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ABSTRACT

Alzheimer’s disease is the most common cause of dementia in the elderly. Clinically,

neuronal dysfunction in Alzheimer’s disease is evident on positron emission

tomography scans, which demonstrate decreased energy metabolism in brains of

patients with Alzheimer’s disease. This decrease in brain energy metabolism is

proportionally more severe and starts earlier than cerebral atrophy, suggesting that

neuronal dysfunction cannot be completely explained by neuron loss.

Although remarkable progress has been made over the last few years in understanding

the pathologic basis of Alzheimer’s disease, the critical events leading to neuronal

dysfunction, and eventually neuron death, are still not clear. Microscopic examination

of Alzheimer brains reveals frequent neurofibrillary tangles, which are intraneuronal

accumulations of abnormal cytoskeletal elements, as well as extracellular deposits

called senile plaques, which consist of fibrillar amyloid β-peptide (Aβ). Although the

presence of these two features is essential in confirming the diagnosis of Alzheimer’s

disease, their significance as factors contributing to neurodegeneration is controversial.

In the present study, sensitive methods were introduced for the detection and

characterization of neuronal dysfunction in autopsy samples from Alzheimer brains.

Gene expression of cytochrome oxidase, an enzyme of mitochondrial oxidative

phosphorylation, was used as a marker of energy metabolism in individual neurons. It

was found that formation of neurofibrillary tangles is associated with progressive loss

of cytochrome oxidase mRNA. Interestingly, compared with control tangle-free

neurons, Alzheimer’s disease tangle-free neurons also showed a decrease in

cytochrome oxidase mRNA. In contrast, senile plaque density, vicinity of neurons to

senile plaques, and levels of nonfibrillar Aβ did not correlate with cytochrome oxidase

mRNA or cytochrome oxidase enzyme activity. In addition to cytochrome oxidase,

other markers of neuronal function were quantified. Levels of drebrin, a marker of

synaptic plasticity, were found to decrease markedly during normal aging. An

additional 81 % decrease was demonstrated in Alzheimer brains. This is in contrast to
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cytochrome oxidase, which decreases in Alzheimer’s disease but not in normal aging.

These results show that neuronal dysfunction associated with normal aging can be

demonstrated using biochemical and molecular methods. The impairments that occur

during normal aging are much less severe than in Alzheimer’s disease. In addition, the

results indicate that whereas impairments in neuronal plasticity may occur in both

aging and Alzheimer’s disease, only Alzheimer’s disease is characterized by a marked

decrease in neuronal energy metabolism.
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1. INTRODUCTION

In 1903, Bielschowsky improved the silver stain originally discovered by Golgi in

1873, making it possible for the first time to clearly visualize cytoskeletal components

of neurons [Berchtold and Cotman, 1998].  A “hot new method” at the time, it was

quickly adopted by Alois Alzheimer, who used it to detect a startling new type of

pathology in the brain of a woman who died a few years after developing dementia at

age 51. In his case report that he presented at a meeting in 1906 and published in 1907,

Alzheimer described numerous intraneuronal neurofibrillary tangles as well as the

widespread presence of extracellular deposits of a peculiar substance [Alzheimer,

1987], now known to consist primarily of amyloid β-peptide (Aβ). The clinical

presentation and neuropathological features of this case stood out from the cases he

had examined previously, most of which were caused by neurosyphilis or vascular

dementia, leading Alzheimer to suggest that the case might represent a previously

undescribed disease.

In 1911, Alzheimer published a more comprehensive paper, presenting an additional

case and discussing case reports that had been published by others after his initial

paper [Alzheimer, 1991; Moller and Graeber, 1998].  Many of those case reports were

already referring to the condition as “Alzheimer’s disease”. The most important

endorsement, however, had come in 1910, when “Alzheimer’s disease” was mentioned

in the new edition of the Textbook of Psychiatry by Emil Kraepelin, the chairman of

Alzheimer’s department and the foremost psychiatrist in the world at the time

[Berchtold and Cotman, 1998]. According to Kraepelin’s definition, Alzheimer’s

disease referred to presenile dementia, dementia occurring at an unusually early age,

whereas dementia of old age was called senile dementia. By that time, however, it had

become clear to Alzheimer that the clinical and neuropathological features of presenile

and senile dementia were very similar, if not identical, except for the age of

presentation. In his 1911 paper, Alzheimer argued that presenile and senile dementia

should be considered two forms of the same disease [Alzheimer, 1991].  Today, most

investigators agree with Alzheimer’s position in this issue, although Kraepelin’s view
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still has supporters as well, particularly in Europe [Blass, 1996; Svennerholm and

Gottfries, 1994]. During the last decade, the discovery of specific genes associated

with Alzheimer’s disease has provided scientific basis for the new dichotomy of

familial versus sporadic Alzheimer’s disease.

By careful examination of his silver stained tissue sections, Alzheimer was able to

make a number of suggestions regarding the pathogenesis of the disease. Remarkably,

many of his suggestions have been “rediscovered” and confirmed to be correct by

modern methods during the last three decades. These include Alzheimer’s suggestion

that neurofibrillary tangles originate from modified cytoskeletal elements [Alzheimer,

1991], a view which was opposed by Bielschowsky, among others [Berchtold and

Cotman, 1998]. Alzheimer also pointed out the dissimilarity of the anatomical

distributions of neurofibrillary tangles and senile plaques [Alzheimer, 1991]. He

correctly inferred that plaques result from active deposition rather than from

disintegration of cells [Alzheimer, 1991]. He noted that not all brain regions are

equally affected by the disease process, and observed the relative absence of atrophy in

the primary motor and the primary sensory cortices [Alzheimer, 1991; Moller and

Graeber, 1998].  Moreover, he correctly described the various stages neurofibrillary

degeneration, which ultimately lead to neuronal death and disappearance except for the

persistent “ghost tangles” [Alzheimer, 1991; Berchtold and Cotman, 1998].

One suggestion by Alzheimer that is still controversial is his opinion that senile

plaques are not the cause of the disease but only an accompanying feature of the

degenerative process. He based his conclusion on the observations that plaques seemed

to dislocate rather than destroy brain tissue, degenerative changes were present in brain

regions where plaques were not found, and that there were cases of Alzheimer’s

disease with very few plaques [Alzheimer, 1991; Davis and Chisholm, 1999].

Even today, there is still no agreement as to the neuropathologic substrate of dementia

in Alzheimer’s disease. Popular theories include those focusing on senile plaques,

neurofibrillary tangles, synapse loss, neuron death, and degeneration of specific

neurotransmitter systems such as the cholinergic system. However, identification of
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specific mutations associated with familial Alzheimer’s disease and recent progress in

characterizing the immediate cellular effects of these mutations has generated

optimism and expectations that it may be possible to unravel the pathologic cascade

starting from its initial steps [Price et al., 1998b].

Alzheimer did not directly address normal cerebral aging in his two papers. Even in the

modern scientific literature, normal cerebral aging has received relatively little

attention. Although it is generally accepted that normal aging is associated with some

cognitive impairment, this is often disregarded as insignificantly mild and labeled as

“benign” [Flicker et al., 1991]. Therefore, recent neurological and neuropathological

research has largely focused on the distinction between normal cerebral aging and

dementia, with the object of identifying persons with dementia as early and reliably as

possible [Blass, 1996]. However, it has also been argued that age-associated cognitive

impairment may not be as insignificant as previously thought and that the use of

clinical tests designed for dementia screening may overlook the cognitive impairment

associated with normal aging [Crook and Ferris, 1992]. In any case, given that aging is

the most important risk factor of Alzheimer’s disease, better understanding of the

degenerative changes that occur in aging would likely contribute to the development of

therapeutic approaches for the prevention of Alzheimer’s disease and related

dementias.

In the present study, neuronal dysfunction in aging and Alzheimer’s disease was

studied using histochemical, biochemical, and molecular biological methods. The

results suggest that although normal aging is clearly associated with progressive

neuronal dysfunction, this dysfunction is much less severe than in Alzheimer’s disease.

In addition, it was found that whereas impairments in neuronal plasticity may occur in

both aging and Alzheimer’s disease, only Alzheimer’s disease is characterized by a

marked decrease in neuronal energy metabolism. The extent of the decrease in energy

metabolism appears not to be directly related to Aβ burden in Alzheimer’s disease. In

contrast, it was found that neurodegeneration associated with formation of

neurofibrillary tangles accounts for some, although probably not for all, of the decrease

in neuronal energy metabolism.
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2. REVIEW OF THE LITERATURE

2.1. Normal aging of the brain

It is unfortunately true that at least to some extent cognitive functions do decline with

normal aging [Blass, 1996; Unger et al., 1999]. A carefully conducted longitudinal

study demonstrated deterioration in one or more cognitive abilities in 100 % of

subjects by age 70 years (Fig. 1) [Schaie, 1989]. This analysis did not include memory

among the cognitive abilities that were examined, although memory may be the

cognitive ability that is most consistently impaired with aging. The types of memory

requiring neocortical association areas, such as memory for temporal order (recency

memory), are more vulnerable to age-associated impairment than others, such as

recognition memory [Fabiani and Friedman, 1997]. In general, components of the

crystalline intelligence remain preserved or even increase until late age, while fluid

intelligence decreases [Schaie, 1994]. This means that elderly people act successfully

in routine situations, but impairments become evident in flexible adaptation to new

situations and problem solving [Mielke et al., 1998].

Due to differences in the level of cognitive ability in young adulthood and in the rate of

subsequent decline, old persons display a wide spectrum of cognitive abilities, ranging

from normal to mild cognitive impairment, and to dementia. A number of terms have

been used to describe the middle group, including benign senescent forgetfulness, age-

associated memory impairment, age-consistent memory impairment or late-life

forgetfulness, cognitively impaired not demented, and mild cognitive impairment (for

references, see [Mufson et al., 1999]). It is beyond the scope of this thesis to discuss

the definitions of these terms in detail, but in general, they all refer to individuals

whose cognitive function is below the level considered normal, but who do not meet

the clinical criteria for dementia. Difference of opinion exists on whether normal levels

of cognitive performance for old persons should be defined using age standardized

normal values or those of young adults [Crook and Ferris, 1992].
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Fig.  1. Cumulative risk of cognitive decline in one or more cognitive abilities, as estimated on the basis

of a longitudinal study. The cognitive abilities that were examined included verbal meaning, spatial

orientation, inductive reasoning, number addition, and word fluency. Memory, which is the most

sensitive cognitive ability for aging effects, was not included. Redrawn from [Schaie, 1989].

Since Alzheimer described the disease that bears his name, distinguishing it from

normal aging, the trend in scientific literature, as well as in the popular press, has been

the widening of the concept of abnormal cerebral aging. What was discounted as

“benign senescent forgetfulness” in the 1960’s [Crook and Ferris, 1992] has become an

object of intensifying scientific study. This trend will undoubtedly continue, because

the proportion of the elderly in society is increasing, as is the political weight of their

interests. Other factors supporting this trend include advances in medicine allowing the

elderly to stay physically active longer, economic growth providing opportunities to

stay in the workforce past the usual age of retirement, advances in automation of

physical labor, and advances in information technology. All these factors have created

a demand for the elderly to maintain their mental acuity at a much higher level than

what was previously thought to be necessary.  In the future, any cognitive decline

relative to the individual’s previous performance will likely be considered pathological

and sufficient indication for pharmacological intervention. As pointed out by Crook
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and Larrabee [Crook and Larrabee, 1988], patients tend to complain that their memory

abilities have declined from what they once were; they rarely complain that their

abilities are worse than those of the average person 60, 70, or 80 years of age.

The pathologic basis of age-associated cognitive impairment is not clear. For decades,

widespread neuronal death and synapse loss were considered to be inevitable

concomitants of normal aging of the human brain. However, recent post-mortem

studies using modern stereology suggest that the extent of neuronal death, at least in

the neocortical and hippocampal regions studied so far, is restricted in normal aging

and unlikely to account for age-related impairment of neocortical and hippocampal

functions [Morrison and Hof, 1997]. Even the widely held notion of synapse loss

during normal aging has been challenged [Scheff et al., 1997]. Nevertheless, in vivo

mapping of cholinergic synapses using positron emission tomography has

demonstrated that the number of cholinergic synapses, which represent 6-7 % of all

synapses, declines 3.7 % per decade [Kuhl et al., 1999]. In addition, aging is associated

with structural changes in the dendritic arbor, as is evident in increased average length

of terminal dendrites [Arendt et al., 1995] and in marked loss of dendritic spines

[Catala et al., 1988; Jacobs et al., 1997]. Positron emission tomography studies have

demonstrated a small but significant decline in the overall cerebral glucose uptake with

age, with association neocortical areas showing the most prominent reductions [Grady

et al., 1998; Petit-Taboue et al., 1998]

Mild Alzheimer pathology (senile plaques and neurofibrillary tangles) is a common

finding in brains of nondemented elderly individuals [Braak and Braak, 1997; Dickson

et al., 1992]. Some studies have suggested that age-associated cognitive impairment

could result from mild Alzheimer pathology in the form of neocortical plaques [Morris

et al., 1991; Morris et al., 1996]. However, other studies have demonstrated that some

neuropsychologically normal people, including people who have been prospectively

studied for more than a decade and to within a few months before death, have

numerous senile plaques in their neocortex [Delaere et al., 1990; Dickson et al., 1992].

One study reported a strong correlation between entorhinal cortex plaque load and

cognitive status (MMSE score) [Cummings et al., 1996], whereas no correlation at all
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was found between the two in a similar, more recent study [Mufson et al., 1999].

Furthermore, Alzheimer pathology, except for occasional neurofibrillary tangles in the

entorhinal cortex [Braak and Braak, 1997], is extremely rare in persons younger than

50 years. In contrast, age-associated cognitive decline relative to the individual’s past

performance, even excluding memory impairment, can be demonstrated in more than

80 % of individuals by age 50 (Fig. 1). In conclusion, there is conflicting evidence

regarding the role of Alzheimer pathology in age-associated cognitive impairment, but

it is probably safe to conclude that Alzheimer pathology is not the sole pathogenic

factor underlying age-associated cognitive impairment.

2.2. Alzheimer’s disease

Alzheimer’s disease is the most common cause of dementia and affects 15 % of people

over age 65. Clinically, Alzheimer’s disease is characterized by progressive dementia.

Positron emission tomography studies have demonstrated decreases in regional

cerebral metabolic rate, which correlate significantly with dementia severity [Berent et

al., 1999; Pietrini et al., 1999; Rapoport, 1991; Rapoport et al., 1996]. These decreases

in energy metabolism remain significant even after correction for brain atrophy,

indicating that the decreases reflect neuronal dysfunction rather than simply neuron

loss [Ibanez et al., 1998]. Neuropathologically, Alzheimer’s disease is characterized by

selective damage to brain regions and neural circuits critical for cognition and memory,

including neocortical association areas, the hippocampus, amygdala, and basal

forebrain cholinergic system [Jellinger and Bancher, 1998]. Affected neurons

accumulate neurofibrillary tangles, which principally consist of abnormally

phosphorylated tau, a microtubule-binding protein. In addition to neurofibrillary

tangles, which are intracellular, there are frequent extracellular deposits called senile

plaques. These are primarily composed of amyloid fibrils, which are highly insoluble

aggregations of Aβ, a 4 kD peptide derived from β-amyloid precursor protein [Selkoe

et al., 1986; Wisniewski et al., 1997].
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Synapse loss is a prominent and early feature in Alzheimer’s disease [Heinonen et al.,

1995; Scheff et al., 1990; Scheff and Price, 1993]. Significant inverse correlations have

been reported between synapse counts and dementia severity [DeKosky and Scheff,

1990; DeKosky et al., 1996]. There is no spatial relationship between the distribution

of synapse loss and senile plaques [Heinonen et al., 1995], suggesting that synapse loss

is not caused by senile plaques. It has been argued that degeneration and loss of

synapses constitute the pathologic substrate of cognitive impairment [DeKosky et al.,

1996] and decreased cerebral energy metabolism [Chandrasekaran et al., 1996;

Rapoport et al., 1996] in Alzheimer’s disease.

Remarkable progress has been made over the last few years in the molecular genetics

of Alzheimer’s disease, leading to identification of three genes whose mutations cause

familial, early-onset, autosomal dominant Alzheimer’s disease.  These genes are the

genes encoding for amyloid precursor protein (located in chromosome 21), presenilin-1

(chromosome 14) [Crook et al., 1997; Crook et al., 1998; Haltia et al., 1994; Perez-Tur

et al., 1996], and presenilin-2 (chromosome 1) [Price et al., 1998b]. Interestingly, all

familial Alzheimer’s disease-associated mutations identified so far affect the

processing of amyloid precursor protein in such a way that production of the long,

highly amyloidogenic form of Aβ peptide (Aβ42/43) is increased [Mann et al., 1996;

Price et al., 1998b]. These findings have provided support for the so-called amyloid

cascade hypothesis, which states that aggregation of Aβ into fibrils and their deposition

in senile plaques are critical in the pathogenesis of Alzheimer’s disease [Hardy, 1997;

Selkoe, 1994; Wisniewski et al., 1997].

So far, no specific gene mutations causing late-onset Alzheimer’s disease, which is

much more common than familial Alzheimer’s disease, have been identified. However,

certain alleles of apolipoprotein E (APOE) and a2 macroglobulin (A2M) are associated

with an increased risk for Alzheimer’s disease. Interestingly, these two genes appear to

confer risk for Alzheimer’s disease in different ways: APOE-ε4 allele lowers the age of

onset in people who are vulnerable to Alzheimer’s disease, whereas A2M-2 allele

confers vulnerability to Alzheimer’s disease [Price et al., 1998a]. The mechanisms by

which these two genes interact with the pathogenesis of Alzheimer’s disease is yet to
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be discovered; however, as both APOE and A2M bind Aβ, these proteins may be

involved in clearance of Aβ from the brain [Blacker et al., 1998; Wisniewski et al.,

1997].

Several transgenic mouse models of Alzheimer’s disease have been generated. These

mice express human amyloid precursor protein and presenilin genes with familial

Alzheimer’s disease-associated mutations. They show senile plaque-like extracellular

deposits of Aβ. However, so far, the full spectrum of neuropathologic features

characteristic of human Alzheimer’s disease has not been reproduced [Riekkinen et al.,

1998]. For example, although phosphorylated tau is present in dystrophic neurites

associated with the Aβ deposits, neurofibrillary tangles have not been described [Price

et al., 1998b]. There is also no neuronal loss in these mice [Hyman et al., 1997;

Irizarry et al., 1997a; Irizarry et al., 1997b]. Progressive learning and memory

impairments have been described in a mouse overexpressing human amyloid precursor

protein with a familial Alzheimer’s disease-mutation and in a mouse expressing both

mutated amyloid precursor protein and presenilin [Holcomb et al., 1998]. Interestingly,

these impairments become evident before the appearance of senile plaques in the

brains of these mice [Holcomb et al., 1998]. One possible explanation is that Aβ may

initially accumulate in diffusible or membrane-associated forms, which cannot be

detected histologically.

Therapeutic agents that affect the concentration, deposition, aggregation, degradation,

clearance, or toxicity of Aβ are under development [Christie et al., 1999; Howlett et

al., 1999; Vasan et al., 1996; Wood et al., 1996]. At present, we do not know which of

these approaches will prove to be effective. It is also possible that other consequences

of abnormal processing of amyloid precursor protein, rather than extracellular

aggregation and deposition of fibrillar Aβ, are critical in the pathogenetic cascade

[Neve, 1996]. Several mechanisms for the toxicity of nonfibrillar Aβ have been

suggested. Low concentrations of monomeric Aβ induce leakage of choline, the

precursor of acetylcholine, from cultured neuronal cells [Allen et al., 1997; Ehrenstein

et al., 1997; Galdzicki et al., 1994]. Another possibility is that Aβ exerts its toxicity in
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the cytoplasm of neurons. In cultured neurons, the site of Aβ production is

intracellular, in the endoplastic reticulum [Cook et al., 1997], whereas in nonneuronal

cells Aβ is produced at the cell surface [Hartmann et al., 1997]. Aβ has also been

demonstrated to be present in the cytoplasm of neurons in Alzheimer’s disease and its

presence has been associated with neuronal damage [LaFerla et al., 1997; Rosenblum,

1999; Troncoso et al., 1996]. In addition, it has been shown that certain molecules

found in the brain can chaperone the in vitro self-association of Aβ into diffusible,

nonfibrillar oligomers, which are potent neurotoxins in cell culture [Lambert et al.,

1998]. Their toxicity was specific to neurons (astrocytes were unaffected) and was seen

at nanomolar concentrations. In contrast, fibrillar Aβ did not cause cell death even at

micromolar concentrations [Lambert et al., 1998]. Recently, evidence has emerged

showing that familial Alzheimer’s disease-associated mutations cause intracellular

accumulation of carboxyterminal fragments of amyloid precursor protein other than

Aβ and that these fragments are neurotoxic [Islam and Levy, 1997; Kim et al., 1999a;

McPhie et al., 1997; Suh, 1997]. Discoveries such as these may help to explain the

weak or nonexistent correlations found in most studies between senile plaque density

and dementia severity and between senile plaque density and neuron loss [Jellinger and

Bancher, 1998; Swaab et al., 1998]. It is also interesting that both “plaque-

predominant” (few or no neurofibrillary tangles) and “neurofibrillary tangle-

predominant” (few or no senile plaques) forms of Alzheimer’s disease have been

described [Jellinger and Bancher, 1998; Swaab et al., 1998], indicating that neither

senile plaques nor neurofibrillary tangles are essential features of Alzheimer’s disease.
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2.3. Molecular markers of neuronal function

2.3.1. Cytochrome oxidase

Cytochrome oxidase is one of the most complex proteins found in living organisms. In

mammals, it consists of 13 subunits, the 3 largest of which are encoded by the

mitochondrial DNA (Fig. 2), whereas the remaining subunits are encoded by the

nuclear DNA. Cytochrome oxidase is part of the mitochondrial oxidative

phosphorylation enzyme chain, which produces ATP. As the terminal enzyme of the

chain, it receives electrons from cytochrome c and transfers them to oxygen and

hydrogen ions, forming water. It uses the energy that is released to pump protons

(hydrogen ions) across the inner mitochondrial membrane to generate a proton

gradient. This gradient is then used by the ATP synthase to synthesize ATP (Fig. 3).

[Gennis and Ferguson-Miller, 1995]

Fig. 2. Diagram of human mitochondrial DNA. Redrawn from [Sherratt et al., 1997].
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Fig. 3. Schematic presentation of mitochondrial oxidative phosphorylation. Cytochrome oxidase is

complex IV of the oxidative phosphorylation chain (respiratory chain). It donates electrons to oxygen to

form water. At the same time, it pumps protons across the mitochondrial inner membrane to create a

proton gradient, which is used by the ATP synthase to synthesize ATP

Cytochrome oxidase accounts for more than 90 % of oxygen consumption by living

organisms on earth. It is essential for organs like the kidney, heart, and brain, which

depend on oxidative metabolism. Although the brain represents only 2 % of the total

body weight of an adult human, it consumes more than 20 % of the total oxygen intake

of the body. Neurons derive almost all of their energy from oxidative phosphorylation.

They use ATP for ion pumping to maintain the resting membrane potential, for

axoplasmic transport, and the synthesis of macromolecules and neurotransmitters. Of

these, maintenance of ion balance constitutes the major energy consuming function of

neurons. Increased synaptic firing promotes increased oxidative phosphorylation to

generate ATP, which is used by the Na+/K+ ATPase to restore the resting membrane

potential. [Chandrasekaran et al., 1996; Rapoport et al., 1996; Wong-Riley, 1989b]

The critical role of cytochrome oxidase in neuronal energy metabolism and the

continuous dependence of neurons on oxidative phosphorylation to maintain synaptic

firing led Margaret Wong-Riley to propose in the 1970s that the level of cytochrome

oxidase enzyme activity should correlate with neuronal activity [Wong-Riley, 1989a].
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Since then, her laboratory has played a central role in demonstrating a relationship

between cytochrome oxidase enzyme activity and neuronal activity in various brain

regions and neuronal groups under normal conditions, as well as in demonstrating

adaptive adjustment of cytochrome oxidase activity in response to experimentally

induced changes in neuronal activity.

Throughout the brain, gray matter manifests much higher cytochrome oxidase activity

than white matter. In addition, the neuronal groups that exhibit high levels of

spontaneous synaptic firing, such as the brain stem auditory relay nuclei, basal ganglia,

thalamus, and CA3 of the hippocampus, are rich in cytochrome oxidase [Difiglia et al.,

1987; Jones et al., 1986; Kageyama and Wong-Riley, 1982; Nomura and Mizuno,

1986; Wong-Riley, 1976; Wong-Riley et al., 1978]. Cytochrome oxidase enzyme

histochemistry contributed to the discovery of metabolically active zones, known as

“puffs” or “blobs”, involved in color processing in the primate visual cortex [Carroll

and Wong-Riley, 1984; Tootell et al., 1988].

At the cellular level, highest cytochrome oxidase enzyme activity is at sites of high

energy demand, especially at postsynaptic terminals of excitatory synapses [Borowsky

and Collins, 1989b]. Cytochrome oxidase enzyme activity is sensitive to neuronal

metabolic demands. For example, chemical or surgical deafferentation decreases

cytochrome oxidase activity [Borowsky and Collins, 1989a; Deyoe et al., 1995; Fujii et

al., 1993; Hevner and Wong-Riley, 1993; Hevner and Wong-Riley, 1991; Wong-Riley,

1979; Wong-Riley, 1989a]. The reductions can be prevented by electrical stimulation

of the postsynaptic neurons [Wong-Riley et al., 1981].

There are no previous studies on cytochrome oxidase enzyme activity in the human

brain during aging. However, in rat cerebral cortex, cytochrome oxidase enzyme

activity and mRNA have been reported to either remain unchanged or to increase

slightly in aging [Gorini et al., 1989; Nicoletti et al., 1998; Villa and Gorini, 1991].

Cytochrome oxidase is decreased in Alzheimer’s disease brain regions that typically

demonstrate neuropathology, such as midtemporal association neocortex, but are not
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changed in the relatively unaffected primary sensory and motor cortices

[Chandrasekaran et al., 1994; Hatanpää et al., 1996; Mutisya et al., 1994; Simonian

and Hyman, 1994a; Simonian and Hyman, 1994b].  The distribution of decreased

cytochrome oxidase activity and mRNA in the postmortem Alzheimer’s disease brain

corresponds to decreased glucose metabolism [Rapoport, 1991] measured in life.

Therefore, cytochrome oxidase appears to be useful as an indicator of impaired

neuronal function in Alzheimer’s disease.

2.3.2. Drebrin

Drebrin is an actin-binding protein which was first isolated from embryonic chicken

brains by Tomoaki Shirao while he was a postdoctoral student in the laboratory of

Professor Obata [Shirao and Obata, 1985; Shirao and Obata, 1986]. Professor Obata

wanted to name the new protein ‘embrin’ because of its high expression in the

embryonic brain. However, Dr. Shirao objected to his supervisor’s decision. He

believed the new protein might turn out to be important in the adult brain as well, so

‘embrin’ might become misleading. As a compromise, the protein was finally named

‘drebrin’, which was formed by combining the words ‘dendrite’, indicating the location

of drebrin in the adult brain, and ‘embryo’ (T. Shirao, personal communication).

In the rat and human brains, two isoforms of drebrin, generated by alternate splicing of

the mRNA, have been identified: drebrin E and drebrin A [Asada et al., 1994; Shirao et

al., 1989; Toda et al., 1993]. Drebrin E is the predominant isoform during

development, whereas drebrin A is the predominant isoform in the adult rat brain,

where only trace amounts of drebrin E are present [Shirao, 1995]. In the human brain,

the ratio of drebrin A to drebrin E rises from less than 1 to about 2 between the ages of

0 and 60 years, and decreases to about 1 between the ages of 60 and 95 years

(Hatanpää, unpublished).  Both drebrin isoforms show similar actin binding properties

in vitro. The functional significance of the existence of these two isoforms is not

known. In the adult brain, drebrin is mainly localized in dendritic spines, which are

postsynaptic terminals of excitatory synapses. Drebrin modulates dendritic morphology
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by regulating actin polymerization [Hayashi et al., 1996; Hayashi and Shirao, 1999;

Shirao, 1995; Shirao and Obata, 1992; Toda et al., 1999]. In Alzheimer’s disease

cerebral cortex and the hippocampus, drebrin levels show marked reductions, which

are proportionally more severe than the reductions in the levels of the presynaptic

protein synaptophysin [Harigaya et al., 1996; Hatanpää et al., 1999], probably

reflecting degenerative changes and functional impairments that occur in postsynaptic

terminals.

Morphometric studies using the Golgi impregnation method have provided interesting

insight into dendritic plasticity. In normal aging, the terminal segments of dendrites

grow, increasing the size of the dendritic tree [Arendt et al., 1995]. This may be a

compensatory response to age-associated impairments in synaptic signal transduction.

In contrast, Alzheimer’s disease is associated with an aberrant pattern of dendritic

growth, where growth and branching of dendrites is largely limited to the proximity of

the cell body. The result is an increased dendritic density within the dendritic tree

without an increase in its size [Arendt et al., 1995]. It is tempting to speculate that

disturbed mechanisms regulating dendritic plasticity may lead to Alzheimer’s disease

by misdirecting dendritic growth, thereby preventing sufficient compensation for the

age-related impairments in synaptic signal transduction.
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3. GENERAL QUESTION AND SPECIFIC AIMS

The general question addressed by this study is: What is the pathologic basis of

neuronal dysfunction in aging and Alzheimer’s disease?

The specific aims of this study are:

1) Quantify neuronal energy metabolism at the level of individual Alzheimer’s

disease neurons, using cytochrome oxidase mRNA as a marker, to examine

possible association between decreased neuronal energy metabolism and the two

major pathologic features of Alzheimer’s disease: neurofibrillary tangles and senile

plaques (I, II)

2) Compare cytochrome oxidase mRNA levels in Alzheimer’s disease and control

neurofibrillary tangle-free neurons to determine if apparently intact neurons in

Alzheimer brains also show decreased cytochrome oxidase mRNA (I)

3) Determine changes in levels of energy metabolic markers, such as cytochrome

oxidase, synaptic plasticity markers, such as drebrin, and structural proteins, such

as β-tubulin, during normal aging to characterize age-associated neuronal

dysfunction (III).

4) Compare levels of energy metabolic markers, synaptic plasticity markers, and

levels of structural proteins in Alzheimer’s disease and control brains to elucidate

the mechanisms of neurodegeneration in Alzheimer’s disease (III).

5) Quantify levels of nonfibrillar Aβ peptide in Alzheimer brains and correlate these

values with levels of energy metabolic and synaptic markers to examine the

possible role of nonfibrillar Aβ in neuronal dysfunction (IV)
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4. MATERIALS AND METHODS

4.1. Subjects

Brain samples for this study (I-IV) were collected at autopsy and kept frozen at –80° C

until needed. The subjects were chosen based on availability of frozen tissue from the

brain regions of interest, which were the midtemporal association neocortex (I-IV) and

the primary motor cortex (Fig. 4; I-II). A short postmortem interval was an additional

criterion. When more tissue became available in the course of this study, it was

possible to shorten the arbitrary limit on postmortem interval, which was originally set

at 20 h (I), then shortened to 15 h (II), and finally to < 10 h (III-IV).  No variable that

was quantified showed a significant or near-significant (p < 0.1) correlation with

postmortem interval in controls and Alzheimer’s disease cases considered separately or

combined, indicating that postmortem degradation did not confound this study (Fig. 5).

The average postmortem interval was not statistically different between Alzheimer and

control brains.

Fig. 4. The two brain regions sampled: precentral gyrus and midtemporal gyrus. Precentral gyrus

contains the primary motor cortex (Brodmann area 4). Midtemporal gyrus contains the midtemporal

association area (Brodmann area 21), which is involved in deductive reasoning [Goel et al., 1998] and

auditory semantic tasks [Smith et al., 1996].

precentral gyrus

midtemporal gyrus
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Fig. 5. Postmortem interval has no significant effect on drebrin levels within 10 hours of death. Because

age had a significant effect on drebrin levels among the controls, absence of correlation between

postmortem interval and drebrin levels is shown before (left) and after (right) statistical removal of the

effect of age. The effect of age was removed using analysis of covariance.

All Alzheimer tissue was obtained from the brain bank in our laboratory, the Brain

Bank of the Laboratory of Neurosciences (National Institute on Aging, Bethesda, MD),

which was established during the course of this study. The control group was

supplemented with samples obtained from various other brain banks. The diagnoses of

Alzheimer’s disease were rendered by the Armed Forces Institute of Pathology (AFIP,

Bethesda, MD) following published criteria [Mirra et al., 1993]. Neuropathological

examination of the control brains was also performed and confirmed absence of

neurodegenerative diseases. When Alzheimer and control brains were compared in any

study, the average age at the time of death was not significantly different between the

two groups.

Particular care was paid to rapid freezing of the samples, which was accomplished by

immersion in dry ice-cooled isopentane. Care was taken not to let the samples thaw at

any point after they had been frozen. All cortical layers were included but white matter

and leptomeninges were carefully dissected out.
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4.2. Immunohistochemistry

The monoclonal PHF-1 antibody for abnormally phosphorylated tau-protein (I-II) as

well as the monoclonal M2F6 antibody for drebrin (III) had been previously

characterized in published reports [Greenberg et al., 1992; Otvos et al., 1994; Shirao et

al., 1989; Shirao et al., 1990]. In addition, we demonstrated the specificity of the

drebrin antibody by western blotting, where the two isoforms of drebrin, drebrin E and

drebrin A [Harigaya et al., 1996], were detected as expected at 116 and 125 kD,

respectively (Fig. 6).

Fig. 6. A magnified view of the chemiluminescent signal on a western blot of two human brain samples

from Alzheimer midtemporal cortex stained with the monoclonal M2F6 drebrin antibody. The two

drebrin isoforms, drebrin A (120 kD) and drebrin E (116 kD), can be distinguished.

Negative controls included omitting the primary antibody, which resulted in no signal.

In addition, histological sections from normal control brains and from the relatively

unaffected primary motor cortex of Alzheimer brains showed no or very little

reactivity to the PHF-1 antibody. The specificity of the PHF-1 antibody was also

verified by the characteristic morphology of positive staining of neurofibrillary tangles

in neuronal cell bodies and neuronal processes in senile plaques in Alzheimer brains.

The immunohistochemical signal for drebrin using the monoclonal M2F6 antibody was

undetectable in all samples from Alzheimer midtemporal cortices and in some samples

from control midtemporal cortices [Hatanpää et al., 1997]. In most samples from

control midtemporal cortices, a characteristic punctate staining, known to correspond

drebrin E
drebrin A
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to postsynaptic terminals [Shirao, 1995], was obtained [Hatanpää et al., 1997]. The

specificity of the immunohistochemical staining for drebrin was even easier to verify

in sections from the hippocampi of control brains, where individual dendritic spines

could be visualized at high magnification (III).

4.3. In situ hybridization

The 35S radiolabeled DNA-probes for the mitochondrial DNA encoded human

cytochrome oxidase subunit III mRNA and for the mitochondrial DNA encoded 12S

ribosomal RNA were prepared polymerase chain reaction from human genomic DNA.

The amplified DNA fragments were gel purified, which also confirmed the expected

size of the amplified fragments (779 and 782 nucleotides, respectively). The purified

fragments of double-stranded DNA were labeled by random primer labeling. Briefly,

they were denatured by boiling and incubated with random hexamer primers, Klenow

DNA polymerase, dCTP, dGTP, dTTP, and 35S labeled dATP. Unincorporated dATP

and labeled fragments shorter than 20-30 nucleotides were removed using commercial

probe purification columns. This so called random primer labeling is known to produce

radiolabeled DNA fragments, averaging several hundreds of nucleotides in length,

which are complementary to the template DNA. It is widely used to generate probes

for northern blotting, but is rarely used for in situ hybridization due to concerns of

lower sensitivity compared with single-stranded RNA probes and more complicated

synthesis compared with oligonucleotide probes. In the present study, however,

sensitivity was never a problem, probably because both cytochrome oxidase III mRNA

and 12s RNA are relatively highly expressed RNAs.

The specificity of the probes was confirmed by northern blotting, which showed single

bands of expected size (II). The specificity of the cytochrome oxidase III mRNA probe

was further supported by the observed distribution of the signal at microscopic level,

which showed the highest signal in the cell bodies of large pyramidal neurons as well

as very low signal in the white matter, which is in agreement with previous reports on

the distribution of cytochrome oxidase mRNA in the monkey brain [Chandrasekaran et
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al., 1993]. Negative controls included pretreatment of the histological sections with

RNase, which obliterated the signal.

The probe for total mRNA was prepared by end-labeling  of a 17-mer oligo(dT) probe

using terminal transferase and 35S labeled dTTP. This probe is complementary to the

oligo(dA) tail present as a stabilizing, noncoding end-sequence in all mRNAs,

including mRNAs encoded by the mitochondrial DNA. Therefore, an oligo(dT) probe

can be used to obtain a signal corresponding to total mRNA. A negative control probe

was prepared from oligo(dA) in an identical way, except that it was labeled with 35S

dATP. Hybridization using this control probe under identical conditions produced no

signal.

4.4. Combined in situ hybridization and PHF-1 immunohistochemistry

To avoid loss of in situ hybridization signal due to RNases present in the blocking

serum used in immunohistochemistry, immunohistochemistry using the PHF-1

antibody was performed after in situ hybridization. A standard avidin-biotin

peroxidase-antiperoxidase protocol was followed and the signal was developed using

diaminobenzidine. After immunohistochemistry, the in situ hybridization signal was

detected using emulsion autoradiography. Negative and positive controls were

performed as described above for immunohistochemistry and in situ hybridization. In

addition, immunohistochemical signal obtained after combined in situ hybridization

and immunohistochemistry was compared with immunohistochemical signal obtained

after immunohistochemistry alone. Although some loss of intensity of the

immunohistochemical signal was noted when immunohistochemistry was performed

after in situ hybridization, there appeared no be no qualitative change in the density

and morphology of immunopositive neurofibrillary tangles and senile plaques detected

using the PHF-1 antibody.
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4.5. Quantitative cytochrome oxidase enzyme histochemistry

Standards were used to provide a linear correlation between cytochrome oxidase

activity and the optical intensity of staining on sections. Standards were prepared by

selecting 6 human brain samples where the range of cytochrome oxidase enzyme

activity covered the range of enzyme activity in the experimental samples.

Homogenates were prepared from these samples and cytochrome oxidase enzyme

activity was determined in the homogenates using a biochemical method (see below).

Sections from these standard samples were then prepared and run in parallel with the

sections from the experimental samples. The incubation solution was prepared

according to a published method [Wong-Riley, 1979]. A variety of different incubation

times were tested until an approximately linear relation was achieved between the

known cytochrome oxidase enzyme activity in the standards samples and the overall

optical staining density (measured through all cortical layers) in sections from the

standard samples after cytochrome oxidase enzyme histochemistry. Negative controls

included sections pretreated by microwaving and sections incubated in the presence of

0.05 % sodium azide, which is a specific inhibitor of cytochrome oxidase [Bennett et

al., 1996]. All staining was obliterated in these negative control sections.

4.6. Determination of cytochrome oxidase enzyme activity in brain homogenates

Cytochrome oxidase enzyme activity in brain homogenates was performed following a

published method [Hevner et al., 1993] with minor modifications. The negative control

was assay mixture oxidized with potassium ferricyanide.
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4.7. Quantitative immunoblotting

Quantitative immunoblotting (III) to determine the levels of a number of proteins in

brain homogenates was performed using standard dilutions prepared from one of the

experimental samples.  Brain samples were carefully dissected to obtain full-depth

cortical specimens without white matter, homogenized by sonication, and denatured.

Equal amounts of total protein from the experimental samples were loaded in a 4 - 20%

Tris-Glycine gel (Novex, San Diego, CA). Five to 6 different dilutions of an

experimental sample designated to be the standard sample were loaded on each gel;

this standard sample was from a 21-year-old control brain.  After blotting on

nitrocellulose, a reversible staining for total protein (Ponceau reagent, Sigma, St.

Louis, MO) was performed to confirm equal loading of the experimental samples.

Blots were treated with the primary antibody, followed by a secondary antibody

preabsorbed with human serum proteins (KPL, Gaithersburg, MD).

The primary antibodies were (source; apparent size of the detected band; primary and

secondary antibody dilutions): synaptophysin mab SVP-38 (Sigma; 38 kD; 1:10,000,

1:2,000), GAP-43 mab GAP-7B10 (Sigma; 46 kD; 1:4,000, 1:2,000), neuron-specific

enolase mab (Zymed, South San Francisco, CA; 50 kD; 1:1,500, 1:2,000), βIII-tubulin

mab (Promega, Madison, WI; 55 kD; 1:40,000, 1:4,000), and β-tubulin mab

(Amersham, Arlington Heights, IL; 55 kD; 1:10,000, 1:2,000).

The chemiluminescent signal was generated using a SuperSignal kit (Pierce, Rockford,

IL). The blots were exposed to X-Omat AR 2 film (Kodak, Rochester, NY). Image

analysis was performed on optical density-calibrated images captured with a video

camera. A “Gel Plotting” macro in NIH Image 1.6 (public domain software written by

Wayne Rasband, NIH; available at http://rsb.info.nih.gov/nih-image/download.html)

was used to plot the average optical density (O.D.) of each band. The area under each

peak, which represents the integrated optical density of the corresponding band, was

taken as the signal. Known amounts of protein in the standard dilutions were then

plotted against their signal. Curve fitting was performed to obtain an equation to

convert the signal of each experimental sample to equivalents of the standard sample
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on the same blot. Inclusion of the set of standard dilutions on every blot helped to

ensure that quantitative results were obtained and that different blots could be

compared. Quantification was performed 3 times with similar results for all proteins,

except for neuron-specific enolase and βIII-tubulin, which were measured twice with

similar results.

A similar method was used for the quantification of detergent-soluble Aβ, except that

dilutions of synthetic Aβ peptide were used as standards (IV). The Aβ-antibody was

the 4G8 monoclonal antibody (Senetek PLC, London, UK), which has been previously

characterized [Kim et al., 1990]. It detects the 17-24 segment of the Aβ−peptide. The

signal was detected using the SuperSignal Ultra kit (Pierce).

4.8. Statistics

Cytochrome oxidase III mRNA levels in tangle-free and early-tangle bearing neurons

(each tangle-free neuron paired with an early-tangle bearing neuron) were compared

using a two-way ANOVA for repeated measures (I) [AbacusConcepts, 1989]. Tangle-

free, early-tangle bearing, and late-tangle bearing neurons (grouped in triplets) were

compared using a two-way Student-Newmann-Keuls multiple comparisons test (I)

[AbacusConcepts, 1989].

Tangle-free neurons in Alzheimer’s disease and control cases were compared using an

ANOVA for unequally nested designs [Neter et al., 1985].  Because randomly selected

pyramidal neurons in the Alzheimer’s disease samples tended to be slightly smaller

than neurons in the control samples, the effect of neuronal size was removed from the

grain counts by analysis of covariance [Keppel, 1982].

A two-tailed t-test was used to compare average cytochrome oxidase III mRNA and

poly(A)+ levels in neurons close (< 20 µm) and far (> 60 µm) from plaques (II).

Because the lack of significant differences could have resulted from “noise” in the data

introduced by different levels of mRNA in different Alzheimer brains and even
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different levels of mRNA in neurons around different plaques in the same brain,

analysis of covariance was used to remove the effects of these factors. However, the

differences remained statistically nonsignificant.

Linear regression analysis was used to test the significance of correlation between age

and levels of the various proteins quantified in brain samples (III, IV). As it could be

argued that these relations are not necessarily linear, the significance of correlation was

also tested for nonlinear correlation using the Kendall's rank correlation and

Spearman's rank correlation tests, but the results remained essentially the same.

Significance of difference in average levels of the various proteins between Alzheimer

and control groups was tested using a two-tailed t-test. All significant differences

would have remained significant also after adjustment for multiple comparisons within

each group of proteins (plasticity-related, structural, and energy metabolic proteins)

using the Bonferroni multiple comparisons test [Shaffer, 1988].
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5. MAJOR RESULTS

In Alzheimer’s disease midtemporal cortex, cytochrome oxidase III mRNA decreased

in individual neurons as the formation of neurofibrillary tangles progressed.

Comparing Alzheimer’s disease tangle-free neurons with control tangle-free neurons,

Alzheimer’s disease tangle-free neurons had lower levels of cytochrome oxidase III

mRNA. 12S rRNA, also encoded by mitochondrial DNA, and poly (A)+ mRNA,

representing total mRNA, were not decreased in Alzheimer’s disease tangle-free

neurons and were decreased to a lesser extent than cytochrome oxidase III mRNA

during neurofibrillary tangle formation. (I)

Proximity of neurons to senile plaques was not associated with decreased cytochrome

oxidase III mRNA or poly (A)+ mRNA levels in Alzheimer’s disease midtemporal

cortex. Cytochrome oxidase enzyme activity in neuronal processes close to senile

plaques also was not decreased. Overall cytochrome oxidase III mRNA levels were

decreased in Alzheimer’s disease midtemporal cortex compared with controls, but this

decrease did not correlate with senile plaque density. (II)

Cytochrome oxidase enzyme activity, a marker of oxidative energy metabolism, and

levels of neuron specific enolase, a marker of glycolytic energy metabolism, remained

unchanged in normal aging. Of the two energy metabolic markers, cytochrome oxidase

enzyme activity was 49% lower in Alzheimer’s disease midtemporal cortex compared

with elderly controls (p = 0.0003), whereas neuron specific enolase levels were not

significantly different in the two groups. During normal aging, there was a marked

decline in levels of drebrin (p = 0.0001), GAP-43 (p < 0.001), and βIII-tubulin (p =

0.007), which are proteins regulating synaptic structural plasticity, in midtemporal

cortex. (III, Fig. 7)

Of the 2 mainly structural proteins, synaptophysin also showed a small but significant

decline in normal aging (p = 0.01), whereas β-tubulin remained unchanged. In

Alzheimer brains, drebrin levels were decreased by 81% compared with elderly
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controls (p = 0.002). A smaller but statistically significant decrease was seen in βIII-

tubulin levels (p = 0.04), whereas only a nonsignificant trend (p = 0.055) for lower

levels was found in synaptophysin levels. (III)

Compared with controls, levels of detergent-soluble Aβ were markedly elevated in

Alzheimer’s disease midtemporal cortex. In Alzheimer brains, levels of detergent-

soluble Aβ levels were substantially higher than previously reported for water-soluble

Aβ. Detergent-soluble Aβ levels did not correlate significantly with cytochrome

oxidase enzyme activity or levels of drebrin in Alzheimer’s disease midtemporal

cortex. (IV)

Fig. 7. Effect of age on levels of plasticity markers (drebrin, GAP-43, βIII tubulin), primarily structural

proteins (synaptophysin, β tubulin), and energy metabolic markers (cytochrome oxidase enzyme

activity, neuron-specific enolase) in the human brain (midtemporal cortex). The most significant

decreases are seen in levels of the plasticity markers. These graphs are identical to those presented in

figures 2C, D, and E of III, except that one additional sample from a 4-month-old infant has been added.
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6. DISCUSSION

6.1. Methodological considerations

6.1.1. Labeling of in situ hybridization probes

Probes for in situ hybridization were labeled by random primer labeling. This method

produces radiolabeled DNA fragments, averaging several hundreds of nucleotides in

length, which are complementary to the template DNA. It is widely used to generate

probes for northern blotting, but is rarely used for in situ hybridization due to concerns

of lower sensitivity compared with single-stranded RNA probes and more complicated

synthesis compared with oligonucleotide probes. In the present study, however,

sensitivity was never a problem, probably because both cytochrome oxidase III mRNA

and 12s RNA are relatively highly expressed RNAs.

6.1.2. Quantitative cytochrome oxidase enzyme histochemistry

Enzyme histochemistry is a method which allows localization and quantification of the

enzyme activity of a particular enzyme in histological sections. Specific enzyme

histochemical staining methods for dozens of enzymes were developed and widely

used until the 1970’s, when advances in immunohistochemistry and antibody

generation made immunohistochemistry a more popular and fashionable method for

the histological detection of enzymes.

However, there are a number of important applications where enzyme histochemistry

still has its place. For example, cytochrome oxidase enzyme histochemistry (Fig. 8) is

a rapid, inexpensive, and highly specific method for the detection of cytochrome

oxidase enzyme activity [Wong-Riley, 1989a]. More importantly, quantitative results

can be obtained by the use enzyme activity standards [Gonzalez-Lima and Garrosa,

1991].
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Fig. 8. Principle of cytochrome oxidase enzyme histochemistry. Cytochrome oxidase (complex IV of the

respiratory chain) catalyses the transfer of electrons from cytochrome c to oxygen, forming water. In

living tissue, the electron donor is complex III (cytochrome reductase). For each electron transferred,

one proton is used to form water and one proton is pumped across the inner mitochondrial membrane.

The proton gradient is used by the F1F0 ATP synthase to synthesize ATP. In the histochemical reaction,

as shown in this figure, the electron donor is diaminobenzidine (DAB). The reduced form of DAB is

colorless and soluble, whereas oxidized DAB forms a brown precipitate, allowing its microscopic

localization at the site of enzyme activity. In the biochemical method, where cytochrome oxidase

enzyme activity is measured in tissue homogenates, reduced cytochrome c is added to the homogenates.

The rate of decrease in absorbance at 550 nm, which reflects oxidation of cytochrome c, is then

measured using a spectrophotometer. Modified from [Wong-Riley, 1989a] and [Gennis and Ferguson-

Miller, 1995].

In the present study, quantitative cytochrome oxidase enzyme histochemistry was used

to determine if senile plaques have any direct effects on energy metabolism in neuronal

processes (II). The answer to this question cannot be obtained by the use of in situ

hybridization to cytochrome oxidase mRNA, because cytochrome oxidase mRNA is

mainly present in neuronal cell bodies rather than in neuronal processes [Hevner and

Wong-Riley, 1991].
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6.1.3. Determination of cytochrome oxidase enzyme activity in brain homogenates

Cytochrome oxidase enzyme activity in brain homogenates was performed following a

published method [Hevner et al., 1993] with minor modifications. A number of other

methods has been published [Kish et al., 1992; Nobrega et al., 1993; Wharton and

Tzagoloff, 1967]; the underlying basic principle of all these methods is making use of

the fact that the absorption maximum of reduced cytochrome c is different from that of

oxidized cytochrome c. Hence, it is possible to measure cytochrome oxidase enzyme

activity in an aliquot of a tissue homogenate by placing it in a spectrophotometer,

adding reduced cytochrome c and monitoring the decrease in absorbance at the

absorption maximum of reduced cytochrome c (550 nm). Using the known molar

extinction coefficient difference for reduced cytochrome c, cytochrome oxidase

enzyme activity can then be calculated from the change in absorbance per minute and

expressed as nanomoles of cytochrome c oxidized per microgram of total protein in the

homogenate.

6.1.4. Determination of Aβ β β β levels in brain homogenates by quantitative

immunoblotting

The sensitivity of the present method in detecting Aβ (8 pg/lane) compares favorably

with most previously published methods. For example, one recent study reported a

detection limit of 20 pg/lane for detecting Aβ42 using a western blotting method and

12 pmol/g wet weight using an enzyme immunoassay (EIA) method [Funato et al.,

1998]

6.2. Neuronal energy metabolism in aging

We found no significant change in cytochrome oxidase enzyme activity in

midtemporal association neocortex during aging (III). These results are in line with

reports of no change or a slight increase in cytochrome oxidase enzyme activity and
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mRNA in the cerebral cortex of the rat [Gorini et al., 1989; Nicoletti et al., 1998; Villa

and Gorini, 1991]. Our findings are surprising in light of the decline in glucose uptake

during aging in the human brain [Grady et al., 1998; Petit-Taboue et al., 1998]. One

possible explanation for this apparent discrepancy is that cytochrome oxidase is a

marker of oxidative phosphorylation, not glucose uptake or glycolysis. Therefore, it is

possible that glucose uptake or the rate of glycolysis is decreased in aging even though

the rate of oxidative phosphorylation is not. In support of this explanation, it has been

reported that levels of several, although not all, glycolytic enzymes decrease in the rat

brain during aging [Leong et al., 1981]. Our finding of no change in neuron specific

enolase levels in aging (III) is not necessarily in conflict with the idea of decreased

glycolysis in aging. Neuron specific enolase, being a neuronal protein, may reflect the

rate of neuronal glycolysis rather than total glycolysis in the brain. A major part of

glycolysis in the brain occurs in astrocytes, which take up glucose and process it to

lactate. Lactate secreted by astrocytes is then taken up by neurons, which convert

lactate to pyruvate for use in oxidative phosphorylation [Tsacopoulos and Magistretti,

1996]. Therefore, it is possible that the reported decline in cerebral glucose uptake

during aging reflects a decline in glucose uptake or glycolysis in astrocytes rather than

decreased oxidative phosphorylation in neurons.

6.3. Synaptic plasticity in aging and Alzheimer’s disease

Levels of drebrin in the midtemporal association neocortex were significantly

depressed in normal aging and even more so in AD patients (81% lower than elderly

controls).  In the adult brain, drebrin is localized mainly in dendritic spines, which are

postsynaptic terminals of excitatory synapses. In view of the findings that dendritic

spine density is markedly decreased during normal aging of the human brain and that

additional spines are lost in AD [Catala et al., 1988; Jacobs et al., 1997], the present

observations of decreased drebrin levels in aging and AD may reflect loss of dendritic

spines. In AD, instability of phospholipid membranes [Ginsberg et al., 1995] may

interfere with maintenance of spines, leading to disassembly of their microfilament

scaffold and the associated proteins, including drebrin. On the other hand, because
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drebrin maintains the form of dendritic spines by regulating the microfilament scaffold

[Hayashi et al., 1996; Shirao, 1995], loss of drebrin in aging and AD may promote

spine dysfunction and instability, leading to loss of spines. In any case, loss or

dysfunction of dendritic spines may seriously diminish the ability of neurons to

modulate synaptic input and to isolate toxic concentrations of intracellular calcium

[Segal, 1995].

6.4. Pathologic basis of neuronal dysfunction in Alzheimer’s disease

Recently, Kish et al., who were the first to demonstrate that cytochrome oxidase

enzyme activity is decreased in Alzheimer brains [Kish et al., 1992], extended their

original study by measuring levels of cytochrome oxidase subunits in temporal and

parietal cortices in brains of patients with Alzheimer’s disease, spinocerebellar ataxia

type I, and Friedreich’s ataxia, as well as in normal controls [Kish et al., 1999]. The

two hereditary ataxias, where decreased brain energy metabolism has been reported by

positron emission tomography, were included to assess disease specificity of the

alterations in cytochrome oxidase levels. Cytochrome oxidase subunit levels were

found to be decreased in both Alzheimer’s disease and in the two hereditary ataxias.

The authors cite our work and conclude that the decrease in cytochrome oxidase levels

is not specific to Alzheimer’s disease, but likely occurs secondary to

neurodegeneration, possibly reflecting downregulation in response to reduced energy

demand.

A similar view was presented by Bonilla et al. [Bonilla et al., 1999], who refer to our

studies in their recent review paper on mitochondrial involvement in Alzheimer’s

disease. They concur with our interpretation that there is presently no convincing

evidence to support the notion that decreased cerebral energy metabolism in

Alzheimer’s disease is caused by mutations and deletions in mitochondrial DNA. Like

us, they argue that decreased energy metabolism in Alzheimer’s disease most likely

results from physiological downregulation [Chandrasekaran et al., 1996;
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Chandrasekaran et al., 1998; Chandrasekaran et al., 1997; Fukuyama et al., 1996;

Hatanpää et al., 1996; Hatanpää et al., 1998; Rapoport et al., 1996].

The association of a progressive decrease in cytochrome oxidase mRNA level with the

intraneuronal accumulation neurofibrillary tangles in Alzheimer’s disease suggests that

neurofibrillary tangles contribute to decreased cerebral energy metabolism in

Alzheimer’s disease (I). However, these results also suggest that even neurons bearing

neurofibrillary tangles continue to function, albeit at a lower level. It is therefore

possible that neurons in the early stages of tangle development are not irreversibly lost

but might be still responsive to appropriate therapy.

The observation that not only neurons bearing tangles but also tangle-free neurons

show a decrease in cytochrome oxidase mRNA suggests that tangle formation may not

be the primary cause of neurodegeneration in Alzheimer’s disease. As animal

experiments have shown a tight coupling between the expression of cytochrome

oxidase and synaptic firing, synaptic dysfunction or degeneration may precede tangle

formation and possible be the primary site from which the degeneration spreads to the

neuronal cell body, ultimately leading to the death of the neuron. While the mechanism

of this degenerative process is not known, one possibility is that that aging-related

impairments in structural plasticity of the neuronal cytoskeleton or aging-related loss

of phospholipid membrane stability [Ginsberg et al., 1995] interfere with the ability of

dendritic spines to isolate the massive influx of calcium to the postsynaptic terminal,

which is associated with synaptic firing. In normal aging, loss of synapses resulting

from impaired capacity to isolate calcium in the postsynaptic terminal is minimal and

not sufficient to cause dementia. However, in some individuals, who will later develop

Alzheimer’s disease, the extent of synapse loss may reach a threshold level, leading to

downregulation of mitochondrial energy metabolism. Under normal circumstances,

this downregulation would be a physiological response to conserve energy when there

is no need to spend it. However, downregulated mitochondrial energy metabolism also

renders neurons more vulnerable to sudden energy demand, such as the sudden energy

demand that is associated with calcium influx. Hence, the stage is set for a vicious

circle: synapse loss leads to downregulation of energy metabolism, which leads to
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vulnerability to more synapse loss and neurodegeneration. Ultimately,

neurodegeneration progresses to a point where clinical dementia becomes evident.

Although the hypothesis outlined above is admittedly speculative, it is consistent with

the available evidence. For example, it has been shown that inhibition of mitochondrial

energy metabolism leads to greater vulnerability of neurons to toxicity of excitatory

neurotransmitters (excitotoxicity) [Ludolph et al., 1993]. Also, our finding that

proteins regulating synaptic structural plasticity, such as drebrin, are disproportionately

lost during normal aging suggests that impairment of structural plasticity is an

important feature of normal aging (III). Therefore, the hypothesis outlined above

would explain why Alzheimer’s disease is so prominently associated with old age and

never affects young adults.

How does Aβ peptide fit into this hypothesis? One possibility is that Aβ enhances

excitotoxicity, like it has been shown to do both in vitro and in vivo [Mattson et al.,

1992; Morimoto et al., 1998]. In any case, either Aβ peptide itself or abnormal

processing of the amyloid precursor protein is clearly implicated in the pathogenesis of

Alzheimer’s disease. As mentioned in the introduction, accumulation of Aβ peptide in

the extracellular space as plaques is an important diagnostic feature of both sporadic

and familial Alzheimer’s disease. In addition, all familial Alzheimer’s disease-

associated mutations identified so far affect the processing of amyloid precursor

protein in such a way that production of the long forms of Aβ peptide (Aβ42/43) is

increased [Mann et al., 1996; Price et al., 1998b].  On the other hand, the role of senile

plaques, which are extracellular aggregations of Aβ fibrils, has been questioned as the

cause of Alzheimer’s disease because of weak or absent correlations between plaque

numbers and dementia severity and between plaque numbers and neuronal loss. Also,

our own results demonstrated the lack of association between plaques and decreased

cytochrome oxidase mRNA and enzyme activity in Alzheimer brains (II). This

suggests that senile plaques, unlike neurofibrillary tangles (I), do not contribute to

decreased energy metabolism in Alzheimer’s disease, and therefore likely are not a part

of the pathologic cascade leading to Alzheimer’s disease.
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However, Aβ is present in Alzheimer brains not only in fibrillar form in senile plaques,

but also in a nonfibrillar, more soluble form, which is the precursor of Aβ in plaques

and at least in part intracellular. Neurotoxicity of nonfibrillar Aβ has been

demonstrated in cell culture studies. Therefore, our attention was turned to nonfibrillar

Aβ. We measured the levels of nonfibrillar (detergent-soluble) Aβ in Alzheimer’s

disease and control midtemporal brain homogenates and compared these values with

the levels of drebrin and cytochrome oxidase enzyme activity in the same samples

(IV). No significant correlations were found, suggesting that nonfibrillar Aβ is also not

responsible for the decreased neuronal energy metabolism in Alzheimer’s disease.

There are still a number of ways not addressed by our studies as to how Aβ or

abnormal processing of amyloid precursor protein could cause Alzheimer’s disease.

For example, Aβ could be toxic only when present in a particular intracellular

compartment or when bound to a certain intracellular protein, thus explaining why

levels of total Aβ correlate poorly with neuronal injury. There is some experimental

evidence to support this argument. For example, according to one study, in vitro

neurotoxicity of Aβ is dependent on its binding to an intracellular polypeptide known

as ERAB, which is expressed in normal tissues, but is overexpressed in neurons

affected in Alzheimer's disease [Yan et al., 1997]. The toxic effect of Aβ on cultured

cells is prevented by blocking ERAB and is enhanced by overexpression of ERAB

[Yan et al., 1997]. According to another line of research, the toxic peptide released by

abnormal processing of amyloid precursor protein may not be Aβ, but a longer

fragment derived from the carboxy terminal of the amyloid precursor protein [Kim et

al., 1999a; Kim et al., 1999b; Kim et al., 1998; Song et al., 1998]. Interestingly, this

longer peptide may be neurotoxic due to its ability to form Ca2+ permeable cation

channels on neuronal membranes [Kim et al., 1999a].
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7. CONCLUSIONS

These results, combined with other available evidence, suggest that:

• Neurofibrillary tangles, but not senile plaques, contribute to decreased cerebral

energy metabolism in Alzheimer’s disease.

• Neurofibrillary tangles, senile plaques, and elevated brain levels of total

nonfibrillar Aβ - although prominent features of Alzheimer’s disease - are probably

not the primary causes of neurodegeneration.

• Disturbed mechanisms of structural synaptic plasticity may contribute to cognitive

dysfunction in normal aging and Alzheimer’s disease.
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