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BRIEF REPORTS

Topographical Localization of Lipofuscin Pigment in the
Brain of the Aged Fat-Tailed Dwarf Lemur (Cheirogaleus
Medius) and Grey Lesser Mouse Lemur (Microcebus
Murinus): Comparison to Iron Localization

EMMANUEL P. GILISSEN,* RUSSELL E. JACOBS, EVELYNN R. MCGUINNESS,
AND JOHN M. ALLMAN
Division of Biology, California Institute of Technology, Pasadena

The present study was undertaken to explore the distribution of lipofus-
cin in the brain of cheirogaleids by autofluorescence and compare it to
other studies of iron distribution. Aged dwarf (Cheirogaleus medius) and
mouse (Microcebus murinus) lemurs provide a reliable model for the study
of normal and pathological cerebral aging. Accumulation of lipofuscin, an
age pigment derived by lipid peroxidation, constitutes the most reliable
cytological change correlated with neuronal aging. Brain sections of four
aged (8–15 year old) and 3 young (2–3 year old) animals were examined.
Lipofuscin accumulation was observed in the aged animals but not in
the young ones. Affected regions include the hippocampus (granular and
pyramidal cells), where no iron accumulation was observed, the olfactory
nucleus and the olfactory bulb (mitral cells), the basal forebrain, the hy-
pothalamus, the cerebellum (Purkinje cells), the neocortex (essentially
in the pyramidal cells), and the brainstem. Even though iron is known to
catalyse lipid oxidation, our data indicate that iron deposits and lipofus-
cin accumulation are not coincident. Different biochemical and morpho-
logical cellular compartments might be involved in iron and lipofuscin
deposition. The nonuniform distribution of lipofuscin indicates that brain
structures are not equally sensitive to the factors causing lipofuscin ac-
cumulation. The small size, the rapid maturity, and the relatively short
life expectancy of the cheirogaleids make them a good model system in
which to investigate the mechanisms of lipofuscinogenesis in primates.
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INTRODUCTION
The most reliable and widespread cytological change correlated with neu-

ronal aging is the formation of fluorescent age pigment or lipofuscin, which con-
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tains peroxidised lipids, proteins, and transition metals [Strehler, 1964; Whiteford
& Getty, 1966; Sohal & Wolfe, 1986; Gutteridge, 1987; Kitani et al., 1995; Terman
& Brunk, 1998]. Lipofuscin belongs to the lysosomal system and is a result of
incomplete degradation of heterophagocytosed and/or autophagocytosed material
[De Duve & Wattiaux, 1966]. The formation of lipofuscin is strongly related to
oxidative enzymatic activity [Friede, 1962] as well as to oxidative stress and
perturbation of protease activity [Ivy et al., 1984, 1990, 1996; Harman, 1990;
Sohal & Brunk, 1990; Marzabadi et al., 1991; Ivy, 1992; Yu, 1993]. Lipofuscin accu-
mulation can therefore be considered as an outcome of both physiological aging and
abnormal oxidative metabolism [Sohal & Wolfe, 1986; Sheehy et al., 1995].

It has been observed that iron content increases with age in cheirogaleid
brains and mainly accumulates in the extrapyramidal motor system [Gilissen et
al., 1996; Dhenain et al., 1997, 1998]. Iron is an essential transition metal cata-
lyst used by biological systems to facilitate aerobic metabolism. It can however
also induce oxygen radical formation leading to oxidative stress and cell damage
[Gutteridge, 1987]. Several lines of evidence support the hypothesis that oxida-
tive stress is associated with the aging process [Harman, 1988, 1994; Sohal, 1988].
Iron-catalysed lipid peroxidations are common processes during senescence. As a
catalyst for the interaction of superoxide anion radical (O2

–), iron accelerates the
formation of lipofuscin. The high rate of oxygen utilization of the brain, its high
lipid content, and its relatively low level of endogenous antioxidants make it
highly sensitive to iron-catalysed oxidative processes and lipofuscin formation.

The mouse lemur provides a useful model for the study of cerebral aging. Its
life expectancy is about 4 years in the wild. In captivity however, it lives up to
about 13 years. Some aged specimens (8–11 years old) undergo neuropathologi-
cal and behavioural changes quite similar to those seen in normal and pathologi-
cal human aging [Bons et al., 1995]. The life span of the fat-tailed dwarf lemur
in the wild is not known, but specimens up to 19 year old have been observed in
captivity [Hakeem et al., 1996]. The present study was undertaken to explore
the distribution of lipofuscin in the brain of aged mouse and dwarf lemurs and
compare it to previous work on iron distribution [Gilissen et al., 1998].

MATERIALS
The specimens used in this study are the same as those described by Gilissen et

al. [1998]. They include aged and young animals (Table I). All animals died of natu-
ral causes. The diet of the dwarf lemurs is similar to the one described in Lee et al.
[1996]. The mouse lemurs were fed cracked Purina Old World Monkey Chow (No.
5038), chopped fruits, vegetables, and crickets. The composition of the chow is as
follows: 15.5% protein, 5.9% fat, and 4% fiber per daily serving. The chow contains
180 parts iron per million. It corresponds to the daily requirement in iron and is
similar to the normal diet in the wild. There was no supplementation with vitamins
or minerals. To prevent obesity in nocturnal lemurs during the winter (torpor pe-
riod), a “winter diet” and a “summer diet” have been established. The winter diet is
initiated in mid-August, with a gradual decrease of food amounts. The diet is then
increased gradually starting in April, reaching the full summer diet amount in breed-
ing season (David Haring & Janet Baer, personal communications).

METHODS
After removal from thawed cadavers (not perfused), the brains were refriger-

ated in 10% formalin solution with 30% sucrose overnight. Serial sections were
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then cut in sagittal and coronal planes at 50 µm on a cryomicrotome. The sec-
tions were kept as free-floating sections in the same fixative. Some were kept
unstained and some were treated for lipofuscin detection with the following his-
tochemical procedures: Sudan III, oil red O, Schmorl, Nile blue sulfate, and Ziehl-
Neelsen [Pearse, 1961]. The sections were then mounted on gelatin-coated slides.

Lipofuscin-like substances appear yellow to brown in unstained preparations
of aging brain examined in the light microscope. In fact, the term lipofuscin has
been classically used to refer to the material emitting green to yellow autofluores-
cence when irradiated with ultraviolet or blue light. These pigments can be eas-
ily defined and identified by their autofluorescence in situ [Dowson & Harris,
1981; Harman, 1990; Sohal & Brunk, 1990]. The sections that we kept unstained
(see above) as well as histological material used for iron staining in the same
animals [see Gilissen et al., 1998] were examined by fluorescence microscopy
using epiillumination in a Zeiss Axiophot microscope. The semiquatitative as-
sessment of Dhenain et al. [1998] was used for the degree of lipofuscin pigmenta-
tion: 0 = no lipofuscin detectable, 1+ = small, 2+ = large amount of lipofuscin
(Table I).

RESULTS
External morphology of the brains showed no age-related changes. In our

previous study [Gilissen et al., 1998], we observed no evidence of amyloid plaques
or degenerated neurites in these specimens. We observed no changes at the cel-
lular level between the young and the aged animals, but we did note the accu-
mulation of lipofuscin granules in the aged animals. No lipofuscin was observed
in the young animals (Fig. 1.1). The accumulation does not appear substantially
different between the 8-year-old and the oldest animals and appears similar in
the two species (Fig. 1.2–5). The presence of lipofuscin is not common to all brain
regions (Table I, and see Figs. 2, 3). We observed no difference in regional lipo-
fuscin distribution between the two species.

Lipofuscin is observed in the hippocampus [granular layer of the dentate gyrus,
interneurons (large polymorphic neurons) of the hilus of the dentate gyrus, and py-
ramidal layer including its subicular part] (Figs. 1.2–5, 3.1). Pigments are also ob-
served in the Purkinje cells of the cerebellum (Fig. 3.2) and in the cerebellar nuclei
as well as in the mitral cells of the olfactory bulb (Fig. 3.3), the olfactory nucleus
(Fig. 3.4), and the olfactory tubercle. The pigments are present in more anterior
forebrain structures including the nucleus basalis of Meynert, and especially the
diagonal band of Broca, the septum, and the nucleus accumbens (Fig. 3.6). They are
also present throughout the amygdala and they show a clear lamination pattern
throughout the whole cerebral cortex, where they are especially visible in the motor
cortex pyramidal cells (Fig. 3.5). They are also visible in the subthalamic region
(zona incerta), the hypothalamus, the interpeduncular nucleus, and the hindbrain
structures (raphe, locus coeruleus, reticular formation).

A few, scattered pigments are also present in the pons, the inferior and superior
colliculus, the thalamus, the globus pallidus, the substantia nigra (pars reticulata
and pars compacta), the striatal fundus, and in the striatum (Fig. 3.7–8).

DISCUSSION
Iron promotes in vivo lipofuscin formation and is usually detectable in high

concentrations in lipofuscin granules. Similarly, the amount of lipofuscin found
in tissues or in cultured cells exposed to iron enriched environment is greater
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than in the controls [Sohal et al., 1977, 1985; Armstrong, 1984; Sohal & Wolfe,
1986; Marzabadi et al., 1988; Brunk, 1990; Sohal & Brunk, 1990; Katz et al.,
1993; Yuan et al., 1995; Zs.-Nagy et al., 1995; Castelnau et al., 1998]. Because
lipofuscin pigments occurring in cultured cells have similar characteristics to the
material found in postmitotic cells in vivo [Brunk & Collins, 1981], one could
expect a close correlation between the distribution of iron [Gilissen et al., 1998]

Fig. 1. Views of parasagittal sections of the hippocampus of several specimens examined by fluorescence
microscopy using epiillumination. Views 1 and 2 show the dentate gyrus and a portion of the pyramidal
layer. Views 3–5 show only a portion of the pyramidal layer. 1: Three-year-old male dwarf lemur; 2: 8-year-
old male mouse lemur; 3: same specimen as in 2; 4: 12-year-old female mouse lemur; 5: 15-year old male
dwarf lemur. The autofluorescent pigments appear bright on the grey background. They are visible in all
the specimens except in the 3-year-old one. Scale bar = 0.1 mm.
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Fig. 2. Schematic representation of a parasagittal cryostat section of the aged dwarf lemur brain. The
insets correspond to the views in Figure 3. CO, cortex; OB, olfactory bulb; TH, thalamus; PO, pons; SC,
superior colliculus; IC, inferior colliculus; CE, cerebellum; BS, brainstem (hindbrain structures).

TABLE I. Species, Age (Years), Gender, and Regional Lipofuscin Rates of Specimens
Examined*

Species Age Gender H C OB ON N BF GP SN

Dwarf lemur 15 Male xx xx xx xx xx xx x x
Mouse lemur 12 Female xx xx xx xx xx xx 0 x
Mouse lemur 8 Male xx xx xx xx xx xx x 0
Mouse lemur 8 Female xx xx xx xx xx xx 0 0
Dwarf lemur 3 Male 0 0 0 0 0 0 0 0
Mouse lemur 2 Male 0 0 0 0 0 0 0 0
Mouse lemur 2 Female 0 0 0 0 0 0 0 0

*Abbreviations: H, hippocampus; C, cerebellum; OB, olfactory bulb; ON, olfactory nucleus; N, neocortex; BF,
basal forebrain; GP, globus pallidus; SN, substantia nigra. Semiquantitative assessment made according to
Dhenain et al. (1998): 0 = no lipofuscin detectable, 1+ = small, 2+ = large amount of lipofuscin.

and the distribution of lipofuscin in aged cheirogaleid brains. Our data rather
suggest that the in vivo distributions of iron and lipofuscin are to a large extent
segregated (compare for instance Gilissen et al.’s [1998] Figs. 3, 4 and Fig. 3.7–8
in this study).

Lipofuscin accumulation in cheirogaleids shows similarities with rodents and
macaques [Brizzee et al., 1974], but we observed very little lipofuscin in thala-
mus, pons and midbrain (inferior and superior colliculus) compared to the re-
ported accumulations in these mammals. In aging rodents, the hippocampus shows
the most abundant and the highest rate of lipofuscin accumulation [Samorajski
et al., 1968; Nandy et al., 1988; Naguro & Iwashita, 1992; Oenzil et al., 1994].
Pigment bodies are also present in the Purkinje cells of aging carnivores [Riis et
al., 1992]. In contrast with other mammals, including cheirogaleid primates, the
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Figure 3.
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human cerebellar Purkinje cells appear to remain relatively free of lipofuscin
granules [Shima & Tomonaga, 1988; Mrak et al., 1997].

Experimentally induced lipofuscin accumulation in young rats reveals that
the most affected brain cells are some of the most active in the brain [Friede,
1962; Ivy et al., 1984; comments of G.O. Ivy in Sohal, 1988, p 144; Ivy et al.,
1990; Ivy, 1992]. They include most of the large neurons, the granule cells and
interneurons of the hippocampal dentate gyrus, and the cerebellar Purkinje cells.
It is therefore possible that a high rate of neural activity causes an increased
turnover of cellular products such as lipofuscin, providing a way to measure the
relative neuronal activity of different brain regions. In this view, the apparently
high lipofuscin content of mitral cells and olfactory nuclei emphasizes the impor-
tance of olfaction in cheirogaleids.

The high iron levels of the extrapyramidal system led Morris et al. [1992]
to suggest that potentially toxic iron needs to be removed from sites of high
neuronal density and high metabolic activity. These regions (cortex, hindbrain
structures, hippocampus) are vulnerable to free radical damage. The iron would
therefore preferentially be stored in areas of low neuronal density and meta-
bolic activity such as the globus pallidus. In cheirogaleids, iron is totally ab-
sent from the hippocampus, where lipofuscin is clearly visible (Figs. 1.2–5,
3.1). In basal forebrain and hindbrain structures, there is some overlap but
the regions where lipofuscin is present do not always correspond to intense
iron staining. Lipofuscin is visible in Purkinje cells which do not stain for the
Perl’s blue reaction. The situation is somewhat similar in the olfactory bulb;
lipofuscin is visible in the mitral cells, but iron appears to be restricted to the
internal granular and glomerular layers. There was no or very little auto-
fluorescence in basal ganglia (striatum, globus pallidus) and substantia nigra
(Fig. 3.7–8), which show high iron content [Gilissen et al., 1998]. The sub-
stantia nigra nevertheless is neither a low cell density nor low metabolic rate
region. Other influences as well as quantitative aspects of lipofuscin distribu-
tion need to be considered; differences in sensitivity to perturbations of the
lysosomal system have been noted between cells of different brain regions
[Cataldo et al., 1996] and are beyond the goal of this work. Our qualitative
analysis suggests that while iron is involved in the biochemical mechanisms
that lead to lipofuscin formation, the age-related deposition of iron in the
brain seems to be anatomically independent from that of lipofuscin. This sug-
gests that different biochemical and morphological cellular compartments
might be involved by iron and lipofuscin deposition.

A more radical approach involving regional biopsies and adequate quanti-
tative analysis [Dowson & Harris, 1981; Shima & Tomonaga, 1988; Dowson et
al., 1992] that could be repeated longitudinally is necessary for a better un-
derstanding of the relationships between metabolic activity, catalyzing role of
iron in free radical reactions, resulting hydroxyl radical formation, lipid
peroxidation, lipofuscin accumulation, and their regional differences. Such a
study could elucidate how much iron is necessary to catalyse lipofuscin for-
mation in vivo. More specific methods for iron detection are nevertheless re-
quired. The standart Perl’s and Turnbull’s methods allow the demonstration

Fig. 3. Different views in parasagittal sections examined by fluorescence microscopy using epiillumination
and corresponding to the insets in Fig. 2. The age pigments appear bright on the grey background. 1: Hip-
pocampus; 2: cerebellar folium; the age pigments are localized in the Purkinje cell layer; 3: olfactory bulb;
the age pigments are mainly localized in the mitral cell layer; 4: olfactory nucleus; 5: neocortex; 6: basal
forebrain; 7: globus pallidus; 8: substantia nigra. The age pigments are less visible in the globus pallidus
and the substantia nigra, where iron deposits are abundant [Gilissen et al., 1998]. Scale bar = 0.1 mm.
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of nonhaem Fe(III) and Fe(II). Iron in tissues is present largely in ferric rather
than ferrous form [Koeppen, 1995], but no protocol has yet been designed for
the specific measurement of the free Fe(II) levels. Most types of nerve cells
retain a characteristic pigmentation throughout an animal’s life [Braak, 1984].
However, selective changes of the lipofuscin architecture might be associated
with age-related dysfunctions [Hilbig et al., 1997]. Congestion of the cyto-
plasm by lipofuscin may also reduce the degradative efficiency of the lysoso-
mal system, resulting in a slowing of intra- and intercellular interactions
[Sohal & Wolfe, 1986]. For instance, age-related neuronal atrophy in basal
forebrain cholinergic neurons in the mouse lemur is correlated with the accu-
mulation of large cytoplasmic vacuoles [Mestre & Bons, 1993]. The cells may
suffer by having to supply large amounts of enzymes to a system containing
material which cannot be lysed. The amount of lysosomal enzymes available
for endocytosis and autophagocytosed material may therefore be insufficient.
In this view, the accumulation of lipofuscin in aging cells may be considered
as a kind of physiological “storage disease” [Brunk & Collins, 1981]. More-
over, although there is no evidence of toxicity of the lipofuscin, the process
underlying their formation might be detrimental to cellular functions. Mecocci
et al. [1993] demonstrated that there is a progressive age-related accumula-
tion in oxidative damage to DNA in human brain and that mitochondrial DNA
is preferentially affected. Lipid peroxidations during the aging process occur
simultaneously with large-scale deletions of the mitochondrial DNA [Wei et
al., 1996].

CONCLUSIONS
1. Abnormalities of the lysosomal system lie at the crossroad of various etio-

logical pathways [Cataldo et al., 1996]. Examination of the topology of the accu-
mulation of lipofuscin in experimental animal models of aging will provide
important information in this crucial area [Bernardis & Davis, 1996]. Lipofuscin
granules were present in all the aged specimens studied here. The hippocampus,
the olfactory structures, the basal forebrain, the hypothalamus, the motor cortex
pyramidal cells, the cerebellar Purkinje cells, and the brainstem show lipofuscin
accumulation.

2. Iron is an important catalyst in free radical formation and lipofuscin
accumulation is strongly related to oxidative stress. The distributions of lipo-
fuscin and iron deposits do not strictly overlap. Different biochemical and
morphological cellular compartments might be involved in iron and lipofuscin
deposition.
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