
reflect a protective response to an increased rate of 
oxidant production in these animals. These findings 
are thus consistent with the general hypothesis that 
one factor underlying the initiation and/or progression 
of AMD is excessive oxidative damage. 

As anticipated, copper-dependent parameters 
(e.g., plasma copper and Cp protein concentrations; 
Cp and RBC SOD activities) were altered in macaques 
with drusen compared with those without. An unan- 
ticipated observation was that while plasma Cp activ- 
ity was elevated in animals with 1-10 drusen, it was 
not elevated in animals with >10 drusen. A possible 
explanation for this finding is that animals in the earlier 
stages of the disease process (1-10 drusen) are char- 
acterized by alterations in copper metabolism, which 
are secondary in part to a chronic acute phase re- 
sponse. One of the hallmarks of an acute phase re- 
sponse is an increased production of Cp in the liver. 
The addition of copper to Cp is a post-translational 
modification of the protein, and both copper- 
containing Cp and apo Cp can be secreted from the 
liver. It can be postulated that with time, in the face of 
chronic acute protein synthesis, the liver copper stores 
needed for activation of Cp may become reduced to 
the point that significant amounts of apo Cp are re- 
leased. Since the turnover of apo Cp is faster than that 
of holo Cp ( 4 9 ,  the above would result in both a re- 
duction in Cp protein and Cp activity in the animals 
with >10 drusen. Consistent with the above is the ob- 
servation that plasma Cp activity and copper concen- 
trations are well correlated in monkeys with 0-9 
drusen, while plasma Cp activity and copper concen- 
trations in macaques with >10 drusen are poorly cor- 
related. This would be the situation if, as the disease 
progresses, there is less copper associated with Cp. 

Table 111. Plasma Copper and Zinc Concentrations 
and Ceruloplasmin (Cp) Activity in Humans and 

Rhesus Monkeys with Drusen Relative to Controls 
Without Drusen 

Plasma 

Copper Zinc Cp activity 

Humans: 
? - Newsome et a/. (42, 43) - 

Silverstone et a/. (50) .1 ? 
.1 Wu (51) - 

Present study - - 

NR 
NR 

t "  
Rhesus monkeys: 

Note. NR = not reported; t , 1 = subjects with AMD reported 
to have significantly higher or lower values than control sub- 
jects; - = no significant difference detected between AMD and 
control subjects. 
a Significantly higher in macaques with 1-10 drusen. 
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An additional putative function of Cp is to transfer 
copper to extrahepatic sites (46). However, despite 
elevated plasma Cp activity, extrahepatic tissue cop- 
per concentrations can be low in vascular disease (47, 
48). Thus, the finding of high plasma Cp activity in 
macaques with drusen does not necessarily translate 
into an adequate supply of copper to the eye for syn- 
thesis of CuZn SOD and other critical cuproenzymes. 
Consistent with the above, among the three groups’ 
macaques with >lo drusen had the lowest activity of 
the superoxide scavenging RBC SOD. The observa- 
tion that higher plasma TBARS concentrations were 
highest in macaques with >10 drusen further supports 
the idea that these animals were compromised with 
respect to their ability to metabolize reactive oxygen 
species. This is critical given the fact that the retina 
contains the highest proportion of peroxidizable lipids 
in the body (49). 

In summary, histopathologic, clinical, and bio- 
chemical observations indicate that the age-related 
changes in rhesus macaques with drusen are similar to 
those seen in the humans with AMD. Although it is 
unknown if concentrations and activities of the circu- 
lating parameters investigated reflect ocular levels, the 
data presented in the current study support the hy- 
pothesis that oxidative damage plays a role in the 
pathogenesis of drusen. The macaque model should 
provide an opportunity to investigate in detail the com- 
parative metabolism of copper and zinc in animals 
with and without drusen, as well as the association 
between altered oxidant defense systems and the de- 
velopment of macular drusen. 

This work was supported in part by the Hewitt Comparative 
Ophthalmology Fund given to the University of Wisconsin, the 
James Thurber Memorial Fund of Fight For Sight Inc., Research 
Division of the National Society to Prevent Blindness (student fel- 
lowship), and National Institutes of Health Grant RR00167 and 
RR00169. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Kahn HA, Moorhead HB. Statistics on Blindness in the Model 
Reporting Area 1969-1970. U.S. Department of Health, Educa- 
tion, and Welfare, publication (NIH) 73.427, 1973. 
Statistical Analysis. New York, National Society to Prevent 
Blindness Inc., 1980. 
Feeney-Burns L,  Ellersieck MR. Age-related changes in the 
ultrastructure of Bruch’s membrane. Am J Ophthalmol 100:686 
690, 1985. 
Ring HG, Fuino T. Observations on the anatomy and pathology 
of the choroidal vasculature. Arch Ophthalmol 78:43 1-444, 
1967. 
Burch PRJ, Chesters MS. Natural and radiation induced cata- 
racts in man and mouse and natural macular degeneration in 
man: Proposed mechanisms. Phys Med Biol 30:879-896, 1985. 
Young RW. A theory of central retinal disease. In: Sears ML, 
Ed. Future Directions in Ophthalmological Research. New Ha- 
ven: Yale University Press, pp237-270, 1981. 
Eye Disease Case-Control Study Group. Antioxidant status and 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

376 FREE RADICAL DEFENSE AND MACULAR DRUSEN 

neovascular age-related macular degeneration. Arch Ophthal- 
mol 111: 104-109, 1993. 
Hogan MJ. Role of retinal pigment epithelium in macular de- 
generation. Trans Am Acad Ophthalmol Otolaryngol 7664-80, 
1972. 
Handelman GJ, Dratz EA. The role of antioxidants in the retina 
and retinal pigment epithelium and the nature of pro-oxidant 
damage. Adv Free Rad Biol2:1-89, 1986. 
Young RW. Pathophysiology of age-related macular degenera- 
tion. Surv Ophthalmol 31:291-306, 1987. 
Ishibashi T, Sorgente N, Patterson R, Ryan SJ. Pathogenesis of 
drusen in the primate. Invest Ophthalmol Vis Sci 27:184193, 
1986. 
Ulshafer RJ, Engel HM, Dawson WW, Allen CB, Kessler MJ. 
Macular degeneration in a community of rhesus monkeys. Ret- 
ina 7:198-203, 1987. 
Bressler SB, Maguire MG, Bressler NM, Fine SL. Relationship 
of drusen and abnormalities of the retinal pigment epithelium to 
the prognosis of neovascular macular degeneration in man: Pro- 
posed mechanisms. Phys Med Biol30:879-896, 1985. 
Pauleikoff D, Barondes MJ, Minassian D, Chisholm IH, Bird 
AC. Drusen as risk factors in age-related macular disease. Am J 
Ophthalmol 109:3843, 1990. 
Bellhorn RW, King CD, Aguirre GD, Ripps H, Siege1 IM, Tsai 
HC. Pigmentary abnormalities of the macular in rhesus mon- 
keys: clinical observations. Invest Ophthalmol Vis Sci 21:771- 
781, 1981. 
Stafford TJ, Anness SH, Fine BS. Spontaneous degenerative 
maculopathy in the monkey. Ophthalmology 9513-521, 1984. 
Yagi K. A simple fluorometric assay for lipoperoxide in blood 
plasma. In: Packer L, Ed. Methods in Enzymology. Orlando: 
Academic Press, pp328-331, 1984. 
Lawrence RA, Burk RF. Glutathione peroxidase activity in se- 
lenium deficient rat liver. Biochem Biophys Res Commun 

Rogers KM, Augusteyn RG. Glutathione reductase in normal 
and cataractous human lenses. Exp Eye Res 27:719-721, 1978 
Schacter LP, Del Villano BC, Gordon EM, Klein BL. Red cell 
superoxide dismutase and sickle cell anemia symptom severity. 
Am J Hematol 19:137-144, 1985. 
Marklund S,  Marklund G. Involvement of the superoxide anion 
radical in the autooxidation of pyrogallol and a convenient assay 
for superoxide dismutase. Eur J Biochem 41:468-474, 1974. 
Prohaska JR. Changes in tissue growth, concentrations of cop- 
per, iron. cytochrome c oxidase and superoxide dismutase sub- 
sequent to dietary or genetic copper deficiency in mice. J Nutr 
113:204&2058, 1983. 
Clegg MS, Keen CL, Lonnerdal B, Hurley LS. Influence of 
ashing techniques on the analysis of trace elements in animal 
tissue I. Wet ashing. Biol Trace Element Res 3:107-115, 1981. 
Schosinsky KH, Lehman HP, Beeler MF. Measurement of ce- 
ruloplasmin from its oxidase activity in serum by use of o-dia- 
nisidine dihydrochloride. Clin Chem 20: 1556-1563, 1974. 
Driskell WJ, Neese JW, Bryant CC, Bashor MM. Measurement 
of vitamin A and vitamin E in human serum by HPLC. J Chro- 
matog 231:43944, 1982. 
Fine BS, Kwapien RP. Pigment epithelial windows and drusen: 
An animal model. Invest Ophthalmol Vis Sci 17:1059-1068, 
1978. 
El-Mofty A, Eisner G, Balazas E,  Denlinger J,  Gouras P. Ret- 
inal degeneration in rhesus monkeys (Macaca rnulatta). Exp 
Eye Res 31:147-166, 1980. 
Feeney-Burns L, Berman ER, Rothman H. Lipofuscin of hu- 
man retinal pigment epithelium. Am J Ophthalmol 90:783-791, 
1980. 
Green WR, Keys SN 111. Senile macular degeneration: a histo- 
pathologic study. Trans Am Ophthalmol SOC 75: 180-254, 1977. 

71~952-958, 1976. 



30. Weigand RD, Jose JG, Rapp LM, Anderson RE. Free radicals 
and damage to ocular tissues. In: Armstrong D, Sohal RS, Cut- 
ler RG, Slater TF, Eds. Free Radicals in Molecular Biology, 
Aging and Disease. New York: Raven Press, pp317-353, 1984. 

3 1 .  Eckhert CD. Elemental concentrations in ocular tissues of var- 
ious species. Exp Eye Res 37:63947,  1983. 

32. Bowness JM, Morton RA, Shakir MH. Distribution of copper 
and zinc in mammalian eyes. Occurrence of metals in melanin 
fractions from eye tissues. Biochem J 51521-530, 1952. 

33. Rao NA, Thaete LG, Delmage JM, Savanian A. Superoxide 
dismutase in ocular structures. Invest Ophthalmol Vis Sci 
26:1778-1781, 1985. 

34. Tibell LK, Hjalmarsson K, Edlund T,  Engstrom A, Marklund 
SL. Expression of human extracellular superoxide dismutase in 
Chinese hamster ovary cells and characterization of the prod- 
uct. Proc Natl Acad Sci USA 79:76347638, 1982. 

35. Bettger WJ, Fish TJ, O’Dell BL. Effects of copper and zinc 
status of rats on erythrocyte stability and superoxide dismutase 
activity (40188). Proc SOC Exp Biol Med 158:279-282, 1978. 

36. Greenstock CL, Jinot CP, Whitehouse RP, Sargent MD. DNA 
radiation damage and its modification by metallothionein. Free 
Rad Res Commun 2:233-239, 1987. 

37. Thornally PJ, Vasak M. Possible roles for metallothionein in 
protection against radiation-induced oxidative stress. Kinetics 
and mechanism of its reaction with superoxide and hydroxyl 
radicals. Biochim Biophys Acta 827:36-44, 1985. 

38. Morrisson SA, Russell RM, Carney EA, Oaks EV. Zinc defi- 
ciency: A cause of abnormal dark adaptation in cirrhotics. Am 
J Clin Nutr 31:276281, 1978. 

39. Ketola HG. Influence of dietary zinc on cataracts in rainbow 
trout. J Nutr 109:965-969, 1979. 

40. Rogers JM, Hurley LS. Effects of zinc deficiency on morpho- 
genesis of the fetal rat eye. Development 99:231-238, 1987. 

41. Wyszynski RE, Bruner WE, Can0 DB, Morgan KM, Davis CB, 

Sternberg P. A donor-age-dependent change in the activity of 
alpha-mannosidase in human cultured RPE cells. Invest Oph- 
thalmol Vis Sci 30:2341-2347, 1989. 

42. Newsome DA, Swartz M, Leone NC, Elston RC, Miller E. Oral 
zinc in macular degeneration. Arch Ophthalmol 106: 192-198, 
1988. 

43. Newsome DA, Swartz M, Leone NC, Hewitt AT, Wolford F, 
Miller ED. Macular degeneration and elevated serum cerulo- 
plasmin. Invest Ophthalmol Vis Sci 27: 1675-1680, 1986. 

44. Goldstein IM, Kaplan HB, Edelson HS, Weissman G. Cerulo- 
plasmin: A scavenger of superoxide anion radicals. J Biol Chem 
254:40404045, 1979. 

45. Gitlin JD, Schroeder JJ, Lee-Ambrose L ,  Cousins RJ. Mecha- 
nisms of caeruloplasmin biosynthesis in normal and copper- 
deficient rats. Biochem J 282:835-839, 1992. 

46. Linder MC, Moor JR. Plasma ceruloplasmin. Evidence for its 
presence in and uptake by heart and other organs of the rat. 
Biochim Biophys Acta 499:329-336, 1977. 

47. Clegg MS, Ferrell F, Keen CL. Hypertension induced alter- 
ations in copper and zinc metabolism in Dahl rats. Hypertension 
9:624-628, 1987. 

48. Keen CL, Clegg MS, Ferrell F, Hunter GC, Dubick MA. Hy- 
pertension induced alterations in copper and zinc metabolism: A 
link to vascular disease? In: Sorenson JRJ, Ed. Biology of Cop- 
per Complexes. Totowa, NJ: The Humana Press, pp141-150, 
1987. 

49. Farnsworth CC, Dratz EA. Oxidative damage of retinal rod 
outer segment membrane and the role of vitamin E. Biochim 
Biophys Acta 443556570, 1976. 

50. Silverstone BZ, Landau L, Berson D, Sternbuch J. Zinc and 
copper metabolism in patients with senile macular degeneration. 
Ann Ophthalmol 17:419-422, 1985. 

51. Wu LH. Study of aging macular degeneration in China. Jap J 
Ophthalmol31:349-367, 1987. 

FREE RADICAL DEFENSE AND MACULAR DRUSEN 377 


