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Abstract 

Non-human primates develop senile plaques that are similar to those observed in humans, 

in addition to experiencing age-related declines in cognitive ability which may be similar to the 

cognitive deficits observed in elderly humans with dementia In the last decade, information 

regarding the biochemical properties ofbeta-amyloid, the primary constituent of senile plaques, 

has become available at a brisk pace. In addition, numerous proteins have been recently identified 

in plaques, although the role of such proteins in the pathogenesis of plaques or Alzheimer's 

dfsease remains unknown. Investigation of these plaque-associated proteins may offer clues to the 

events responsible for the accumulation ofbeta-amyloid in the brain. 

One protein implicated in the pathogenesis of Alzheimer's disease and other 

neurodegenerative diseases is ubiquitin. This protein is involved in the cytosolic, ATP-dependent 

degradation of abnormal and short-lived proteins in all eukaryotic cells examined thus far. Studies 

of humans with neurological disorders, such as Alzheimer's disease and Creutzfeldt-Jakob 

disease, have identified ubiquitinated neurites surrounding plaques. Although the mechanism 

responsible for the accumulation of ubiquitinated products within dystrophic neurites is currently 

unknown, it has been suggested that protein turnover in these neurons may be altered by 

neurotoxic beta-amyloid in the surrounding neuropil. Although numerous studies utilizing human 

brain tissue have demonstrated ubiquitin around plaques, very few studies in non-human primates 

have investigated the association ofubiquitin with plaques. To investigate ubiquitin in the brains 

of non-human primates, dual-label immunohistochemistry was performed on sections from 15 

monkeys (age range: 4 to 32 years) using primary antibodies against beta-amyloid and ubiquitin 

along with fluorescent secondary antibodies. Ubiquitin was observed to be localized in the 
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majority (range: 55.7 to 100%) of plaques in the five aged monkeys possessing these lesions. 

Ubiquitin immunoreactivity generally appeared as granular structures with either the same 

orientation as plaques or localized in the periphery. These structures appear similar to the 

ubiquitinated neurites reported around the plaques in patients with Alzheimer's disease and 

Creutzfeldt-Jakob disease. The five plaque-containing monkeys also possessed varying degrees of 

cerebrovascular amyloid, but only two monkeys possessed granular ubiquitin immunoreactivity in 

the surroun.ding neuropil adjacent to these vascular lesions. In addition, an apparent age-related 

accumulation of dot-like ubiquitinated material was observed in these 15 monkeys that was not 

associated with plaques. These results suggest that perturbations in ubiquitin-mediated protein 

turnover exist within some neurons of the aging monkey brain. Furthermore, similar mechanisms 

may be responsible for the neuronal degeneration and accumulation ofubiquitinated products 

within dystrophic neurites of both humans and monkeys. 

Another protein recently implicated in the pathogenesis of Alzheimer's disease is 

apolipoprotein E, a plasma protein which plays a central role in cholesterol and triglyceride 

metabolism throughout the body. In the nervous system, apolipoprotein Eis believed to 

participate in the mobilization and redistribution of lipids during development and in neurons 

undergoing repair or remodeling processes. A polymorphic gene on chromosome 19 codes for 

apolipoprotein E, and three alleles are associated with the production of three major isoforms of 

apolipoprotein E. Epidemiologic studies demonstrating that the frequency of the apolipoprotein E 

e4 allele is significantly increased in patients with Alzheimer's disease suggest that apolipoprotein 

E may be an important etiologic agent in the pathogenesis of Alzheimer's disease, and the 

localization of apolipoprotein E in the major neuropathological lesions of Alzheimer's disease 

V 



further supports this hypothesis. Despite numerous studies undertaken in humans, few studies 

have investigated the localization of apolipoprotein E in the plaques in non-human primates. 

Therefore, to study apolipoproteinE in the brains of these 15 non-human primates, sections were 

processed for dual-label immunohistochemistry against apolipoprotein E and beta-amyloid. Also, 

some sections were immunostained for glial fibrillary acidic protein and beta-amyloid to 

investigate the orientation of astrocytes to the plaques in these monkeys. Other sections were 

immunostained for apolipoprotein E and glial fibrillary acidic protein to determine if astrocytes in 

these monkeys demonstrate apoE immunoreactivity, since astrocytes have been suggested to be 

the primary source of the apolipoprotein E found in the brain. Immunoreactivity for 

apolipoprotein E was associated with all plaques and cerebrovascular amyloid in the five aged 

monkeys possessing these lesions. Astrocytes immunoreactive for glial fibrillary acidic protein 

were generally observed in the neuropil surrounding plaques, but none of the astrocytes examined 

in these monkeys were immunoreactive for apolipoprotein E. These results support a role for 

apolipoprotein E in the development of plaques and cerebrovascular amyloid in the brains of non

human primates. Furthermore, the failure to demonstrate apolipoprotein E immunoreactivity in 

the astrocytes in these monkeys suggests that the apolipoprotein E may be principally derived 

from cells in the brain other than astrocytes, such as microglial cells which also known to express 

apolipoprotein E and have been localized within the core of plaques. 

In summary, this study has shown that both ubiquitin and apolipoprotein E are-important 

constituents of plaques, in agreement with previous studies in non-human primates. The roles 

ubiquitin and apolipoprotein E play in the development of plaques await elucidation, and non

human primates provide the opportunity to expand upon the current body of information 
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regarding the mechanisms of these proteins in disease processes. The non-human primate is a 

valuable model for which to study neuropathological and cognitive changes because it is so 

closely related to humans, as opposed to rats and mice, and monkeys possess a broad behavioral 

repertoire which easily lends itself to investigation. 

Key words: Alzheimer's disease, plaques, astrocytes, beta-amyloid, ubiquitin, non-human primate, 

apolipoprotein E, glial fibrillary acidic protein, dual-label immunohistochemistry 
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Introduction 

A. Overview of Project 

Although AD as has been under investigation for nearly a century, progress towards 

elucidating the mechanisms underlying this disorder have been agonizingly slow. As a direct 

consequence of our lack of understanding regarding the pathogenesis of AD, the development of 

therapeutic agents which could halt this disease or ameliorate patients' symptoms has been 

significantly stymied. Advances in molecular and immunohistochemical techniques have allowed 

researchers to identify numerous genetic loci ( e.g. amyloid precursor protein, apolipoprotein E, 

presenilin 1, and presenilin 2 genes located on chromosomes 21, 19, 14 and 1, respectively) that 

appear to play a role in the development of this disease. Investigation of the relationship between 

these genetic loci and the pathogenesis of AD has stirred much excitement in the scientific 

community and raised the hopes of many that an effective treatment, or even method of 

prevention, will be discovered in the near future. The importance of elucidating the pathogenic 

mechanisms underlying this disease is underscored by the fact that people in many countries are 

living substantially longer due to advances in medical care and the increased availability of such 

care. As the mean age of the human population increases, more individuals are expected to 

develop AD, and the enormous financial cost of treating an increasing population of patients with 

this disease will strain the budgets of many countries already struggling with healthcare

expenditure problems. The development of a treatment to delay the onset by several years would 

significantly reduce the number of new cases, and even slowing the progression of AD in patients 

already diagnosed with this disease would result in a large savings in the total cost of treating and 

caring for patients with AD. The recent announcement that a former President of the United 
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States, Ronald Reagan, has developed AD has drawn more attention to the prevalence ofthis 

disease in the elderly population, and hopefully this greater public awareness will result in higher 

levels of funding for an intensified research effort to find a cure for this ravager of the mind. 

In the study of any human disease, an animal model represents an invaluable tool for 

elucidating mechanisms, as well as for the investigation of surgical, pharmacologic, and genetic 

interventions to treat or prevent a disease. In the study of AD, numerous considerations have 

precluded, for a long time, the use of an animal model for investigating the neurobiological and 

cognitive components of this disease. For instance, rats and mice are probably the most popular 

animal subjects in the history of science due to their short life span, rapid reproduction, small size, 

relative inexpense compared to other animals, well-characterized nervous system, and ability to 

perform some cognitive and motor tasks with which a correlation between pathological processes 

and cognitive and motor decrements, respectively, can be investigated. Unfortunately, as many 

studies have shown, rats and mice (with the exception of transgenic mice) do not develop the 

hallmark pathological lesions of AD, namely senile plaques, as they age. Although plaques are not 

pathognomic for AD, but in addition to synaptic loss, neurofibrillary tangles, astrogliosis, and 

microgliosis, these extracelluar structures are important manifestations of neurodegenerative 

processes occurring in patients with this disease. The perceived importance of plaques in AD is 

further emphasized by the fact that numerous schemes, developed to provide a uniform 

neuropathological basis with which to diagnosis cases of AD, have consistently included criteria 

which take into account the presence of amyloid plaques in the brain. In recent years, researchers 

have tried to employ genetic techniques to create a strain of rodents that overexpresses the gene 

that many believe to be the most important of the four genetic loci implicated in the pathogenesis 
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of Alzheimer's disease- the amyloid precursor protein gene. Initial attempts to create a rodent 

model exhibiting the neuropathological lesions of this disease failed to produce animals 

demonstrating extensive AD-type pathology. More recent attempts, however, have produced 

rodents that appear to develop plaques in an apparent age-related manner, so it is possible that the 

rate of discovery about the etiology of Alzheimer's disease will be significantly accelerated in the 

near future if a reliable transgenic rodent model can be developed. 

Although no animal model examined thus far demonstrates all the neuropathological 

lesions associated with AD, numerous species do demonstrate some AD-type pathology. Various 

animal species possessing amyloid plaques, such as polar bears, wolverines, cats, dogs, and 

rabbits, have been examined in an attempt to gain insight into the nature of these lesions, but the 

predominant animal model used to investigate amyloid plaques has been the non-human primate. 

The importance of monkeys as a putative model for the neuropathological lesions observed in AD 

was realized in the 1970's when it was discovered that aged monkeys develop plaques containing 

PA antigenically identical to that found in the plaques of patients with AD. In addition, non

human primates have been used for many years to study different aspects of cognitive and 

psychological functioning, so the potential usefulness of monkeys as a model for the 

neuropathological and cognitive changes observed in AD is clearly evident. 

In this decade, ubiquitin and apoE have been localized in the plaques of patients with AD. 

The exact function of either protein in the pathogenesis of this disease is currently unknown, but 

the current accumulation of evidence suggests that both may be involved in processes that are 

relevant to the pathogenesis of AD. The purpose of this study was to demonstrate that ubiquitin 

and apoE co localize with plaques in the brains of non-human primates in a manner similar to 
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humans and to as in humans and to investigate the role astrocytes may play in the production of 

the apoE localized in plaques. The specific aims of this study are the following: 

(1) To perform dual-label fluorescence immunohistochemistry for ubiquitin and l3A to 

demonstrate that ubiquitin is an important "pathological" marker associated with the 

plaques of aged non-human primates. 

(2) To identify ubiquitin in the brains of non-human primates that is not associated with 

plaques which might suggest broad perturbations in protein turnover in the aging brain. 

(3) To perform dual-label fluorescence immunohistochemistry for apoE and l3A to identify 

apoE as an important constituent in the plaques and vasculature of non-human primates. 

(4) To perform dual-label fluorescence immunohistochemistry for GFAP and l3A to 

identify astrocytes in the neuropil surrounding the plaques in non-human primates which 

would support a role for this cell type in the local production and secretion of the apoE 

found in the plaques of non-human primates. 

(5) To perform dual-label fluorescence immunohistochemistry for GF AP and apoE to 

determine whether astrocytes in these monkeys are immunoreactive for apoE. 

B. Review of Related Literature 

Ubiquitin and neurological disease: In patients with neurological disorders exhibiting 

amyloidosis ( e.g. AD), 13 A accumulates within the neuroparenchyma and in the walls of cerebral 

blood vessels to a greater extent than observed in aging humans without such diseases. Although 

research has elucidated many of the molecular and biochemical features of 13 A and its processing 

from the 13 A precursor protein, our understanding of the pathophysiology associated with 13 A 
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deposition is still limited. The exact mechanisms leading to plaque formation and the true 
0 

significance of these extracellular structures in neuronal and cognitive dysfunction remain a matter 

of considerable debate. The lack of a suitable animal model, demonstrating all the 

neuropathological features of Alzheimer's disease, has handicapped efforts to fully characterize 

the process of amyloidosis and the development of therapeutic agents that could halt the onset or 

progression of the pathological changes resulting from this process. The recent development of 

transgenic mice, expressing a mutated form of the PA pr~cursor protein, is one attempt to 

circumvent the limitations of some of the currently available animal models (Games et al.,1995). 

Although non-human primates do not demonstrate all of the pathological features 

associated with AD in man (e.g neurofibrillary tangles and Lewy bodies), this animal model has 

been useful for investigating many of the neurobiological changes that occur during aging. The 

usefulness of non-human primates as a putative model for the observed neuropathological changes 

in diseases such as AD was demonstrated over two decades ago by the discovery that aged 

monkeys develop plaques and cerebral angiopathy, both containing amyloid antigenically identical 

to that found in the brains of patients with AD (Wisniewski et al., 1973). Subsequent 

investigations of the neuritic processes found around the plaques in non-human primates have 

revealed many similarities to the neurotransmitter systems ( e.g. cholinergic, catecholaminergic, 

and glutaminergic) deinonstrated to be affected by the development of plaques in humans (Kitt et 

al., 1984; Kitt et al., 1985). A non-human primate model, exhibiting neuropathological and 

cognitive changes similar to those manifest in humans, circumvents numerous problems ( e.g. post

mortem-delay artifacts, lack of representative behavioral data, lack of control over extraneous 

variables, etc.) associated with the study of these neurobiological factors in human subjects 
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(Peters et al., 1996). 

Advances in molecular and immunohistochemical techniques have allowed researchers to 

expand the number of proteins and genes implicated to be etiologic agents in AD, but the role of 

many of these proteins and genes in the pathogenesis of such disorders remains unclear ( e.g. 

association between apoE and PA deposition). Ubiquitin, a member of the family of heat-shock 

proteins, is an example of a protein that is under investigation in several neurological disorders 

(Gallo and Anderton, 1996). This highly-conserved, 76-residue protein is involved in the 

degradation of proteins in all eukaryotic cells studied thus far. In contrast to lysosomal 

destruction, the pathway involving ubiquitin is cytosolic, ATP-dependent, and targets short-lived 

(e.g. c-Myc and c-Fos) and abnormal proteins (Argiles and Lopez-Soriano, 1996). The 

importance ofubiquitin in the pathophysiology of AD was suggested by the finding of increased 

levels ofubiquitin protein in the brains (Taddei et al, 1993; Kudo et al., 1994) and cerebrospinal 

fluid (Kudo et al., 1994) of patients with AD. Similarly, a putative role for ubiquitin is under 

investigation in patients with Creutzfeldt-Jakob disease based on the observation that ubiquitin 

cerebrospinal fluid levels are increased up to ten-fold in patients compared to controls (Manaka et 

al., 1992). Also, elevated numbers ofubiquitin-reactive neurites have been reported in patients 

with Huntington's chorea (Cammarata et al., 1993). These observations suggest that the presence 

of degenerative processes within the brain may underlie the observed perturbations in ubiquitin

mediated protein turnover. 

One question that remains unresolved in diseases involving amyloidosis, such as AD and 

Creutzfeldt-Jakob disease, is the molecular mechanisms through which PA produces its 

neurotoxic effects. Several studies have demonstrated that PA deposition in the form of 
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polymerized fibrils can injure neurons in vitro (Lorenzo and Yanlmer, 1994; Busciglio et al., 

1995), but the manner in which PA damages neurons (e.g. free-radical damage, perturbations of 

calcium homeostasis, etc.) remains under investigation. Therefore, it has been hypothesized that 

PA-related neurotoxicity induces axonal degeneration, causing perturbations in protein turnover 

that lead to the accumulation ofubiquitinated products within dystrophic neurites (Migheli et al., 

1991). Recent studies have also reported the presence ofubiquitinated neurites surrounding 

plaques in the brains of non-human primates (Gearing et al., 1994; Nakamura et al., 1996), so it is 

likely that similar mechanisms may underlie the formation of dystrophic neurites in both humans 

and monkeys. To further investigate ubiquitin in the brains of non-human primates, dual-label 

fluorescent immunohistochemistry for PA and ubiquitin was performed on sections from 15 

monkey brains. The aim of this experiment was to provide additional evidence that ubiquitin may 

serve as an important pathological marker for degenerative changes within plaque-associated 

neurons in the brains of aging non-human primates. Such degenerative changes within plaque

associated neurons of monkeys may be very similar to processes occurring in the brains of 

humans. In addition, this study attempts to identify ubiquitin in the brains of these non-human 

primates that is not associated with plaques which might suggest broad perturbations in protein 

turnover in the aging brain. 

Apolipoprotein E and neurological disease: As a 299-residue protein with a 

molecular mass of34-kDa, apoE is one of several lipid-binding proteins involved in providing 

cells with lipids for utilization in a variety of metabolic pathways (e.g. membrane biosynthesis). 

ApoE regulates lipid transport and clearance by acting as a ligand for at least two lipoprotein 

receptors, the low-density lipoprotein receptor and the low-density lipoprotein receptor-related 
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protein, which are located in the plasma membrane of many types of cells (Mahley, 1988; Brown 

et al., 1991). Whereas lipid and cholesterol homeostasis outside the brain is regulated by 

numerous apolipoproteins, which provides some measure of physiological redundancy, apoE is 

thought to be particularly important in processes that redistribute lipids and regulate cholesterol 

homeostasis in the nervous system (Pitas et al., 1987). For example, apoE has been suggested to 

supply damaged neurons with lipids for utilization in repair and remodeling processes (Boyles et 

al., 1989). Evidence supporting a role for apoE in such repair and remodeling processes comes 

from one study in which apoE. mRNA was elevated in the entorhinal cortex of adult rats following 

electrolytic lesioning, during the period associated with synaptogenesis and terminal proliferation 

(Poirier et al., 1991a). Another study has shown that the growth cones ofpheochromocytoma 

cells (PC12), which can be stimulated to produce neurites in vitro, can internalize apoE

containing lipid particles (Ignatius et al., 1987). Furthermore, the discovery that the brain lacks 

some apolipoproteins found elsewhere in the body (Roheim et al., 1979), such as apolipoproteins 

Al and B, and possesses the second highest level of apoE mRNA outside of the liver suggests 

that apoE is one of the major apolipoproteins regulating lipid homeostasis in the brain. Many cells 

in the brain have been shown to synthesize apoE, such as astrocytes (Pitas et al., 1987; Poirier et 

al., 1991b), rnicroglia (Uchihara et al., 1995; Nakai et al., 1996), and oligodendrocytes (Stoll et 

al., 1989). While at least one report has identified apoE associated with neurons in the brains of 

young humans showing no evidence of pathology (Han et al., 1994), whether or not neurons 

actually synthesize apoE remains to be resolved. The localization of apoE within neurons has been 

explained by the suggestion that neurons take up apoE-bound lipids via the low-density 

lipoprotein receptor-related protein. 
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The gene that codes for apoE is located on the proximal long arm of chromosome 19 and 

is comprised of four exons approximately 3.6 kb in length. Three major alleles (i.e. e2, e3, and 

e4) have been demonstrated for this polymorphic gene (Das et al., 1985), and these alleles are 

associated with the production of three major isoforms of apoE (i.e. apoE2, apoE3, and apoE4, 

respectively). The differences observed between these three isoforms arise from the existence of 

two polymorphic sites in the apoE gene which code for positions 112 and 158 in the protein's 

primary sequence. The most common isoform is apoE3 which contains cysteine and arginine 

residues at positions 112 and 158, respectively. In apoE2, positions 112 and 158 both contain 

cysteine residues, whereas both sites in apoE4 contain arginine residues. The genetic 

polymorphism exhibited by the apoE gene results in six possible genotype combinations: three 

heterozygotes (i.e. e2/3, e2/4, and e3/4) and three homozygotes (i.e. e2/2, e3/3, and e4/4). The 

frequency of the e2, e3, and e4 alleles is approximately 7, 78, and 15%, respectively, in the 

general population (Strittmatter et al., 1995), although these allele frequencies can vary 

considerably across different racial and ethnic groups (Davignon et al., 1988; Sorbi et al., 1994). 

Although the e3 allele is the most common apoE allele in the general population and e3/3 is the 

most common genotype, the e4 allele is believed by some to be the ancestral allele (Hanlon et al., 

1995). Most animal species studied to date, including man's closest living relative the chimpanzee, 

possess two copies of a gene analogous to the human apoE e4 allele, so it has been suggested that 

the e2 and e3 alleles subsequently arose from mutations after the split of the human and 

chimpanzee lineages (Hanlon et al., 1995). 

Numerous studies involving subjects of different races and ethnicities have suggested that 

apoE may be an important etiologic agent for the development of AD. For example, apoE has 
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been observed in plaques, neurofibrillary tangles, and cerebrovascular amyloid in the brains of 

patients with AD (Namba et al., 1991; Wisniewski et al., 1992). In addition, studies investigating 

the ability of apoE to bind soluble and insoluble forms of PA have demonstrated that apoE can 

bind PA with high avidity (Strittmatter et al., 1993; Wisniewski et al., 1993), with amino acids 

12-28 of the PA peptide being important for interactions with apoE (Strittmatter et al., 1993). 

Furthermore, it has been reported that the frequency of the e4 allele is significantly increased (i.e. 

two- to three-fold) in patients with sporadic and familial AD, compared to controls (Strittmatter 

et al., 1993; Saunders et al., 1993; Ueki et al., 1993). Other studies have reported that the e2 

allele may actually impart some protection against developing AD (Talbot et al., 1994; Benjamin 

et al., 1994; Lippa et al., 1997), although at least one study has failed to corroborate this 

observation (van Duijn et al., 1995). Possession of the e4 allele has been demonstrated to have a 

gene dosage effect on the deposition of parenchymal and cerebrovascular PA, in that AD patients 

possessing either one or two copies of this allele tend to exhibit more plaques and cerebrovascular 

amyloid than AD patients possessing only e2 or e3 alleles (Schmechel et al., 1993). In addition, 

studies investigating the relationship between apoE genotype and the age of onset in AD patients 

have demonstrated that the age of onset decreases with increasing number of e4 alleles, whereas 

the e3 and e2 alleles are associated with intermediate and later ages ofonset, respectively (Corder 

et al., 1993; Tsai et al., 1994). These observations strongly suggest that the apoE gene is a risk 
, . 

factor for the development of AD and that the e4 allele, in particular, may confer a greater 

susceptibility for developing AD or affect the severity of pathology observed in this disease. 

It is widely acknowledged that elucidation of the molecular mechanisms underlying AD is 

hindered by the lack of an appropriate animal model for investigating the p·rocesses that cause this 



disease. One advantage of examining brain tissue from monkeys is that the post-mortem delay 

between euthanasia and fixation is minimized, in contrast to the utilization of brain tissue for 

human subjects in which post-mortem delays can range from a few hours to more than a day. The 

need to eliminate such post-mortem artifacts is particularly important in studies characterizing the ' 

constituents of plaques, in which many of the plaque-associated proteins are also normal 

components of the blood (e.g. serum amyloid P). It is possible that some of the proteins localized 

in plaques may have diffused from the vasculature into the neuroparenchyma after death, so the 

examination of brain tissue from monkeys offers an opportunity to characterize the constituents of 

plaques under conditions that are closer to the pre-mortem state than are available in most studies 

of humans. Several studies have confirmed that rhesus monkeys, chimpanzees, and squirrel 

monkeys possess two copies of a gene analogous to the human apoE e4 allele (Mufson et al., 

1994; Gearing et al., 1994; Poduri et al., 1994; Morelli et al., 1996), and the localization ofapoE 

in plaques has also been reported in some of these studies (Mufson et al., 1994; Gearing et al., 

1994; Poduri et al., 1994). 

In this study, sections from numerous regions of 15 monkey brains were examined for 

apoE and PA by dual-label immunohistochemistry.Jn addition, some sections were 

immunostained for glial fibrillary acidic protein (GFAP) and PA to investigate the orientation of 

astrocytes to plaques, and other sections were immunostained for apoE and GF AP to determine if 

astrocytes in these monkeys demonstrate apoE immunoreactivity (IR). The aim of this study was 

to evaluate the localization apoE in the brains of these monkeys and to investigate the role 

astrocytes may play in the deposition of plaque-associated apoE in non-human primates. Recent 

studies have shown, for example, that apoE-positive microglia are located in the core of plaques 
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(Uchihara et al., 1995), so plaque-associated apoE may be derived principally from these cells 

instead of astrocytes. 

Materials and Method 

A. Study subjects 

Fifteen non-human primates, mostly rhesus (Macaca mulatta) and pigtail monkeys 

(Macaca nemestrina), were examined in this study (Table 1). The precise birth dates of five of the 

monkeys were known, and the ages oftJie remaining ten were estimated by adding the number of 

years each monkey spent at the Animal Behavior Center of the Medical College of Georgia to its 

reported age at the time of acquisition by the Animal Behavior Center. These monkeys were 

individually housed in cages at the Animal Behavior Center which is accredited by the American 

Association for Accreditation of Laboratory Animal Care. Most of the monkeys examined in this 

experiment were previously involved in studies evaluating the effects of memory enhancing or 

arnnestic agents on their performance of a delayed matching-to-sample cognitive task. In addition, 

sections from the posterior hippocampus of an AD patient (age 61) were also immunostained in 

the ubiquitin/PA and apoE/PA colocalization experiments for comparison with the monkey 

tissue. The diagnosis of AD in this patient was made using the CERAD (Consortium to Establish 

a Registry for Alzheimer's Disease) neuropathology criteria (Mirra et al., 1991). 

B. Euthanasia and Fixation 

Monkeys were deeply anesthetized by an intramuscular injection of ketarnine (15 mg/kg) 

and subsequently overdosed with an intravenous injection of phenobarbital (150 mg/kg) via the 
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saphenous vein. Portions of the cranium were removed immediately after sacrifice, and the brains 

of these monkeys were removed for fixation within one hour of euthanasia. Both hemispheres 

were cut into coronal slices, approximately 0.5 cm in thickness. Slices from one hemisphere were 

snap-frozen in isopentane (chilled over dry ice) and stored at-80°C in heat-sealable pouches 

(Kapak Corporation). Specific brain regions were dissected out from the remaining hemisphere, 

trimmed into thinner pieces to facilitate penetration of the fixative, and stored overnight in either 

70% ethanol and 150 mMNaCl or 10% neutral-buffered formalin. The following day, these 

specimens were processed for paraffin embedding in Paraplast X-tra (Oxford Labware). Only 

ethanol-fixed, paraffin-embedded tissue from these monkeys was examined in this study. 

The brain of the AD patient was processed for fixation and paraffin embedding as 

described above for the monkeys. The post-mortem delay'for this subject was approximately six 

hours. Only ethanol-fixed, paraffin-embedded tissue from this subject was examined in this study. 

C. Immunohistochemistry 

Ubiquitinl /JA Colocalization Experiment: Dual-label immunohistochemistry for 

ubiquitin and PA was performed on ethanol-fixed, paraffin-embedded sections from numerous 

regions of the monkey brain. Slide-mounted sections (10 µm thick) were deparaffinized in xylene 

and rehydrated in a series of alcohols (100 to 70% ethanol) to distilled water. Immersion of 

sections in 20% formic acid for 30 minutes was performed to enhance immunostaining. Sections 

were then rinsed with 0.1 M Tris buffer (pH 7.8) and blocked in 2% fetal calf serum for 10 

minutes. The primary antibodies used for immunostaining in this experiment were a monoclonal 

mouse anti-human PA4 antibody (DAK:O M0872, clone 6F/3D) and a polyclonal rabbit antibody 
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(DAKO 20458) to keyhole limpet hemocyanin-conjugated ubiquitin. The mixture of these primary 

antibodies was diluted with normal antibody diluent from Scytek Industries so that both antibodies 

had final dilutions of 1 :50. Approximately 100 to 150 µL of this primary antibody mixture was 

applied to each section which was then placed inside a humidity chamber and incubated overnight 

(approximately 18 hours) at 4°C. 

The following day, sections were rinsed with 0.1 M Tris buffer (pH 7 .8) and blocked in 

2% fetal calf serum for 10 minutes. Secondary antibodies utilized in this experiment were a 

indocarbocyanine (Cy3)-conjugated donkey anti-mouse antibody and a fluorescein isothiocyanate 

(FITC)-conjugated donkey anti-rabbit antibody, both purchased from Jackson lmmunoResearch. 

The mixture of these secondary antibodies was diluted with normal antibody diluent so that both 

antibodies had final dilutions of 1:100. Approximately 100 to 150 µL of this secondary antibody 

mixture was applied to each section which was then placed inside a humidity chamber and 

incubated for approximately 90 minutes at room temperature. After incubation with the secondary 

antibodies, sections were rinsed in 0.1 M Tris buffer (3x5 min) and coverslipped with one drop of 

Vectashield Fluorescent Mounting Media (Vector Laboratories). 

Positive controls for this experiment consisted of sections from the posterior hippocampus 

of the AD case described above. Negative controls consisted of sections from this case in which 

normal antibody diluent was substituted for both primary antibodies. After preliminary studies 

identified those monkeys containing plaques, sections from these subjects also served as additional 

negative controls. Again, normal antibody diluent was substituted for both primary antibodies. A 

photomicroscope (Zeiss Axiophot, Zeiss, Germany) with x 10, x 20, and x 40 objective lenses and 

mercury vapor lamp was utilized to view and photograph sections. The FITC and Cy3 
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fluorophores of the secondary antibodies were visualized with fluorescein and Texas Red filters, 

respectively. 

Apolipoprotein El /JA Colocalization Experiment: Sections from these 15 monkeys 

were immunostained for apoE and PA by the same procedure described for the above 

ubiquitin/ PA colocalization experiment. The primary antibodies used for immunostaining in this 

experiment were a polyclonal goat antibody to recombinant apoE (Chemicon AB947) and the 

same PA antibody described above, applied at a final dilution of 1 :250 and 1 :50, respectively. The 

secondary antibodies utilized in this experiment were a FITC-conjugated donkey anti-goat 

antibody (Jackson ImmunoResearch) and the same Cy3-conjugated donkey anti-mouse antibody 

described above, applied at a final dilution of 1: 100. All other conditions and concentrations were 

the same as described above. Sections were viewed and photographed as described above. 

Positive controls for this experiment consisted of sections from the posterior hippocampus 

of the AD case described above. Negative controls consisted of sections from this AD case in 

which normal antibody diluent was substituted for both primary antibodies. After preliminary 

studies identified which monkeys contained plaques, sections from these subjects also served as 

additional negative controls. Again, normal antibody diluent was substituted for both primary 

antibodies. 

Glial Fibrillary Acidic Protein/ /JA Colocalization Experiment: After identifying 

which monkeys contained plaques, an additional experiment was performed to investigate the 

orientation of astrocytes to the plaques observed in these monkeys. Sections from the temporal 

and frontal cortex of the plaque-containing monkeys were immunostained for GFAP and PA by 

the same procedure described for the above ubiquitin/PA colocalization experiment. The primary 
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antibody utilized to immunostain for GFAP was a polyclonal rabbit antibody against cow GFAP 

(DAKO Z0334), applied at a final dilution of 1 :250. The secondary antibody utilized was a FITC

conjugated donkey anti-rabbit antibody (Jackson lmmurioResearch), applied at a final dilution of 

1:100. The same primary and secondary antibodies described above for the ubiquitin/PA 

colocalization experiment were used to immunostain sections for PA in this experiment, but the 

final dilution of the primary antibody was 1 :250 for this experiment. All other conditions and 

concentrations were the same as described above. Negative controls for this experiment consisted 

of sections from the plaque-containing monkeys in which both normal antibody diluent was 

substituted for both primary antibodies. Sections were viewed and photographed as described 

above. 

Glial Fibrillary Acidic Protein/Apolipoprotein E Colocalization Experiment: 

Sections from the temporal and frontal cortex of the plaque-containing monkeys were also 

immunostained for apoE and GFAP to determine if the astrocytes in these monkeys were also 

immunoreactive for apoE. The primary antibodies used for this experiment were the same GFAP 

and apoE antibodies described above, both applied at a final dilution of 1 :250. The secondary 

antibodies utilized for this experiment were a Cy3-conjugated donkey anti-rabbit antibody 

(Jackson ImmunoResearch) and the same FITC-conjugated donkey anti-goat antibody described 

above, respectively, both applied at final dilutions of 1: 100. These sections were processed as 

described above, except that these were incubated with the primary and secondary antibodies for 

90 and 45 minutes, respectively, and both incubations were carried out at room temperature. 

Previous studies (Han et al., 1994; Strittmatter et al., 1993) attempting to identify cellular apoE 

have indicated that harsh conditions, such as formic acid pretreatment or deparaffinizing agents, 
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may decrease the overall apoE IR in sections, and a recent report has suggested that mild 

conditions may be necessary for the detection of cellular apoE (M:etzger et al., 1996). Therefore, 

this experimel)t was replicated without formic acid pretreatment to increase the likelihood that 

apoE would be detected within astrocytes. All other conditions and concentrations were identical 

to those described in the two previous experiments. Negative controls for these experiments 

consisted of sections from the plaque-containing monkeys in which normal antibody diluent was 

substituted for both primary antibodies. Sections were viewed and photographed as described 

above. 

D. Data Collection 

Relative level of {)A-associated pathology: The prevalence of parenchymal amyloid 

deposits, as indicated by PA immunofluorescence, was assessed in numerous sections from all 15 

monkeys to establish the general level of pathology for this group. Each monkey was assessed for 

the presence of plaques and rated according to the following scale: (-) not detected; ( +) sporadic; 

( ++) frequent; ( +++) abundant. Similarly, the prevalence of cerebrovascular amyloid was assessed 

in each monkey and rated according to the above scale. 

Quantitative analysis of plaque frequency: The sections from monkeys observed to 

contain plaques were further analyzed to gain a better understanding of the distribution and 

frequency of dual-labeling for PA and ubiquitin. Each section was viewed at x 250 or x 500 to 

count the number of PA and to determine the localization of apoE IR relative plaques. In sections 

with multiple brain regions ( e.g. hippo campus with surrounding entorhinal cortex), the number of 

· plaques was counted separately for each area. In most instances, more than one section from an 
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area was examined, so the total number of plaques reported for each area is a sum of the counts 

from multiple sections. Plaques in regions with complex organization were counted without 

regard to subdivisions (e.g. CAl-3 regions of the hippocampus) to simplify reporting. No attempt 

was made to· obtain separate counts for the different types of plaques observed in these monkeys. 

Plaque-associated ubiquitin IR was simultaneously assessed _in each section while counting 

plaques. Deposits demonstrating both PA and ubiquitin IR were classified as being "dual

labeled." Those deposits demonstrating only PAIR were classified as being "single-labeled." The 

total number of single- and dual-labeled plaques was recorded for each area. For each monkey, 

the prevalence of dual-labeled plaques for each area examined is reported as a fraction of the total 

number of plaques (i.e. sum of single- and dual-labeled plaques) counted in that area. 

Additionally, the overall percentage of plaques that were dual-labeled in each monkey is reported. 

For the apoE/PA colocalization experiment, the sections from monkeys observed to contain 

plaques were analyzed in the same manner as the sections from the ubiquitin/ PA co localization 

experiment. 

Results 

A. Ubiquitin in the Brains of Non-Human Primates 

Five of the 15 monkeys examined in this study contained plaques as demonstrated by PA 

IR (Table 1). The ages of these plaque-containing monkeys ranged from 21 to 32 years old. No 

sign of PA IR was observed in any of the remaining 10 monkeys, three of which were as old as or 

older than two of the plaque-containing monkeys. Plaques were variable in size and 

heterogeneous with regard to structure and appearance (Figures 1-4). A small number of deposits 
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appeared as small grains of intense PA IR and may represent compact plaques. Others which may 

represent classical plaques appeared to possess a core of intense PA IR surrounded by a region of 

less immunoreactive material. A large portion of the plaques were sizable deposits possessing 

intense PA IR which appeared homogeneously distributed (i.e. no discernable core). Also 

frequently observed were small fibrillar-like accumulations which often appeared less 

imrnunoreactive for PA than the other types of plaques observed. Studies of AD patients have 

described irregularly-shaped plaques comprised of fibrillar material or wispy deposits as diffuse or 

very primitive plaques (Suenaga et al., 1990; Dickson et al., 1990a). There was individual 

variation in the distribution of plaques in these five monkeys, but most plaques were observed in 

cortical areas, such as the frontal, temporal, and cingulate cortex (Table 2). In addition, three 

monkeys contained several plaques in the putamen, and a fourth monkey contained numerous 

plaques in ventral regions of the caudate and putamen. Plaques have been previously reported in 

the basal ganglia of other non-human primates (Kanemaru et al., 1996). Although a systematic 

investigation of the laminar distribution was not undertaken in this study, plaques were generally 

observed in deeper layers of the cortical gray matter rather than in the more superficial layers. In 

rare instances, diffuse plaques were observed in white matter. The examination of sections from 

other brain regions ( e.g. thalamus, hypothalamus, midbrain, pons, medulla, and cerebellum) of 

these five monkeys failed to reveal any plaques. Sections from the posterior hippocampus of the 

AD case contained numerous irregularly-shaped plaques (Figure 5) with varying degrees of PA 

IR. Human and monkey sections that served as negative controls for this experiment failed to 

demonstrate PA IR. 

Numerous plaques in all five monkeys demonstrated ubiquitin IR (Figures 1-3). The 
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percentage of dual-labeled plaques varied considerably among the monkeys (Table 2), ranging 

from 55.7 to 100%. Ubiquitin-immunoreactive structures around plaques possessed rounded 

profiles of varying size that have been described elsewhere as "globular"(He et al., 1993) or 

"granular"(Diclcson et al., 1990b; Uchida et al., 1992) in appearance (hereafter referred to as 

"granular"). These granular structures were observed to have either the same orientation as 

plaques or located in the periphery. The number ofubiquitin-immunoreactive granular structures 

associated with each plaque varied; some plaques possessed only a few, whereas others could be 

observed containing over ten. These ubiquitinated structures were associated with most of the 

intensely PA-immunoreactive plaques but with only some of the lightly-immunoreactive plaques. 

Whereas ubiquitin-immunoreactive structures surrounding the plaques in monkeys were generally 

observed to have rounded profiles, plaques in the AD case (Figure 5) appeared 'to contain both 

granular and filamentous neurite-like structures (Yasuhara et al, 1994). In addition, ubrquitin 

immunostaining in the AD case revealed numerous neurofibrillary tangles and neuropil threads 

that were not observed in any of the monkeys. Human and monkey sections that served as 

negative controls for this experiment failed to demonstrate ubiquitin IR. 

Only the five plaque-containing monkeys possessed cerebrovascular amyloid, and the 

degree of this type of vascular pathology varied among the five monkeys (Table 1). Some 

meningeal blood vessels were observed to contain intense PA IR, but the majority of lesions 

were associated with small- and medium-sized intracortical blood vessels in the gray matter of the 

cerebral cortex. The walls of meningeal blood vessels heavily laden with PA did not appear 

thickened, whereas some intracortical blood vessels were observed to have thickened walls in one 

of the monkeys. These vascular lesions were generally not observed in white matter or noncortical 
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Table 1. Relative prevalence of plaques and vascular pathology in 15 non-human primates. 

Monkey Age(yrs) Sex1 Species Plaques2 Vascular pathology' 

RAB3 4 M Rhesus 

RLC3 4 M Rhesus 

82-52 5 M Pigtail 

82-77 5 M Pigtail 

NHP102 9 F Pigtail 

Jl2 10 F Pigtail 

175 13 F Rhesus 

345 25 F Rhesus 

S10 21 M Rhesus ++ 

247 24 F Rhesus +++ 

407 25 F Rhesus 

168 25 M Rhesus + 

137 25 M Rhesus 

bc4 27 F Cyno.3 ++ 

981 32 F Rhesus4 ++ 

1:F(female);M(male). 2:not detected(-); sporadic(+); frequent(++); abundant(+++). 

3:long-tailed macaque (Macacafascicularis). 4:stump-tail/rhesus hybrid. 
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Table 2. Frequency ofubiquitin localization with the plaques of five aged non-human primates as 

evidenced by dual-label fluorescent immunohistochemistry for PA and ubiquitin. 

Areas 

Frontal Ctx. 

Temporal Ctx 

Cingulate Ctx. 

Occipital Ctx. 

Amygdala 

Hippocampus 

Entorhinal Ctx. 

Parahipp. Ctx. 

Caudate/putamen 

Insular Ctx. 

Parietal Ctx. 

Totals 

¾DL 

Monkeys 

S10 

232/232(9) 

44/45(6) 

103/103(4) 

ND 

ND 

143/143(9) 

17/17(7) 

148/148(7) 

6/6(3) 

ND 

ND 

693/694 

99.9% 

168 

15/15(10) 

11/11(5) 

1/1(9) 

2/2(2) 

0(3) 

0(6) 

0(6) 

0(6) 

0(8) 

0(2) 

ND 

29/2~ 

100% 
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bc4 981 247 

83/88(3) 1/1(3) 858/1317(4) 

30/40(6) 35/35(4) 169/384(2) 

19/22(4) 2/2(4) 162/291(3) 

ND 0(2) 4/42(1) 

ND 32/51(2) ND 

0/2(4) 0(1) 31/92(3) 

2/3(3) 3/3(2) 15/64(3) 

1/1(3) 1/1(2) 23/207(3) 

4/4(5) 27/27(4) 183/196(3) 

21/44(6) 32/32(3) ND 

3/5(3) ND ND 

163/209 133/152 1445/2593 

78.0% . 87.5% 55.7% 



Table 2 continued 

Note: Each fraction indicates the number of dual-labeled plaques out of the total number of 

plaques counted for a particular area. For example, the value "5/7'' should be interpreted as 

follows: 5 of the 7 plaques observed were dual-labeled for ubiquitin and PA; the remaining two 

were single-labeled (i.e. only immunoreactive for PA). The numbers in parentheses are the 

number of sections examined for each area. The percent value (i.e.% DL) reported for each 

monkey is the percentage of the total number of plaques counted that were dual-labeled. ND: not 

done. DL:dual-labeled. 
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Figure 1. 

Localization ofubiquitin around two plaques in monkey 981 as evidenced 

by dual-label fluorescent immunohistochemistry for ubiquitin and PA 

A: A photomicrograph taken of a section from the insular cortex. Note the 

numerous ubiquitin-immunoreactive, neurite-like structures (arrows) associated 

with both plaques (*). B: Another photomicrograph of the same section as in A, 

but note the intense PA IR of these two plaques (*). This section was visualized 

and photographed with a fluorescein filter to produce photomicrograph A, 

whereas this section was visualized and photographed with a Texas Red filter to 

produce photomicrograph B. Magnification in A and B is x 500. 
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Figure 2. 

Localization ofubiquitin around a large plaque in monkey 981 

A: A photomicrograph taken of a section from the insular cortex. Note the large 

and small ubiquitin-immunoreactive structures (arrows) associated with this large 

plaque(*). B: Another photomicrograph of the same section as in A, but note that 

the area occupied by the large ubiquitin-immunoreactive structure in A lacks 

intense PA IR, indicating that PA was probably being deposited around this 

neurite-Iike structure. This section was visualized and photographed with a 

fluorescein filter to produce photomicrograph A, whereas this section was 

visualized and photographed with a Texas Red filter to produce photomicrograph 

B. Magnification in A and B is x 250. 
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Figure 3. 

Localization ofubiqyitin aroynd a small plaque in monkey 168 

A: A photomicrograph taken of a section from the temporal cortex visualized. 

Nate numerous ubiquitin-immunoreactive structures around this small plaque 

(arrow) near the surface of the cortex. B: Another photomicrograph of the same 

section as in A, but note the ~AIR of this small plaque. This section was 

visualized arid photographed with a fluorescein filter to produce photomicrograph 

A, whereas this section was visualized and photographed with a Texas Red filter 

to produce photomicrograph B. Magnification in A and B is x 500. 
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Figure 4. 

Three lightly immunoreactive PA deposits in monkey 247 

A: A photomicrograph taken of a section from the frontal cortex. Note the lack 

any discemable ubiquitin IR in the vicinity of three lightly-inununoreactive PA 

deposits (arrows). B: Another photomicrograph of the same section as in A, 

but note that two of these PA deposits particularly faint compared to the other 

plaques shown in Figures 1-3. This section was visualized and photographed with 

a fluorescein filter to produce photomicrograph A, whereas this section was 

visualized and photographed with a Texas Red filter to produce photomicrograph 

B. Magnification in A and B is x 500. 
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Figure 5. 

Localization of ubiqµitin around plaqµes in an AD case as evidenced 

by dµal-label fluorescent immunohistochemistiy for ubiquitin and PA. 

A: A photomicrograph taken of a section from the posterior hippocampus. Note 

the abundance ofubiquitin-immunoreactive structures (arrows) around several 

plaques. These structures appear to be globular and filamentous neurites (/\). 

Also visible in this section are numerous ubiquitin-immunoreactive neuropil 

threads (not labeled) that were not observed in the monkeys. B: Another 

photomicrograph of the same section as in A, but note the intense PA IR of 

several plaques (*). This section was visualized and photographed with a 

fluorescein filter to produce photomicrograph A, whereas this section was 

visualized and photographed with a Texas Red filter to produce photomicrograph 

B. Magnification in A and B is x 250. 
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areas. Vascular-associated PA could be found in many of the same cortical areas containing 

plaques, but some sections with extensive vascular pathology contained few or no plaques. Of the 

five monkeys with cerebrovascular amyloid, only two were observed with vascular-associated 

ubiquitin IR (cases bc4 and 247). In these two'monkeys, PA- immunoreactive intracortical blood 

vessels were infrequently observed to possess ubiquitin-positive granular structures (similar in size 

to those around plaques) in the adjacent neuropil. Such vessels were observed in the temporal and 

frontal cortex of cases 247 and bc4, while case 247 also contained a few in the posterior cingulate 

cortex. These blood vessels were sometimes in the vicinity of PA-immunoreactive vessels lacking 

any noticeable ubiquitin IR in the adjacent neuropil. Some cerebrovascular amyloid was observed 

in sections from the AD case, but none of these blood vessels were observed to be decorated with 

any ubiquitin-positive structures. 

In addition to the ubiquitin IR associated with distinct pathological entities in five of the 

aged monkeys (i.e. plaques and blood vessels), small ubiquitin-positive structures were observed 

in numerous brain regions of many of the monkeys. These small granular or dot-like structures 

were predominantly observed in the cortical white matter. Less ubiquitin dot-like IR was present 

in the cortical gray matter. In some older monkeys ( e.g. case S 10), the transition between these 

two regions was readily discemable due to the marked difference in IR. Dot-like IR was also 

observed throughout numerous other brain regions ( e.g. medulla, internal capsule, pons, 

midbrain, and cerebellum). In the seven youngest monkeys, these granular or dot-like structures 

were generally unnoticeable at the level of magnification (i.e. x 250) used to visualize dot-like 

ubiquitin IR in the aged monkeys. Under higher magnification (i.e. x 500), sporadic amounts of 

dot-like IR could be observed in some sections from these monkeys. 
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B. Apolipoprotein E in the Non-Human Primate 

The results of this experiment revealed plaques (Table 3) in the same monkeys as 

described above for the ubiquitin/PA colocalization experiment. Irrespective of the size or type of 

plaque, all the parenchymal PA deposits in these five monkeys were immunoreactive for apoE 

(Figures 6-7). The apoE IR in the plaques intensely immunoreactive for PA appeared amorphous, 

whereas the apoE IR associated with less developed deposits appeared fibrillar. In most instances, 

the pattern of apoE IR closely paralleled the pattern of PA IR, although some plaques were 

observed in which the pattern ofapoE IR was more extensive than the pattern of PAIR. No 

plaques were observed in which the pattern of apoE IR was less extensive than the pattern of PA 

IR. In addition, accumulations of apoE were sometimes observed which were not associated with 

plaques. All deposits of cerebrovascular amyloid observed in these five monkeys possessed 

intense apoE IR (Figure 8). Generally, the extent of apoE IR closely paralleled the pattern of PA 

IR observed in these lesions. In addition, some of the monkeys possessed blood vessels 

demonstrating weak apoE IR which lacked noticeable PA IR (Figure 9). All plaques in the AD 

case appeared to be immunoreactive for apoE (Figures 10-1 I), and in contrast to the monkeys, 

sections from this case also possessed weak apoE IR in structures resembling neurons and intense 

apoE IR in structures with the morphological appearance of neurofibrillary tangles. Sections from 

the AD case possessed some cerebrovascular amyloid with a pattern of intense apoE IR similar to 

the pattern of PA IR observed in these lesions. Negative controls failed to exhibit apoE IR. 

Sections from the frontal and temporal cortex of the five plaque-containing monkeys 

immunostained for GF AP and PA revealed numerous GF AP-immunoreactive astrocytes 

(hereafter referred to simply as 'astrocytes') in both the white and gray matter, although there was 
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Table 3. Frequency of plaques as evidenced by immunohistochemistry for apoE and PA. 

Areas 

Frontal Ctx. 

Temporal Ctx 

Cingulate Ctx. 

Occipital Ctx. 

Arnygdala 

Hippocampus 

Entorhinal Ctx. 

Parahipp. Ctx. 

Caudate/putamen 

Insular Ctx. 

Parietal Ctx. 

Plaque Totals 

Monkeys 

SlO 

125(5) 

39(3) 

106(4) 

ND 

ND 

84(4) 

9(2) 

41(2) 

4(3) 

ND 

ND 

408 

168 

10(7) 

6(5) 

0(9) 

3(2) 

0(3) 

0(4) 

0(4) 

0(3) 

0(8) 

1(2) 

ND 

20 

bc4 981 247 

83(3) 0(3) 1161(4) 

33(6) 34(4) 295(2) 

15(4) 0(4) 237(3) 

ND 0(2) 43(1) 

ND 54(2) ND 

3(4) 0(1) 73(3) 

7(3) 1(2) 54(3) 

1(3) 3(2) 114(3) 

8(5) 26(4) 226(3) 

56(6) 25(3) ND 

7(3) ND ND 

213 143 2203 

Note: Values indicate the number of plaques counted for each area examined. The values in 

parentheses represent the number of sections examined for each area. All plaques examined in this 

study were immunoreactive for apoE. ND: not done. 
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Figure 6. 

Two plaques in the frontal cortex of monkey S 1 O immunoreactive for apoE 

A and B: Photomicrographs of three plaques immunoreactive for apoE (arrows) in 

a section from the frontal cortex. Note that the pattern· of apoE IR observed in A 

also closely parallels the pattern of PA IR observed in B. This section was 

visualized and photographed with a fluorescein filter to produce photomicrographs 

A, whereas the same section was visualized and photographed with a Texas Red 

filter to produce photomicrograph B. Magnification in A and B is x 500. 
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Figure 7. 

A large plaque in the entorhinal cortex of monkey bc4 immunoreactive for apoE 

A and B: Photomicrographs ofa large plaque immunoreactive for apoE (arrows) 

in a section from the entorhinal cortex. Note that the pattern of apoE IR observed 

in A closely parallels the pattern of ~AIR observed in B. This section was 

visualized and photographed with a fluorescein filter to produce photomicrograph 

A, whereas the same section was visualized and photographed with a Texas Red 

filter to produce photomicrograph B. Magnification in A and B is x 250. 



33 



Figure 8. 

Cerebrovascular apoE and PA in monkey 981 

A and B: Photomicrographs ofa section from the amygdala of this monkey. Note 

the apoE IR associated with four deposits of cerebrovascular amyloid (arrows) and 

that the pattern of apoE IR in A corresponds closely to the pattern of PA IR in 

these lesions. This.section was visualized and photographed with a fluorescein 

filter to produce photomicrograph A, whereas the same section was visualized and 

photographed with a Texas Red filter to produce photomicrograph B. 

Magnification in A and B is x 250. 
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Figure 9. 

Cerebrovascular apoE in blood vessel of monkey bc4 lacking PA IR and blood 

vessels in monkey Jl2 lacking apoE and PA IR. 

A: Photomicrograph ofa section from the temporal cortex of monkey bc4. Note 

the light apoE IR associated with part ofa blood vessel (arrow) which Wl\S not 

imrnunoreactive for PA. B: Photomicrograph of a section from the insular cortex 

of monkey Jl2. Note that none of the blood vessels are imrnunoreactive for apoE 

. 

or PA. These sections were visualized and photographed with a fluorescein filter 

to produce photomicrographs A and B. Magnification in A and B is x 320 and ax 

250, respectively. 
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Figure 10. 

Plaqµes immunoreactive for apoE in a case of AD. 

A and B: Photomicrographs of numerous plaques immunoreactive for apoE. Note 

that the pattern of apoE IR observed in A also closely parallels the pattern of PA 

IR observed in B. Also note the presence of weak apoE IR (arrows) that appears 

to be associated with cells which do not appear to be immunoreactive for p A. This 

section was visualized and photographed with a fluorescein filter to produce 

photomicrograph A, whereas the same section were visualized and photographed 

with a Texas Red filter to produce photomicrograph B, respectively. Magnification 

in A and B is x 250. 
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Figure 11. 

Astroc_ytes immunoreactive for GFAP around a plaque in S10. 

A: Photomicrograph of a section from the frontal cortex of monkey S 10 which 

was immunostained for GFAP and PA. Note several GFAP-immunoreactive 

astrocytes (arrows) located in the periphery of a plaque (*) and other astrocytes in 

the surrounding neuropil. B: Photomicrograph of the same section as in A, but 

note the intense PA IR of this plaque (*). This section was. visualized and 

photographed with a fluorescein filter to produce photomicrograph A, whereas the 

same section was visualized and photographed with a Texas Red filter to produce 

photomicrograph B. Magnification is A and B is x 250. 
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Figure 12. 

Astrocytes in monkey S 1 O which are not immunoreactiye for apoE 

A: Photomicrograph ofa section from the frontal cortex of monkey S10 

immunostained for GF AP and apoE. In A the accumulation of apoE (Green FITC) 

is surrounded by astrocytes (arrows) lacking apoE IR. Note that the yellow 

astrocytes in A are not labeled by the antibody for apoE but represent "bleed 

through" from the Cy3 labeling for GF AP. In B note that the fine GF AP-positive 

processes of the astrocytes (arrows) surrounding the accumulation ofapoE (*) and 

those in the surrounding neuropil are clearly evident. Also note two blood vessels 

(short arrows) exhibiting GFAP IR. This section was visualized and photographed 

with a fluorescein filter to produce photomicrograph A, whereas these same 

sections were visualized and photographed with a Texas Red filter to produce 

photomicrograph B. Magnification is A and B is x 250. 
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noticeable variability in the number of astrocytes observed in these monkeys. Astrocytes were not 

observed to be associated with all deposits of PA, but the cell bodies of plaque-associated 

astrocytes were generally located in the neuropil surrounding plaques rather than being observed 

within these lesions (Figure 12). Very thin processes could be observed radiating out in all 

directions from the cell bodies of these astrocytes, and some of these processes were observed to 

be penetrating plaques. The number of astrocytes observed around smaller plaques was generally 

less than the number observed around larger plaques. In addition, intense GF AP IR was 

associated with much of the vasculature in these five monkeys, presumably associated with 

astrocytic foot processes forming part of the normal blood-brain barrier. In some instances thin 

astrocytic processes in the surrounding neuropil could be observed making contact with blood 

vessels. Negative controls failed to exhibit GFAP or PA IR. 

Sections from the frontal and temporal cortex of the five plaque-containing monkeys 

immunostained for GF AP and apoE revealed numerous accumulations of apoE-immunoreactive 

material in the gray matter, and these deposits were similar to those described above for the 

apoE/PA colocalization experiment. Some of the large apoE-immunoreactive accumulations 

observed in these sections appeared very similar to the apoE IR observed in plaques, so some of 

these deposits may represent plaque-associated apoE. Many of these intensely apoE

immunoreactive accumulations were surrounded by astrocytes, and thin astrocytic processes 

could be observed to be penetrating some of these deposits. The cell bodies of these astrocytes 

lacked any noticeable apoE IR (Figure 13), and none of the processes radiating out from the cell 

bodies appeared immunoreactive for apoE either. In addition, smaller apoE-immunoreactive 

accumulations were a·,so observed in these sections. Although apoE-negative astrocytes were also 
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observed around some of these smaller deposits, many of these deposits did not appear to be 

associated with astrocytes. Furthermore, astrocytes located in the white matter were also not 

immimoreactive for apoE. Astrocytes in the sections processed without formic acid pretreatment 

also failed to demonstrate apoE IR. The omission of formic acid pretreatment reduced the 

intensity of both GFAP and apoE IR. Negative controls failed to exhibit GFAP or apoE IR. 

Discussion 

A. Ubiquitin in the Brains of Non-Human Primates 

The percentage of plaques observed to be dual-labeled varieq considerably in the five aged 

monkeys examined in this study, ranging from 55.7 to 100%. An explanation for these results is 

that the ubiquitinated structures observed in these monkeys, probably dystrophic neurites, may not 

be associated with all types of plaques (Suenaga et al., 1990; Dickson et al., 1990a). In this study, 

the monkeys possessed deposits that were only lightly immunoreactive for PA and which may 

represent diffuse or very primitive plaques (Suenaga et al., 1990; Dickson et al., 1990a). In 

some instances, these plaques were also dual-labeled, but often they were not. In the brains of 

patients with AD or hereditary cerebral hemorrhage, ubiquitinated neurites are most frequently 

associated with plaques containing the polymerized form of PA rather than deposits of 

unpolymerized PA (Tagliavini et al., 1993). It is tempting to hypothesize that, in the lighter PA

immunoreactive plaques lacking ubiquitin IR, PA may be in the earliest stages of polymerization 

into neurotoxic fibrils, but such a conclusion would be tenuous based only on a sample of five 

monkeys and lacking corroborating ultrastructural information. The results ofthis study are not 

inconsistent with the hypothesis that PA deposition in the form of neurotoxic fibrils precedes the 
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neuronal damage suspected to underlie the formation of dystrophic neurites in neurons 

surrounding plaques (Lorenzo and Yanlmer, 1994; Busciglio et al., 1995; Tagliavini et al., 1993), 

but additional studies would be helpful to characterize the relationship between ubiquitin and 

plaques in monkeys. 

The ubiquitin IR observed around the plaques in these monkeys appeared as granular, 

neurite-like structures. Studies in humans (Dickson et al., 1990b), dogs (Uchida et al., 1992), and 

non-human primates (Nakamura et al., 1996) have reported similar ubiquitinated bodies around 

plaques to be dystrophic neurites. Therefore, it is likely that the ubiquitinated structures found in 

these monkeys are dystrophic neurites containing ubiquitinated proteins. In addition to the 

presence ofubiquitinated neurite-like structures around plaques, an age-related accumulation of 

granular or dot-like ubiquitin IR was observed in these monkeys that was not associated with 

plaques. The distribution of this granular or dot-like IR was broader than the distribution of 

plaques observed in these monkeys. Furthermore, the amount of this dot-like IR did not appear to 

be related to the number of plaques. Studies in humans have also demonstrated an age-related 

accumulation of ubiquitin, particularly in white matter of the cerebral cortex (Dickson et al., 

1990b; Migheli et al, 1992). The dot-like structures in the gray matter are also believed to be 

dystrophic neurites, whereas those located in white matter may be dystrophic axons or 

ubiquitinated inclusions within glial cells (Dickson et al., 1990b ). The finding ofubiquitinated 

neurites around dense deposits of PA may be explained by the toxic effects induced within 

neurons by polymerized or fibrillar PA (Lorenzo and Yanlmer, 1994; Busciglio et al., 1995). In 

contrast, the finding of granular or dot-like ubiquitinated material distributed diffusely throughout 

the brains of these monkeys is more difficult to explain. The wide-spread distribution suggests 
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that cells not directly in the vicinity of plaques may be undergoing degenerative changes, 

perturbations in protein turnover, or both. It is unlikely that these dot-like structures are distant 

extensions of cortical neurons undergoing degeneration around PA deposits, although some may 

be. If the accumulation ofubiquitinated products within neurons is indicative of degenerative 

processes, then the lack of PAIR in many of these regions suggests that the initiation of any 

degenerative changes in these cells is probably mediated by mechanisms other than PA-induced 

neurotoxicity. Alternatively, these structures may simply be an innocuous sign of normal aging. 

Future studies delineating the differences between plaque-associated ubiquitinated neurites and 

those not associated with PA deposits may clarify this issue. 

Vascular-associated ubiquitin has been reported in humans with cerebral amyloid 

angiopathy (Cruz-Sanchez et al., 1992). In this study, two monkeys were observed to possess 

ubiquitin IR surrounding vascular amyloid deposits. Ubiquitinated structures were localized in the 

neuroparenchyma adjacent to intracortical blood vessels, and they appeared to be granular 

structures very similar to the neurite-like processes observed around plaques. The number of these 

vessels observed in both monkeys was small in comparison to the total number of amyloid-laden 

vessels lacking any ubiquitinated material in the adjacent neuropil. In addition, no blood vessels 

were observed possessing only ubiquitin IR in the adjacent neuropil. Neither of the previous 

studies of non-human primates reported finding ubiquitinated material surrounding blood vessels 

(Nakamura et al., 1996; Gearing et al., 1994). This finding is interesting considering the marked 

prevalence of ubiquitinated neurites around the plaques in these five aged monkeys which 

demonstrated PA IR similar to that observed in the vascular deposits lacking ubiquitination. 

Given that only two monkeys in this study contained ubiquitinated blood vessels and in such few 
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numbers, additional studies with larger samples will be necessary to characterize and explain these 

observations. 

B. Apolipoprotein E in the Brains of Non-Human Primates 

In this study, apoE IR was associated with all plaques and cerebrovascular amyloid in the 

brains of five aged monkeys. Several studies in monkeys (Mufson et al., 1994; Gearing et al., 

1994) and humans (Uchihara et al., 1995; Namba et al., 1991; Wisniewski et al., 1992; Kida et al., 

1994) have reported apoE IR in all types of plaques, although two studies have reported apoE IR 

associated with only a subset of plaques (Mufson et al., 1994; Kida et al., 1994). In the two latter 

studies, some diffuse plaques failed to demonstrate apoE IR, and it was suggested that these 
C 

deposits may lack PA fibrils (Kida et al., 1994). Neither study investigated these apoE-negative 

plaques using electron microscopy, so whether or not the ultrastructural properties of these 

plaques differ from apoE-positive diffuse plaques remains to be investigated. Alternatively, 

differences in methodological evaluation (e.g. antibodies, fixation, etc.) may explain some of the 

discrepancies between these two reports and other studies. That apoE is associated with all of the 

PA deposits in these five monkeys further supports a role for apoE in the development of plaques 

and cerebrovascular amyloid in humans and monkeys, although additional investigations 

examining the ultrastructural composition of diffuse plaques will be helpful to clarify the temporal 

pattern of apoE deposition and the formation of PA fibrils. 

Numerous hypotheses have attempted to explain the mechanisms by which apoE might 

promote the formation of plaques and neurofibrillary tangles in the brain. Based on observations 

that apoE can bind PA with very high avidity (Strittmatter et al., 1993a; Wisniewski et al., 1993), 
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one hypothesis suggests that apoE promotes PA fibrillogenesis by acting as a "pathological 

chaperone". An early report demonstrating that apoE4 binds synthetic PA more quickly than 

apoE3 supported the idea that apoE, particularly apoE4, might act as a pathological chaperone 

and promote the deposition of PA in plaques (Strittmatter et al., 1993b). Recent studies, 

however, have failed to confirm this observation, one having reported no difference in the ability 

of the three apoE isoforms to complex with PA (Chan et al., 1996);' and two others reporting that 

apoE3 binds PA with higher avidity than apoE4 (LaDu et al., 1995; Yang et al., 1997). In the 

earlier study (Strittmatter et al., 1993b), apoE were purified from serum which involves a 

delipidation step, whereas apoE in its native state (i.e. associated with lipid) was utilized in the 

more recent studies (Chan et al., 1996; LaDu et al., 1995; Yang et al., 1997). Since the 

association of lipid particles with apoE has been shown to be an important determinant of apoE

induced neurite outgrowth (Nathan et al., 1994), it has been suggested that the discrepancy 

between these reports results from the use of different preparations of apoE. 

Although the above hypothesis contends that apoE promotes the formation of PA fibrils, 

another hypothesis suggests that apoE may actually provide protection against the toxic effects of 

PA by retarding the deposition of PA into fibrils. A study of the isoform-specific effects ofapoE 

on the kinetic and thermodynamic variables relating to the nucleation of PA and its aggregation 

into fibrils, respectively, has demonstrated that apoE4 has a reduced ability to prevent the 

nucleation of PA into fibrils as compared to apoE3 (Evans et al., 1995). One explanation that 

might explain this observation is that apoE3 monomers are able to form dimers, which are potent 

nucleation inhibitors, whereas apoE4 monomers are unable to form dimers due to the lack of 

cysteine residues (Evans et al., 1995). The importance of apoE dimerization for the inhibition of 
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PA nucleation requires clarification, since a recent study has reported no difference in the ability 

of the three apoE isofonns to inhibit the nucleation of PA (Wood et al., 1996). 

It has also been hypothesized that in the brain, apoE may interact with hydrophobic 

compounds ( e.g. PA) in an attempt to remove them from the extracellular space (Rebeck et al., 

1993). Both neurons and astrocytes possess receptors ( e.g. low-density lipoprotein receptor and 

low-density lipoprotein receptor-related protein) which can bind apoE, therefore this protein may 

be involved in the clearance of PA from the brain. The polymorphic site which differentiates 

between the apoE3 and apoE4 isofonns is located outside the receptor-binding domain for the 

low-density lipoprotein receptor and the low-density lipoprotein receptor-related peptide 

(Rubinsztein, 1995), and the two isofonns do not appear to differ measurably in their ability to 

bind to these receptors (Weisgraber et al., 1982). Therefore, it has been suggested that altered 

apoE4-PA interactions or lower levels of apoE4 might result in the inability to clear PA from the 

neuropil (Rebeck et al., 1993). 

In addition to hypotheses which contend that apoE may contribute to the fonnation of 

plaques, it has been suggested that differences in the apoE isofonns may contribute to the 

fonnation ofneurofibrillary tangles (Huang et al., 1994; Strittmatter et al., 1994a; Strittmatter et 

al., 1994b ). Studies have shown that apoE3, but not apoE4, can bind to the microtubule-binding 

domains of tau and the microtubule-associated protein MAP2c (Huang et al., 1994; Strittmatter et 

al., 1994b ). Furthennore, neither apoE3 or apoE4 can bind hyperphosphorylated tau (Strittmatter 

et al., 1994b ). These observations suggest that apoE3 might protect tau from becoming 

phosphorylated, therefore allowing tau to remain bound to tubulin. This, in tum, would impart 

greater stability to the microtubular system. Microtubules are critically important to the proper 
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functioning of neurons, particularly axonal and dendritic transport. The .inability of apoE4 to bind 

tau may predispose neurons to greater microtubular instability which may shorten their functional 

life span by increasing microtubules disassembly. The importance of these isoform-specific binding 

differences is uncertain, particularly with regards to non-human primates, as they possess two 

copies of a gene analogous to the e4 allele but lack neurofibrillary tangles. Although the existing 

body of evidence clearly implicates apoE4 as a risk factor for the development of AD and other 

neurological disorders, further studies will be necessary to discern the exact functions of apoE in 

brain and the functional differences between apoE3 and apoE4 which account for the observed 

isoform-specific effects of apoE in the pathogenesis and progression of AD. 

Astrocytes are capable of synthesizing apoE (Pitas et al., 1987; Poirier et al., 1991), and 

several studies have demonstrated apoE-positive astrocytes in the brains of humans (Han et al., 

1994; Namba et al., 1991; Yamaguchi et al., 1994) and monkeys (Poduri et al., 1994). Although 

astrocytes are the most numerous type of cell in the brain and have been suggested to be the 

primary source of apoE in the brain, the role of astrocytes in the expression and depositi~n of 

apoE in the brain remains unclear. ~ections from the five plaque-containing monkeys were 

immunostained with an antibody for GF AP to investigate the orientation of astrocytes to plaques; 

and the astrocytes in these sections were generally observed in the neuropil surrounding deposits 

of PA rather than in the center. Furthermore, the astrocytes observed around deposits of apoE

immunoreactive material which resembled plaque-associated apoE failed to demonstrate apoE IR, 

and astrocytes located in the white matter were also not immunoreactive for apoE. Although it 

has been suggested that milder tissue-processing conditions may be required to detect cellular 

apoE (Metzger et al., 1996), the astrocytes in sections processed without formic acid 
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pretreatment also failed to demonstrate apoE IR. Other studies have also shown that astrocytes 

are generally not observed within plaques (Uchihara et al., 1995a; Uchihara et al., 1995b ), and the 

expression of apoE mRNA in AD brains has been inversely correlated with the expression of 

GFAP mRNA (Yamada et al., 1995). These observations suggest the possibility that cells other 

than astrocytes may play a more significant role in the apoE deposition observed in plaques. A 

recent study has shown that apoE-positive microglia, but not astrocytes, are frequently located 

within the cores of plaques (Uchihara et al., 1995a), and it has been suggested that apoE 

synthesized in microglia might be closely related to the deposition of PA in AD (Nakai et al., 

1996). However, it is possible that low levels of apoE were not detected by the antibody utilized 

in this study or that the conformation of apoE inside cells is such that few epitopes are exposed, 

so additional studies will be needed to elucidate the principal source of apoE in the brains of 

humans and monkeys. 

Summary 

This study reports finding ubiquitinated material localized around the majority of plaques in five 

aged non-human primates. The ubiquitinated structures observed around plaques and some 

intracortical vessels probably represent dystrophic neurites containing ubiquitinated products. 

These results suggest that neurons in the vicinity of plaques in non-human primates may be 

undergoing degenerative changes similar to processes believed to be occurring around the plaques 

in humans with diseases such as AD and Creutzfeldt-Jakob disease. Additionally, an apparent age

related accumulation ofubiquitin-imrnunoreactive, dot-like material was observed throughout the 

brains of these 1 S monkeys, particularly in white matter of the cerebral cortex. The diffuse 
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distributio~ ofubiquitinated dot-like structures that are not associated with plaques suggests 

wide-spread perturbations of protein turnover in the aging monkey brain that may not be mediated 

by PA-induced neurotoxicity. 

The relationship between ubiquitin and neuronal degeneration is currently unknown, and 

there are still numerous questions unanswered about other possible functions for ubiquitin in the 

cell apart from its role in protein degradation. One question that remains unresolved is the identity 

of the proteins conjugated to ubiquitin which are accumulating within dystrophic neurites around 

plaques. The isolation and identification of proteins that are being targeted to this degradative 

pathway may provide insight regarding the specific cellular processes that are being altered by 

neurotoxic agents (e.g. PA). Non-human primates may be useful for investigating the relationship 

between the mechanisms of PA-induced neurotoxicity and formation of dystrophic neurites 

containing ubiquitinated products. 

This study also reports finding apoE associated with all plaques and cerebrovascular 

amyloid in five aged monkeys. Although several questions regarding the molecular interactions 

between apoE and PA remain unanswered, the results of this study suggest that apoE may play an 

important role in cerebral amyloidosis in aging humans and monkeys. In addition, astrocytes were 

observed in the neur6pil surrounding some plaques, but none of the astrocytes observed in the 

five plaque-containing monkeys were immunoreactive for apoE. Although astrocytes arCe thought 

to be an important source of the apoE found in plaques, the results of this study support the 

contention that cells other than astrocytes may be involved in the deposition of plaque-associated 

apoE. Additional studies are needed to elucidate the role of apoE in the formation of plaques, and 

this study demonstrates the value of non-human primates for investigating the role of apoE in 
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cerebral amyloidosis.· 
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