LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

SPECIAL FEATURE

Alzheimer’s Disease:
Errors in Gene Expression

D.R. Crapper McLachlan and P.N. Lewis

Can. J. Neurol. Sci. 1985; 12:1-5

Hypotheses concerning the etiology of Alzheimer’s disease
are numerous but perhaps two of the most probable involve
either an unconventional infectious agent of the scrapie,
Creutzfeldt-Jakob family or an error in gene expression. Strong
circumstantial evidence supports both hypotheses; however,
definitive evidence will require an extensive understanding of
the molecular biology of this common cause of senile and
presenile dementia.

Transmissible Agent Hypothesis

An unconventional infectious agent is a particularly promis-
ing candidate for the primary pathogenic event which initiates
the illness because agents of this group do not elicit a systemic
immune response, fever, CSF cellular response or nervous
tissue inflammatory reaction (Gajdusek, 1977). Furthermore,
certain strains of scrapie, in some strains of mice, induce neu-
ritic plaques with amyloid cores similar to those found in
Alzheimer’s disease (Bruce and Fraser, 1975; Wisniewski et
al., 1975). Purification of the infectious moiety indicates that
the particle almost certainly does not contain DNA or RNA.
The particle is composed of protein which is capable of aggrega-
tion into rod-like structures exhibiting the ultrastructural and
histochemical characteristics of amyloid (Prusiner et al., 1983).
Further, of the six chronic nervous system diseases of mam-
mals known to be associated with amyloid plaques, (Alzheimer’s
disease, Creutzfeld-Jakob, Kuru, Gerstmann-Straussler syn-
drome, scrapie and chronic wasting disease in mule deer and
elk), only Alzheimer’s disease has not been transmitted to
other species. Despite the plausible arguments in support of an
unconventional transmissible agent, a major difficulty surrounds
the argument that neuritic plaques and amyloid formation are
central to the etiology of Alzheimer’s disease: in each of the
transmissible diseases, amyloid formation is an epiphenome-
non and the clinical course and disease outcome is independent
of the presence or absence of amyloid and neuritic plaque
formation. Further, it is not an uncommon histopathological
finding that the density of neocortical plaques between elderly

non-demented and some severely demented individuals overlap.
The correlation between plaque density and behavioral scores
in Alzheimer's disease is weak (Roth et al., 1966); one interpre-
tation is that the histological markers may be epiphenomena to
the molecular events responsible for the failure in function.

Genetic Hypothesis

The second hypothesis, an alteration in gene expression, will
be examined in some detail. This hypothesis views the primary
pathogenic events which initiate the illness to be multifactorial
and involves environmental and hereditary factors which oper-
ate upon genetically determined regulatory processes resulting
in reduced transcription of genetic information. The inevitable
consequences of altered gene transcription is the reduction in
protein synthesis and loss of cell homeostasis. Such a hypothe-
sis envisages a complex cascade of events leading to cell dys-
function and death.

Fundamental to the regulation of gene expression is the
controlled access of the enzyme RNA polymerase to genetic
messages encoded within DNA. Access to DNA is controlled
by a number of DNA associated proteins which regulate the
folding of DNA. Physical states of DNA range from dense
compaction of completely repressed genes, through various
stages of partial compaction to readily accessible and repeat-
edly expressed genetic information. Strong circumstantial evi-
dence now indicates that a change in the physical accessibility
of DNA to RNA polymerase may explain reduced RNA synthe-
sis and, secondarily, reduced protein synthesis. Reduced pro-
teinsynthesis may contribute toloss of cell homeostasis through
an impairment in the regulation of energy metabolism, intracel-
lular calcium content, neurofilament production and probably
other processes which may be important in the pathogenesis of
the disease.

Protein Synthesis in Alzheimer’s Disease

Although reduced brain weight, cortical atrophy and enlarged
ventricular size are pathological hallmarks of primary degenera-
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tive brain disease, particularly Alzheimer’s disease, the most
direct evidence for reduced protein synthesis arises fromrecent
studies employing positron emission tomography. This tech-
nique has the advantage of measuring in living individuals
metabolic processes at various stages of disease, rather than
end-stage states that are encountered in studies dependent
upon autopsy material. Comar’s group at Orsay, France, have
developed a dynamic three compartment model of protein syn-
thesis of brain using ''C-L- methionine as a tracer for human
studies (Bustany et al., 1983). Employing 20 control subjects
of mean age 80.2 years and 25 demented subjects of mean age
86.3 years, the average incorporation of methionine, expressed
as nM/min per gram of brain was 0.15 for control and 0.09 for
the demented group. A decrease of more than 65% in protein
synthesis was measured in the most severely demented patients.
This study endeavoured to exclude multi-infarct dementia and
probably represents predominantly Alzheimer’s disease. The
frontal-parietal regions exhibited more profound deficits; the
occipital lobes were relatively less affected.

While positron emission tomography reveals an overall reduc-
tion in protein synthesis, the technique does not indicate whether
the deficits involve all groups of proteins or specific subsets of
proteins. Furthermore, thistechnique does notindicate whether
a compensatory reduction in protein catabolism accompanies
the reduced synthesis. The well documented reduction in the
activity of enzymes related to neurotransmission, such as cho-
line acetylase, appears to have resulted from loss of the cells
of origin rather than a selective reduction in synthesis or change
in activity of the transmitter enzymes (Bowen, 1983). In vitro
biochemical analysis of biopsy and autopsy cerebral material
from Alzheimer’s disease has revealed a marked reduction in
enzyme activity related to energy metabolism compared to age
matched control tissue (Terry and Davies, 1980). However,
studies of soluble cerebral proteins separated by gel electropho-
resis or differential centrifugation on sucrose gradients have
failed to reveal major qualitative or quantitative changes in
Alzheimer affected tissues (Comings, 1982; White et al., 1978;
Velde and Stam, 1976; Miner et al., 1976). One interpretation of
the biochemical findings to date is that proteins specific to
classes of neurons such as neurotransmitter enzymes are selec-
tively reduced but the major soluble structural proteins remain
innormal relative proportions. Possibly, cell death has occurred
in a cell population which does not significantly differ in rela-
tive concentrations of soluble proteins from the surviving
population. If so, the observed reduction in the activity of
enzymes related to energy metabolism may be a secondary,
compensatory, response to the loss of neurons within the tis-
sues affected by the disease and reduced protein synthesis a
compensatory change secondary to reduced energy metabolism.
An alternative hypothesis considers the primary pathogenic
event which initiates the disease to influence protein synthesis.
Studies of chromatin structure in Alzheimer’s disease and other
dementia associated degenerative brain conditions favour this
latter possibility.

RNA Content in Alzheimer’s Disease

Measures of both total and messenger (polyA+) RNA in
several laboratories indicate a marked reduction in Alzheimer’s
disease. Oksova (1973) reported a statistically significant 24%
decrease intotal RN A content in neurons of layer 111 of neocortex
of 10 patients with ‘‘senile dementia’’, compared to 5 age
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matched control brains. Unfortunately, the histopathology of
the brains was not reported. RNA was measured by photomet-
ric methods employing gallocyanin stain considered by the
author to be specific for RNA phosphate groups and the
absorbance measured at 585 nm. Uemura and Hartmann (1979),
measured RNA content in neurons dissected from the subiculum
of the hippocampus after fixation with formalin. The RNA was
extracted from groups of 10 somata with Worthington's
ribonuclease and measured with a microdensitometer at 256
nm. These workers reported a mean neuronal RNA content of
73.5 pg in neurons from age matched normal individuals, 41.2
pg for neurons with neurofibrillary degeneration from brains of
individuals with senile dementia of the Alzheimer type and 28.9
pg for neurons with neurofibrillary degeneration. Mann et al.
(1981) measured RNA content in both autopsy and biopsy
material from temporal cortex of Alzheimer’s disease in forma-
lin fixed tissues employing microphotometric scanning. An
average loss of approximately 25% was noted in layer I1I and
28% in layer V.

Direct quantitative measures of RN A from Alzheimer affected
tissues has only recently been available. Employing guanidium
thiocyanate as RN Aase inhibitor, Sajdel-Sulkowska et al. (1983),
measured both total RN A and polyA + messenger RNA (mRNA)
in control and Alzheimer affected brain. In four young control
brains (ages 31-58) and four elderly Alzheimer affected brains
(ages 69-90) the recovery of mRNA averaged 2.61 ug/gm tissue
for the Alzheimer material and 10.67 ug/gm for the control. In
this study the control brains were considerably younger than
the Alzheimer affected brains and the variable for post mortem
RNA autolysis was not reported. In addition to the lower
amount of mMRNA recovered from Alzheimer tissue, these work-
ers reported that the translational activity in an in vitro reticulo-
cyte protein synthesis system was reduced compared to the
control (558,449 dpm/ugRNA for control; 140,000 dpm/ug RNA
for the Alzheimer mRNA). These workers concluded that not
only was mRNA recovered in relatively decreased amounts in
Alzheimer’s disease but under the same in vitro conditions the
mRNA is less active than control in the synthesis of protein.

The recovery of RNA and translational competence of mMRNA
have also been studied in this laboratory. Both the guanidium
thiocyanate and the hot phenol methods have been applied.
The yield of messenger RN A extracted by the guanidium method
from 12 brains of individuals who were either neurologically
normal or had a dementia other than Alzheimer's disease and
compared to mRNA content extracted from 3 Alzheimer affected
individuals revealed a reduction of 51% in Alzheimer’s disease.
Employing the phenol method, the mRNA content from the
neocortex of S control and non-Alzheimer dementia affected
brains(meanage 70 = 7 years) was 38% greater thanthat extracted
from 4 Alzheimer affected brains (mean age 76 = 5 years). This
laboratory has not found that the translational competence of
Alzheimer mRNA differs from control.

Despite the lability of RNA in postmortem tissues, artifacts
associated with freezing of the brain, the agonal process and the
several different techniques employed to measure RNA, work
in several laboratories supports the conclusion that both total
and messenger RNA are reduced in Alzheimer’s disease. If
RNA were degraded at an accelerated rate in Alzheimer’s
disease, nucleolar volume would be expected to be increased
rather than decreased, as has been regularly observed in Alzheimer
affected tissues (Dyan and Ball, 1973; Mann and Sinclair, 1978).
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The weight of evidence favours a reduction in the transcription
of RNA in Alzheimer’s disease, a conclusion further supported
by studies of the structure of chromatin in Alzheimer’s disease.

Chromatin Structure in Alzheimer’s Disease

The molecular basis of the control of gene expression in
eukaryotes is poorly understood. Genes which are or were
being expressed exist in a structural state that is characterized
by an increased susceptibility to digestion by nucleases and
attack by reactive chemicals (Weisbrod, 1982; Kohwi-Shigematsu
et al., 1983). Since the entire human genome is packaged into
nucleosomes, it is likely that this increase is due to a greater
exposure of the DNA to these reagents as compared to DNA in
transcriptionally quiescent chromatin Figure 1 (a). Genes which
are being transcribed have a nuclease sensitivity close to that of
protein free DNA. The cause of this apparently more open
conformation is not known. A number of possible explanations
based on the composition of chromatin fractions enriched or
depleted in transcriptionally competent genes have been proposed.
Active chromatin fractions are characterized by increases in
acetylation, ubiquitin, and the high mobility group proteins
HMG 14 and 17 (Weisbrod, 1982). As well there are reports of
decreased levels of DNA base methylation and the absence of
the linker H1 histones (Ball et al., 1983). Chromatin fractions
depleted in transcribed genes are correspondingly enriched in
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the linker histone H! group of proteins.

Since it is well known that chromatin depleted in histone H1
will not form the 30 nm fibre characteristic of condensed chro-
matin (Bates et al., 1981), it is reasonable to suggest that tran-
scriptionally competent chromatin is less compact. A decrease
in compactness is however not the sole determinant of accessi-
bility to a transcribed gene. as it has been shown that the
nuclease hypersensitivity can be abolished by salt concentra-
tions well below that needed to remove H1 from chromatin
(Weisbrod and Weintraub, 1981). Thus it is likely that several
factorscreate and maintain the hypersensitive state of transcrib-
ing chromatin. For a gene to be transcribed, not only does the
gene have to be accessible to RNA polymerase but promoter
and enhancer sequences and their specific binding proteins
upstream from the gene must also be involved (Emerson and
Felsenfeld. 1984). The mechanism whereby a particular gene is
identified for transcription is simply not known. It is conceiv-
able that factors such as alternate DNA structures (Nordheim
et al., 1981) and the nuclear matrix (Hancock, 1982) are in-
volved in this process. It could be hypothesized that if a histone
H1 type protein is bound to a certain region of chromatin, then
that region is likely to be transcriptionally inactive.

In Alzheimer’s disease two independent techniques have
shown that an altered chromatin structure exists in neurons and
glia from afflicted cerebral cortex. The first technique (Crapper
et al.. 1979) involves the shearing of nuclei and demonstrated

Figure 1 — A) A transcribing gene flanked by quiescent solenoid chromatin. B) Postulated change in Alzheimer’s disease from a normally transcribed gene to an

inactive gene associated with histones Hl, and HI°.
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that the relative proportions of eu- and heterochromatin from
Alzheimer’s brain isolated by differential centrifugation dif-
fered significantly from that obtained from control brain samples.
While about 75% of the DN A was found in the extended euchro-
matin from control brains, this percentage decreased to 53% in
Alzheimer brains. This apparent increase in the fraction of
compact chromatin was observed for both glia and neurons
from Alzheimer afflicted brains.

An enzymatic digestion of chromatin was used as the second
technique (Lewis et al., 1981) to distinguish between domains
which differ in their susceptibility to digestion and perhaps
accessibility to other proteins. The enzyme used in this tech-
nique is micrococcal nuclease (EC 3.1.4.7), which preferen-
tially digests the internucleosmal linker DNA. The results of
these experiments showed altered kinetics of nuclei digestion
for Alzheimer samples. It was found that unlike control nuclei,
Alzheimer nuclei displayed a resistance to nuclease digestion
which resulted in the accumulation of polynucleosomes, Figure
1B. A useful parameter was found to be the ratio of dinucleosomes
to mononucleosomesinthe digest extract. Alzheimer neocortex
nuclei invariably had a ratio of excess of | at 10% digestion
while control nuclei have a ratio of about 0.4. Both glia and
neuron Alzheimer nuclei behaved similarly. The dinucleosomes
from these digests were isolated and examined for their protein
content. It was found that the nuclease resistant dinucleosomes
isolated from nuclease digests of Alzheimer nuclei had elevated
tevels of a methionine containing histone H 1 variant called H1°.
This protein has been shown by others to be associated with
terminally differentiated cells (Pherson and Cole, 1980), also
there are indications that it accumulates with increasing age
(Medvedevetal., 1978) and in vitro, at least, H5 a H1®homology
condenses chromatin more effectively than the other linker
histones (Thomas and Rees, 1983). In addition to Alzheimer’s
disease, five other degenerative brain diseases that clinically
resemble this disease have been similarly examined. The nuclei
from brains afflicted by these other diseases do not display
alterations in the nuclease digestion (McLachlan et al., 1984)
and thus changes in chromatin structure as reflected by the
kinetics of nuclease digestion appear to be a marker for
Alzheimer’s disease.

While nuclei from Alzheimer brains show differences in their
nuclease digestion characteristics, there is no apparent change
in the total amount of histone H1° present in diseased and
control nuclei. Thus one must propose either that the H1" has
become redistributed in the Alzheimer chromatin or that other
factors are responsible for the altered digestion properties and
the presence of histone H1% is just coincidental. Whatever the
explanation, the apparent alteration in the accessibility of a
portion of the Alzheimer chromatin suggests the possibility that
there might be concommittant changes in gene expression.

To test this possibility, complementary **P DNA was pre-
pared from messenger RNA extracted from age matched con-
trol brain and hybridized to the DNA extracted from control
and Alzheimer dinucleosomes. We observed a 180% increase in
hybridization in the Alzheimer sample compared to the controt
(Guillmette et al., in preparation). This result supports the idea
that the nuclease resistant fraction found in micrococcal nucle-
ase digests of Alzheimer nuclei contain genes which are expressed
in control brain nuclei. Taken together with the earlier hetero-
chromatization results it seems that in Alzheimer affected brain
cells there is a change in the structure of a portion of the
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chromatin and that genes which are expressed in control cells
are associated with the nuclease resistant fraction. Such changes
might be the origin of the reduced RNA and protein synthesis
mentioned earlier.

Whether the primary event which initiates Alzheimer’s dis-
ease operates directly on the mechanisms which regulate chro-
matin structure or operate remotely and the increased conden-
sation is merely one of a group of naturally occurring regulatory
mechanisms for controlling transcription, must await further
study. Perhaps one of the next most important questions to
consider is what genes are affected by inclusion in the Alzheimer
nuclease resistant fraction and how do they affect neuronal
function.

Virus Versus Genetic Hypothesis: Are They Mutally Exclusive?

Scrapie is a hydrophobic protein and appears to contain
neither RNA nor DNA. This raises the possibility that the agent
may be a protein which regulates its own transcription, perhaps
through a direct interaction with DNA. The cI and cro proteins
of the genetic “‘switch’’ known to occur in the bacteriophage
lambda might serve as a model for such a mode of action.

In scrapie affected mouse brain there are changes in chroma-
tin structure which are progressive as the disease progresses
and resemble those found in Alzheimer’s disease. The Kinetics
of digestion are similar and the profile of dinucleosome linker
proteins are also similar in the two conditions. Interestingly,
aging in the mouse brain is associated with an increase in the
methionine containing histone H1°. Employing the H1° content
on dinucleosomes as the criteria for aging in the mouse brain,
scrapie appears to induce ‘‘premature aging’’ in the species.

CONCLUSION

Primary degenerative brain disease has remained refractory
to human understanding. However, the recent advances in
molecular biology have provided powerful new tools for the
investigation of these devastating diseases. While the search
for the primary pathogenic events which initiate the disease is
important, discovery of the cause is unlikely to yield useful
therapeutic advances in the near future. Whether the cause
turns out to be an inborn error in metabolism expressed late in
life or a slow virus, present technology is insufficient to accom-
plish either successful genetic manipulation or control of an
unconventional virus. Perhaps in the short term the contribu-
tion of molecular biology will be the understanding of the
pathogenesis of the disease for it is in interfering with this
aspect of illness that medicine has been traditionally most
successful.
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