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Abstract

Protein modifications resulting from reactive aldehydes are thought to be involved in the pathogenesis of various degenerative diseases. Aged
cynomolgus monkey (Macaca fascicularis) spontaneously develop drusen in the macula, consistent with the phenotype observed in early-stage
age-related macular degeneration (AMD), indicating that this animal is an optimum model for AMD. In retinal sections from three monkeys with
macular degeneration, regardless of their size, drusen were consistently positive with immunohistochemical labeling against protein modifica-
tions by 4-hydroxynonenal and 4-hydroxyhexenal, end products of non-enzymatic oxidation of n-6 and n-3 polyunsaturated fatty acids, respec-
tively. Positive labeling for both modifications was observed in the ganglion cell layer, the inner nuclear layer, the outer nuclear layer, and the
retinal pigment epithelium. However, no consistent differences in location or intensity of the labeling were observed between monkeys with
normal macula and macular degeneration. The results suggest a possible association between drusen formation and protein modifications by
aldehydes in the pathogenesis of AMD.
� 2008 Elsevier Ltd. All rights reserved.
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Age-related macular degeneration (AMD) is the leading
cause of legal blindness in elderly individuals in industrialized
countries (Fine et al., 2000). Accumulation of extracellular de-
posits between the retinal pigment epithelium (RPE) and Bru-
ch’s membrane, referred to as drusen, is regarded as
a hallmark risk factor for development of AMD (de Jong,
2006). Various lipids, polysaccharides, and glycosaminogly-
cans have been identified as constituents of drusen (Hageman
et al., 2001). Recent studies have revealed that drusen contains
various protein molecules that are related to inflammation, im-
mune responses, and oxidative stresses (Mullins et al., 2000;

Crabb et al., 2002); yet the mechanism of formation is not
fully understood.

Aged monkeys spontaneously develop macular degenera-
tive changes such as pigment mottling, hyperpigmentation or
hypopigmentation, and drusen in the macula, consistent with
the phenotype observed in early-stage AMD (Stafford et al.,
1984; Ishibashi et al., 1986). Previous proteomic analysis indi-
cated that a number of protein components are common in
drusen from monkeys and humans (Crabb et al., 2002; Umeda
et al., 2005). Thus, these animals are thought to be an optimum
animal model for AMD.

4-Hydroxynonenal (4-HNE) and 4-hydroxyhexenal (4-
HHE) are a,b-unsaturated aldehydes that are end products of
non-enzymatic oxidation of n-6 and n-3 polyunsaturated fatty
acids, respectively (Esterbauer, 1993). These highly reactive
aldehydes can react readily with histidine, cysteine, or lysine
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Fig. 1. Retinal sections from monkeys with macular degeneration and normal macula. Representative retinal sections from three monkeys with macular degen-

eration (panels AeD, EeG, and HeJ, respectively) and those from a monkey with a normal macula (panels KeM) are shown. Representative sections stained

with hematoxylin and eosin (panels A, E, H, and K) labeled with normal mouse IgG (panel B), 4-HNE-modified proteins (panels C, F, I, and L) and 4-HHE-mod-

ified proteins (panels D, G, J, and M). Asterisks and arrowheads indicate drusen and granular labeling, respectively. GCL, ganglion cell layer; INL, inner nuclear

layer; ONL, outer nuclear layer; and RPE, retinal pigment epithelium.
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