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Preface 

A great challenge of our time, Alzheimer's disease is one of the major concerns of the 
Fondation Ipsen pour la Recherche Therapeutique. The Fondation Ipsen was created 
in 1983. Its essential purpose is to involve itself in areas of biomedicine where 
interdisciplinary collaboration is needed. Some of its objectives include putting 
leading physicians and scientists in touch with each other, publishing important 
works, and helping young researchers. 
The Fondation Ipsen has already undertaken a latge variety of initiatives, for exam
pIe, by organizing several international colloquia on prostacyclin, atrial natriuretic 
Factor, P AF -acether , and cytoprotection (the series "Colloques Medecine et 
Recherche"). In the same spirit, it awards an annual prize and grant to specialists for 
the study of Alzheimer's disease. It also publishes documents on this disorder for the 
use of physicians and families involved. 
With the international colloquium dedicated to the immunological aspects of 
Alzheimer's disease and cerebral amyloidosis organized at Angers on 14 September 
1987, the Fondation Ipsen inaugurated a new round of activities: specialized meetings 
on the most up-to-date aspects of current research on Alzheimer's disease. The 
second in this series is the meeting on the genetic origins of Alzheimer's disease, 
scheduled for 25 March 1988 in Paris. Other events will follow, each with the objective 
of bringing together the most highly involved researchers and physicians in order to 
contribute to areal advance in knowledge. 
Reports on the high-level scientific meetings will be published by Springer-Verlag in a 
new series of works, Research and Perspectives in Alzheimer's Disease. 

Yves Christen 
Vice-President of the Fondation Ipsen pour la Recherche Therapeutique. 

Acknowledgements. The editors wish to thanks Mrs Mary Gage for editorial assist
ance, Mrs Jacqueline Mervaillie for the organization of the meeting in Angers and 
Marie-Madeleine Portier, Philippe Brachet, Yvon Lamour and J. Urbain for their 
collaboration as chairmen of the meeting. 
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Alzheimer's Disease, a Cerebral Form of Amyloidosis 

H. M. Wisniewski, J. R. Currie, M. Barcikowska1, N. K. Robakis, 
and D. L. Miller 

Summary 

Recent data suggest that amyloidosis of the brain is the cause of the cognitive 
pathology in Alzheimer's disease. The difference between normal aged individuals 
and those affected by Alzheimer's disease or senile dementia of Alzheimer's type 
(AD, SDAT) appears to be quantitative and topographie. Acceptance of the concept 
that AD and SDAT are a form ofbrain amyloidosis has both practieal and theoretical 
consequences. The search for the amyloid-stimulating and -enhancing factors may 
lead to discovery of the cause of Alzheimer's disease. The development of treatment 
strategies must include a search for ways of inhibiting and/or activating the cells 
producing and/or processing aging-Alzheimer-amyloidogenie protein (AAAP) as 
weIl as methods whieh may help to remove the deposits of amyloid fibers. 

For many years senile dementia, popularly called senility, was regarded as a 
natural, inevitable consequence of growing old. It is now believed that this is not the 
case. Instead, senile dementia is an age-associated disease. Today there are 25 million 
individuals in the United States who are aged 65 or older. Most estimates for the 
prevalence of the severer degrees of dementia among persons over 65 lie between 5 % 
and 8%, and the lifetime cumulative risk of becoming severely demented by the age of 
80 has been computed to lie between 15% and 20% (WHO 1986). It is estimated that 
about 50% of nursing horne beds in the United States are now occupied by the 
severely demented. Because vital functions are generally spared, these severely 
demented people may survive for many years after the onset of the disease, and thus 
this disease extracts an enormous emotional and financial toll from relatives and 
friends. 

There are many conditions that lead to senile dementia, however; the most com
mon is senile dementia ofthe Alzheimer type (SDAT) (Wisniewski and Soifer 1979; 
Katzman 1981; Reisberg et al. 1985). Diagnosis of Alzheimer's disease (AD) is based 
on the presence of the clinical signs and symptoms of progressive dementia and the 
presence of many senile plaques containing amyloid and neurons filled with neuro
fibrillary tangles (composed, by and large, ofpaired helical filaments or PHF). Both 
the amyloid fibers and PHF show green birefringence when stained with Congo red. 
Both the PHF and amyloid deposits, when stained with thioflavine-S and examined by 

1 Dr. Barcikowska is a visiting scientist from the Warsaw Medical Academy, Department of Neu
rology, Warsaw, Poland 



2 H. M. Wisniewski et al. 

fluorescence microscopy, show characteristic yellow-green fluorescence. Plaque and 
vascular amyloid and PHF, like other amyloid fibers in systemic or localized amy
loidosis, show beta-pleated sheet conformation (Glenner 1981; Selkoe 1987). The 
common characteristics of amyloid deposits are that they are aggregates of pro
teinaceous beta-pleated fibers and have common optical properties when stained with 
certain dyes. In spite of having similar optical properties, however, these fibers show 
great chemieal diversity. The common optical properties of PHF and plaque amyloid, 
and their concomitant occurrence in aged and AD-affected brains were the source of 
several unitary theories (Divry 1934; von Braunmuhl 1957) concerning the 
pathogenesis of plaque formation and neurofibrillary changes. Recently, based on 
biochemical studies of the isolated cores of plaque amyloid, Beyreuther and Masters 
et al. (this volume) postulated that a common protein , the A-4 peptide, or ß-protein, is 
the protein forming both the PHF and the plaque and vascular amyloid fibers. 

Data from our institute, as well as from Drs. Glenner, Selkoe, and Delacourte's 
laboratories (this volume), do not support Beyreuther's and Masters' reports. The 
fine structure of PHF, as well as its protein biochemistry and immunochemistry, 
appear to be very different from the plaque and vascular amyloid fibers (Glenner and 
Wong 1986; Grundke-Iqbal et al. 1986a, b; Iqbal et al. 1987; Selkoe 1987; Wisniewski 
and Wrzolek 1987; Wisniewski et al. 1987a). 

Neuritic (senile) plaques containing ß-amyloid protein fibers are found only in old 
humans and animals, and in people with AD and Down's syndrome (DS). However, 
PHF of the type seen in AD are found only in certain neurons of the human brain. 
They occur in many etiologically unrelated diseases (Wisniewski and Soifer 1979), 
and their topographie distribution appears to be the same irrespective of the disease 
process. Therefore, PHF are region-specifie rather than disease-specific. Recent 
studies using immunologieal and biochemieal methods showed the following proteins 
to be present in the neurofibrillary tangles made of PHF: abnormally phosphorylated 
tau, ubiquitin, and neurofilaments (Sternberger et al. 1985; Grundke-Iqbal et al. 
1986b; Mori et al. 1987; Selkoe 1987). However, difficulties in obtaining sufficient 
quantities of PHF for biochemical analysis have prevented the carrying out of proper 
quantitative studies to determine whieh of the PHF-associated protein( s) is the major 
protein component of the neurofibrillary tangles in AD. Recent studies by Terry et al. 
(1987) have shown that there is a large group (30%) of people over the age of 74 with 
SDAT who lack neocortieal tangles. In our studies on the dynamics of plaque and 
tangle formation in individuals with DS, we found that the neuritic (senile) plaques 
occur much earlier in the brains of those affected with DS than do the neurofibrillary 
tangles (Wisniewski et al. 1987a, b, c). These results, and the fact that PHF may 
develop independently of plaques in other diseases, support in our opinion, the notion 
that the amyloid fiber protein and PHF protein(s) are different. 

The recent rapid progress in the studies of the gene and protein forming the amyloid 
fibers in the vessels and plaques has been possible because of the report by Glenner 
and Wong (1984) of the purification and partial sequencing of the cerebrovascular 
amyloid peptide. Glenner and Wong called this novel protein, ß-protein. In the 
literature this protein has also been called the Glenner peptide, or the A-4 pro tein 
(Wisniewski et al. 1986; Kang et al. 1987). Having the sequence of the 
ß-protein, three laboratories working independently simultaneously reported the 
discovery of the cDNAs encoding the ß-protein precursor (Goldgaber et al. 1987; 
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Kang et al. 1987; Robakis et al. 1987b). Sequencing of a full-Iength cDNA (Robakis 
et al. 1987 a) has revealed thatthe ß-protein precursor which we call aging -Alzheimer
amyloidogenic protein (AAAP) is a 695 amino acid polypeptide (Kang et al. 1987). In 
situ hybridization using a cDNA clone encoding the ß-protein as a probe showed that 
in the central nervous system (CNS) the amyloid precursor mRNA is present in 
neurons, meninges, pericytes, endothelial cells, epithelial cells, and astrocytes. Out
side the CNS, the mRNA was found in the kidneys, the heart, the lungs, and theliver. 

Antibodies to synthetically made AAAP peptides (residues 98-116, 309-330, 
420-430,573-596,649-671,672-695) have demonstrated the presence of AAAP in 
many structures: adventitial and perivascular areas of meningeal and penetrating 
cortical vessels, pia-arachnoid, glia-limitans, reactive astroglia, large neurons, and 
the capsule and loose connective tissue in the spleen and the liver (Currie et al. 
1987 a). In addition, in the aged and AD-affected brain, anti-ß-peptide polyclonal and 
monoclonal antibodies strongly labeled vascular amyloid deposits, the periphery 
(halo) of the classical plaques, and weakly, or not at all, the central core. Antisera to 
other AAAP peptides listed above do not label the classical plaques. Immunochemi
cal differences between the isolated vascular amyloid peptide and the isolated core 
peptide have been revealed in ELISA studies using various antisera and monoclonal 
antibodies raised against the synthetic Glenner peptide sequences (Currie et al. 
1987 b). Biochemical studies of the core and vascular amyloid peptides have demons
trated some differences in solubility and amino acid residues between plaque core and 
vessel amyloids. The amino-terminus is blocked in the plaque core amyloid peptide, 
whereas in the cerebrovascular amyloid peptide it is not blocked; the plaque cores are 
insoluble in neutral guanidine HCI, while the vessel amyloid is soluble in neutral 
guanidine HCI (Bobin et al. 1987). From these data we have concluded that the 
differences between vascular and plaque core amyloid reflect either different routes 
of processing before the peptides are deposited or are the result of "aging" of the 
amyloid in the cores (Wisniewski and Miller 1986; Currie et al. 1987b). The role of the 
AAAP in normal brain function is unknown; however its presence among the connec
tive tissue elements suggests that one of its functions may be as a junctional or 
extracellular matrix protein. 

According to the current concepts based on studies of systemic amyloidosis, the 
formation of amyloid fibers is a two-step process involving the production of amy
loidogenic protein, which is further processed, either locally or at distant sites, to yield 
amyloid fibers. This concept is supported by the observation that, in the majority of 
amyloidosis, one type of cell pro duces the amyloidogenic proteins, e. g., hepatocytes 
in secondary amyloidosis, or B cells in multiple myeloma, and that different eells (the 
retieuloendothelial cells) process the protein (Wegelius 1976; Glenner 1981; Wis
niewski and Wrzolek 1987). From these data a unifying eoneept ofthe amyloidosis has 
emerged. It has been postulated that proteolytic cleavage of the precursor amy
loidogenic protein leads to the formation of the peptides whieh assurne the ß-pleated 
conformation and the fibrillar strueture characteristic of amyloid. According to this 
hypothesis the actual deposition of the amyloid fibers results from an imbalanee 
between the production of the preeursor protein and the ability to degrade it com
pletely. This imbalance eould be a result of a gene-dosage effect, as in Down's 
syndrome, or of overproduetion of the amyloidogenic proteins resulting from anti
genie stimulation (for example in experimental casein-induced or endotoxin-induced 
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amyloidosis, or during chronic infections). It could also be due to gene mutation, as in 
some cases of familial amyloid polyneuropathy, or to alternative splicing of the 
mRNA. Another possibility is that as a result of age-associated changes or gene 
mutation the cells which process the amyloid precursor pro tein lose their ability to 
correctly degrade the amyloidogenic proteins. 

We have identified some of the cells (the amyloidogenic protein processor cells) 
which are associated with the formation of the amyloid fibers in SD A T (Wisniewski et 
al. 1982; Merz et al. 1987). These cells appear to be pericytes, microglia, and as yet 
poorly defined cells in the walls of the large and medium-sized vessels. Irrespective of 
whether the brain reticuloendothelial cells (pericytes, microglia) are both producer 
and processor cells or only processor cells, the pathogenic events in plaque and 
vascular amyloid formation in AD/SD AT and unconventional virus infections appear 
to be similar to those observed in systemic amyloidosis. As indicated above, the 
intimate structural relationship between the amyloid fibers and the microglia-like 
cells suggests that these cells produce the amyloid fibers. 

The data presented above suggest that amyloidosis of thh brain is the cause of 
cognitive pathology in AD. The differences between normal aged individuals and 
those affected by AD/SDAT appear to be quantitative and topographie (increase in 
density and extent of distribution; Kemper 1984; Ball et al. 1985; Hyman et al. 1986). 
Acceptance of the concept that AD/SDAT is a form of brain amyloidosis has both 
practical and theoretical consequences, i. e., if we want a laboratory diagnostic test we 
have to look for ß-protein precursor proteins. The search for the amyloid-stimulating 
and -enhancing factors may lead us to the cause of AD. The treatment strategies must 
include a search for inhibition and/or activation of the AAAP-producing and/or 
-processing cells as weIl as methods which may help to remove the deposits of amyloid 
fibers. 

Acknowledgments. The authors wish to thank Marjorie Agoglia for editorial and 
secretarial assistance. 
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Immunological Markers and Neuropathological 
Lesions in Alzheimer's Disease 

A. Pouplard-Barthelaix 

Summary 

Using direct immunofluorescence on 5-~m sections from frozen brain specimens 
obtained shortly after death, the different complement factors of the classical pathway 
(Cl, C3, C4) were demonstrated in the brain amyloid lesions offour patients who had 
Alzheimer's disease. 

Staining intensity appeared to depend on the kind of senile plaques. There was a 
predominance of C1q staining on plaques with a central amyloid core and on amyloid 
masses around the infiltrated vessels, and a predominance of C3 staining on neuritic 
plaques with no apparent central core. Cl, C3, and C4 were constantly demonstrated 
in the infiltrated leptomeningeal and intracortical vessel walls. In addition, intensely 
stained round intraluminal cells were seen in one case and in another case, intense 
staining of some degenerating neurons; both were observed using anti-C3. 

The few plaques of the brains of two senile patients without dementia used as 
controls also stained positively with anti-C1q and anti-C3, but no staining what so 
ever was detected in a case of Creutzfeldt-Jakob disease or in five other control 
caases. The three main classes of immunoglobulins (IgG, IgA, IgM) were found to 
coexist on the amyloid-infiltrated vessel walls. 

From these findings, it could be postulated that immunological mechanisms are 
probably important in the appearence of brain lesions in Alzheimer's disease and that 
the primary insult is located on the blood vessel walls. 

Introduction 

After the success of Glenner and Wong (1984a, b) in isolating the CVAP (cere
brovascular amyloid peptide), results from different teams working on the molecular 
biologyofthe ß-amyloid protein (Wong CW et al., 1985), with thelocation ofthe gene 
of the precursor on chromosome 21 (Goldgaber et al., 1987; Kang et al., 1987) have 
shed light on the long-suspected relationship between Alzheimer's disease (AD) and 
Down's syndrome (DS). Nevertheless, much progress remains to be made to under
stand which environment al or pathogenic factors trigger the cellular and/or humoral 
mechanisms leading to the typical brain lesions of AD that exist by the 4th decade in 
virtually all DS cases. 

DS patients have an immunodeficiency disorder and (Burgio et al., 1983; Smith and 
Warren, 1985) be si des their high susceptibility to infection, autoimmune mechan-
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isms, responsible for numerous pathological conditions, occur with increasing age. 
This, by analogy, has for a long time been the basis for the hypothesis of immunologi
cal mechanisms as a cause of Alzheimer's disease (Singh et al. , 1987). The presence in 
AD sera of several kinds of circulating autoantibodies (Pouplard et al. , 1983; 
Pouplard-Barthelaix et al. , 1986; Singh and Fudenberg, 1986) lends further support to 
such a hypothesis, which would have to be verified by looking for immunological 
markers in the brain of patients with AD or senile dementia of the Alzheimer type 
(SDAT). 

The use of frozen specimens obtained shortly after death, in addition to the classical 
neuropathological technique, has certainly allowed interesting observations in the 
field in the last few years. Results obtained in my studies strongly support the role of 
immunological mechanisms, whatever the initiating event, in the appearance of what 
is probably the most typicallesion of AD, amyloidosis. 

Materials and Methods 

The immunological study was conducted on post-mortem brain specimens obtained 
from 13 patients including four AD/SDAT patients, three patients with senile lesions 
(one with associated Hashimoto thyroiditis) but without apparent clinical dementia, 
one patient with Creutzfeldt-Jakob disease (CJD) and five controls who died from: 
a stroke, head injury, herpetic encephalitis, Parkinson's disease, and carcinomatous 
meningitis. In one case of AD with extensive amyloidosis, a brain biopsy obtained 
when the patient was alive was also examined. 

All post-mortem tissues used (Ammon's horn, frontal and occipital cortex) were 
frozen in liquid nitrogen 2-6 h after death. After sampling the frozen specimens, 
brains were kept in 10% formaldehyde for the classical histopathological study. The 
immunohistochemical staining was realized on 5 11m frozen sections with antisera 
directed against several plasma proteins: albumin u-1-antitrypsine, C reactive Protein 
(CRP) P component, complement factors C1q, C3, C4, and heavy (y, u, 11, Cl) and light 
chains (x, A) of human immunoglobulins. All of the different antisera except anti-P 
component were polyclonal, conjugated with fluorescein isothiocyanate (FITC) , and 
so used in a direct immunofluorescent assay. The rabbit anti-P component was used in 
an indirect assay with FITC-conjugated goat anti-rabbit immunoglobulins. Mono
clon al antisera directed against immunological cellular markers CD4, CD8, and Dr 
were used in the indirect assay with FITC-conjugated goat anti-mouse immunoglobu
lins. 

To avoid non-specific reactions, only F (ab)'2 fragments of goat anti-human and 
anti-mouse immunoglobulins were used in this assay. Each antiserum was tested both 
on unfixed and fixed sections with three different 5-min fixations including 2% 
paraformaldehyde, acetone, and 20% (VN) ice-cold methanol. One out of two 
sections from each specimen was kept for histological examination with Congo red 
staining. In addition, a double-Iabelling technique was performed on some sections: 
sections already stained with the fluorescent dye were counterstained with a 1 % 
aqueous solution of Congo red. 
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Results 

No staining was ever detected either on vessel walls or on senile plaques (SP) with 
several of the antisera: anti-CRP, anti-P component, anti a-l-antitrypsin and IgD. 
A faint and diffuse staining was often present around blood vessels on AD specimens 
as well as in control brains when stained with the anti-albumin antiserum, suggesting 
some post-mortem leakage of blood proteins. 

Complement staining 

With all antisera directed against the complement components Clq, C3 and C4, the 
amyloid deposits inside and around the vessel walls and in the SP were brightly 
stained. Differences in staining intensity were noticed among the four AD patients 
and these seemed to correlate with the severity of the lesions found through his
topathological examination. They included intense Clq versus faint C3 staining on the 
amyloid core of SP and on the amyloid masses infiltrating the brain parenchyma 
around blood vessels (Fig. 1). In contrast, neuritic plaques without a central core were 
always brightly stained with anti-C3 (Fig. 2) . In addition, in two cases, staining for 
Clq and C3 was detected on apparently extracellular tangles (Fig. 3). 

Among the five control cases, a positive reaction for C3 and C4 was detected only in 
so me leptomeningeal vessels in the carcinomatous meningitis case. This renders 
important the fact that all the occasional SP detected in the elderly control brain 
specimens were positive with both anti-Clq and/or anti-C3 antisera. We did not obtain 
any staining of the typical round plaques in the cerebellum of a case of CJD. However, 
a few typical neuritic plaques were detected in the hippocampus, providing results 
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Fig 1. Direct IF: anti-Clq. SP with a central amyloid core and amyloid masses in the brain paren
chyma are brightly stained (ATAB FITC goat anti-human Clq 1/50) 
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similar to those in the three other elderly patients. Fixation with acetone or methanol 
did not enhance the staining process and there was an important decrease under 
formadehyde fixation. This corresponds to the negative results reported using sec
tions of classically fixed brain. 

Fig. 2. Direct IF: anti-C3. Staining of neuritic SP without evident central amyloid core (ATAB FITC 
goat anti-human C3 1/50) 
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Fig. 3. Direct IF: anti-C3. Bright staining of apparently extracellular tangles 
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Immunoglobulins 

The three main classes of human immunoglobulins - IgG, IgA and IgM - could be 
detected in the amyloid-infiltrated vessel wall (Fig. 4). In most vessels, positive results 
were obtained with at least two of the three antisera. IgG and IgM were more 
frequently detected than IgA. No brightness similar to that obtained with the anti
complement components was obtained either on amyloid masses around blood ves
sels or on the classical SP. The faint and diffuse staining obtained with the anti-IgG 
was not very different from that obtained with anti-albumin. In only one case, 
although faint, were SP clearly detected with the anti-IgA. 

The amyloid plaques and vessels in the CJD brain did not show any staining, and 
neither did the five control brains. In contrast, in all three elderly patients without 
dementia, brightly stained small pericapillary deposits were demonstrated. They were 
predominantly of the IgA and IgM classes. In addition, small arteries were detected 
with walls heavily stained with one of the three antisera. 

Cellular markers 

With anti-CD4 and -CD8, occasional round positive cells, located either in the lumen 
or in the wall of some vessels, were seen; their presence did not seem to correlate with 
evident amyloid deposits. CD 8-positive cells were more numerous in the case of 
associated Hashimoto thyroiditis. Obviously positive results were obtained with three 
different monoclonal anti-Dr antisera, and better results were seen on unfixed sec
tions and sections fixed with ice-cold methanol. 

Fig.4. Direct IF: anti-IgG. The walls of two infiltrated amyloid vessels are heavily stained (Biosys
F(ab)'2 anti-human y 1/50) 
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Fig.5. Indirect IF staining with mouse monoc1onal anti-Dr (Dakopatts) counterstain with FITC 
F(ab)'2 fragments of sheep anti-mouse immunoglobulins (silenus). The wall of a large vessel shows 
intense staining 

Different patterns could be observed depending on brain specimens. For all four 
AD cases, positive staining, lying predominantly on some endothelial cells and on 
some cells lining the vessel wall that looked like pericytes, could be detected on large 
and medium size vessels (Fig. 5). The most intense staining was found in the biopsy 
obtained from the case of AD with extensive amyloidosis. A light but dear staining 
was often present on SP, more evidently on neuritic SP with occasional small positive 
rings corresponding to infiltrating "microglial" cells. In addition, similar sparse cells 
were seen dose to some degenerating neurons, as demonstrated in double-stained 
sections. In three cases, induding the elderly patient with Hashimoto thyroiditis, 
positive cells could be detected in the lumen of small vessels (Fig. 6) with some of the 
cells streaming out inside the brain parenchyma. In all four cases of AD/SD AT and in 
the three elderly patients, the lumen of numerous microcapillaries was brightly lined. 

Discussion 

Since the first report by Ishii et al. (1975), the presence of immunoglobulins in the 
amyloid deposits of brains of patients with AD has been documented, but with some 
controversial results (Ishii and Haga, 1976; Powers et al. , 1981). Under the conven
tional light microscope we found the presence of immunoglobulins inside the SP 
difficult to ascertain in contrast to their obvious presence inside the amyloid deposits 
of the vessel wall. 
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Fig. 6. Indirect IF staining with mouse monoclonal anti-Dr. Positive cells in the lumen of avessei (a) 
looking as if they are streaming out in brain parenchyma (b) 

Concerning the complement components, similar results have been reported by 
different authors with evidence of the first components of the classical pathway - C1q, 
C4, C3 - both in the cerebrovascular and SP deposits, (Eikelenboom and Stam, 1982; 
Ishii and Haga, 1983, 1984). Their presence on the amyloid fibrils was confirmed by 
Ishii at the electron microseopie level. Evidence indicates that the presence of comple
me nt components is not due to a simple adsorption which is secondary to change in the 
blood-brain barrier or to post-mortem extravasation. In fact the best results in our 
study were obtained on a brain biopsy which was frozen immediately after death in the 
surgical room. Moreover, results obtained with different specimens frozen at various 
intervals after death tend to show that post-mortem autolysis would end up with 
barely significant results. 

Activation of the complement pathway can be triggered by many substances 
(Linder et al. , 1979; Pouplard-Barthelaix et al. , 1986). The presence of complement 
components together with immunoglobulins, at least on the vascular deposits, may 
indicate antigen antibody complexes; if this is the case we will have to explain the lack 
of reactivity obtained by others with antisera against the last components of the 
pathway CS/C9 and the poor detection of immunoglobulins inside the SP. Active 
phagocytosis of such immune complexes could be one explanation . 

The presence of C 1q suggests an activation of the classical pathway, but the 
predominant C3 staining obtained in one case with numerous neuritic plaques, 
together with some IgA staining of the same plaques, could suggest that at least in 
some cases the activation can occur through the alternate pathway. Comparison of the 
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staining obtained for C1q and C3 with Congo red, either on adjacent sections or in 
double-staining experiments, tends to show that whatever the physiological signifi
cance, the use of anti-C 1 q and anti-C3 could allow a rapid and sensitive detection of 
amyloid deposits in post-mortem brain and biopsy specimens. 

In addition to the complement factors, deteetion of increased expression of Dr 
antigen favours a role for active immunological mechanisms in AD. HLA Dr or dass 
II cell surface antigens of the major histocompatibility complex (MHC) must be 
present on the surface of the target cell together with the antigen to allow the 
recognition of the antigen by the T cello The normal brain is considered an 
immunologically privileged site. Dr antigens have been detected only in 1 %-2% of 
eells (De Tribolet et al., 1984). However, an increase in their expression could be 
demonstrated under treatment with some lymphokines such as interferon gamma 
(IFNy) (Wong GH et al., 1985). In recent years it has been suggested that an 
increased expression of Dr on the target cell might be associated with some autoim
mune conditions (Hashimoto and type I diabetes mellitus), and that the recognition of 
the auto antigen together with the Dr epitope by the T cells may lead to cellular death. 
Taking this hypothesis, the finding of an abnormal expression of Dr in the AD
affected brain would favour a role for autoimmune mechanisms and our results have 
recently been confirmed (Me Geer et al. 1987). Moreover, the detection of these 
mechanisms on the surface of the vessel would suggest that, whatever the antigen, 
modified brain antigen or external antigen, the primary event of AD and/or of the 
genesis of SP takes place in brain capillaries. Such a localisation of an immunological 
attack fits Miyakawa's assumption, based on extensive electron microscopic studies, 
that in most AD patients, eaeh SP contains at least one microvessel (Miyakawa et al. , 
1982; Miyakawa et al. , 1986), with an altered blood-brain barrier (Alafuzoff et al. , 
1987; Pouplard-Barthelaix et al., 1986; Wisniewski and Koslowski, 1982) and that 
circulating antibodies against brain microvessels are detected. The expression of a 
foreign or modified self antigen on the brain vessel would not be surprising because in 
a "privileged" tissue devoid of dassicallymphatic drainage, blood certainly represents 
the normal way for antigens to reach the immunological system. 

Predominant humoral immunological mechanisms acting at the microvessellevel 
also fit with Glenner's vascular hypothesis of AD based on molecular results for the 
ß-amyloid protein and its circulating precursor (Glenner et al. , 1986). 

The presence of complement components inside the amyloid deposits raises the 
question of their role in the local processing of the cerebral amyloid precursor, since 
these components could be considered amongst the most potent serine proteases and 
since proteolysis has been demonstrated to be one of the major mechanisms in 
amyloid fibril formation (Glenner 1980); therefore, it will be interesting to look for 
ß-amyloid or its precursor as a potentially modified self antigen. 

An autoimmune re action constituting the basis of brain lesions in DS would not be 
surprising: DS patients are known to develop a variety of autoimmune disorders with 
autoantibodies, thyroid autoimmunity being the predominant feature. DS patients' 
progressive immune deficiency is certainly complex and is not yet elucidated. These 
patients have an increased sensitivity to interferon, not only to the antiviral effect, and 
this has been explained with the location of the receptor gene on the long arm of 
chromosome 21. An increase in Dr expression secondary to a hypersensitivity to IFN
Y could be an important factor that renders DS patients susceptible to the develop-
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ment of autoimmune pathology. Premature ageing is considered one of the most 
characteristic features of DS. A deterioration of cellular immunity with an increase of 
circulating autoantibodies is known to occur during ageing (Vissin and Dirven, 1987), 
and an increased sensitivity to interferon has been described in AD patients (Weinreb 
and Burskirk, 1987). 

In spite of the recent location on chromosome 21 both of the ß-amyloid precursor 
gene (Robakis et al., 1987) and of the gene of the autosomal dominant form of the 
disease (familial Alzheimer's disease, FAD) (Van Broeckhoven et al. , 1987), none of 
the genetic evidence clearly identifies the possible cause of AD at the moment. 
Complex interactions between several gene products of chromosome 21 or of other 
chromosomes could be taken into consideration as could immunological mechanisms, 
which may interfere as primary or secondary events. An immunological hypothesis is 
not exclusive and it may be that numerous factors, including pathogens, contribute to 
the generation of autoantibodies in susceptible individuals. 
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Presence of Immunoglobulins and Complements 
in the Amyloid Plaques in the Drain of Patients with 
Alzheimer's Disease 

T. Ishii, S. Haga, and F. Kametani 

Summary 

The presence of immunoglobulins and complement factors in the amyloid in senile 
plaques in the brain of six patients with Alzheimer's disease has been demonstrated by 
means of immunofluorescence, immunoperoxidase, or the avitin-biotin complex 
immunoperoxidase (ABC) method. 

A positive immunohistochemical reaction of senile plaques was noted with anti-IgG 
antibody. Not all the senile plaques showed the positive reaction to anti-IgG anti
body. The reason for the negative reactions is not known, but antigenic sites of 
immunoglobulins were probably partially masked by the subsequent activation of 
complement cascades. Immunohistochemistry revealed that the complements C1q, 
C4, and C3 were on the amyloid fibrils of senile plaques, but results for complements 
C5-C9 were consistently negative. Other serum components such as albumin, 
prealbumin, IgA, IgM, CRP (C-reactive protein), and ßz-microglobulin were not 
found in the amyloid of senile plaques, nor were other factors related to the 
immunological response of the central nervous system such as HLA, B cells, OKB2, 
granulocytes, leukocytes, or fibronectin. 

If the presence of C1q and C3 in the amyloid of senile plaques is an immune reaction 
triggered by an immune complex, this might explain the tissue damage surrounding 
the amyloid fibrils, i. e., the senile plaque formation. 

Introduction 

The deposition of amyloid plaques is considered one of the most characteristic 
chemical and pathological hallmarks in the brain of patients with Alzheimer's disease 
(Alzheimer 1907) and the number of these amyloid plaques seems to correlate with 
the degree of dementia (Blessed et al. 1968). Chemical analysis of the amyloid in the 
senile plaques in the brains both of patients with Alzheimer's disease and of those with 
Down's syndrome disclosed a unique polypeptide, the amino acid sequence ofwhich 
has no homology with the known polypeptides (Glenner and Wong 1984; Masters et 
al. 1985). Thee gene encoding the protein is localized on chromosome 21 (Goldgaber 
et al. 1987; Kang et al. 1987; Robakis et al. 1987; St George-Hyslop et al. 1987; Tanzi 
et al. 1987). 

Another aspect of these amyloid deposits in the brain of patients with Alzheimer's 
disease is the presence of immunoglobulins and complements. Since our first reports 
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(Ishii et al. 1975; Ishii and Haga 1976a), the presence of immunoglobulins in the 
amyloid in senile plaques has been confirmed immunohistochemically by Ihara et al. 
(1981), Powers et al. (1981), and Eikelenboom and Stam (1982). 

Immunoperoxidase histochemistry has disclosed the presence of the complements 
C1q, C3, and C4 in senile plaques (Eikelenboom and Stam 1982; Ishii and Haga 
1983 b). An immunoelectron microscopic study has also confirmed that these comple
ments are localized on the amyloid fibrils and that no other tissue elements were 
stained (Ishii and Haga 1984a). These findings suggest the operation of immunologi
cal mechanisms in the pathogenesis of the amyloid plaques in the brain of patients 
with Alzheimer's disease. Immunoblot analysis of emulsions of such brains has also 
disclosed the presence of complements (see below). A monoclonal antibody against 
microglia, which has been raised recently in our institute, stains macrophages and is 
seemingly active in the production, or phagocytosis, of amyloid in the Alzheimer
affected brain (Haga et al. 1986). 

However, there are reports that have shown the presence of other serum compo
nents such as albumin or prealbumin, together with immunoglobulins and comple
ments, in brain tissue from patients with Alzheimer's disease and that have inter
preted the presence of immunoglobulins and complements in the amyloid in senile 
plaques as being merely a reflection of the diffusion of the serum proteins from the 
blood. 

To explore the possibility of a fortuitous adsorption of these immunoglobulins and 
complements by the amyloid in senile plaques, we have examined the tissue of the 
brain immunohistochemically with a wide variety of antibodies against serum compo
nents and related proteins. Our results have confirmed that only immunoglobulins 
and the complements C1q, C4, and C3 are present in the amyloid in senile plaques, 
though serum proteins such as albumin, IgM, and IgA are found distributed 
perivascularly in some patients with Alzheimer's disease as weIl as in the brains of 
nondemented age-matched controls. 

Materials and Methods 

The brains of six patients with histologically and clinically verified Alzheimer's 
disease were used. Five control brains were also examined. These cases, with some 
clinicopathologic details, are presented in Table 1. 

Table 1. Clinico-pathological findings in six patients with Alzheimer's disease 

Case Clinico- Age/Sex Brain Neuropathology 
pathological weight 
diagnosis (g) 

K.T. AD 63 F 1150 SP,ANT,AA 
K.T. AD 61 F 755 SP,ANT,AA 
K.I. SDAT 88M 1170 SP,ANT,AA 
E.T. SDAT 86F 1110 SP,ANT,AA 
H.K. SDAT 74F 1115 SP,ANT 
I.F. SDAT 89F 1055 SP,ANT 

AD, Alzheimer's disease; SDAT, senile dementia of the Alzheimer type; SP, senile plaque; ANT, 
Alzheimer's neurofibrillary tangle; AA, amyloid angiopathy 
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Histochemistry 

Cryostat sections from the frontal cortex and the hippocampus were stained using the 
indirect immunofluorescence, immunoperoxidase, and avitin-biotin complex 
immunoperoxidase (ABC) techniques, as have been described elsewhere (Ishii et al. 
1975; Ishii and Haga 1984a). Antibody bin ding was observed under a fluorescent 
microscope or visualized in a diaminobenzidine (DAB) solution (0.05 M Tris/0.05% 
DAB/0.01 % HzOz, pH 7.6). For light microscopic observations, the sections were 
counterstained with dilute hematoxylin. For electron microscopy the sections on 
slides were fixed with 2% glutaraldehyde after the DAB reaction, postfixed with 1 % 
OS04' dehydrated, and embedded in epon. After hardening of the resin, the slides 
were removed and the tissue on the surface of the resin was cut. The ultrathin sections, 
stained or unstained, were observed under a JEM 200CX electron microscope at 80 
kV. Control sections, for the first step, were treated with nonimmunized mouse serum 
(1: 20) and mouse immunoglobulins (1: 20). Some brain tissue slices were digested 
with 0.1 % trypsin at 37°C for 5 min before incubation with primary antisera. 

Electrophoresis and Western Blotting 

The tissue was homogenized in 5 volumes of 62.5 mM Tris-HCI, pH 6.8, containing 
2.3% sodium dodecyl sulfate (SDS) and 5% 2-mercaptoethanol. The homogenate 
was then centrifuged at 18000 X g for 35 min and the resultant supernatant was used 
for electrophoresis. The SDS-polyacrylamide gel electrophoresis was run in a 
4% -17% linear-gradient gel slab (Laemmli 1970). After electrophoresis, the proteins 
were transferred from the gel to a nitrocellulose sheet by electrophoresis as described 
by Towbin et al. (1979). The nitrocellulose sheet was incubated with the monoclonal 
antibody (1: 100 dilution) at 4°C for 16 hand the protein spot was visualized by means 
of the ABC technique. 

Results 

Immunohistochemical reactions of the amyloid in senile plaques toward the anti
bodies against serum proteins are summarized in Table 2, and toward the antibodies 
against some other proteins related to the immunological response of the CNS in 
Table 3. 

Positive immunohistochemical reaction of the amyloid in senile plaques was noted 
with anti-IgG (Fig. 1). Not all the senile plaques showed the positive reaction to anti
IgG antibody. Amyloid deposits in the walls of small blood vessels (amyloid 
angiopathy) and those in the meninges were beautifully stained. Further, all these 
amyloid deposits were stained with the anticomplements C1q, C3, and C4, with the 
immunoperoxidase, and with the ABC method (Fig. 2). However, anti-CS through 
C9 antibodies never showed a positive re action with the amyloid in senile plaques. 
Other serum components such as albumin, prealbumin, IgA, IgM, C-reactive pro
tein, and ßz-microglobulin (Table 2) were not found in the amyloid of senile plaques, 
and neither were other proteins related to the immunological response of the CNS 
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such as human leukocyte antigen (HLA) , B cells, OKB2, granulocytes, leukocytes, or 
fibronectin (Table 3). Occasionally, albumin, IgM, and IgA were found around the 
small blood vessels, but not on the amyloid fibrils of senile plaques (Fig. 3). 

Immunoelectron microscopy demonstrated that only the amyloid fibrils among 
tissue elements became electron dense and thick with the DAB re action product of 
the HRP anticomplement Clq antibody complex (Fig. 4). Neurofilaments in the 
axons and Alzheimer's neurofibrillary tangles in the nerve cells and in the axons did 
not become electron dense. Glial filaments and degenerated neuronal processes also 
showed no re action products. At times we observed macrophages and the walls of 

Table 2. Immunohistochemical reactions of the amyloid in senile plaques toward the antibodies 
against serum pro teins 

Primary antisera Company Method Senile Perivascular 
plaques space 

Antihuman Clq (goat) Cappel IP,IF ++ 
Antihuman C4 (goat) Miles IP,IF ++ 
Antihuman C3 (goat) Miles IP,IF + 
Antihuman CS (goat) Miles IP,IF 
Antihuman C6 (goat) Miles IP 
Antihuman C7 (goat) Miles IP 
Antihuman C8 (goat) Miles IP 
Antihuman C9 (goat) Cappe1 IP 
Antihuman properdin (goat) Miles IP 
Antihuman albumin (rabbit) Cappel IP, IF + 
Antihuman IgA (M) BRL IF + 
Antihuman IgD (M) BRL IF ± 
Antihuman IgE (M) BRL IF ±-+ 
Antihuman IgG (rabbit) Cappel IP, IF +,- + 
Antihuman IgM (rabbit) Cappel IP, IF + 
Antihuman prealbumin (rabbit) DAKO IF 
Antihuman CRP (goat) Miles IP 
Antihuman P component (rabbit) DAKO IP + 
Antihuman ßz-microglobulin (M) Sera lab IF 
Antihuman fibrinogen (goat) E.Y. IP ++ 

M, monoclonal antibody; CRP, C-reactive protein; IP, immunoperoxidase method; IF, immuno-
fluorescent method 

Table 3. Immunohistochemical reactions of the amyloid in senile plaques toward some proteins 
related to the immunological response of the CNS 

Primary antisera Company Method Senile plaques 

Antihuman lysozyme (rabbit) 
Antihuman HLA (M) 
Antihuman B cell (M) 
Antihuman OKB2 (M) 
Antihuman granulocyte (M) 
Antihuman leukocyte (M) 
Antihuman neuron (M) 
Antihuman fibronectin (M) 

DAKO 
BRL 
Sera lab 
Ortho-mune 
Sera lab 
BRL 
Sera lab 
Sera lab 

IF 
IF 
IF 
IP 
IF 
IF 
IF 
IF 

IF, immunofluorescent method; IP, immunoperoxidase method 
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small blood vessels ne ar the amyloid in senile plaques. Tbe immunostaining of 
macrophages with a monoelonal antimacrophage antibody raised recently in OUf 

laboratory diselosed that many macrophages with long processes were located near 
the senile plaques or were even in elose contact with the amyloid (Fig. 5). 

Figure 6 illustrates the production or phagocytosis of amyloid fibrils near the 
cytoplasmic membrane of macrophages. 

Immunoblot analysis of the brain emulsion showed the presence of a positive spot 
against the anticomplement Clq antibody (Fig. 7). 

a 

b 
Fig. la, b. a Positive immunofluorescence of a senile plaque core, and b of an amyloid angiopathy, 
with an anti-IgG antibody 
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a 

b 

Fig. 2a, b. a Positive immunofluorescence of senile plaques with an anti-Clq, and b with an anti-C4 
antibody 

Discussion 

There are two possible explainations for the presence of IgG and complements in the 
amyloid plaques of the brain in patients with Alzheimer's disease, i. e., a physical 
adsorption of complements to amyloid or an immunological bin ding. There is consid
erable circumstantial evidence that the presence of the complements proved here is 
due to a biological binding. The change in the permeability of the blood-brain barrier 
(Wisniewski and Kozlowski 1982; Alafuzoff et al. 1987), which implements the 
complements into the CNS may be an indication of the immune response in the CNS. 
Many serum components other than the complements, such as albumin or a large 
molecule like IgM, proved negative in amyloid plaques, though they were found 
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a 

b 

Fig. 3a, b. a Positive immunofluorescence and immunoperoxidase re action with an anti-IgA anti
body, and b with an antifibrinogen antibody, around a small blood vessel 

perivascularly in the Alzheimer-affected brain as weIl as in those of age-matched 
controls. Furthermore, there is a definite pattern in the reactions with anticomple
ment antisera in our study, i. e., a very strong reaction with anti-Clq and C4, a weaker 
one with C3, and a consistently negative one with CS through C9. Electron micros
copy of amyloid stained with anticomplement Clq disclosed thickened fibrils but no 
trace of areaction product between the fibrils, nor any on the other tissue elements 
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Fig. 4. Immunoelectron micrograph of the amyloid fibrils in senile plaques which were decorated by 
a positive DAß re action product with an anti-Clq antibody. Other tissue elements such as neurofila
ments, Alzheimer's neurofibrillary tangles, degenerated neuronal processes, or glial filaments were 
negative 

like the neurites or the glia (Fig. 4). Sometimes only the peripheral parts of the 
amyloid plaques were stained. It is likely that this pattern indicates the difficulty with 
which the antibody penetrates into the tissue. 

The presence of immunoglobulins and the complements C1q and C3 suggests that 
the amyloid in senile plaques is of an immune complex. We do not know what kind of 
substance or pro tein elicits the immunological reactions in the brain of patients with 
Alzheimer's disease, neither do we understand the operation of the autoimmune 
mechanism, or whether any infectious agent or agents are present. Powers et al. 
(1981) and Eikelenboom and Stam (1982) have speculated that the neurofilament 
protein might be involved. However, we have been unable to detect any neurofila
ment protein in the amyloid fibril of senile plaques (Ishii and Haga 1984). The findings 
of Powers et al. (1981) could have resulted from the use of contaminated antigens to 
raise the antibodies to neurofilaments. 
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Fig. S. Amyloid fibrils appeared to be produced near the cell membrane of a macrophage. Note the 
cell membrane has disappeared where amyloid fibrils seem to have emerged 



26 T. Ishii et al. 

------ Isoelectric focusing 
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\ \ 

A B 

Fig. 6. Immunoblot of TEP fraction with complement C1q antibody. TEP fractions were prepared as 
described in "Materials and Methods" and aliquots of 3 1-11 were applied on micro 2 DE, before 
immunoblotting. A: TEP fraction from brain of a patient with Alzheimer's disease (KM, 
84-year-old female), B: TEP fraction from the normal, aged brain 

Fig.7. Positive immunofluorescence of kurn plaques with anticomplement C1q antibody. a Many 
kurn plaques are positive in molecular layer of cerebellum. b Larger magnification of the positive kurn 
plaques, X 180 
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If the binding of C1q to the amyloid fibrils is immunological in nature, we do not 
know the mechanism by which the C1q was activated. The complement cascade can 
be activated in many ways by the immune complex, by fluid phase B (trypsin), by 
other substances such as the intermediate filaments (Linder et al. 1979), or by a 
C-reactive protein. However, we observed no reaction product of an HRP-anti-C1q 
binding on the intermediate filaments. 

Shirahama et al. (1982) have daimed that prealbumin is the common constituent 
protein for both Alzheimer's tangles and the amyloid in senile plaques. However, no 
other reports have confirmed their findings. Complements C1q and C3 are also 
present in the amyloid plaques in the brain of patients with Creutzfeldt-Jakob disease 
(CJD) and Gerstman-Straussler-Scheinker disease (GSS) (Ishii et al. 1984, Fig. 7). In 
the amyloid plaques from brains of patients with CJD and GSS, complements C5 
through C9 were also absent, showing an identical pattern of complement binding to 
that of the amyloid in senile plaques. A dose relationship between unique proteins 
such as scrapie-associated fibrils (SAF) (Merz et al. 1981; Diringer et al. 1983) or 
prion (Prusiner 1982; Prusiner et al. 1983; Bockman et al. 1985) and amyloid plaques 
has been postulated (Merz et al. 1983, 1984; Prusiner et al. 1983). For instance, the 
morphology of these proteins is similar to that of amyloid (Merz et al. 1983; Prusiner 
et al. 1983), and the antibodies to a scrapie prion have reacted with the amyloid-like 
structure in the scrapie-infected hamster (Bendheim et al. 1984). Bockman et al. 
(1985) have maintained that amyloid plaques actually represent an aggregation of 
prions. Thus, direct involvement of an infectious agent in the amyloid deposition is 
suspected in this disease. 

The antibody against the ß-protein isolated by Glenner and Wong (1984) has been 
seen to react beautifully with the amyloid in senile plaques from the brain of patients 
with Alzheimer's disease and Down's syndrome. This protein has no homology with a 
known protein (Glenner and Wong 1984) and we do not yet know whether the ß
protein of Glenner and Wong (1984) has an antigenic or an amyloidogenic property in 
Alzheimer's disease, similar to the abnormal prealbumin which constitutes the amy
loidogenic polypeptide in familial amyloid neuropathy. 

Our immunohistochemical study to find viral antigens in the brain of Alzheimer 
patients was unsuccessful (Ishii and Haga 1983a). We used a wide variety of anti
bodies to viruses, but were unable to find any antigens in the amyloid in senile plaques 
or in other tissue elements, though we did find, in one case, a fluorescence toward a 
JS virus (papova) in oligodendroglial cells. Likewise, estimations of the antibody 
titers toward a variety of neurotropic viruses in the blood and cerebrospinal fluid of 
patients with Alzheimer's disease have not produced any definite results (Ishii et al. 
1982). 

If the presence of C1q and C3 in the amyloid of senile plaques is an immune reaction 
triggered by an immune complex, this can explain the tissue damage surrounding the 
amyloid fibrils, i. e., the senile plaque formation. Complement binding, especially C3 
binding, to the immune complex stimulates macrophages and accelerates their secre
tion of hydrolases (Shorlemmer et al. 1977). This kind of macrophage activity would 
induce damage and degeneration to the membranes of the neuronal processes. This 
interpretation supports our ultrastructural study of senile plaques which has shown 
that the most degenerated neuronal processes were reactive or secondary in nature 
(Ishii and Haga 1976b). 
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The Blood-Brain Barrier in Cerebral Amyloidogenesis 
in Alzheimer's Disease and Scrapie 

P. Eikelenboom, H. Fraser, J. M. Rozemuller, and F. C. Stam 

Summary 

There is a diversity of opinions concerning the defect in the blood-brain barrier 
permeability in Alzheimer's disease and in scrapie. In this paper we review the 
evidence for blood-brain barrier dysfunction and for serum factors and blood-borne 
cells in cerebral amyloidogenesis in Alzheimer's dementia and in scrapie. The 
hypothetical role of immunologically mediated in jury to the central nervous system in 
both disorders is discussed. The basis of the different conclusions is identified, and 
much of the evidence supporting a systematic or haematogeneous origin for cerebral 
amyloidosis is shown to arise from the unreliability or variation in histochemical 
techniques, from the inappropriate use of "markers" and from false interpretations 
based on localisation of proteins and antigens. It is concluded that the primary 
pathogenesis of plaques occurs within the neuroparenchyma and that the evidence for 
systemic involvement remains inconclusive. 

Introduction 

Cerebral amyloid deposition is one of the major neuropathological changes in 
Alzheimer's dementia and aging. Senile cerebral amyloidosis occurs in senile plaques 
and in the walls of leptomeningeal and cortical arteries and arterioles. Amyloid 
plaques in experimental mouse scrapie are analogous in structure to senile plaques in 
Alzheimer's disease, although the major plaque core proteins differ between the two 
diseases. In Alzheimer's disease the main protein in both senile plaques and con
gophilic vessels is a 4-kd protein, A4 or ß-amyloid protein (Glenner and Wong 1984; 
Masters et al. 1985). In scrapie the protein cross-reacts antigenetically with the 
glycoprotein PrP (De Armond et al. 1985). There has been much progress in the 
characterization of cerebral amyloid fibrils in re cent years, but information about the 
involvement of microenvironmental factors in amyloid formation is sparse. A role for 
extracerebral factors has been suggested by several authors. The involvement of these 
factors might result from a blood-brain barrier dysfunction with leakage of serum 
proteins into the neuropil (Wisniewski and Kozlowski 1982; Mann 1985; Hardy et al. 
1986). The following mechanisms for the role of serum proteins in cerebral amyloid 
formation have been proposed: 
1. Chronic "flooding" of the neuronal elements with serum proteins would "affect the 

performance of neuronal cells" (Wisniewski and Kozlowski 1982). 
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2. Neurotoxic factors of serum origin (such as immune complexes) may enter the 
brain due to primary blood-brain barrier dysfunction, leading to neuritic degenera
tion (Ishii et al. 1975; Ishii and Haga 1976; Hardy et al. 1986). 

3. An intracerebral exudation of an abnormal precursor protein would lead to 
amyloid fibril deposition (Glenner 1979, 1986). 

During amyloidogenesis, phagocytic cells are involved in amyloid deposition 
(Glenner 1980), and in cerebral amyloid these cells are described as either 
microglia or macrophages. Although the origin of these cells remains unresolved, it 
has been suggested that they are bone-marrow derived cells (Hikita et al 1985 ; Merz et 
al.1987). 

In this paper we review the evidence for blood-brain barrier dysfunction as weIl as 
for serum factors and blood-bome cells in cerebral amyloidogenesis in both Alz
heimer's dementia and scrapie. In particular, the hypothetical role of immunologi
cally mediated injury to the central nervous system in both disorders is discussed. It is 
concluded from the weight of evidence that the pathogenesis of plaques occurs within 
the neuroparenchyma and that the evidence for systemic involvement remains incon
clusive. 

Serum and CerebrospinaI Fluid 

The evidence conceming immunoglobulin levels in patients with dementia states is 
conflicting. An inverse relationship between serum IgG concentration and measures 
of intelligence in elderly persons was found by Roseman and Buckley (1975). Cohen 
and Eisdorfer (1980) found significantly elevated IgG and IgA levels in cognitively 
impaired elderly persons, and serum IgG emerged as the best predictor of the test 
performance in such patients. Henschke et al. (1979) found higher mean serum levels 
of IgG only in patients with late-onset dementia. On the other hand, in presenile 
Alzheimer's dementia, Tavolato and Argentiero (1980) found a decrease in serum 
IgM levels but did not find elevated serum IgG levels. Again, in more recent studies, 
mean serum concentrations of IgG, IgM, 19A, IgE and IgD were not found to be 
different in patients with Alzheimer's dementia from those of control subjects (Jonker 
et al. 1982; Alafuzoff et al. 1983. 

Cerebrospinal fluid (CSF) studies have been performed to provide information 
regarding both the integrity of the blood-brain barrier and antibody production within 
the CNS. The level of CSF immunoglobulins is influenced both by the concentration 
of the serum globulins and by the permeability of the blood-brain barrier. This can be 
misleading unless the measurements of the concentrations of immunoglobulins and 
albumin both in the serum and in the CSF are taken into account. Under normal 
conditions a linear relationship is found between the CSF/serum ratio of albumin. 
Increased immunoglobulin concentration in the CSF due to production within the 
CNS shows a deviation from such a relationship. For IgG, IgM, 19A and IgD such a 
deviation was not found in patients with Alzheimer's dementia (Jonker et al. 1982). In 
electrophoretic analysis of CSF, Williams et al. (1980) found oligoclonal bands in the 
gamma globulin region in five out of eight patients with a clinical diagnosis of 
presenile Alzheimer's dementia. We did not observe multiple banding within the 
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gamma globulin fraction of CSF in patients with Alzheimer's dementia (Jonker et al. 
1982). The conclusion that there is no synthesis of immunoglobulins within the CNS in 
Alzheimer's dementia is in agreement with recent CSF studies (Alafuzoff et al. 1983; 
Chapel et al. 1984; Elovaara et al. 1985; Kay et al. 1987). An increased CSF/serum 
ratio for albumin suggesting an increased blood-brain baITier permeability has been 
reported by Alafuzoff et al. (1985) and Elovaara et al. (1985) but could not be 
confirmed by other investigators (Leonardi et al. 1985; Kay et al. 1987) 

In sheep with natural or experimentally induced scrapie, Collis et al. (1979) found 
that the concentration of IgG in serum was increased in a high proportion of sheep in 
the clinical stage of the disease. Further studies showed that the increased concentra
tions of IgG in CSF are due to passive filtration from serum and not to local antibody 
production in the CNS (Collis and Kimberlin 1983). 

Cerebral Amyloidosis and Plasma proteins 

With immunofluorescence, Stam (1965) demonstrated immunoglobulins in senile 
plaques. Later Ishii and co-workers (Ishii et al. 1975; Ishü and Haga 1976) and Torack 
and Lynch (1981) reported the presence of immunoglobulins in senile plaques and in 
congophilic angiopathy. These authors suggested that brain amyloid fibrils are 
derived from immunoglobulins. Immunohistoperoxidase studies carried out on for
molfixed paraffin sections showed that the amyloid depositions in senile plaques and 
vascular vessels exhibited a positive reaction for IgG, IgG (Fc-specific), IgM, IgA, 
kappa and lambda light chains, fibrinogen, albumins and other plasma proteins 
(Powers et al. 1981; Mann et al. 1982). These authors suggest that the positive 
immunohistochemical reactions demonstrated within senile plaques and congophilic 
angiopathy are more likely to result from leakage of plasma proteins, including 
immunoglobulins, than to indicate the involvement of immunological mechanisms in 
the aetiology of plaques. This supports the opinion ofKatenkamp et al. (1970) that the 
presence of IgG in senile plaques is due to exudation of plasma proteins. 

Using immunohistoperoxidase techniques we have studied the presence of plasma 
proteins in senile plaques and congophilic angiopathy both on brief acetone-fixed 
cryostat seetions and on formol-fixed paraffin sections (Eikelenboom and Stam 1982, 
1984; Stam and Eikelenboom 1985; Rozemuller et al. submitted). The im
munohistoperoxidase findings on acetone-fixed cryostat seetions are summarized in 
Table 1. With antisera against IgG, we observed a weak peroxidase activity in the 
corona of some plaques and no activity in the amyloid core. A similar staining pattern 
was found with antisera against IgG (y-specific) and IgG (Fc-specific). No plaques 
reacted with antisera against IgM (t-t-specific), IgA (a-specific), fibrinogen, albumin 
and ceruloplasmin. Using antisera against the different complement factors, we found 
on cryostat sections that all senile plaques, especially the amyloid cores, contain C1q, 
C4 and C3. We could not demonstrate C5, C3 pro-activator, properdin or C-reactive 
protein in senile plaques. When the immunohistoperoxidase staining for immuno
globulins, fibrinogen and albumin was followed by Congo red staining, we found that 
congophilic arteries and capillaries showed sporadic peroxidase activity at the sites of 
vascular amyloid deposits. Peroxidase activity was evident in the endotheliallayer and 
especially in the adventitia of the blood vessels. Few peroxidase-positive amyloid 
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Table 1. Immunohistoperoxidase detection of plasma proteins in acetone-fixed cryostat sections in 
Alzheimer's disease 

Antisera against 
plasma pro teins 

Vascular amyloid Senile plaque 
Corona Amyloid core 

IgG( y-specific) ( - ) ( + ) 
IgA( a-specific) ( - ) 
IgM (I.I-specific) ( - ) 
Lambda chains ( - ) ( - ) 
Kappa chains ( - ) ( - ) 
Albumin (-) 
Fibrinogen ( - ) 
Prealbumin 
Clq (+) + ++ 
C3c (+) + ++ 
CS (-) 
Properdin ( - ) 
C3 proactivator ( - ) 
P component ( + ) ( - ) ( - ) 
Acomponent 

Symbols: -, no labeIling; (-), occasionallabelling; (+), labelling of most deposits; +, consistent 
labelling; + +, strong Iabelling 

deposits were detected in medium-sized congophilic cerebral arteries with antisera 
against fibrinogen, albumin and immunoglobulins, especially IgG. With antisera 
against C1q, C4 and C3 more vascular amyloid depositions were stained than with 
antisera against other plasma proteins, but some unstained congophilic vessels were 
also seen. 

Using immunohistoperoxidase techniques on formol-fixed paraffin sections, 
Shirahama et al. (1982) found prealbumin associated with senile plaques and con
gophilic microangiopathy. In contrast to their findings, we could not detect prealbu
min in amyloid plaques and congophilic angiopathy neither on acetone-fixed cryostat 
sections nor on formol-fixed paraffin sections. Our results of immunohistoperoxidase 
staining for plasma proteins on formol-fixed paraffin sections compared with on 
acetone-fixed cryostat sections are summarised in Table 2. In paraffin sections, 
amyloid cores of senile plaques were occasionally stained for IgG, complement 
factors C1q and C3, albumin and fibrinogen. Except for complement factors, the 
intensity of peroxidase staining of senile plaques correlated strongly with diffuse 
staining of the parenchyma around senile plaques. Alafuzoff et al. (1987) reported 
that, on formol-fixed paraffin sections, no staining of plaques above background was 
observed with antialbumin and antifibrinogen. In our opinion the conflicting reports 
about the presence of plasma proteins in senile plaques on formol-fixed paraffin 
sections can be explained by a great internal variability, by background staining, and 
by negative effects of the formol fixation and paraffin embedding on the presence of 
complement factors (Stam and Eikelenboom 1985; Rozemuler et al. submitted). 

In IM mice affected by scrapie following intracerebral infection with the high
plaque agent 81V (incubation period 300-320 days), immunohistoperoxidase stain-
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Table 2. Immunohistoperoxidase detection of plasma proteins in acetone-fixed cryostat sections and 
l-week formol-fixed paraffin sections in Alzheimer's disease 

Antisera 
against 

IgG 
Albumin 
Fibrinogen 
Prealbumin 
Clq 
C3c 

Acetone-fixed cryostat 
sections 

Paren- Plaque Blood 
chymal amyloid vessels 
cells 

- or (+) - + 
- or (+) - + 
- or (+) - + 

++ (+) 
++ (+) 

Formol-fixed paraffin 
sections 

Paren- Plaque Blood 
chymal amyloid vessels 
cells 

- or ++ - or (+) - or (+) 
- or ++ - or (+) - or (+) 
- or (+) -or(+) - or (+) 

- or (+) -
-or(+) -

Symbols: -, no labelling; (+), labelling in some cells, plaques or blood vessels; +, many cells, plaques 
or blood vessels are positively labelIed; + +, large field with labelIed cells, all amyloid plaques are 
labelIed; - or (+), - or + +, considerable variations in staining in and between the cases 

ing did not detect albumin, fibrinogen, immunoglobulins or complement factors C1q 
and C3 in amyloid plaques. In amyloid plaques of autolytic brains, no peroxidase 
activity was found after staining for C1q and C3 (Eikelenboom et al. 1987). 

Blood-Brain Barrier 

There is only indirect evidence for increased permeability of cortical vasculature in 
Alzheimer's dementia based on the extravasation of plasma proteins into the brain 
parenchyma. With immunocytochemical techniques plasma proteins have been 
described in amyloid plaques, congophilic angiopathy, and in neuronal cells and 
astrocytes. Wisniewski and Kozlowski (1982) found that neuronal and glial cells and 
plaques were heavily stained with both anti-albumin and anti-globulin, especially in 
those areas of the cortex where the plaques were numerous. In addition they reported 
that all plaques were surrounded with reactive astrocytes which were also heavily 
stained with both antisera. In our work we did not observe an association between 
areas of IgG and albumin containing neuronal cells and astrocytes with high numbers 
of senile plaques. Sometimes large numbers of neuronal cells and astrocytes staining 
for plasma proteins were seen in areas with only a few amyloid plaques, while areas 
with numerous senile plaques remained unstained. There was no indication from 
microscopic observation that congophilic angiopathy was more frequently associated 
with clusters of neuronal cells and astrocytes positively stained for plasma proteins 
than could be expected in a random distribution (Rozemuller et al. , submitted). We 
also compared the occurrence of extravascular plasma proteins in the brain paren
chyma of patients with Alzheimer's dementia with that in age-matched, non
demented controls, with and without other neuropathological disorders. Cases in the 
group with Alzheimer's dementia and both control groups included ones with large 
fields of neuronal cells and astrocytes, positively stained for IgG and albumin. These 
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clusters of positively stained neurons and astrocytes were found in 15 of 28 cases with 
Alzheimer's dementia, 7 of 13 non-demented cases with other neuropathological 
disorders and 4 of 18 cases without neuropathological disorders . In three cases of Alz
heimer's dementia we could not stain neuronal cells or astrocytes for albumin or IgG 
and in ten cases only a few neurons and astrocytes stained. In formol-fixed brains 
obtained at post mortem Esiri et al. (1976) noted a widespread binding of immunog
lobulins and other plasma proteins to neurons, glia and other CNS constituents, both 
in a number of neuropathological conditions and in patients who died suddenly 
without evidence of CNS disease. These observations of Esiri and co-workers and our 
own findings led us to conclude that the cytochemical detection of plasma proteins in 
the neuropil cannot be used as evidence of a blood-brain barrier defect in Alzheimer's 
dementia or any other neurological disease. 

In scrapie, Wisniewski et al. (1983) showed focal extravasation of intravenously 
injected horseradish peroxidase (HRP) in terminally affected mice. Recently we 
studied the permeability of the blood-brain barrier at intervals throughout the incuba
tion period of the same scrapie model (87V agent in IM mice) using the immuno
cytochemical demonstration of plasma proteins and by intravenous injection of HRP 
(Eikelenboom et al. 1987). Using immunohistoperoxidase techniques for fibrinogen, 
immunoglobulin and complement factors, staining was confined to the lumen of blood 
vessels and no staining was found in the neuropil, in neuronal cells or in astrocytes. 
For albumin, immunohistoperoxidase staining showed a weak positive re action in the 
neuropil around alm ost all blood vessels in both normal and scrapie-affected mice but 
no staining was found in neuronal cells and astrocytes. After intravenously injecting 
HRP there was no abnormal leakage of HRP either around cerebral vessels or 
amyloid plaques. Our findings suggest that there is little or no leakage of plasma 
proteins into the brain parenchyma in preclinical and scrapie-affected mice and that 
the blood-brain barrier is therefore essentially intact. 

Microglia 

It is generally accepted that phagocytic cells are essential for the deposition of amyloid 
by proteolytic cleavage of amyloidogenic precursor proteins (Glenner 1980). There 
are several studies suggesting that, in both Alzheimer's dementia and scrapie, 
phagocytic cells described either as microglia or marcophages are involved in amyloid 
plaque formation (Wisniewski and Terry 1973; Bruce and Fraser 1975; Wisniewski et 
al. 1981; Wisniewski and Merz 1983; Moretz et al. 1983; Hikita et al. 1985). Using 
enzyme histochemical and immunohistochemical methods we have recently investi
gated the nature of the cells around amyloid plaques in Alzheimer's dementia and 
scrapie (Rozemuller et al. 1986; Ekelenboom et al. 1987). Acid phosphatase and non
specific esterase are used as a non-specific enzyme histochemical marker for macro
phages. Around different types of senile plaques, no increase of acid-phosphatase
positive cells was found in comparison with the rest of the grey matter. Acid phosphat
ase activity was always present in the corona of senile plaques but staining was too 
strong to permit the identification of individual cells. Friede (1965) and Krigman et al. 
(1965) have described an increase in acid phosphatase-positive cells in the cerebral 
cortex of patients with Alzheimer's dementia. 
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Table 3. Antibody panel for macrophages in humans 

Antibody Cluster of designation (CD) 

DakoLC (DLe) CD45 
OKla 
a1-Antichymotrypsin 
Lysozyme 

Mo-1 
OKM1 
OKM5 
C3brec 

FK24 

CD35 

CD11c 

Predominant specificity 

Leucocyte lineage 
HLA-DR (dass 11 MHe) 
Monohistiocytic cell series 
Myeloid cells, monocytes 
Reactive histiocytes 
Complement receptor 3 
Complement receptor 3 
Monocytes, platelets 
B cells, monocytes, 
Granulocyte cells, 
Myeloid cells, monocytes 
Macrophages (p150/95) 

LeuM5 CD11c Monocytes/macrophages (p150/95) 
LeuM3 CD14 Monocytes/macrophages 
Leu 11b CD16 Low-affinity Fc receptor 
MY4 CD14 Mononudear-phagocytic lineage 
EBM 11 Mononudear-phagocytic lineage 
5D2 Low-avidity Fc receptor 

For references to the antibody panel, see Rozemuller et al. (1986) 

Our findings do not confirm a relationship between acid phosphatase-positive cells 
and senile plaques (Rozemuller et al. 1986). Non-specific esterase was observed in 
neurons and sporadically in a few cells (probably small neurons) located in the corona 
of some plaques. Using a panel of antibodies with specificities predominantly for 
mononuclear phagocytes (see Table 3), cells were characterised in and around senile 
plaques. The results are summarised in Table 4. With antibodies EBM/ll and MY 4 

Table 4. Immunohistoperoxidase findings with macrophage markers in Alzheimer's disease 

Antisera 

DLC 
OKla 
a-1-Antichymotrypsin 
Lysozyme 
Mo-1 
OKM1 
OKM5 
a-C3brec 
FK24 
LeuM5 
LeuM3 
Leu 11b 
MY4 
EBMl11 
5D2 

Amyloid 
plaques 

-/+ 
-/+ 

-/+ 
-/+ 

+/
+/-

Congophilic 
angiopathy 

Small glial cells Small glial cells 
subcortical grey matter 

+ 
(+) 

(+) 
+ 

+ 
(+ ) 

(+) 
(+) 

(+) 

(+) 
(+) 

Symbols: -, no labelling; -/+, some amyloid plaques are labelIed; +/-, most amyloid plaques 
labelIed; (+), some labelIed cells dispersed in the cerebral cortex outside the senile plaques; +, cells 
are labe lied 
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Table 5. Haemopoietic cell markers in mice 

Monoc1ona! 

M 1170 (Mac-I) 
ER-TR3 
NLDC-145 

Directed against 

Complement receptor C3 
Antigens encoded in the Ia region of the H2 complex 
Non-lymphoid dendritic cells 

For references, see Eikelenboom et a!. (1987) 

there was positive labelling of ceIls, although in some senile plaques no labelling 
occurred. With EBM/ll , staining occurred in the cytoplasm, whereas with MY4, the 
cell membranes of small-branched glial cells were stained. The EBM/ll- and MY 4-
positive cells were negative for the astrocyte marker GF AP. After staining with OKIa 
and FK24, cell processes of small glial cells were positive in some plaques. With the 
monoclonals EBM/ll, MY4, OKIa and FK24, a few cortical and many subcortical 
glial cells were positively labelled. Using an a-l antichymotrypsin antibody, there was 
a weak diffuse staining of the corona of some senile plaques and also a weak staining of 
some neuronal and glial cells dispersed in the grey and the white matter. The reactivity 
for a-l-antichymotrypsin resembled the staining for serum proteins. With a lot of well
known macrophage markers (e. g. LCA, Mo-I, a-C3brec, Leu M3, a-lysozyme), no 
labelled cells were found in or around senile plaques. With the antisera listed in 
Table 3 we did not observe labelled cells associated with the amyloid deposits in 
congophilic vessels. 

In 87V scrapie-affected IM mice, cells associated with the amyloid plaques, in the 
cerebral cortex did not show acid phosphatase activity, and there was only sporadi
cally a weak non-specific esterase activity. The haemopoietic cell markers used for cell 
identity are listed in Table 5. In scrapie-affected brains, only a few cells in the white 
matter stained faintly for Mac-I. Amyloid plaques sometimes showed a weak diffuse 
positive staining for Mac-I. However, with Mac-I, as weIl as with the monoclonals 
ER-TR3 and NLDC-145, no labelled cells were found to be associated with the 
plaques. With antisera against the astrocyte marker GF AP, positive cells were located 
in clusters and amyloid plaques were always found with a close spatial relationship to 
these clusters. It can be concluded, therefore, that there is no evidence that blood
borne monocytes are involved in the local microenvironment of cerebral amy
loidogenesis. 

DiscussioD 

Involvement of plasma factors from blood-brain barrier dysfunction in amyloid 
plaque formation has been suggested by several authors (Ishii et al. 1975; Ishii and 
Haga 1976; Glenner 1979,1986; Wisniewski and Kozlowski 1982). However, apart 
from some complement factors, plasma proteins are not found consistently in con
gophilic arteries or in amyloid plaques. It has been assumed that the immunostaining 
of plaques for IgG and complement factors is due to the presence of antigenlantibody 
complexes in amyloid plaques (Ishii et al. 1975; Ishii and Haga 1976,1984; Pouplard 
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and Emile 1985; Alafuzoff et al. 1987). However, on acetone-fixed cryostat sections, 
positive staining for immunoglobulins was seen in the corona of only some plaques 
and was never observed in the amyloid core. On formol-fixed paraffin sections, the 
amyloid cores occasionally contained plasma proteins but, apart from complement 
factors, the staining of senile plaques for the other plasma proteins was related to the 
background staining. In congophilic arteries most amyloid deposits were positive for 
complement factors but not for other plasma proteins including immunoglobulins. 

These findings do not support the assumption that the presence of complement 
factors in senile plaques and congophilic angiopathy indicate the presence of antigen/ 
antibody complexes. Investigations of serum and CSF also fail to support the 
hypothesis that cerebral amyloidosis is the result of an autoimmune response (Jonker 
et al. 1982; Stam et al. , in press). 

CSF studies of protein concentrations do not support the hypothesis of a diffuse 
disruption of the blood-brain baITier as a pathogenic mechanism in Alzheimer's 
dementia (Kay et al. 1987). In addition, a positron-emission tomographic study with 
rubidium 82 demonstrated normal impermeability for that ion in patients with 
Alzheimer's dementia (Friedland et al. 1983). 

In brains obtained post mortem from both demented and non-demented patients, 
with or without other neuropathological disorders, there is a widespread binding of 
plasma proteins to various CNS constituents. Esiri et al. (1976) assumed that this 
binding was the result of a long post mortem delay, but Rozemuller et al. (submitted) 
found similar results in brains with a post mortem delay of only 2 h. Influences of 
agonal or post mortem changes on binding of plasma proteins to constituents of the 
neuropil cannot be ruled out. It is possible that these conditions concern especially 
damaged (degenerating) cells (Rozemuller et al. submitted). Positive immunohis
toperoxidase staining for complement factors in the amyloid cores of senile plaques is 
a very consistent finding in cryostat sections. There are different explanations forthe 
presence of complement factors in senile plaques. Firstly, there is a post mortem 
leakage of plasma proteins. The consistent finding of complement factors in senile 
plaques is not related to the presence of other plasma proteins and the possibility 
exists that complement factors bind selectively to amyloid fibres. We failed to detect 
complement factors in amyloid plaques from scrapie-affected mice, even if autolysis 
had been allowed to take place. Another explanation is that the complement factors 
are passed ante mortem from the blood into the neuropil, but as we discussed above 
there is no convincing evidence of a blood-brain baITier dysfunction with leakage of 
plasma proteins into the neuropil. A third explanation is that complement factors are 
produced by glial cells. Using clonal cells belonging to the astrocyte lineage, Mallat 
and Levi-Strauss (1987) have recently found that glial cells can produce the comple
ment components C3 and factor B. Therefore, the presence of complement factors in 
senile plaques cannot be used as apriori evidence for a contribution from plasma in 
cerebral amyloidogenesis. In our opinion the cytochemical detection of plasma pro
teins in the neuropil cannot be considered as a reliable technique to investigate blood
brain baITier defects in neuropathological disorders (Rozemuller et al. submitted). 

Reactive microglial cells may be involved in cerebral amyloid formation. The origin 
and function of microglial cells is still not resolved. According to Oehmichen (1982), 
microglia can be divided into resting and reactive types. Reactive microglial cells have 
strong cytoplasmic acid phosphat ase and non-specific esterase activty and Fc- and 
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C3b-receptors on their membranes, whereas resting microglial cells are negative for 
these markers. It is suggested that reactive microglial cells, more appropriately called 
"brain macrophages", are only seen in damaged brains and are derived from blood
borne monocytes whilst resting microglial cells are of neuroectodermal origin. Cross
reactivity between leucocytes and brain cells is a well-known phenomenon (Budka 
and Majdic 1985; Merrill1987). Positivity in glial cells for class 11 MHC antigens has 
been described by several authors. Functions carried out elsewhere by macrophages, 
such as antigen presentation and interleukin-1 production, can be performed in the 
brain by glial cells (Fontana et al. 1982; Fierz et al. 1985; Merrill1987). These glial 
cells and macrophages appear to have similar functions and to share some character
istic proteins, enzymes and receptors. Although immunohistoperoxidase studies have 
shown that glial cells and macrophages share some epitopes, it would not be justified 
to conclude that these cells have common origin. With well-known macrophage 
markers, the glial cells associated with amyloid plaques are unlabelled. With all the 
macrophage markers we failed to find labelIed cells associated with amyloid deposits 
in congophilic arteries (Rozemuller et al. 1987). In scrapie-affected mice we did not 
find cells belonging to the monocyte-macrophage lineage in association with amyloid 
plaques. Therefore, the weight of evidence, using macrophage markers, is that no 
cells belonging to the monocyte-macrophage lineage are involved in cerebral amyloid 
formation in either Alzheimer's dementia or scrapie. 

In conclusion, there is no evidence for a blood-brain barrier dysfunction or for the 
involvement of plasma proteins or blood-borne cells in the cerebral amyloidogenesis 
in Alzheimer's disease or scrapie. 
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Ultrastructural Study of Senile Plaques 
and Microvessels in tbe Brain in Alzbeimer's Disease 

T. Miyakawa 

Summary 

Several kinds of senile plaques were examined by light and electron microscopy. 
Amyloid masses around capillaries formed the cores of typical senile plaques. All 

the senile plaques contained at least some amyloid fibrils, and these seemed to be 
produced at the basement membran es of capillary endothelial cells and projected into 
the surrounding parenchyma. Even when the senile plaques themselves appeared 
with light microscopy to lack amyloid fibrils, at least one degenerable capillary with 
amyloid fibrils was demonstrated when serial sections were examined ultrastructur
ally. The capillaries producing amyloid fibrils showed degeneration and some of them 
were destroyed. 

The findings described above suggest that the amyloid fibrils which form the cores 
of several kinds of senile plaques seem to be produced at the basement membrane of 
the endothelial cello It is speculated that the capillary degeneration with formation of 
amyloid fibrils may be a primary change in the genesis of senile plaques. 

On the other hand, endothelial cells of many microvessels showed swelling or 
atrophy, and the basement membranes were hypertrophie and irregular in shape. 
Considering the described findings above, it might be suggested that the microcir
culatory disturbance due to degeneration of the microvessels, including amyloid 
angiopathy, is very important in the changes in the brain with Alzheimer's disease. 

Finally, amyloid fibrils appeared as a rod which was hollow in the center and was 
composed of a filament arranged as a tightly coiled helix, each turn of which consisted 
of five globular subunits. This finding showed a new ultrastructure of amyloid fibrils in 
the brain. 

Introduction 

Recently, dementia due to Alzheimer's disease has been attracting keen interest 
because of the social problems ensuing from the disorder . It has been pointed out that 
numerous senile plaques and neurofibrillary changes are characteristic findings in the 
brain of patients with Alzheimer's disease. Several theories have been proposed 
regarding the mechanism of senile plaque production. Although there have been 
many reports describing senile plaques, the mechanisms by which they are produced 
have not yet been clearly identified. 

This article reports a detailed morphological examination of several kinds of senile 
plaques made using serial seetions for both light and electron microseopes in order to 
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observe the relationship between senile plaques and microvessels. In addition, senile 
plaques and microvessels were examined by scanning electron microscopy, and 
replicas of amyloid fibrils produced by a quick-freezing method were examined by 
electron microscopy. 

Material and Methods 

The study was carried out on the brains of eight cases of Alzheimer's disease and one 
case of Down's syndrome. The clinical and histopathological findings were entirely 
consistent with the diagnosis given. Parts of the cerebral cortex such as temporal lobe , 
Ammon's horn, and occipitallobe were removed from the brains of the eight patients 
immediately after death, cut into small pie ces and immersed in 3% glutaraldehyde in 
phosphate buffer (pH 7.4) for2 h. Theywere washed in phosphate buffer (pH 7.4) for 
10min, thenimmersedfor2hin2.5% osmium tetroxideinphosphate buffer(pH 7.4). 
The tissues were dehydrated in alcohol and embedded in epon. Five blocks were 
selected from each part of the brain and serial sections were stained with toluidine 
blue for light microscopy. Then 200 sheet meshes of serial thin sections (30-50 nm) 
were taken from each block of each case examined. They were stained with uranyl 
acetate and lead solutions or alkaline bismuth solution, and examined with a Hitachi 
12A electron microscope (100 kV). In the serial sections, 90 senile plaques were 
thoroughly examined, and thick sections (300-500 nm) were also examined with a 
Jeol2000 Ex (200 kV) electron microscope. 

In addition, in each case, 300 serial sections, 5 f,tm thick, were cut from the paraffin 
blocks and stained with silver and PAS solution for examination by light microscopy. 
Then parts of the cerebral cortex were removed, cut into small pieces, and immersed 
in 3% glutaraldehyde in phosphate buffer (pH 7.4) for 3 h. They were washed 
in distilled water for 15 min then frozen in liquefied nitrogen and immediately 
cracked. These tissues were treated with 8 NHCI for 15 min at 60° C, then washed 
in distilled water for 20 min. They were immersed in 2.5% osmium tetroxide 
for 2 h then dehydrated and dried by the critical point method, and, after 
being coated with platinum, were examined with a Hitachi S310 electron 
microscope. 

The fresh material from the brain affected with Down's syndrome was cut into small 
pieces and immersed in 2 % formaldehyde for 12 hand was used for producing replicas 
by a quick-freezing method (Heuser et al. 1979). The replicas were also examined 
with the Jeol 200 EX (200 kV) electron microscope. For examination of the blood 
vessels in the brain, only those separated and gathered from the brain by means of the 
ultrasonic method were examined with electron microscopy. 

Results 

Light Microscopical Findings 

When preparations are examined with silver stain, two kinds of senile plaques are 
seen: a typical senile plaque (Fig. 1 a) having a central core of amyloid mass, and a 
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Fig. la-co a Typical senile plaque which has a central core of amyloid mass (A). Silver stain, x 700. 
b Primitive senile plaque. A capillary (arrow) passes through the senile plaque. Silver stain, x 330. 
c Primitive senile plaque which is in elose relation to capillaries (arrows). Silver stain, x 250 

primitive senile plaque (Fig. 1 b, c) without a central core of amyloid mass. Some of 
the plaques had a dose relationship to microvessels (Fig. 1 b, c). 

Examining serial sections with PAS stain, almost all of the senile plaques, or 
amyloid deposits forming the central cores of senile plaques, had a dose relationship 
with the capillaries (Fig. 2). Also, in the serial sections with toluidine blue stain 
obtained from epon blocks, all of the amyloid masses forming the central cores of 
typical senile plaques were amyloid deposited around small blood vessels (Fig. 3 a -c). 
However, very few senile plaques could be said to lack any relationship to micro
vessels. 

Loss of nerve cells and degeneration of nerve cells were diffusely observed, inde
pendent of senile plaques and Alzheimer's neurofibrillary tangles, in the cortices of 
the brains. 

Electron Microscopical Findings 

Examination by light microscopy of typical senile plaques that were in dose relation to 
microvessels showed that amyloid masses consisting of amyloid fibrils always existed 
around capillaries. The numerous amyloid fibrils projected directly from the capil
laries with amyloid angiopathy into the surrounding parenchyma (Fig. 4). In serial 
sections, amyloid fibrils projected from the capillary basement membrane areas into 
senile plaques (Fig. 5 a), and at other points these same capillaries exhibited changes 
of amyloid angiopathy. Here, numerous amyloid fibrils projected into the surround-
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Fig. 2. Amyloid masses (A) around capillaries form the central core of typical senile plaques. PAS 
stain, x 480 

Fig. 3a-c. Serial sections with toluidine blue stain. a Typical senile plaque having a core of amyloid 
mass (A) does not seem to be related to a blood vessel. x 650. b Degenerated small blood vessel passes 
through senile plaques. Amyloid deposits (arrows) around the blood vessel exist in the center of the 
senile plaque. x 365. c Senile plaques attach themselves to the back of a small blood vessel. Arrows, 
amyloid mass. x 365 
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Fig.4. Amyloid mass (A), consisting of amyloid fibrils, directly attaches to adegenerated capillary 
with amyloid angiopathy. This shows that numerous amyloid fibrils project into the surrounding 
parenchyma from the capillary. EC, endothelial cell, X 2600 

ing parenchyma and formed the cores of typical senile plaques. The endothelial cells 
were swollen and were being destroyed (Fig. Sb). 

Even when senile plaques seemed to have no relationship with the capillaries under 
a light microscope, electron microscopy invariably demonstrated at least one degen
erated or destroyed capillary with amyloid angiopathy (Fig. 6). However, it was only 
by the use of serial sections that the capillaries could be identified as such, since, as 
they were being destroyed, their lumens became filled with debris formed from 
destroyed endothelial cells. 

In specimens of 300-500 nm thickness, observed using the 200-kV electron micro
scope, the amyloid masses seen around the capillaries by light microscopy consisted of 
numerous amyloid fibrils spreading as a radial structure from the wall of the blood 
vessels to the parenchyma (Fig. 7). Even in primitive senile plaques, amyloid fibrils 
spread from the capillary walls into the surrounding parenchyma (Fig. 8). Examining 
the amyloid fibrils projecting from capillaries in thin sections, the fibrils seemed to be 
produced in the capillary basement membranes (Fig. 9). Where the senile plaques 
cracked, rough solid substances containing degenerated cell processes were observed, 
and degenerated capillaries passed through them (Fig. 10). 

Examination of replicas of amyloid fibrils made by the quick freezing method 
showed the fiber to have a hollow structure with a diameter of 13-15 nm. It consisted 
of a tightly coiled helix, each turn of which appeared to be composed of five globular 
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Fig.5a-b. Serial sections of a typical senile plaque. a Amyloid fibrils (A) project directly from the 
wall of a capillary with amyloid angiopathy into parenchyma. N, nucleus of endothelial cell, x 3600. 
b Amyloid mass (A), forming the central core of a typical senile plaque, surrounds adegenerated 
endothelial cell which contains many lysosome-like bodies. The lumen (L) of the capillary is nar
rowed. x 4100 
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Fig. 6. Primitive senile plaque. The lumen of a capillary (Cap) is filled with debris from a destroyed 
endothelial cello Many amyloid fibrils (A) project from the capillary and extend into senile plaque. 
x 4100 

Fig.7. Central core of amyloid mass (A) around 
a capillary obtained from a thick section. Amy
loid fibrils project from the wall of the capillary 
into parenchyma. E, erythrocyte. x 3360 

Fig. 8. Primitive senile plaque obtained from a 
thick section contains a destroyed capillary with 
amyloid angiopathy. Amyloid fibrils (arrows) 
spread into the primitive senile plaque. x 2000 
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Fig. 9. Part of a capillary. Amyloid fibrils 
(arrowheads) apparently appear in the basement 
membrane (BM). EC, endothelial cello x 65000 

Fig. 10. Cracked surface through a senile pla
que obtained with a scanning electron micro
scope. Rough solid substances which contained 
degenerated cell processes surround degener
ated capillary (arrow). P, senile plaque. x 1900 

Fig. 11a, b. a Replica of amyloid fibril in a transverse direction. One turn of helix consists of about 
five globular subunits. x 1600000. b Replica of amyloid fibril in a longitudinal direction. Each subunit 
(3-5 nm) is arrayed in a helical form (arrowheads). x 1344000 
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subunits, eaeh having a width of 3-5 nm (Fig. 11 a). The subunits were attaehed to 
eaeh other and arranged in a helix (Fig. 11 b). 

From the above findings, a struetural model of an amyloid fibril ean be made 
(Fig. 12). 

In the areas without senile plaque, many mierovessels showed degeneration of 
endothelial eells and perieytes. The basement membran es of the eapillaries were 
hypertrophie and irregular in shape (Fig. 13). In some eapillaries, the lumen was 
oecluded (Fig. 14). 

one turn 

Fig. 12. Structural model of an amyloid fibril 

Fig.13. Capillary. The basement membrane 
(MB) is thickened and tortuous. Endothelial cell 
and perieyte (P) show degeneration. N, nucleus 
of endothelial cello x 5200 

Fig. 14. Capillary. The basement membrane 
(BM) is thiekened and tortuous. The endothelial 
cell is hypertrophie and the lumen (L) is nar
rowed and obstructed. N, nucleus of endothelial 
cello x 16000 
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Fig. 15. Mierovessel (Mv) 
and eapillaries (arrow). Pre
eapillary arteriole microvessel 
shows aseries of foeal eon
strictions (arrowheads) and 
many eapillaries are arranged 
in a bundle. x 1600 

The examination of the blood vessels obtained by the ultrasonic method showed the 
microvessels to have aseries of focal constrictions, and many capillaries were 
arranged in a bundle (Fig. 15). 

Discussion 

Since Alzheimer (1907) first observed abundant senile plaques in the brains of 
patients with Alzheimer's disease and senile dementia, senile plaques have been 
considered characteristic of Alzheimer's disease. Many morphological studies on the 
mechanism of senile plaque production have been reported to date; however, the 
exact mechanisms by which they are formed have not yet been clearly identified. 

Scholz (1938) reported plaque-like degeneration of arteries and capillaries 
("drusige Entartung der Hirnarterien") and concluded that the core of senile plaques 
consisted of material which permeated from the blood vessels. Morel and Wildi (1952) 
reported that the aged had paraproteinemia which influenced the capillaries to 
produce senile plaque. Other authors have described similar findings (Corsellis and 
Brierly 1954; Pantelakis 1954; Yokoi and Ishii 1958; Ishii 1969). 

In 1961, Surbeck reported "dyshoric angiopathy" following senile plaques. Mandy
bur (1967) reported that there was a correlation between the presence of amyloid-rich 
plaques and cerebral amyloid angiopathy (especially the plaque-like angiopathy) but 
that this had no correlation with "amyloid-poor" senile plaques. 

Schlote (1965) reported that plaque-like angiopathy results from the infiltration of 
vessels by certain plasma proteins and electron micrographs of affected vessels show 
amyloid fibrils arranged in "brush-like structures" on the adventitial surface. This 
may indicate a transmural flow of "precursor" substances through the vessels to the 
cerebral parenchyma. Glenner (1979) reported that, in a large proportion of cases of 
Alzheimer's presenile dementia, the major causal mechanism was an alteration of the 
blood-brain barrier resulting from the deposition of Congo red-positive material in 
the walls of small blood vessels occurring at a relatively young age. He concluded that 
a partially digested, filamentous pro tein (filarin) is further cleaved enzymatically by 
microglial cells to produce the amyloid core of the neurite plaque. 
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On the other hand, Friede and Magee (1962) found 92% of senile plaques (prob
ably neuritic) to be unrelated to capillaries. Thus, amyloids may be found in various 
locations in the brain without degenerating neurites, although large clusters of these 
neurites are always accompanied by amyloids. Wisniewski and Terry (1973) con
cluded that the origin of the classic plaque lies in the degeneration of neurites which 
precedes the deposition of amyloid. Recently, Wisniewski et al. (1981) considered the 
pathogenesis of amyloid fibril and senile plaque production. They reported that 
amyloid deposits in all areas were closely associated with rod-shaped or oval cells, rich 
in free and membrane-bound ribosomes, and containing a distended endoplasmic 
reticulum. With both light and electron microscopy, these amyloid-associated cells 
appeared to be reactive microglial cells. 

By contrast, we noted the presence of amyloid fibrils around the blood vessels with 
amyloid angiopathy in the senile plaques (Miyakawa et al. 1974; Miyakawa and 
Uehara 1979; Miyakawa et al. 1982; Miyakawa 1986) and were certain that all the 
senile plaques contained at least some amyloid fibrils, which seemed to be produced at 
the basement membranes of capillary endothelial cells and spread into surrounding 
parenchyma. Even when senile plaques themselves appeared to lack amyloid fibrils 
when examined using light microscopy, at least one degenerable capillary containing 
amyloid fibrils was demonstrable when serial sections were examined ultrastructur
ally. We suggested that all the amyloids forming the core of senile plaques have an 
intimate relationship with the capillary and that several kinds of senile plaques seem 
to be the result of a primary change in the capillary involving the formation of amyloid 
fibrils. 

We found many degenerated neurites without so-called amyloid-producing cells. 
As is weIl known, amyloid masses forming the core of senile plaques consist of 
numerous amyloid fibrils. If the masses are produced by amyloid-producing ceIls, 
many of these cells should be observable; however, from our observations, they could 
hardly be seen, even by electron microscopy. 

Following the findings described above, we examined thick sections by electron 
microscopy. The results obtained confirmed those obtained from thin sections. The 
findings described above might help elucidate the mechanism of the morphological 
production of amyloid fibrils and senile plaques. 

Recently, Glenner and Wong (1984a, b) found a unique cerebrovascular amyloid 
fibril protein in the serum in patients with Alzheimer's disease and with Down's 
syndrome. This finding is highly relevant to cerebrovascular changes with amyloid 
angiopathy and is closely linked to our morphological findings. 

The ultrastructure of amyloid fibrils in the brain has not yet been examined. 
Shirahama and Cohen (1967) examined amyloid-laden tissues (spleen and liver) and 
reported that the amyloid filaments are approximately 7.5-8 nm in diameter and 
consist of five subunits. Glenner et al. (1968) also examined the human spleen, liver 
and kidney containing amyloid deposits and detected the two morphological compo
nents of human amyloid deposits, the periodic rod and fibril. The periodic rods were 
up to 250 nm in length, and small unit structures were approximately 9 nm in 
diameter. The fibrils were aggregations of 7,5-8 nm filaments devoid of a periodic 
rod. According to our findings, using the replicas of amyloid fibrils produced by the 
quick-freezing method, the amyloid fibril showed a rod which was hollow in the center 
and was composed of a filament arranged as a tightly coiled helix, each turn ofwhich 
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consisted of five globular subunits (Miyakawa et al. 1986a, b). This showed a new 
ultrastructure of amyloid fibril in the brain. 

Nonspecific changes such as atrophy and loss of the nerve cells observed diffusely in 
the cortex must be considered the most important findings in the brains of patients 
with Alzheimer's disease. These changes might be directly related to clinical symp
toms, especially dementia. Not much interest has been shown in these nonspecific 
changes although, as was shown by this study, small blood vessels and capillaries in 
parts of slightly damaged cortiees showed signs of degeneration. A great number of 
endothelial cells of microvessels were swollen or atrophie, and the basement mem
branes of the mierovessels were hypertrophie and irregular in shape. The pericytes 
had also degenerated and glial feet surrounding these mierovessels were swollen. 
Scanning electron mieroscopy revealed that the mierovessels had an abnormal shape. 

Taking these findings into consideration, it seemed the initial changes in the 
histopathological findings were a mierocirculatory disturbance of the brain due to 
change or degeneration of the microvessels. The changes in the microvessels were, 
over a long period, likely to induce the disturbance in the exchange of the blood 
substances between the blood vessels and the parenchyma. These nonspecific changes 
in the nerve cells diffusely observed in the cortiees of the brain might be secondarily 
induced by the change in the blood vessels. Severe dementia observed in Alzheimer's 
disease and senile dementia were consistent with the pathological changes in a great 
number of the nerve cells with nonspecific changes. From tbis it might be strongly 
suggested that the microcirculatory disturbance due to degeneration of the microves
sels, including amyloid angiopathy, plays an important role in the primary change in 
the brain affected by Alzheimer's disease. 

Lassen et al. (1960) and Ingvar et al. (1968) described the reductions of cerebral 
blood flow and cerebral oxygen consumption in presenile and senile dementia. 

In addition, the disturbance of the blood-brain barrier induced by amyloid 
angiopathy seems to play an important role in the pathological mechanism of 
Alzheimer's disease (Nandy 1978; Glenner et al. 1981; Friedland et al. 1983). Mat
sushita (1986) reported that the regions most severely damaged in the brain with 
Alzheimer's disease are parts of the watershed areas in the arteries, and that the 
extent of pathological changes might be influenced by blood flow. The findings 
described above suggest degeneration of the microvessels, including amyloid 
angiopathy, may playa crucial part in the pathogenesis of Alzheimer's disease. 

Finally, I would like to strongly emphasize that disturbances of microvessels pro
vide a vital clue as to the pathogenesis of Alzheimer's disease. 
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Paired Helical Filaments in Alzheimer's Disease: 
Their Formation and Transformation 

A. Delacourte, and A. Defossez 

Summary 

The formation and degradation mechanisms of paired helical filaments (PHF) are still 
unclear. A study of these phenomena was undertaken using a specific anti-PHF 
immune serum. 

Tau proteins are the major antigenic components of PHF (as demonstrated by 
immunoblotting and immunocytochemistry using anti-PHF and anti-tau immune
sera). Moreover, we have studied the distribution of tau proteins in the different 
regions of a normal human brain. The anti-PHF strongly detected tau proteins on 
immunoblots of protein extracts from cortical gray matter, but these proteins were 
weakly labeled in cortical white matter extracts and almost absent in spinal cord 
extracts. This distribution oftau proteins, essentially in cortical gray matter ofhuman 
normal brain, correlates weIl with the distribution of PHF-containing structures 
(neurofibrillary tangles, NFT) and degenerating neurites at the periphery of senile 
plaques (SP) in the cortex with Alzheimer's disease. 

Using simultaneous immunolabeling of PHF and elective staining of amyloid 
deposits by thioflavine, the relationships between PHF and the amyloid substance 
were studied. Degenerating neurites containing PHF are concentrated like a sleeve 
around certain pathological vessels with amyloid angiopathy (PHFI AA lesions). PHFI 
AA lesions seem to be formed by a toxic material brought from blood vessels, leading 
to the degeneration of surrounding neurites in their close vicinity and provo king the 
aggregation of tau proteins in PHF. The pathogenesis of such lesions is perhaps 
similar to the formation of SP containing a capillary in their center. 

A comparison of the distribution of PHF and amyloid substance was also per
formed. In neuronal perikaryons, different populations of NFT were observed, 
strongly immunolabeled and weakly thioflavine-stained tangles or weakly 
immunolabeled but strongly thioflavine-stained tangles. Ghost tangles, which corres
pond to disintegrated NFT, were often exclusively thioflavine-stained. Thus, it is 
likely that NFT progressively acquire the tinctorial amyloid properties. These obser
vations argue for a catabolism of PHF bundles into an amyloid substance which seems 
different from other amyloid deposits found in the central core of neuritic plaques and 
vessel walls. 
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Introduction 

The histopathologicallesions of Alzheimer's disease are characterized by the accumu
lation of two ultrastructural elements in the brain, especially in the association cortex 
and hippocampus, named paired helical filaments (PHF) and amyloid filaments (AF). 
PHF are intracellular, 10 nm, helical filaments (Kidd 1963) that constitute bundles 
observed in the perikaryons of degenerating neurons, called neurofibrillary tangles 
(NFf). They are found in individual neurites widely distributed in the cortical 
neuropil, and also in degenerating neurites at the periphery of senile (neuritic) 
plaques (SP). Amyloid filaments are unpaired filaments, 5-9 nm in diameter (Wis
niewski and Merz 1983; Miyakawa et al. 1986), which arefound essentially in the core 
of SP and in the vessel walls with congophilic angiopathy. SP, the most characteristic 
lesions of Alzheimer's disease, are thus heterogeneous extracellular lesions consti
tuted, at a certain stage of their formation or degradation, by PHF and AF. AF are 
preesent mainly in the center of SP whereas degenerating neurites located at he 
periphery contain bundles of PHF. 

The nature, formation, and significance of PHF and AF are still a matter of debate 
and raise questions such as: 
- is PHF the hallmark of Alzheimer's disease (Foncin and EI Hachimi 1986) or is AF 

(Selkoe et al. 1987) its characteristic? 
- Has the nature of PHF been completely determined (Selkoe 1986)? 
- Is the origin of the amyloid substance vascular (Glenner 1983) or neuronal (Masters 

et al. 1985)? 

We have raised a specific anti-PHF immune serum (Persuy et al. 1985) which is an 
excellent tool for approaching these different problems, especially the study of the 
formation and transformation of PHF. 

Tbe Nature and the Origin of PHF 

The composition of PHF 

Knowledge about the chemical structure of PHF should shed light on the mechanisms 
of PHF formation and their pathological significance. Since PHF insolubility makes 
biochemical analysis extremely difficult, the more rational way to determine the 
nature of PHF constituents is to raise and characterize specific antibodies against 
these structures. 

Fig. la-co a, b Light micrographs of two adjacent paraffin sections of Alzheimer-affected hippocam
pus. NFT (arrows) and SP (arrowheads) are simultaneously immunolabeled by a anti-PHF and b anti
tau. Bar, 50 I!m. c Electron micrograph of an ultrathin section of Alzheimer-affected temporal cortex 
showing double immunogold labeling of PHF by anti-PHF (gold particles 5 nm in diameter, arrows) 
and by anti-tau (gold particles 20 nm in diameter, arrowheads). Bar, 0.4 I!m. Indirect peroxidase 
method was performed on paraffin sections as described by Delacourte and Defossez (1986 a). Double 
immunogold labeling was obtained on ultrathin Araldite seetions with the postembedding method 
used by Beauvillain et al. (1984) 
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Fig. 1 
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At the opticallevel, our anti-PHF immune serum specifically labels NFf and the 
degenerating neurites surrounding SP on Alzheimer-affected cortex sections. 
Approximately 50 brains and ten biopsies have been analyzed and specific 
immunolabeling of NFf and SP was always obtained, regardless of the fixation 
technique (formol, Carnoy, Zamboni) or inclusion technique (parafin, cryostat sec
tions, Araldite embedding) used. At the ultrastructural level, PHF are 
immunolabeled with the antiserum whereas the other cytoplasmic structures are not 
immunostained (Delacourte and Defossez 1986a, b; Defossez et al. 1987) (Fig. 1). 

On immunoblots performed with normal and Alzheimer-affected SDS brain 
extracts, the anti-PHF exclusively recognized a set of proteins with a molecular weight 
of 65-45 kd (Fig. 2). This set of proteins corresponds to tau proteins, the promoting 
factors of microtubule polymerization (Delacourte and Defossez 1986a,b). 
Moreover, we have raised immunsera against tau proteins (extracted from rat, ox, 
and human brains) that label NFf and SP at the optical level and PHF at the 
ultrastructurallevel (Fig. 1). These results confirm the pioneering work of Brion et al. 
(1985). Thus, immunoblotting and immunocytochemistry demonstrate that tau pro
teins are the major components of PHF. Other laboratories published identical 
conclusions simultaneously (Ihara et al. 1986; Grundke-Iqbal et al. 1986 a, b; Kosik et 
al. 1986; Nukina and Ihara 1986; Wood et al. 1986). 
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Fig. 2. Quantitative analysis of tau proteins immunodetected by an anti-PHF in the different regions 
of a normal human brain. Note the strong immunodetection of tau proteins (arrows) in the cortical 
gray matter and its absence in the spinal cord. Each sampie of nerve tissue was homogenized in 10 
volumes of SDS buffer and 25 fLl was loaded. Pro teins were resolved by SDS-polyacrylamide gel 
electrophoresis, transferred on to a nitrocellulose sheet and reacted with the anti-PHF (dilution 1/200) 
and an antirabbit globulin conjugated with peroxidase. 2-Chloronaphthol staining. A, white matter 
(w. m) dissected from temporal cortex; B, gray matter (g. m) dissected from temporal cortex; C, 
frontal cortex (Fr); D, temporal cortex (Te); E, occipital cortex (Oc); F, hippocampal cortex (Hi); G, 
spinal cord (S. C); H, cerebellum (Cb!) 
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However, the presence of other cytoskeletal components in PHF, especially 
neurofilament proteins and microtubule-associated protein (MAP2) (Gambetti et al. 
1986; Miller et al. 1986; Yen et al. 1987), has also been demonstrated. But, as far as 
neurofilaments are concemed, these results were obtained with antineurofilament 
monoclonal antibodies that cross-react with tau and MAP2 phosphorylation sites 
(Nukina et al. 1987; Ksiezak-Reding et al. 1987). The presence of MAP2 epitopes in 
the PHF structure mayaiso be due to the known cross-reaction between tau proteins 
and MAP2 that bind to the same C-terminal part of ß-tubulin (Littauer et al. 1986). 

In conclusion, all these results suggest that tau proteins are the major components 
of PHF, or the major antigenic components, since there is also a possibility that 
nonantigenic components can also be integrated into the PHF structure (Selkoe 
1986). The nonantigenic protein to be thus integrated would be the amyloid pro tein 
A4 (Masters et al. 1985; Guiroy et al. 1987). 

Study of the Distribution of Tau Proteins Detected by the Anti·PHF Immune Serum 

Many cytoskeletal proteins have a polarized distribution in the nerve cell related to 
their function. For example, MAP2 is essentially distributed in dendrites, whereas the 
P200 neurofilament protein is mainly present in axonal profiles. Therefore, know
ledge of the distribution of tau proteins integrated into the PHF structure may provide 
an insight into their biological role in the normal neuron and also into the mechanisms 
responsible for the PHF formation. 

Using our anti-PHF and anti-tau antisera, we have determined the distribution of 
these proteins. On immunoblots of resolved SDS protein extracts from different 
regions of a normal human brain (41 years old) , the anti-PHF only detected traces of 
tau proteins in the dissected cortical white matter, almost none in the spinal cord, and 
small amounts in the cerebellum. By contrast, large amounts of tau protein were 
detected in different cortical regions, especially in the dissected cortical gray matter. 
The different cortical regions studied, i. e., frontal, temporal, occipital, and hip
pocampus, presented the same immunodetection pattern: five tau proteins of 65-45 
kd were immunolabeled (Fig. 2). The immunodetection profile was identical on 
normal aged brains and was insensitive to the action of alkaline phosphatase. 

Thus, tau proteins which were detected with our anti-PHF in the normal brain 
tissue were distributed essentially in the cortical gray matter. The same results were 
obtained with polyclonal and monoclonal antibodies against native tau proteins of rat 
and human origin. The distribution of tau proteins has been studied by other authors 
with a monoclonal antibody (tau-1) that detects tau proteins in the axons (Binder et al. 
1985) and stains Alzheimer lesions (NFT and SP) after their dephosphorylation with 
alkaline phosphatase (Grundke-Iqbal et al. 1986a). However, in the normal tissue, 
tau-1 stains axonal structures which are concentrated in the white matter, whereas the 
Alzheimer lesions are essentially distributed in the gray matter of the associative 
cortex (layers III and V for NFT; layers II and III for SP). 

Therefore, the cortical distribution of tau proteins observed with our anti-PHF 
correlates well with the distribution of PHF-containing structures (NFT and 
degenerating neurites at the periphery of SP). This distribution is different from the 
results obtained with tau-1 which labels a phosphorylation site and probably does not 
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reflect the general distribution of native tau proteins. In conclusion, our results 
demonstrate that the formation of PHF results from the aggregation of tau proteins 
normally abundant in the cortical gray matter where the lesions are found in 
Alzheimer-affected cortex. 

The Distribution of PHF Versus AF 

Up to now, at the microscopic level, it has been diffieult to distinguish between the 
distribution of PHF and AF, which are sometimes closely intermingled in Alzheimer 
lesions and often have the same tinctorial affinities due to their ß-pleated sheet 
structure. Silver impregnation stains PHF selectively not staining the amyloid sub
stance of SP and congophilic angiopathy, but it also stains normal neuronal profiles. 
Nowadays, simultaneous labeling with an anti-PHF and with thioflavine-S (a sensitive 
marker of amyloid substances) allows a precise comparison of the distribution of 
immunolabeled PHF with thioflavine-stained amyloid deposits. Using these techni
ques, we have obtained new information on the composition of Alzheimer lesions that 
may contribute to the understanding of the formation and degradation of PHF. 

The Formation of PHF: Degenerating Neurites Containing PHF 
are Sometimes Present Around Pathological Blood Vessels 

A remarkable morphological relationship between angiopathie blood vessels and 
degenerating neurites was observed with the simultaneous double-Iabeling of three 
brains out of 30 Alzheimer cortices studied. A well-marked concentration of 
degenerating neurites detected around certain pathological vessels with congophilic 
angiopathy was visualized with our anti-PHF (Fig. 3). The degenerating neurites were 
distributed like a sleeve around certain vessels with amyloid angiopathy (AA) 
(Delacourte et al. 1987) and were named PHF/AA lesions. The degenerating neu
rites, whieh were also labeled with anti-tau immune sera and by silver impregnation, 
are closely intermingled with thioflavine-stained neurites. On serial sections, we 
followed several vessels with PHF/AA over a length of 1-2 mm. PHF/AA were 
essentially localized around vessels with a diameter of 60 Ilm but larger vessels (up to 
120 Ilm) were also observed. On the whole, one in ten of the angiopathie vessels 
observed on histologieal seetions from different areas of associative cortex showed 
these PHF/AA lesions. 

Since these lesions are rare, it is difficult to make a detailed analysis of their 
distribution and more information is needed to understand the mechanisms of their 
formation. However, it is tempting to speculate that these PHF/AA lesions result 
from a poisoning of neurite endings whieh piek up toxie material frorn the disrupted 

Fig.3a-c. Double staining of one paraffin section by thioflavine and anti-PHF (bar, 30 f.tm). Three 
light micrographs of one vessel with a fluorescence optics, b bright field optics, and c simultaneously 
with fluorescence optics and low-intensity bright-field optics. Note that the fluorescent vessel wall is 
not immunolabeled and is surrounded by degenerating neurites, thioflavine stained and/or immuno
stained 
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Fig.3 
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pathological blood vessels, leading to the degeneration of neurites and then to the 
formation of PHF. PHF are probably the neuronal response to a variety of cellular 
insults, as observed for example in dementia pugilistica. PHFI AA were only observed 
in three cases of senile dementia of the Alzheimer type (SDAT) who had died after a 
long illness, and these cases showed severe congophilic angiopathy. The formation of 
PHF/AA, which is not a constant feature of Alzheimer's disease, might be due to the 
extensive amyloid deposits in vessel walls which probably impair the blood-brain 
baITier and provoke poisoning of the neighboring nerve parenchyma. Therefore, 
PHF/AA are probably a late consequence of the angiopathic amyloidosis and are 
certainly not a mechanism that explains the early events of Alzheimer's disease. 

However, the determination of the pathogenesis of such lesions is interesting 
because they may explain, on a larger scale, the formation of SP. Since Miyakawa et 
al. (1982) demonstrated that SP contain a pathological capillary in their center, it may 
be possible that the mechanisms responsible for SP formation are identical to those 
leading to the formation of the PHFI AA lesions. Therefore, our observation seems to 
favor the hypothesis formulated by many authors that in Alzheimer's disease, a toxic 
material brought from blood vessels (possibly abnormal protein due to a gene defect) 
might lead first to the deposit of amyloid fibrils in the vicinity of the vessel and then to 
the degeneration of surrounding neurites, later provoking the aggregation of tau 
proteins in PHF. The random poisoning of neurites at the periphery of avessei would 
show that Alzheimer's disease is a multitransmitter disease.1t remains to be seen if the 
"geographic association of plaques with capillaries" is statistically significant or is no 
more than a geographic coincidence (Masters 1986). 

Tbe Degradation of PHF 

There is great variety in the morphology of NFT and SP in the brain of patients with 
Alzheimer's disease probably due to the transformation of the lesions during the 
course of the illness. In order to understand the path of degradation of these lesions, 
we have observed the lesions with the double labeling technique (anti-PHF and 
thioflavine staining) 

Observation of NFf and SP 

NFT, which mainly contain bundles of PHF, were analyzed in detail. Simultaneous 
labeling with anti-PHF and thioflavine-S staining revealed different populations of 
globular tangles: strongly thioflavine-stained neurons were weakly labeled by anti
PHF whereas weakly thioflavine-stained perikaryons were intensely immunolabeled. 
The heterogeneity in the labeling was also observed in the same NFT. As a matter of 
fact, we frequently found, in the same degenerating pyramidal cell, areas of NFT that 
were weakly thioflavine stained and strongly immunolabeled and vice versa. The 
ghost tangles, which are the dissociated remnants of NFT (Rasool et al. 1984) were 
often only thioflavine stained (Fig. 4). 

SP were also observed with the double labeling. Thioflavine staining revealed the 
strongly fluorescent core of SP surrounded by fluorescent wisps. This core was not 
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immunolabeled by the anti-PHF but was encircled by a ring of mixed, strongly and 
weakly labeled neurites (Fig. 4). 

PHF Bundles Progressively Acquire the Physical Properties of the Amyloid 
Substance 

During degeneration of the neurops, NFf gradually seemed to lose their 
immunoreactivity and to acquire amyloid tinctorial properties. The same results were 
obtained by Wolozin et al. (1986). This transformation of NFf would explain the 
heterogeneity of their biochemical and tinctorial properties. 

Thus, during this transformation, the spatial protein conformation of tangles could 
be modified and antigenic sites could be hidden (Allsop et al. 1986). In the same way, 
soluble NFfwould become insoluble (Iqbal et al. 1984; Hussey et al. 1987), and NFf 
would be degraded both by a binding of ubiquitin to stimulate endogeneous proteo
lysis (Mori et al. 1987) and by anarchie phosphorylation (Baneher et al. 1987). Thus, 
NFf become eosinophilic and are penetrated by astrocytic processes (Probst et al. 
1982; Yamaguchi et al. 1987). As early as 1927, Divry suggested that intracellular 
amyloid would become extracellular. All these observations support the hypothesis 
that PHF bundles in NFf and in degenerating neurites of SP progressively become a 
strongly thioflavine-stained amyloid material. They also acquire specific epitopes that 
are different from those of native tau proteins. 

However, if bundles of PHF become an amyloid substance, this substance differs 
from the amyloid substance observed in the plaque core and in the vessel walls, which 
was never immunolabeled with the anti-PHF. Thus, at least two amyloid substances 
are present in the Alzheimer-affected cortex: the PHF-derived amyloid substance and 
the amyloid substance constituted by protein A4 which is a fragment of a 70-kd 
membrane receptor (Wong et al. 1985; Kang et al. 1987). 

Conclusion 

Using different techniques - immunoblotting, immunolabeling at optical and ultra
structural levels, and thioflavine staining - we have analyzed the different steps 
involved in the formation and transformation of PHF. The study of PHF is essentially 
concemed with two types of lesions: NFf and SP where bundles of PHF are found. 
However, it seems clear from the literature that NFf and SP have their own 
etiopathology. There is a near consensus that SP are the more specific lesions of 
Alzheimer's disease and that they are more likely to be the primum movens of the 
illness than NFf (Bartus, 1986). 

The results presented here provide new data on three different aspects of the 
formation and transformation of PHF: 
1. Tau proteins, the major antigenie components of PHF, are essentially distributed 

in the areas of normal cortical gray matter where PHF-containing lesions are found 
in Alzheimer's disease. These results suggest that tau proteins are not axonal 
proteins and that the aggregation of tau proteins in cell bodies is not directly 
related to adefeet ofaxonal transport. 
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Fig.4a-f. Double staining ofparaffin sections by thioflavine and anti-PHF (Bar, 20 Ilm). a, b NFf 
on a paraffin section of Alzheimer-affected hippocampus observed with a fluorescence optics and b 
bright-field optics. Note the tangles simultaneously stained with anti-PHF and thioflavine (arrows) 
and tangles exclusively stained with thioflavine (arrowheads). c, d NFr on a paraffin section of 
Alzheimer-affected hippocampus observed with c fluorescence optics and d simultaneously with 
fluorescence optics and low-intensity bright-field optics. Immunostained tangles look different from 
thioflavine-stained ghost tangles. e, f SP on a paraffin section of Alzheimer-affected temporal cortex 
observed with e fluorescence optics and jbright-field optics. The strongly fluorescent central plaque 
core is not immunoreactive whereas surrounding neurites are simultaneously thioflavine stained and 
immunolabeled After the indirect peroxidase method as described by Delacourte and Defossez, 
1986a), sections were incubated for 8 min in a 1 % thioflavine-S aqueous solution and washed in 80% 
alcohol 

2. The observation of PHFI AA lesions seems to favor the hypothesis that Alzheimer 
lesions, particularly SP, result from vascular poisoning, with PHF formation being 
a secondary phenomenon. 

3. The transformation of PHF into an amyloid substance which is not immunologi
cally related to the amyloid deposits of SP core and vessel walls suggests that 
different amyloid deposits of different origin are present in the brain affected by 
Alzheimer's disease. 

Since Alzheimer's disease seems to be a poisoning of nerve endings of certain 
neuronal systems corresponding to the association cortex, it is now important to 
investigate the cause of the selective poisoning or of the vulnerability which leads to a 
morphological degeneration. Biochemical analysis of the different amyloid sub
stances found in the brain will probably provide a rapid answer . 
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Amyloidosis in the Genesis of Alzheimer's Disease 

G. G. Glenner 

Summary 

Based upon the precedent of previous studies on amyloidosis, the cerebrovascular 
amyloid fibrils from Alzheimer's disease and Down's syndrome have been isolated 
and amino acid sequencing performed. This revealed a unique 4.2-kd protein, de
signated the ß-protein. This protein has also been identified as the amyloid fibril 
protein of "senile" plaques and the gene encoding for it resides on chromosome 21. 
The proximal source of amyloid ß-protein is probably an immunoreactive serum 
protein. Characterization of this serum protein may lead to a specific diagnostic test 
for Alzheimer's disease. 

Introduction 

Dating from the time of Virchow, the mystery of the nature and origin of "amyloid" 
has attracted research workers from numerous diverse disciplines. Amyloid deposits 
are now known to be associated with more disease processes than any other condition, 
with the possible exception of cancer. The use by Virchow (1855) of the botanical term 
"amyloid" (starch or cellulose-like) for a human disease process tended to obscure its 
nature and pathogenesis. The definition and nature of the tissue deposits known as 
amyloid led to the assumption, and proof in 1970, that "amyloid" is a generic term 
describing the deposition of a twisted ß-pleated sheet fibrillar protein, identified 
histologically by its Congo red staining and subsequent optical polarization properties 
(Glenner 1980). 

Once it was demonstrated that unique fibrillar components comprised over 90% of 
amyloid deposits, efforts were made to obtain homogenous concentrates of these 
proteinaceous fibrils in order to subject them to analyses that would explain their 
chemical nature. These hopes were not fulfilled until methods were devised for 
making a solution of the amyloid fibrils with denaturing solvents that permitted 
fractionation of their constituent protein or proteins (Glenner et al. 1970). Analyses 
of these purified amyloid-fibril proteins led directly to the definition of major classes 
of amyloid-fibril pro teins of unanticipated chemical diversity and, in so me cases, to 
the identification of the origin of the fibril protein precursor. A wide variety of 
pro teins (Glenner 1980, 1981), the amyloid disease complex (Glenner 1986a), have 
been defined as capable of being formed into amyloid fibrils since a group of 
immunoglobulin light polypeptide chains (AL) was first definitively described (Glen-
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ner et al. 1970, 1971 b). Isotypes of the serum proteins prealbumin and serum 
amyloid-A (SAA) are capable of forming systemic amyloid fibrils of Familial amy
loidosis (Portuguese variant) (AFp) and amyloid-A protein (AA) types, respectively, 
while local deposits of a precalcitonin protein form the amyloid deposits in medullary 
carcinoma of the thyroid (AEt). 

One major mechanism of systemic amyloid fibril deposition is proteolysis, as 
initially demonstrated in vitro (Glenner et al. 1971 a). However, it was apparent that 
not all members of a dass of potentially amyloid-forming precursor proteins, e. g., 
free immunoglobulin light chains, could be transformed into amyloid fibrils by pro
teolysis. The concept of the amyloidogenic protein evolved as a result, signifying that 
only specific precursor proteins (isotypes ) could be converted in vivo to amyloid fibrils 
(e.g., the lambda VI light chain). A major pathogenetic mechanism for systemic 
amyloidosis was therefore thought to be proteolysis of an amyloidogenic precursor 
within phagocytic cells, e. g., macrophages, endothelial or synovium-lining cells 
(Glenner 1980). 

Other physicochemical mechanisms could be invoked to explain localized amyloid 
deposits, e. g., AEt (Glenner et al. 1974). In one category iatrogenic manipulation 
causes systemic concentration and subsequent precipitation of an amyloidogenic 
protein, ß2-microglobulin (Gorevic et al. 1986). Differences in amyloid deposit locali
zation in the systemic dis orders can be attributed to both the difference in lysosomal 
enzyme complement of phagocytic cells from site to site (Pitt 1975) and to the 
chemical nature of the substrate. Thus, peripheral but not central nervous system 
deposition in vascular walls is seen in AL and AA types of amyloidosis while only 
cerebral amyloidosis is observed in Alzheimer's disease (Glenner 1983) and Ice
landic hereditary cerebral hemorrhage with amyloidosis (HCHWA) (Cohen 
et al. 1983). 

Cerebrovascular Amyloidosis 

The amino acid sequencing of an amyloid fibril protein (Glenner and Wong 1984a) in 
cerebrovascular amyloidosis (congophilic angiopathy) led to an approach to the 
unraveling of the nature of the cerebral amyloid fibrils (and perhaps the pathogenesis) 
of Alzheimer's disease. The basic premise, based on precedents from other amyloid 
diseases, was that amyloidosis is not a benign or irrelevant lesion when it affects the 
vasculature of the cerebrum. The resulting theory (Glenner 1979) suggested for the 
first time that an abnormal serum protein (gene product) was formed into amyloid 
fibrils by vascular cell (probably endothelial) enzyme proteolysis of an abnormal 
serum precursor. The chronic vascular mural deposition of fibrils leads to an incompe
tent blood-brain barrier and to chronic seepage of proteins (abnormal ami/or 
neurotoxic) into the neuropil to eventuate in the formation of plaques and tangles, the 
former by proteolysis of an amyloidogenic (abnormal) precursor and the latter by 
perturbation of the intracellular neuronal milieu (Glenner et al. 1974) as the result of 
neurotoxic serum protein blockade of neuronal receptors. Since this was a testable 
theory, the first requisite was to determine whether cerebrovascular amyloidosis was 
a concomitant of plaques and tangles in the vast majority of patients diagnosed as 
having Alzheimer's disease. 
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Earlier studies reported that all cases of cerebrovascular amyloidosis were associ
ated with either plaques or dementia (Pantelakis 1954; Surbeck 1961). Conversely, 
there were scattered reports (Corsellis 1984) of cerebrovascular amyloidosis occur
ring in "normal" aged brains. However, the only two conditions other than Alz
heimer's disease consistently having significant cerebrovascular amyloid deposits are 
hereditary cerebral hemorrhage with amyloidosis (HCHWA) (Cohen et al. 1983) and 
adult Down's syndrome (Glenner 1983). A survey (Glenner 1983; Glenner et al. 1981; 
G. G. Glenner, unpublished data) of 700 brains of clinically and pathologically dia
gnosed Alzheimer's disease patients revealed that 92% had associated cerebro
vascular amyloidosis. Age-matched controls, including those with hypertension, in 
which plaques and tangles were uniformly absent, failed to show cerebrovascular 
amyloidosis at autopsy (Glenner et al. 1981), whilst in demented individuals, no patients 
had cerebrovascular amyloidosis unassociated with senile plaques and tangles. 

The isolation of the cerebrovascular amyloid fibers from Alzheimer's disease and 
adult (over 40 years old) Down's syndrome individuals was then initiated (Glenner 
and Wong 1984a, b). Histologic examination revealed a continuum of amyloid 
deposition from the leptomeningeal to the intracortical vessels (Glenner et al. 1981). 
The assumption was made that the chemical nature of the intracortical vascular 
deposits was the same as that of the leptomeningeal vessels. To avoid contamination 
by congophilic material from cerebral plaques and tangles, only the amyloid-laden 
vessels of the leptomeninges were utilized for amyloid fibril isolation. The lep
tomeningeal amyloid deposits were isolated, the fibrils were concentrated to 
homogeneity and denatured in 6 M guanidine hydrochloride, and the major amyloid 
fibril protein was purified by high-performance liquid chromatography. Amino acid 
sequence analysis to position 24 (Glenner and Wong 1984 a, b) and subsequently to 
position 28 (Wong et al. 1985) revealed this to be a unique 4.2-kd protein, previously 
unsequenced, and homologous (one amino acid substitution difference) to that iso
lated from the leptomeningeal amyloid-laden vessels in Down's syndrome adults. 
This 4.2-kd protein was designated ß-protein (Glenner and Wong 1984a). Polyclonal 
antibodies raised to the synthetic 1-10 peptide of ß-protein coupled through its C
terminal amino acid to keyhole-limpet hemocyanin revealed, under stringent 
immunohistochemical control, localization of the antibodies not only to leptomen
ingeal and intracortical vascular amyloid deposits but also to plaques in both Alzheim
er's disease and adult Down's syndrome (Glenner et al. 1984; Wong et al. 1985). No 
localization to neurofibrillary tangles could be observed, nor were amyloidotic vessels 
in HCHWA reactive, as would be expected, since the amyloid fibril protein of 
HCHW A is an isotype of a cystatin C (gamma trace) protein. Arecent electron 
microscopic study employing the ß-protein antibodies and an immunogold technique 
has localized these antibodies to the amyloid fibrils of the vessels (Ikeda et al. 1987). 
This study, in addition to the chemical evidence, supports the contention that 
ß-protein is an integral component of the amyloid fibrils. 

Plaque Amyloid Fibril Pro tein 

The amino acid sequencing of the amyloid co re of senile plaques obtained from cases 
of Alzheimer's disease and Down's syndrome individuals was attempted by Masters et 
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al. (1985 a). They obtained an inseparable series of at least four polypeptides by 
HPLC fractionation which had progressive deletions of their N-terminal amino acids 
(N-terminal heterogeneity). They ordered these peptides according to the amino acid 
sequence of ß-protein and found homology with it, except for discrepancies in position 
11 (Glu for GIn). An amino acid variation of 50% from that reported by Masters et al. 
was subsequently found by us (Wong et al. 1985) in the terminal four amino acids of 
the 28 amino acid ß-protein sequence, i. e., in position 27 (Ser for Asn) and 28 (Ala for 
Lys). It is doubtful whether, without the 24 amino acid sequence of the cerebrovascu
lar amyloid ß-protein reported earlier (Glenner and Wong 1984a), these polypeptides 
could have been ordered into sequence, since at each cyde at least four amino acids 
would have been detected. 

Masters et al. (1985 a) also failed to demonstrate whether their pro tein was the 
major protein isolated andlor whether it might be due to cerebrovascular amyloid 
contamination. They also apparently assumed that all plaques were at the same stage 
of N-terminal peptide deavage, that the number of polypeptides (four) with N
terminal heterogeneity represented a temporal sequence, and that they could date by 
their number the age of the plaque deposits relative to those in other lesion sites, e. g., 
cerebrovascular amyloid deposits. Whether the fact that pepsin digestion used in 
Masters and coworkers' purification scheme contributed to the N-terminal 
heterogeneity of their proteins is presently unknown. However, the finding of nor
mally occurring N-terminal heterogeneity in amyloid fibril proteins purified in the 
absence of proteolytic enzymes is not unusual (Benditt et al. 1971) and is presumably 
due to endogenous proteolytic limit digests. Masters et al. (1985 b) assumed that there 
was no heterogeneity at the N-terminal sequence ofthe cerebrovascular amyloid fibril 
protein whereas at least two different N-terminal polypeptides have since been 
described (Glenner 1986b). 

Masters et al. dated the plaque amyloid protein as occurring earlier than that in the 
vessels on the basis of the increased N -terminal heterogeneity. Even assuming that the 
extent of N-terminal heterogeneity would date plaque deposits, the argument is 
negated by the prob ability that the amyloid is in a different stage of deposition (diffuse 
to compact) from plaque to plaque and, therefore, some plaques may have a complete 
ß-protein amino acid sequence and others a varying one, but individually uniform 
extent ofN-terminal heterogeneity. The assumption also fails in view of the likelihood 
that the cellular complement of enzymes responsible for cerebrovascular proteolysis 
(endothelial) is probably different from the one responsible for intracerebral pro
teolysis (microglial). 

NeurofibriIlary Tangles 

Total solubilization of the paired helical filaments of the neurofibrillary tangles has 
yet to be convincingly realized, though numerous proteins have been ascribed to be 
the paired helical filament protein both by chemical extraction (Masters et al. 1985b; 
Grundke-Igbal et al. 1986) and by immunohistochemical methods (Wood et al. 1986; 
Anderton et al. 1982). Masters et al. (1985b) attempted the extraction ofthe paired 
helical filament protein and obtained seven inseparable polypeptides which they 
ordered to be homologous with ß-protein. The arguments for such an amino acid 
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sequence interpretation without prior alignment to the ß-protein sequence are even 
less plausible with seven simultaneous amino acid signals than they were for the four 
of the senile plaque. The possibility that the ß-protein sequence of the tangles results 
from contaminating amyloidotic cerebral vessels has been suggested (Selkoe et al. 
1986). The temporal sequence of cerebral fibril deposition from neurofibrillary tang
les to produce amyloid fibrils in plaques and subsequently in vessels, as suggested by 
Masters et al. (1985b), appears unlikely, especially in view of the lack of physiologic 
rationale to explain how neuronal fibrillary material is deposited in leptomeningeal 
vessel walls. 

These same authors, employingthe syntheticpeptides 1-11 and 11-23 of ß-protein 
coupled by unknown means to keyhole-limpet hemocyanin described immuno
histochemical localization of antibodies to peptide 1-11 to tangles and those to 
peptide 11-23 to plaques and vessel amyloid. No inhibition studies or other confir
matory evidence of reaction specificity were described. Masters et al. 's immunohis
tochemicallocalization of ß-protein peptide antibodies to neurofibrillary tangles has 
thus far not been confirmed (Wong et al. 1985; Allsop et al. 1986; Selkoe et al. 1986). 
Poly- and monoclonal antibodies to peptide 1-10 and polyclonal antibodies to pep
tide 21-28 react in my experience, only with the plaques and vascular amyloid of 
Alzheimer's disease and of adult Down's syndrome (G. G. Glenner, unpublished 
observations). However, as previously indicated (Wong et al. 1985), this lack of 
reactivity of the neurofibrillary tangles may be due to steric factors. Ultrastructural 
localization of ß-protein antibodies to the amyloid fibrils of both cerebral vessels and 
senile plaques has now been achieved by an immunogold method (Ikeda et al. 1987), 
providing further evidence that ß-protein is an integral component of these amyloid 
fibrils. 

A ß-pleated sheet structure for the paired helical filaments of the neurofibrillary 
tangles has been suggested, based on their tinctorial and optical properties after 
Congo red staining (Glenner et al. 1974) and X-ray crystallographic studies (Kirshner 
et al. 1985). If this is confirmed, the speculated causative association of aluminum 
with these structures (Perl and Brody 1980) will be explainable as the result of 
selective absorption or liganding of aluminum ions to the side chains of the ß-structure 
(Glenner 1977). Thus, in such a situation the accumulation of aluminum would be an 
epiphenomenon and not causative in the formation of the tangles. A classic example 
of this is calcium bin ding to amyloid fibers and the subsequent calcium-dependent 
liganding of the Amyloid P component protein to all amyloid exposed to this serum 
protein (Glenner 1980). 

Discussion 

What we now know is that a protein antigenically related to ß-protein is present in 
senile plaques and cerebrovascular amyloid deposits. Since a ß-protein-related sub
stance is found in both plaques and cerebrovascular amyloid, this finding markedly 
increases the likelihood that cerebrovascular amyloid deposition is related to 
Alzheimer's disease. As previously noted, this suggests that the formation of neuritic 
plaques is the result of compromises of the blood-brain baITier (Wong et al. 1985). 
Since the amyloid fibril protein of the senile plaques is less soluble than that of the 
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vessels (Roher et al. 1986), this could signify that the precursor ofthe fibril protein of 
the plaque is a larger fragment of its putative ß-serum precursor or is adducted to other 
organic or inorganic compounds. 

The significance of proteolysis cannot be underestimated in the pathogenesis of 
Alzheimer's disease. Recent evidence from molecular genetic studies (Goldgaber et 
al. 1987) indicates that the gene product is an approximately 150-kd protein and that 
increased gene dosage occurs in Alzheimer's disease and Down's syndrome (Delabar 
et al. 1987). The immunochemically related putative ß-protein precursor in serum is 
approximately 60 kd (see below). The senile plaque amyloid fibril protein is about 
6 kd and the cerebral vascular fibril protein is 4.2 kd. Thus it appears that progressive 
proteolysis leads to the conversion of the nascent gene product to the amyloid fibril. 
What is of major significance is the nature of the proteolytic enzymes( s) that converts 
the putative serum precursor to the fiber. Since, in Alzheimer's disease and in 
HCHW A, amyloid deposition occurs only in cerebral vessels and not in peripheral 
vessels, it must be assumed that the enzyme complement hydrolyzing the ß-protein 
precursor of Alzheimer's disease (and the cystatin C variant ofHCHW A) in endothe
lial cells differs between the periphery and central nervous system. In addition, as the 
ß-protein precursor leaks through the amyloid-disrupted blood-brain barrier of the 
cerebral vessels, a different complement of proteolytic enzymes (possibly microglial) 
acts on it to form the amyloid fibers of senile plaques. The variance in size of the 
protein of the plaque amyloid fibrils (6 kd) and the vascular protein (4.2 kd) strongly 
suggests that the fibrils in these two sites result from processing by different enzyme 
complements. 

The presence of plaques, tangles, and cerebrovascular amyloid in virtually all cases 
of adult Down's syndrome is one of great interest in the potential solution of the 
nature and pathogenesis of Alzheimer's disease. Since the ß-protein is found in 
identical lesions in both disorders, this should also be the case for the putative 
abnormal serum precursor and the abnormal gene which synthesizes it (Glenner 1983; 
Glenner and Wong 1984b; Wong et al. 1985). It might be suggested that if aserum 
precursor of the amyloid fibrils were found in all Down's syndrome individuals, both 
under and over the age of 40, and the same serum protein were found in pathologically 
diagnosed Alzheimer's disease patients, then this protein would be a marker for those 
individuals destined to develop Alzheimer's disease (of particular value for familial 
genetic counseling). That an abnormal serum precursor to the ß-protein exists is based 
on the fact that, when systemic vascular amyloid deposits are found in other amyloid
otic conditions, they derive from an abnormal serum protein (Glenner 1980; Terry et 
al. 1973; Dwulet and Benson 1984). As previously noted, the identification of such a 
protein should lead to a specific diagnostic serum or genomic test for Alzheimer's 
disease (Glenner and Wong 1984b; Wong et al. 1985). In view of the homologous 
amino acid sequence of ß-protein in Alzheimer's disease and Down's syndrome, it was 
predicted that the amyloid ß-protein gene would be detected on chromosome 21 
(Glenner 1983; Glenner and Wong 1984 b). This has now been confirmed (Goldgaber 
et al. 1987). 

On Western blots in Alzheimer's disease serum, we have identified three 60-64 kd 
proteins antigenically reactive to monoclonal antibodies to peptide 1-10 of ß-protein 
(Glenner 1986b) and are in the process of isolating these proteins in order to 
characterize them chemically. Based on the concept of amyloidogenic proteins and 
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precedent, e. g., the prealbumin 30 variant (Dwulet and Benson 1984), it is possible 
that polymorphism will be expressed for genomic ß-protein precursor in Alzheimer's 
disease. This should manifest itself in anormal ß-protein precursor in normal individu
als, and in anormal and one or more isotypic proteins (one of which is amyloidogenic) 
in Alzheimer's disease and in Down's syndrome. This polymorphism may lead to a 
specific diagnostic serum test for Alzheimer's disease. 
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Protein Chemical and Molecular Biological Studies 
of Amyloid Precursor Proteins in Alzheimer's Disease 

D.J. Selkoe 

Summary 

Available information ab out the classieal structurallesions of Alzheimer's disease 
(AD) provides a complex picture of paired helieal filament (PHF) and amyloid fibril 
composition. In the case of the intraneuronal fibers, the microtubule-associated 
phosphoprotein tau is an antigenic constituent of the PHF and related straight 
filaments. It is not yet clear to what extent MAP2 and neurofilament proteins also 
contribute to PHF. Ubiquitin and possibly other neuronal proteins are present in 
addition to tau. Neurofibrillary degeneration appears to involve an alteration and 
insolubilization of certain microtubule-associated proteins together with other con
stituents that remain to be clarified. Whether this process, whieh occurs in a number 
of unrelated neurofibrillary disorders, depends solelyon abnormal postranslational 
processing of cytoskeletal proteins and/or involves changes in transcriptional or 
translation control of the expression of neuronal proteins remains to be seen. 

The weight of current evidence suggests that the brain amyloid filaments that 
accumulate in AD, Down's syndrome and normal brain aging but are absent in other 
neurofibrillary tangle-forming disorders are distinct from PHFs. A major component 
of amyloid fibrils found both in senile plaque cores and in meningeal and cortieal 
blood vessels is a low molecular weight hydrophobie protein (the ß-protein) with a 
previously unknown sequence. Recent studies from severallaboratories indicate that 
the gene encoding this amyloid protein is localized to chromosome 21. This observa
tion provides a direct link to the virtually invariable occurrence of senile plaques and 
vascular amyloid in Down's syndrome. However, our studies do not confirm reports 
of elevated gene dosage of the ß-protein in AD patients. The finding of amyloid 
deposits in normal aged humans and aged mammals that are immunochemically 
highly similar to AD amyloid suggests that a mechanism for accelerated amyloid 
deposition in selective brain regions occurs in patients with AD. The precise cellular 
origin of the amyloid precursor protein that gives rise to the filaments found in 
cerebral vessels and neuropil is not yet clear. The initial identification of amyloid
associated proteins (e. g., a-l antichymotrypsin) raises the possibility that proteins 
distinct from the ß-protein could be involved in the cleavage and local processing of the 
ß-protein precursor. 

Introduction 

In contrast to numerous brain degenerative diseases in which neuronalloss is unac
companied by any characteristic structural change in adjacent neurons that have not 
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yet died, neuronal attrition in Alzheimer's disease (AD) is associated with marked 
changes in many remaining cells and in the neuropil. Neuritic (senile) plaques, 
amyloid angiopathy and neurofibrillary tangles (NFfs) represent the principal struc
tural alterations of the brain in presenile and senile dementia of the Alzheimer type. 
These types of lesions are also found in much smaller numbers and with restricted 
topographical distribution in the brains of neurologically normal individuals after the 
seventh decade. Tangles, plaques, and other structural changes found in AD brain 
tissue [amyloid angiopathy of cerebral and meningeal vessels, granulovacuolar degen
eration of hippocampal neurons, lipofuscin (LF) deposition in neurons and glia] are, 
therefore, qualitatively indistinguishable from the lesions that accompany normal 
brain aging but are quantitatively much increased in AD. As a result, knowledge 
about the formation of fibrous changes in AD should provide insight into certain 
mechanisms of human brain aging in general. The principal objective of current work 
in severallaboratories is to characterize the molecular mechanism of paired helical 
filament (PHF) and amyloid fibril formation and to establish what role this process 
may play in accelerated dysfunction and death ot neurons during aging and in AD. 

Despite doubts expressed over the years about the utility of analyzing the plaques 
and tangles, it appears increasingly likely that molecular studies of these fibrous 
lesions can provide important insights into the pathogenesis and perhaps even the 
etiology of progressive cortical degeneration in AD. It should be emphasized at the 
outset that NFfs, with their characteristic PHFs, are a much less specific lesion for 
AD than is the neuritic plaque with its associated amyloid deposit. NFfs occur in a 
wide variety of etiologically diverse brain disorders, including metabolic, viral, 
traumatic, and toxic insults. In contrast, the amyloid-bearing neuritic plaques which 
occur invariably in AD, are otherwise found only in aged normal individuals and in 
patients with trisomy 21 (Down's syndrome). Thus, studies ofthe genesis ofneuritic 
plaques and the role of amyloidogenic proteins in this process appear more likely to 
provide clues about seminal events in AD than does the analysis of NFfs. 

The Neurofibrillary Tangle and its Paired Helical Füaments 

The accumulation of abnormal cytoplasmic fibers in neuronal cell bodies and in the 
neurites of senile plaques has been statistically correlated with the principal features 
of AD, including degree of dementia, extent of neuronalloss in hippocampus, and 
degree of deficiency of cortical cholinergic function. NFfs are non-membrane-bound 
masses of abnormal fibers found within the perikaryal cytoplasm of neurons. Numer
ous electron microscopic studies have concluded that the majority of fibers in these 
tangles have the appearance of tightly adherent pairs of helical filaments (PHFs). 
These organelles have a maximum width of about 20 nm and a half-periodicity of 
roughly 80 nm (Kidd 1963; Terry 1963; Wisniewski et al. 1976). Many ofthe abnormal 
neurites (both axonal terminals and dendrites ) making up the periphery of the senile 
plaque contain PHF (Gonatas et al. 1967). In recent years it has been increasingly 
reported that bundles of straight (nonhelical) filaments of approximately 15-20 nm 
width may also be found in neurons in AD-affected bi"ains anci may coexist with PHFs 
in the same cells (Metuzals et al. 1981; Selkoe 1984; Shiboyama and Kitoh 1978; 
Yagashita et al. 1981). 
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In my experience, certain cases of clinically and light microscopically typical AD 
have been associated with perikaryal and neuritic filaments that are alm ost entirely 
straight, with few if any visible PHFs (D. J. Selkoe, unpublished observations). Such 
cases may show ready disaggregation of the tangles in gentle or harsh solvents; 
this fact may explain the observation of Iqbal and colleagues that certain AD cases 
have a high percentage of "soluble" tangles (Iqbal et al. 1984). It is not yet clear 
whether the individual straight filaments comprising such tangles are solubilized 
into subunit polypeptides or are only disaggregated and therefore no longer 
microscopically visible after solvent treatment; certainly, some straight filaments 
can be recovered in sodium dodecyl sulfate (SDS)-insoluble pellets from such 
brains. 

In addition to recognizing bundles containing PHFs and/or abnormal straight 
filaments in the neurites of senile plaques, antibodies to such fibers (see below) can 
detect the relevant antigens in fine cortical neurites that are widely dispersed in the 
cerebral cortex and not organized into neuritic plaques. This immunochemical evi
dence of a more widespread alteration of neurites is in accordance with early electron 
microscopic studies of the AD cerebral cortex (Kidd 1963; Terry 1963). Thus the 
histopathological concept of AD as a "plaque and tangle disease" is a simplification. 
In fact, a more widespread and complex disruption of the neuritic architecture of the 
cerebral cortex is observed. 

NFT also occur in another morphological form; i. e., bundles of abnormal filaments 
lacking associated neuronal structure and apparently lying free in the extracellular 
neuropil. Such presumed extracellular tangles, referred to as ghost tangles or tomb
stones, are particularly prevalent in certain brain regions that are prone to marked 
NFf formation, e. g., entorhinal, cortex, parahippocampal gyrus, and nucleus 
basalis. It is generally believed that these structures represent the fibrous residua of 
the once-intraneuronal tangles. One may further speculate that parts or all of these 
extracellular fibrous masses are slowly catabolized and disappear, since long-surviv
ing cases of AD often display only moderate numbers of ghost tangles in addition to 
classical intraneuronal NFf. Alzheimer hirnself, and other early students of AD, 
described the putative transition of neuronal tangles into extracellular fibrous masses. 
This morphological change is accompanied by an immunochemical transition in which 
the amount of PHF-reactive antigens is substantially lower in extracellular than 
intraneuronal tangles. 

The identity and origin of the constituent proteins of the PHF has become a matter 
of considerable interest. The first reported protein chemical studies of cortical frac
tions containing NFTs or partially purified PHFs found enrichment of a polypeptide 
of molecular weight 50000 daltons in such fractions (Iqbal et al. 1974). This protein 
was felt to be a constituent of the PHF and was referred to as the paired helical 
filament protein (PHFP) (Iqbal et al. 1974). Immunocytochemical studies with anti
sera raised against gel-purified PHFP (Grundke-Iqbal et al. 1979a) and against a 
partially purified human brain microtubule preparation (Grundke-Iq baI et al. 1979 b) 
showed staining of Alzheimer NFfs in tissue sections. These and other immunochem
ical studies by Iqbal and colleagues led to the conclusion that antigens other than 
tubulin, present in microtubule fractions from the normal brain, are shared with 
PHFs. The precise identification and characterization of these antigens were not 
further described. 
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Studies by Yen and coworkers (1981) confirmed that polyclonal antisera to crude 
human microtubule preparations stained = 40% of the NFTs in AD-affected cortex as 
weIl as the neurites of the senile plaque. These authors as weIl as Eng et al. (1980) 
found that antibodies to tubulin itself did not stain the tangles. Numerous other 
immunocytochemical studies (reviewed in Selkoe 1986) showed that many polyclonal 
and monoclonal antibodies against neurofilaments do not cross-react with NFTs and 
senile plaque neurites, whereas certain neurofilament antibodies do. The results of 
these various efforts suggested a complex antigenic composition of the abnormal 
fibers, including portions of neurofilament - and microtubule-associated proteins. 

Following the discovery (Selkoe et al. 1982) of the marked insolubility of most 
PHFs in strong detergents and solvents (e. g., SDS, ß-mercaptoethanol, urea), it 
became apparent that two related problems were hampering the characterization of 
PHFs: their insolubility and the consequent difficulty in purifying them and isolating 
their subunit proteins. To date, a method for the rigorous, high-grade purification of 
PHFs from brain tissue has not been found, although methods that lead to consider
able enrichment of the filaments are available (Ihara et al. 1983; Iqbal et al. 1984; 
Selkoe and Abraham 1986). As a result, investigators have been forced to continue to 
use immunocytochemistry to delineate further some of the proteins contributing to 
PHFs. 

Both polyclonal (Ihara et al. 1983) and monoclonal (Selkoe et al. 1985; Wang et al. 
1984; Yen et al. 1985) antibodies raised directly against partially purified PHF have 
generally failed to recognize normal cellular structures or specific fibrous proteins in 
adult human brain tissue. This paradox has been resolved in part by the discovery by 
several groups that brain fractions highly enriched in the microtubule-associated 
phosphoprotein tau react strongly with PHF polyc1onal antibodies and also with some 
monoc1onal PHF antibodies (Brion et al. 1985; Grundke-Iqbal et al. 1986; Kosik et al. 
1986; Nukina and Ihara 1986; Wood et al. 1986). Conversely, these same studies 
showed that antibodies raised against normal tau prepared from various mammalian 
brains almost always recognize NFTs and altered neurites in AD and normal aged 
cortex. These and other results have led to the widely accepted conc1usion that tau, 
which is actually a heterogeneous family of phosphoproteins ranging in molecular 
weight from 50000 - 66 000 daltons is a principal antigenic constituent of PHF and also 
of related straight filaments that are seen in Pick's disease, progressive supranuc1ear 
palsy (PSP), and certain other neurofibrillary diseases. However, the extent to which 
tau contributes to total PHF composition is unknown, since stoichiometry is pre
c1uded by the insolubility and lack of purity of the fibers. It is now known that other 
neuronal proteins, distinct from tau, contribute to or are at least c10sely associated 
with PHF. For example, extensive absorption of polyclonal PHF antibodies with 
normal tau stillleaves the antisera capable of recognizing NFT and neurites in AD
affected cortex. This result suggests that polyclonal antisera to PHF contain anti
bodies directed against highly altered forms of tau or against distinct proteins. One 
such non-tau component of PHF has recently been identified by Mori and colleagues 
(1987). These investigators used a monoc1onal PHF antibody and mixtures of pep
tides c1eaved proteolytically from PHF-enriched or normal brain fractions to identify 
the protein ubiquitin as an additional component of the pathological fibers. Subse
quent immunocytochemical studies with antibodies to native ubiquitin have con
firmed the association of ubiquitin not only with AD tangles but also with Pick's 
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bodies, Lewy bodies in the brain in Paikinson's disease, and tangles in PSP (Perry et 
al. 1987; Terry 1987). Among its numerous functions, ubiquitin is known to bind to 
altered or short-lived cellular pro teins prior to their ATP-dependent proteolysis. 
Whether this mechanism occurs unsuccessfully in AD neurons remains unknown. 

Mounting evidence indicates that the tau proteins associated with PHFs have 
properties distinct from those of normal tau. For example, tau epitopes in PHFs are 
resistant to postmortem effects and formalin fixation, in contrast to tau in normal 
axons, which is often difficult to demonstrate in sections of fixed human brain. Also, 
the tau found in fibrillary lesions is present in a highly insoluble form, in contrast to the 
marked solubility of tau prepared from normal mammalian brain. 

The fact that virtually all tau antibodies tested to date react with tangles and 
neurites in AD-affected brain has led to a reexamination (Ksiezak-Reding et al. 1987; 
Nukina et al. 1987) of the rather small subset of neurofilament monoclonal antibodies 
that also recognize these lesions. A number of these antibodies have now been shown 
to recognize phosphorylated forms of tau. In vitro dephosphorylation of tau or 
neurofilament proteins decreases or abolishes their reactivity with such neurofilament 
antibodies. Similarly, dephosphorylation of tangles in brain sections also removes 
their immunoreactivity. Conversely, certain antibodies against nonphosphorylated 
neurofilament proteins that do not recognize AD tangles also do not react with tau 
(Nukina et al. 1987). Due to these recent studies there is now much stronger evidence 
implicating tau as an antigenic component of PHF than there is implicating neurofila
ment proteins. Nonetheless, further studies are needed to demonstrate whether 
neurofilament proteins and another microtubule-associated protein, MAP2 (Kosik et 
al. 1984) are constituents of the fibers. 

Although the possibility of covalent cross-linking in PHF exists, an alternative 
mechanism for explaining the insolubility of PHF derives from recent X-ray diffrac
tion studies. Kirschner and colleagues (1986) have carried out X-ray diffraction 
analysis of isolated PHF and senile plaque amyloid cores. Using considerably 
enriched but not fully purified PHF preparations, we observed characteristic = 4.76-
A and = 1O.6-A reflections consistent with a macromolecule containing cross-ß
pleated sheet conformation. This finding appears to confirm the long-held hypothesis 
that, like other amyloids, the intraneuronal PHFs in AD contain a ß-pleated sheet 
structure. Analyses ofhighly purified senile plaque core amyloid gave similar patterns 
(Kirschner et al. 1986). The ß-pleated sheet conformation of PHF and amyloid fibers 
could explain, at least in part, their high degree of insolubility. However, the lack of 
quantitative solubilization of PHF and amyloid cores by concentrated guanidine HCI 
differs from the behavior of most amyloid fibers in nonneural organs and suggests an 
even greater degree of insolubility in the fibers of AD. 

On the basis of comparative studies of pathological fibers occurring in a variety of 
unrelated neuro degenerative disorders, it can be said that the various conclusions 
about PHF summarized above apply equally to the NFTs in a number of human 
neurological conditions (see, e.g., Joachim et al. 1987b). Thus, there is no current 
evidence that AD involves a special or unique neuronal cytoskeletal reorganization 
not seen in other human brain disorders. More likely, progressive protein alteration 
and formation of abnormal filamentous structures in neuronal cytoplasm may repre
sent a somewhat nonspecific response of certain classes of human neurons to a variety 
of insults. To date, no specific antigenic or other biochemical characteristics of PHF-
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bearing neurons in AD have been identified to distinguish them from the tangle
bearing neurons found in normal aging, the Guam Parkinson-dementia complex, and 
other degenerative diseases. 

The Amyloid Deposits of Neuritic Plaques and Cerebral Microvessels 

In addition to the intraneuronal fibrous changes just described, AD-affected brain 
tissue displays abundant extracellular deposits of abnormal filaments that are found in 
the cores of senile plaques, in small bundles in the cortical neuropil, and in the walls of 
certain leptomeningeal and cortical blood vessels (congophilic angiopathy). Like the 
NFfs, these fibrous extracellular deposits show characteristic green birefringence 
under polarized light after staining with the dye Congo red and are fluorescent after 
staining with thioflavine. Electron microscopy (EM) demonstrates that the filaments 
comprising these deposits are generally in the range of 6 -10 nm in diameter (mean ::::: 
8 nm) and are unpaired. Their fine structure is distinct from that of the intraneuronal 
PHF and straight filaments. 

In order to separate senile plaque amyloid from other constituents of AD-affected 
cortex and to characterize it, we used a novel strategy, fluorescence-activated cell 
sorting (FACS), to isolate intact amyloid cores in an aqueous suspension (Selkoe et al. 
1986a). The discrete, roughly spherical nature of the cores and the fact that their size 
(6-20 J.U1l in maximal diameter) is similar to blood cells that are routinely separated by 
flow cytometry led us to this approach. Initial core fractions were prepared by 
centrifuging SDS-extracted homogenates of AD-affected cortex at low speed, allow
ing quantitative pelleting of the cores while many LF granules, NFf, and small 
particles remained in the supematant. The suspension was then sieved and separated 
on sucrose density gradients. Gradient interfaces that were particularly enriched in 
cores were subjected to FACS. Using fluorescence and light-scattering (size) discri
minants, unlabeled cores were separated from most autofluorescent LF granules by 
an initial FACS. The cores were then rhodamine-Iabeled with an antiserum raised 
against partially purified amyloid cores and were separated from remaining contamin
ants by a second FACS. Bright-field fluorescence and polarization microscopy ofthe 
final fraction revealed highly purified, intact amyloid cores. EM showed that the cores 
were virtually free of contaminants except for occasional aggregates of LF. From 
particle counting, the final fractions consisted of ~ 90% amyloid cores, the remainder 
being LF and rare capillary fragments. 

Amino acid analyses of such F ACS-purified core fractions demonstrated a compos
ition that includes approximately 50% nonpolar residues with abundant glycine and 
no proline (Selkoe and Abraham 1985; Selkoe et al. 1986a). When we obtained this 
composition for purified cores, it was apparent that it was highly similar to the 
composition of the meningovascular amyloid protein (the ß-protein) reported by 
Glenner and Wong (1984). Moreover, antibodies we raised against a hydrophobic low 
molecular weight (400 - 700 daltons) pro tein released by formic acid or guanidine 
thiocyanate from our F ACS-purified cores stained both plaque cores and amyloid in 
meningeal and cortical microvessels (Selkoe et al. 1986a). This result was also 
obtained by Wong et al. (1985) using antibodies not to the native amyloid protein but 
to a synthetic ß-amyloid peptide. 
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Despite this immunoehemieal eross-reaetion, we observed differenees between 
plaque and vaseular amyloid in the AD-affeeted brain. Firstly, eompaeted amyloid 
eores are insoluble in 6 M guanidine HCI (Masters et al. 1985b; Selkoe et al. 1986a), 
the re agent used by Glenner and Wong to solubilize and isolate the meningovaseular 
ß-amyloid protein. Seeondly, neither we (Selkoe et al. 1986a) nor others (Bobin 
et al. 1987; Gorevie et al. 1986) have been able to sequenee the eore-derived low 
moleeular weight protein, although we are readily able to obtain an unambiguous ß
protein sequenee (through residue 30) from meningovaseular amyloid prepared by an 
SDS-isolation method (Joachim et al. 1987 a), confirming the seminal sequence data 
provided by Glenner and Wong (1984). Thus, the compacted amyloid deposits found 
in the centers of neuritic plaques, while related by antigenicity and amino acid 
composition to mierovascular amyloid, appear to have a blocked or buried N-ter
minus and are insoluble in guanidine HCl. These properties suggest a further 
proeessing (in the ease of the plaque amyloid) of a eommon precursor protein. 

It appears, therefore, that the amyloid fibers in plaques and vessels in AD are 
prineipally composed of a low molecular weight, hydrophobie fragment of the ß
protein that readily aggregates to form polymers. The presence of similar proteins in 
PHF-enriched fractions may be due to contaminating amyloid filaments in these 
fractions rather than to the PHFs. Virtually all available immunochemical evidenee 
from numerous laboratories suggests that the amyloid filaments found extracellularly 
in AD-affected brain tissue are not composed of the same neuronal proteins (includ
ing tau and ubiquitin) that comprise the PHF. Furthermore, PHFs oecur abundantly 
in several human neurologie diseases in which one sees no amyloid deposition or 
neuritic plaque formation whatsoever. Also, aged primates and other mammals 
develop microvascular and senile plaque amyloid deposits that eross-react with sev
eral AD amyloid antibodies (including those to the ß-peptide); however, these animals 
have no PHFs or NFfs and the neurites of their plaques are not reactive with tau and 
PHF-antibodies (Selkoe et al. 1987a). In both AD and normal aging, amyloid 
filaments that are immunochemically and protein-ehemically highly similar to those in 
senile plaque cores oeeur in the walls of meningeal arteries outside of the brain, a 
loeation that makes a direct neuronal origin less likely. A reeent report (B. Frangione, 
personal communication) that eerebrovascular deposits of the ß-protein ean oecur in 
middle-aged humans without formation of diserete plaque eores and with no NFf 
underseores the latter point. The obtaining of partial sequenees of the ß-protein from 
plaque eore-enriched (Masters et al. 1985 b) or NFf -enriehed (Masters et al. 1985 a) 
AD brain fractions may be due to the presence in sueh fraetions of eontaminating 
vascular amyloid filaments, which can readily be sequeneed. However, despite these 
various eonsiderations, further careful work will be needed to determine whether the 
PHFs eontain a eentral protein filament that is composed of the same ß-polypeptide as 
the extraneuronal amyloid filaments; such a possibility cannot be excluded at present. 

Information about the partial amino acid sequenee of the amyloid ß-protein led to 
the use of oligonucleotides to clone cDNAs for this protein from brain expression 
libraries (Goldgaber et al. 1987; Kang et al. 1987; Robakis et al. 1987; Tanzi et al. 
1987). As a result, the ß-amyloid gene was localized to the long arm of human 
chromosome 21, approximately in the region 21q21. Among the first developments 
that arose from these findings was the report that three patients with apparently 
sporadic AD had a 50% increased dosage of the beta amyloid gene on chromosome 
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21, similar to the elevation of dosage found in patients with trisomy 21 (Delabar et al. 
1987). This finding was interpreted by the authors to indicate a microduplication, 
presumably occurring during meiosis, of a subsegment of chromosome 21 in the 
region of the ß-amyloid gene. Because of the potential importance of this observation 
for understanding the pathogenesis of AD and for diagnosis of the disease, we 
undertook a larger study of 36 patients, 14 with clinically diagnosed AD, ten with 
trisomy 21, and 12 aged control subjects (Podlisny et al. 1987). We carried out 
densitometric analyses of Southern blots probed with a cDNA for the ß-protein to 
determine the relative dosage of this gene in genomic DNA from these 36 individuals. 
Whereas the ten patients with trisomy 21 showed the expected 1.5-fold increase in 
dosage of this gene, none of the 14 AD patients had a gene dosage higher than that of 
the normal controls. These results were statistically highly significant. Our results do 
not support recent reports that microduplication of a segment of chromosome 21 is the 
genetic basis of AD (Schweber et al. 1984; Delabar et al. 1987). Alternative mechan
isms for the region-specific increase in ß-protein deposition in the brain in AD patients 
compared with aged normal humans should be sought. 

Although we were unable to document an increased gene dosage of the ß-amyloid 
precursor protein in AD, we have recently used several antibodies to synthetic 
peptides from amyloid and nonamyloid regions of the precursor to detect an apparent 
increase in cross-reactive proteins in the cerebral cortex in AD (Selkoe et al. 1987). 
An antibody to ß-peptide 1-28 recognizes a protein doublet at approximately 76000-
83000 daltons at higher levels in the cortex of AD patients than in the normal cortex 
on Western blots. This enhanced protein also appears to be detected by two other 
amyloid protein antibodies, one to a threonine-rich synthetic peptide that is the 
N-terminal to the amyloid region and another to the 20 residues comprising the C
terminal of the precursor. An analysis of different regions of an AD-affected brain 
showed elevated amounts of these ß-protein-reactive polypeptides in those regions 
that develop AD amyloid deposits, e. g., the neocortex from the four main lobes, the 
hippocampus, and even the striatum (in a case where abundant striatal plaques were 
found). In contrast, other regions of the same AD-affected brain (e. g., subcortical 
white matter, thalamus, pons, and cerebellum) that showed no amyloid plaque 
formation had the controllevels of the 76000 - 83 000 dalton immunoreactive doublet. 
Further characterization and purification of the immunoreactive proteins in cortical 
homogenates is under way. The results to date suggest that forms of the ß-protein 
precursor found normally in the human brain are selectively increased in amount in 
the AD-affected brain, specifically in those regions prone to development of amyloid 
deposits (Selkoe et al. 1987 b). This finding suggests either enhanced expression of the 
precursor or alterations in its normal catabolism, apparently leading to local increases 
in the precursor and perhaps to abnormal proteolytic processing that could produce 
cleavage of the amyloidogenic region and subsequent filament formation. 

Evidence that Protein(s) Distinct from the ß-protein are Closely 
Associated with AD Amyloid 

In characterizing several polyclonal antibodies to AD amyloid developed in our 
laboratory , we noted that certain antisera had very low or no reactivity with the 
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amyloid ß-protein. In particular, polyclonal antibodies raised against enriched frac
tions of intact amyloid filaments recognize the ß-protein weakly but label amyloid 
deposits in plaque cores and vessels at very high titers. On the basis of such observa
tions, we have tentatively categorized our amyloid antibodies into three groups, 
according to the immunogen used: 
a) antisera to intact amyloid filaments, 
b) antisera to the low molecular weight hydrophobic protein (ß-protein) solubilized by 

formic acid from such amyloid filaments, and 
c) antibodies to synthetic ß-protein peptides. Groups band c show re action with the ß

protein by dot immunoassay and on Western blots; in contrast, group - a antisera 
show weak or no reaction. All three groups of antisera stain amyloid deposits in 
AD-affected brain sections in a highly similar fashion. 

Further elucidation of the distinct antigens recognized by these antibodies has 
emerged from attempts to identify normal plasma proteins that cross-react with 
amyloid. To date, only antibodies of group a, as described above, show unequivocal 
re action with specific human plasma proteins (Selkoe et al. 1986b). The principal 
cross reactive plasma proteins identified by such antibodies are a doublet with 
approximate molecular weights of 88000 and 95000 daltons. We have partially 
purified these proteins from human plasma using ammonium sulfate fractionation and 
affinity gel chromatography. Tentative immunochemical identification ofthe 80000-
95000 dalton bands suggests that they cross-react with antibodies to a-1 antichymo
trypsin. This observation followed the work of Abraham et al. (1987) in which the 
same amyloid antiserum that identified these plasma proteins was used to screen 
human liver cDNA libraries. The three clones thus identified all encoded the serine 
protease inhibitor, a-1 antichymotrypsin. This hepatic-synthesized protein is abun
dantly present in normal plasma. The identification and cloning of this protein using 
antibodies to AD amyloid filaments raises the possibility that a-1 antichymotrypsin 
could playa role in the local processing of the ß-amyloid precursor protein in the AD
affected brain. Several antibodies to a-1 antichymotrypsin immunolabel plaque and 
vascular amyloid deposits in sections of AD-affected brain, after the vigorous extrac
tion ofthe plaque cores in SDS. However, it is also possible that the presence ofthis 
protein inhibitor represents nonspecific sticking of aserum protein to the hyd
rophobic amyloid filaments. Whether a-1 antichymotrypsin or other protease 
inhibitors and associated proteases playa role in the local processing of the amyloid ß
precursors will be the subject of further study. 
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Summary 

The major protein subunit of the amyloid fibril in Alzheimer's disease is a small 
moleeule of 42 residues (termed A4). It is derived from a larger precursor (PreA4), 
the gene for which is located on chromosome 21, in close proximity to the region 
involved in Down's syndrome. The predicted structure of PreA4 suggests that it is an 
integral membrane glycoprotein. Knowledge of the mechanisms by which PreA4 is 
degraded to A4 may contribute to a better understanding of the cause of Alzheimer's 
disease. Similarly, the amyloid fibril in the unconventional virus diseases is composed 
of the PrP moleeule, which in turn is derived from a neuronal membrane glycoprotein. 
An understanding of the process by which the PrP moleeule is converted into an 
amyloidogenic moleeule may shed some light on the nature of the infectious unit. 

Introduction 

Although the proportion of the population with neuropathologically confirmed 
Alzheimer's disease (AD) increases exponentially with age (from 50 years onwards), 
AD is not an invariable component of the aging process. There are clearly genetic, 
epigenetic, and probably environmental factors which operate to induce the deposi
tion of amyloid fibrils, which are the major structural anomaly in AD' The 
neuropathological diagnosis of AD has been difficult with conventional histologie 
techniques, but with more sensitive immunocytochemical screening procedures for 
the deposition of the A4 amyloid protein, a clearer picture is emerging (Davies et al. 
1988). 

The Molecular Basis of Cerebral Amyloidosis in AD 

Pathognomonic amyloid deposition in AD is restricted to certain areas of the central 
nervous system and then occurs within two clearly definable compartments: 
1. Intracellular. The fibrils polymerize to form neurofibrillary tangles (NFf) and 

"dystrophie" neurites composed of characteristic paired helical filaments (PHF) 
and single "straight" filaments. NFf occur in the soma of pyramidal cells and the 
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"dystrophie" neurites aeeumulate around the periphery of the extracellular amy
loid deposits. 

2. Extracellular. Amyloid fibrils first polymerize, then condense in a spherieal 
fashion in the neuropil, and finally erystallize into an amyloid plaque eore (APC). 
At the same time, and to a variable degree, the same moleeular species poly
merizes into amyloid fibrils around the walls of seleeted blood vessels to form an 
amyloid congophilie angiopathy (ACA). 

The relationship of the amyloid plaque to the neuronal eell body is best illustrated 
by Probst's Golgi impregnation studies, which in turn highlight the Cajal's perspiea
ciousness when he described the neurites around the extracellular amyloid as 
"reaetive. " 

The pioneering electron microscopic studies of Kidd, Terry, Wisniewski and 
Gonatos demonstrated the differenees in the amyloid filaments eomprising the NFT 
and APC, but we are stillieft with many unanswered questions on the fine struetural 
analysis. All filaments, whether of intraeellular or extracellular origin, appear to have 
a protofilamentous substrueture with a paired or quadrupled helical arrangement. 

The topographie distribution of the amyloid deposits (NFT, APC, and ACA) 
within the brain provide important information (Pearson et al. 1985; Rogers and 
Morrison 1985). In neocortieal areas, NFT and APC have laminar distributions, with 
the NFT principally in layers III and V while the APC tend to be accentuated in layers 
11 and 111, and to a lesser degree in layers V and VI. The distribution of lesions neither 
correlates with any known neurotransmitter or neuropeptide system nor with any 
pattern of vaseular distribution or vaseular innervation. The lesions are more severe in 
association cortex and are less pronounced in the primary sensorlmotor eortices, 
whieh are involved only in more severe cases. The only clear systematie distribution of 
lesions lies in the olfactory pathway, the hippocampus, the amygdala, and the basal 
forebrain nuclei. 

Many authors have drawn attention to the autosomal dominantly inherited form of 
AD, familial AD (FAD) (Masters et al. 1981 a). It is probable that many eases of FAD 
go unrecognized and that the proportion of all eases of AD which are familial exceeds 
50%. 

The association of AD with Down's syndrome (DS) elucidates one of a number of 
possible pathways in the molecular pathogenesis of AD. Although eonventional 
histology shows all DS patients have eerebral amyloid deposits by the age of 40, more 
sensitive immunocytoehemical techniques now show that the amyloidogenie process 
begins mueh earlier. 

Our strategy over the last few years has been to purify and bioehemically eharae
terize the amyloid deposits. A similar line of investigation was also pursued by groups 
in San Diego (Glenner), Nottingham (Kidd, Allsop, Landon), Boston (Selkoe), 
Detroit (Wolfe, ~oher), New York (Frangione), Staten !sland (Bobin, Iqbal, Wis
niewski), and Tokyo (Ihara). 

Glenner and Wong (1984a, b) were the first to purify and sequence the ACA 
material. We purified the APC from both AD and DS patients and showed that the 
principal subunit (termed A4) was a small protein (mass 4.5 kd) whieh was similar if 
not identical to Glenner's ß-protein (Masters et al. 1985 a). The A4 protein had a great 
tendeney to aggregate and form dimers, tetramers, and higher oligomerie species. 
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When we next purified an NFf preparation from AD and DS (Masters et al. 
1985b), we found that the amyloid material in these preparations had a very similar 
biochemieal profile to the APC preparations (similar in amino acid composition, 
SDS-gel electrophoresis, high-performance liquid gel chromatography, and N-termi
nal amino acid sequence). We concluded that the A4 subunit was also the principal 
component of the NFT. Many investigators could not accept this result because of the 
clear structural and immunochemical differences between NFf and APC or ACA. 
They attributed our results to the presence of contaminating APC or ACA within the 
NFf preparations (Gorevie et al. 1986). According, we next showed that the NFf in 
the Guam parkinsonism-amyotrophic lateral sclerosis complex (PD-ALS) was also 
composed of the A4 subunit (Guiroy et al. 1987). In the Guam PD-ALS complex, 
APC/ACA does not occur to any appreciable degree. 

The N-terminal sequences of the NFT and APC showed considerable 
heterogeneity; the NFT more so than APC, and both more than ACA (Masters et al. 
1985a, b; Pardridge et al. 1987). This suggested to us that in situ processing was 
occurring, and possibly that the degree of heterogeneity was a direct reflection of the 
age of the deposits. 

The fulliength of the A4 molecule has now been sequenced and shown to consist of 
42 or 43 residues (Kang et al. 1987) - one remarkable feature is the hydrophobie 
C-terminus (residues 30-42). As soon as the partial sequence of the A4 protein was 
determined, many groups around the world started performing gene cloning experi
ments to determine the structure of the precursor protein (the A4 product as such is 
small and unlikely to be derived as a primary translational product). At the same time, 
knowledge of the amino acid sequence permitted the construction of synthetic pep
tides which could then be used for studies of the biophysieal nature of the A4 
molecule, and also for raising antibodies to predetermined specificity. 

The synthetic A4 material clearly showed that there are two regions in the molecule 
which are responsible for fibril formation. The synthetic fibrils closely match the 
native amyloid fibrils (CastaIio et al. 1986; Kirschner et al. 1987). X-ray diffraction 
studies by Kirschner et al. (1986, 1987) and examination by infrared spectroscopy by 
our group showed that the basic packing of the subunit is as an antiparallel ß-pleated 
sheet. This type of subunit orientation is similar to that found in other forms of 
amyloid fibrils (prealbumin, light chains of immunoglobulin, etc). 

Monoclonal and polyclonal antisera raised against the A4 synthetie peptides and 
the native molecule are now proving to be most useful in the immunocytochemical 
demonstration of amyloid deposits in the AD-affected brain, in the DS-affected 
brain, and in the studies of amyloid deposits of aged normal animals such as the polar 
bear, the rhesus monkey, and the dog (Allsopet al. 1986; Bobin et al. 1987; CastaIio et 
al. 1986; Davies et al. 1988; Masters et al. 1985b; Selkoe et al. 1987; Wonget al. 1985). 

The A4 protein epitopes are not usually demonstrable on NFT, although some 
antisera to the N -terminal region of the A4 molecule do recognize a subpopulation of 
NFT (Masters et al. 1985b). Most antisera or histochemical reactions demonstrate a 
variety of adventitial molecules which may only be coating the surface of the PHF. 
These include neurofilament triplet protein (Anderton et al. 1982; Sternberger et al. 
1985), ubiquitin (Mori et al. 1987), mierotubule-associated protein 2 (Kosik et al. 
1984), tau protein (Brion et al. 1985), ganglioside GQ1c (Emory et al. 1987) and 
sulfated glycosaminoglycans (Snow et al. 1987). Epitopes unique to NFTIPHF are also 
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claimed (Ihara et al. 1983). In contrast, the A4 epitopes are readily demonstrable in 
situ in both APC and ACA, but even these structures also have adventitial molecules 
incorporated (Eikelenboom and Stam, 1982). 

The gene (cD NA) coding for the A4 protein was partially sequenced by a number of 
workers (Goldgaber et al. 1987; Tanzi et al. 1987 a; Robakis et al. 1987) and fully 
sequenced by Kang et al. (1987). The precursor protein (PreA4) has a predicted 
length of 695 residues, and has the structural domains typieal of an integral membrane 
glycoprotein. PreA4 is not homologous with any other known protein. The A4 
fragment is derived from a region of the molecule which encompasses part of the 
extracellular domain and part of the transmembrane region (thereby explaining its 
hydrophobie C-terminal region). 

The A4 precursor gene is highly conserved, being present in all vertebrate species 
examined so far. The gene is expressed in most mammalian tissues (human and 
rodent) (Kang et al. 1987; Tanzi et al. 1987 a; Goldgaber et al. 1987; Robakis et al. 
1987), but expression in neurones is particularly evident from in situ hybridization 
studies (Bahmanyar et al. 1987; Goedert, 1987). 

The A4 precursor gene is located in chromosome 21 (Kang et al. 1987; Tanzi et al. 
1987 a; Goldgaber et al. 1987; Robakis et al. 1987), at the junction of bands q21.3 and 
q22.1. This is very close, if not actually within, the region of chromosome 21 which 
must be duplicated for the phenotypie expression of DS. The gene is also present on 
the homologous mouse chromosome 16 (Lovett et al. 1987; Reeves et al. 1987). 

St. George-Hyslop et al. (1987a) found linkage between the gene locus of FAD 
(young onset cases) and anonymous probes for the lng arm of chromosome 21. Using 
restriction fragment-Iength polymorphism analysis of FAD , it has now been shown by 
Van Broekhoven et al. (1987) and Tanzi et al. (1987b) that the FAD gene is distinct 
from the PreA4 gene. More than one gene for FAD may exist. 

Initially it was thought that the PreA4 gene may be duplicated in AD (Delabar et al. 
1987). We and others find no evidence for any form of duplication of the A4 precursor 
gene in sporadie and familial AD (Van Broeckhoven et al. 1987; Podlisny et al. 1987; 
St. George-Hyslop et al. 1987b; Tanziet al. 1987c). The gene is duplicated in DS, and 
we now have biochemical evidence for the overexpression of this gene in DS but not in 
AD (Rumble et al. in preparation). 

The normal function and the metabolism of the A4 precursor are now our primary 
targets for research. The PreA4 has a molecular mass of 90 000-110000 daltons and is 
very labile. Its transmembrane orientation has been confirmed by in vitro translation 
experiments (Dyrks et al. 1988). The normal cellular location of the PreA4 is now 
being visualized using antisera to synthetic peptides corresponding to regions of the 
PreA4 molecule. In muscle, it is principally located at the perinuclear region of 
differentiated myofibers (Zimmermann et al. 1988). 

We speculate that there are two distinct pathways involved in the pathogenesis of 
AD. The intracellular processing of PreA4 gives rise to A4 aggregates which form 
NFT; the extracellular processing of PreA4 gives rise to either APC or ACA. It is 
most likely that the main origin of the extracellular material is neuronal. In situ 
hybridization for mRNA shows a principal neuronalorigin (Bahmanyar et al. 1987; 
Goedert 1987), and we are now awaiting the results of immunocytochemieal studies. 
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Some investigators (Glenner and Wong 1984a, b; Selkoe et al. 1986) argue strongly 
for the hematogenous origin ofthe APC and ACA. We would argue equally strongly 
against this proposition on the following grounds: 
a) Tbe topographic distribution of APC/ACA does not correlate with any vascular 

territory or supply. 
b) Deposition of ACA occurs in the outer walls of arterioles, less in capillaries, and 

least in venules. 
c) Tbere is often a demarcation of the deposition at the intima/media boundary in 

arterioles. 
d) Tbere is a preferential deposition in the Virchow-Robin space and in the overlying 

leptomeningeal arteries. 
e) PreA4 has been localized to neurons by in situ hybridization and immuno

cytochemistry. 
f) Tbere is a relative lack of PreA4 in the liver and blood testing with Northern blots 

and radioimmunoassay. 
g) An analogy can be made to the neuronal PrP, which polymerizes into APc/ ACA in 

the unconventional virus diseases. 

Is there one gene for AD? Given our present knowledge of the multiple steps likely 
to occur in the processing of PreA4, this now seems unlikely. Even if we can rule out 
overproduction of the A4 precursor, we are now faced with the prospect of multiple 
forms of the precursor, the mechanisms by which it is inserted and released from the 
cell membrane, and the prpcesses which allow its degradative processing and the 
aggregation of the A4 subunit. A simple gene mutation or epimutation (Holliday 
1987) may be involved in any step in this complicated pathway, but it is more likely 
that two or more errors combine to contribute to the formation of NFT/APC/ACA. 

AD and Unconventional Virus Diseases 

AD shares a number of clinical and pathological features with Creutzfeldt-Jakob 
disease (CJD), the human counterpart of scrapie in animals (Masters et al. 1981a); 
not least is the familial (autosomal dominant) inheritance of CJD and the occurrence 
of amyloid plaques and amyloid filaments in CJD (Masters et al. 1981 b). Tbe amyloid 
plaques occur as nonneuritic APC/ACA in all forms of theunconventional virus 
diseases, and are best seen in the Gerstmann-Straussler syndrome (GSS) (Masters et 
al. 1981 b). The amyloid filaments, as in AD, occur in two forms: there is a distinctive 
scrapie-associated filament (SAF) (Merz et al. 1981) which bears some resemblance 
to the PHF, and there is a more typical amyloid filament with its presnmed origin in 
the APC/ACA (Merz et al. 1983). 

Tbe principal protein component ofthe SAF is the PrP protein (Bolton et al. 1984; 
Prusiner et aL 1983) with a mass of 33000-35000 daltons. Tbe gene for this protein is 
linked to genes which control the incubation period of scrapie (Carlson et al. 1986). 
Tbe predicted structure of the PrP shows that it too is a membrane glycoprotein 
(Oesch et al. 1985) and in situ hybridization and immunocytochemical studies show 
that it is probably a neuronal membrane protein. Antisera to PrP and the direct 
biochemical analysis of the GSS APC show that the APC in these virus diseases is 



The Molecular Basis of CerebraI Amyloidosis in Alzheimer's Disease 93 

composed of PrP molecules. Since it appears that PrP plays an important role in the 
replication cyde of the infectious agent, it is logical to doubt whether PreA4 also 
participates in a similar process. 

Many other etiological hypotheses for AD exist, some of which can be easily woven 
into the background of the studies now emerging on the A4 molecule and its role in 
amyloidogenesis. For example, if PreA4 requires membrane damage before it is 
released and becomes susceptible to amyloidogenic proteolytic deavage, then 
theories and data which deal with lipid peroxidation, free radical attack, and oxidative 
stress should be sought (Martins et al. 1986). Do aluminosilicates playa role in the 
proteolytic degradation of PreA4 (Masters et al. 1985b; Candy et al. 1986)? These 
and other interesting questions (Holliday 1987) will form the basis for research into 
the cause of AD and its relationship to the normal aging of the brain. 
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Genetics, Expression and Localization 
of the Amyloid Precursor of Alzheimer's Disease 

K. Beyreuther, J. M. Salbaum, T. Dyrks, A. Genthe, A. Weidemann, 
C. Hilbich, G. Multhaup, B. Horsthemke, P. Zabel, and C. L. Masters 

Summary 

Alzheimer's disease is aneurodegenerative disorder of the cortex. The predominant 
features of Alzheimer's disease are numerous amyloid depositions in the form of 
plaques, vascular amyloid and neurofibrillary tangles. The A4 amyloid peptide is the 
morphopoetic principle of the amyloid fibrils and the cleavage product of a larger 
precursor protein. The gene for this A4 precursor encodes a primary translation 
product of 695 amino acids (Masters et al. , this volume). 

The A4 precursor gene is located on chromosome 21 at the border between bands 
q21 and q22.1 and much closer to the 21q22 Down's phenotype region than previously 
reported (Tanzi et al. 1987). 

We detected an intragenic restriction fragment length polymorphism with two 
alleles, the allelic frequency being 0.65 versus 0.35 in caucasians. This BgL 11 restric
tion fragment length polymorphism for the A4 gene was used to track the inheritance 
of the A4 gene through extensive pedigrees with early-onset familial Alzheimer's 
disease and nuclear pedigrees with apparent late-onset Alzheimer's disease. 

The resulting linkage data showed that the amyloid locus is only loosely linked to 
the familial Alzheimer's disease locus and in two families a cross-over was observed 
(Van Broeckhoven et al. 1987). This and the recent localization of the locus for 
familial Alzheimer's disease (St. George Hyslop et al. 1987) indicate that a mutation 
in the A4 amyloid precursor gene is not in all cases the primary defect causing familial 
Alzheimer's disease. 

Expression of the A4 gene is seen in brain, heart, muscle, kidney, adrenal gland, 
lung, spleen, thymus, testes, and pancreas but not in liver. Using in situ hybridization 
and immunocytochemistry, we discovered that A4 mRNA is ubiquitous and abundant 
in gray matter; the protein appears as patches, predominantly on neuronal mem
branes, suggesting a role in cell contact for the A4 precursor protein (Shivers et al. 
submitted). 
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of Patients with Alzheimer's Syndrome 

H. H. Fudenberg, and v. K. Singh 

Summary 

We and others have shown unique structural and functional similarities of central 
nervous system (CNS) cells and peripheral blood immune cells. Hence, studies of 
various immune cells in peripheral blood make possible longitudinal studies of 
patients with CNS disorders, especially of the effects of therapy, without requiring 
serial brain biopsies. Using this approach in Alzheimer's disease (AD), we found 
aberrations of both cellular immunity and humoral immunity. 

Depending upon the nature of the immune deficits and patients' responsiveness to 
appropriate immunomodulant therapy, we have thus far distinguished four subsets of 
AD patients: one subset with defect (membrane fluidity) of a specific T cell and who 
respond to pyrrolidone therapy; a second sub set with serum antibodies to neuron
axon filament proteins - these patients improve clinically after therapywith dialyzable 
leucocyte extract (DLE); a third subset with antibodies to brain antigens (auto
immune ) for whom therapy has not yet been developed; and a fourth subset with 
none of the abnormalities mentioned above, probably heterogeneous due to 
multiple biochemical deficiencies. We believe that different therapeutic mo da
lities will be necessary for different subsets, much like the situation with other 
"diseases" such as anemia and diabetes. These results provide additional evidence 
that AD is a syndrome, not a single disease. Additionally, the clinical improve
ment demonstrated that the defective function in AD is not due to the relevant 
neuronal cells being dead, but because they are either atrophied or their function is 
suppressed. 

Introduction 

Alzheimer's Disease (AD) is adegenerative disorder of the central nervous system 
(CNS), characterized by impairment of memory, intellect, and cognitive functions in 
the early stages and by the loss of speech, ambulation, and bladder and rectal 
sphincter control in the later stages. The etiology and pathogenesis of the disease are 
unknown. However, current research suggests that the "disease" is in fact a syn
drome, with different subsets caused by an infectious agent (a virus), dysfunction of 
the immune system, genetic predisposition, imbalance of trophic factors, and expo
sure to toxic substances (Fudenberg et al. 1984a; Wisniewski et al. 1985; Glenner 
1985; Mann 1985). 
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We reeently provided evidenee that AD is a syndrome eomprised of sub sets with 
different etiologies, and that at least one subset is immunologie in origin (Fudenberg 
et al. 1984a; Singh et al. 1987). The rationale behind the study ofthe immune system 
in AD is derived from severallines of evidenee: 
1. The funetion of the eellular immune system declines with age, aeeompanied by an 

inereased ineidenee of diseases (autoimmune ) of aging (Weksler 1980; Vissinga et 
al. 1987). 

2. There is an intriguing struetural and funetional relationship between the CNS and 
the immune system, espeeially demonstrated by the presenee of neurotransmitter 
reeeptors on lymphoeytes and the presenee of lymphokine reeeptors on CNS eells 
(Singh and Fudenberg 1986a). 

3. The predisposition of Down's syndrome patients to AD - Down's syndrome has 
been eonsidered as a model of both accelerated aging and primary immunodefi
eieney (Walford et al. 1981; Burgio et al. 1983). 

4. Immunologie meehanisms play an important role in other neurologie disorders 
(e.g., myasthenia gravis and multiple sclerosis), and patients with these diseases 
respond to immunotherapy (Dawkins and Garlepp 1985; Arnason 1985; 
Dabrowski et al. 1987). 

The results of our immunologie studies, as reported herein, support our hypothesis 
that dysfunetion of the immune system exists in AD patients, or at least in two subsets 
thereof. Beeause of funetional and antigenie identities between the eells of the CNS 
and the immune system, we utilized tests of peripheral blood lymphoeytes to measure 
the funetion ofthe eorresponding CNS eells indireetly (Singh and Fudenberg 1986a). 
By using tests of blood immunoeytes, we demonstrated that AD is not a single disease 
but rather a syndrome with differing etiologies, some with immunologie meehanisms; 
these respond to therapy with the appropriate immunomodulating agents. 

Materials and Methods 

Assessment of CeUular Immunity 

The methods for measuring ineorporation of [3H]thymidine into lymphoeyte DNA in 
response to stimulation by mitogens (phytohemagglutinin PHA; pokeweed mitogen, 
PWM; eoneanavalin A, Con A; anti-T3 OKT3), DNA synthesis of T eells stimulated 
by non-T eells (B eells and monoeytes) in autologous mixed-Iymphoeyte reaetion 
(AMLR), and the enumeration of orosomueoid (Om) positive T eells were essentially 
those deseribed previously by us (Singh et al. 1987; Dirienzo et al. 1986). 

Assessment of Humoral Immunity 

Antibodies to brain tissue were deteeted by our method of indireet immunofluores
eent histoehemistry (Singh and Fudenberg 1986b). All sera were sereened at 1: 10 
dilution using aeetone-fixed frozen tissue seetions of rat brain. The eriterion of 
specifie positive staining was as deseribed previously (Singh and Fudenberg 1986b). 
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The analysis of serum IgG subclasses was performed with a radial immunodiffusion 
(RID) method (Singh and Fudenberg 1987) using RID plates from Serotec Ltd. 

Serum antibodies to neuron-axon filament proteins (anti-NAFP) were detected 
using an immunoblot protein technique reported elsewhere (Galbraith et al. 1986). 
A positive reaction was observed against the high molecular weight protein band 
(200 kd) of rat spinal cord neurofilament preparations; a monoclonal antibody to it 
served as the positive control. 

Subject Population 

Immunologic profiles of 40 patients with AD were investigated. Controls included 
age-matched individuals and other disease controls. Patients included in the study had 
suffered from progressive symptoms for at least 2 years and showed cortical atrophy of 
the brain with no other abnormality on computed tomography, nonspecific EEG 
abnormalities, normal thyroid function, and normal vitamin B12 and folic acid levels. 
They had no history of cerebrovascular disease, no carotid artery stenoses, and were 
not taking any medication. 

Therapy with Immunomodulating Agents 

Our initial single-blind study of 23 AD patients with Piracetam, a nootropic pyr
rolidone (Fudenberg et al. 1984b), showed that one subset of AD patients had a 
specific defect in one of the T cell subpopulations. 

In the past 2-212 years, we have studied 40 patients with AD in a double-blind 
crossover study with another nooleptic pyrrolidone Aniracetam (ANR) (Fig. 1), 
which is about 5 times more potent than Piracetam in in vitro assays using blood 
lymphocytes of patients with a deficiency in T cell function (H. H. Fudenberg, V. K. 
Singh, unpublished data). Patients were followed up for 2-5 years; each patient 
received either active medication (ANR; 0.5 g twice a day) or a placebo in the first arm 
of the study (3 months), followed by a 1-month "washout" period (without ANR or 
placebo). In the second crossover arm of the study (3 months), they were given the 
agent they had not received before, i. e., placebo ifthey had received ANR in the first 
arm or ANR if they had received placebo in the first arm. After completion of both 
arms of the study, patients who had responded clinically in either arm received 
another course of ANR without placebo for 6 months. 

Results 

In general, lymphocyte DNA synthesis in response to the mitogens listed in "Mate
rials and Methods" was on the average lower than in normal age-matched controls, 
but there was considerable overlap (Fig. 1 a). The data on AMLR and Om-positive T 
cells in AD patients were distributed in the same fashion as in the controls, but in a few 
cases the values were divisible into those higher and lower than in the controls (Fig. 
1b, c). 
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Fig. la-co Results of lymphocyte DNA synthesis, AMLR- and orosomucoid-positive T cells. Open 
circles represent Alzheimer's disease (AD) and solid circles represent age-matched controls (MC). a 
DNA synthesis, b AMLR, c Om+ T cells. PHA, phytohemagglutinin; PWM, pokeweed mitogen; 
OKT3, anti-T3; ConA, concanavalin A 

With regards to humoral immunity, we found that about one-half of the patients 
tested had antibodies to brain antigens in their serum (Singh and Fudenberg 1986 b). 
The nature of the brain antigen is not known but is currently under investigation. 
Analysis of serum IgG subclasses showed that the level of IgG3, but not of IgG1, IgGz, 
or IgG4, was elevated in nearly aß patients who were positive for brain autoantibody; 
the sera with normal or low levels of IgG3 uniformly lacked such autoantibody. 
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In other studies we found antibodies to NAFP in 13 (46% ) of 28 sera tested by the 
immunoblot technique (Fig. 2). Positive results in this test are generally considered 
pathognomonic of past or present exposure to unconventional neurotropic viruses, 
whether or not disease results (Toh et al. 1985). Presumably, such viruses trigger cell
mediated immunity (CMI) and modify native constituents. We believe that the anti
NAFP is the result of an infection with an unconventional virus, and that it is not the 
cause of the disease. In some patients, 15 years elapsed between exposure to another 
AD patient and development of symptoms. Presumably, the viruses are kept latent by 
the host CMI mechanisms, and overt disease results only as CMI gradually decreases 
with aging. 

Fig. 2. Detection of antibodies to neuron-axon filament proteins 
(200 kd) in the sera of Alzheimer's disease patients and related 
controls 
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Eleven of the 40 patients responded to ANR therapy, as shown by improvement in 
both immunologie tests and clinical function in either the first or the second arm of the 
study. A few patients who had been clinical responders in a first study also partici
pated in the second, and these patients again responded with improvements both in 
laboratory tests and clinically in one or other arm of the study. In contrast, among 
those patients who had failed to respond in the first study (Fudenberg et al. 1984 b) 
and who also entered the second study, there was no clinical response in either arm of 
the seeond study. In the patients who improved clinically in one or other arm, 
improvement was seen from laboratory tests prior to clinical improvement becoming 
evident. Those who had improved in either arm of the study received, after comple
tion of both arms, pyrrolidone without a placebo for 6 months. Thus, those who had 
received ANR in the second arm of the study received eontinuous therapy for 9 
months, whereas those who had received ANR in the first arm were given only 6 
months of uninterrupted therapy. The degree of improvement was not related to the 
duration or severity of the AD or to age at onset of illness, but rather was closely 
related to the duration of therapy (Fudenberg et al. 1984 b; Singh and Fudenberg 
1986e, d). 

Additionally, we treated four AD patients with, and two without antibodies to 
NAFP with dialyzable leukocyte extract (DLE, containing transfer factor) obtained 
from immune cells of carefully selected blood donors. Each patient received DLE: 10 
units (1 unit is the amount of DLE derived from 5 x 108 leukoeytes) on the 1st day, 20 
units on the 2nd day, 30 units on the 3rd day, and 40 units on the 4th day. The patients 
were then followed up for 30 days without being given additional DLE. Immunologie 
investigations before and after DLE therapy showed improvement of defective CMI 
in all six patients, but only those with antibodies to NAFP demonstrated a significant 
clinical response (Table 1). The two patients without sueh antibodies did not respond. 
These six patients were in stages IV to VI; three had recently lost the ability to 
ambulate and also had lost reetal and bladder sphincter control. By the 4th day of 
therapy, three of the patients were able to walk unaided, sphineter control improved, 
and there was dramatic improvement in eognitive function, as seen by spouse and 
friends. The clinical benefits lasted approximately 4 weeks (no therapy was given 
during this period), with gradual increase in disability thereafter. Readministration of 
DLE on the same schedule again resulted in marked clinical improvement similar in 
degree to that obtained after the first course of treatment. 

Table 1. Results of various immune parameters and response to therapy with DLE 

Patient Disease Om+T DNA synthesis' Anti- Response 
code stage cells (+ PHA) NAFPb toDLE 

(%) (CPM) therapy 

D.M. VI 34 35 135/ 38 483 + ++++ 
V.H. V 36 31 309/ 49 148 + +++ 
A.R. VI 34 102 348/196 334 + ++ 
B.G. V 30 23011/ 63212 + 
S.H. V 30 50 210/ 57 281 + + 
E.M. IV 64 44 366/196 334 

• Incorporation of pH]thymidine into lymphocyte DNA (average of triplicate assays) for patient! 
contro!. 

b Screened by the indirect immunofluorescent technique using frozen sections of rat spinal cord. 
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Discussion 

Our results provide additional evidence for the concept that AD is not a single disease 
entity but a syndrome. At least one subset appears to be caused by an immune deficit 
which presumably disposes the patient to infection with unconventional viruses. The 
patients in this group responded to therapy with DLE, and the nature of clinical 
improvement indicates that, at least at stages IV to VI, the relevant cerebral cells in 
AD patients are not dead, but atrophied ("disuse atrophy"). This subset of AD 
patients, in addition to having the amyloid genes present on chromosome 21 (Van 
Broeckhoven et al. 1987; Tanzi et al. 1987), are presumably homozygous recessive for 
an unusual immune response gene (on chromosome 6) which precludes normal CMI 
response to unconventional viruses. Each spouse is presumably homozygous normal 
for the immune response gene to unconventional virus epitope(s) and the offspring 
are presumably heterozygous, which is why we prefer spouses to offspring as donors 
of blood cells for DLE. Since the gene coding for the superoxide dismutase enzyme is 
located between the genes coding for familial AD and cerebral amyloid on chromo
some 21, we speculate that an imbalance in the activity of this enzyme (or one variant 
form of it), via tissue damage caused by a free oxygen radical, may be important in the 
abnormal formation of amyloid in the brain of patients with AD. 

The "pyrrolidone subset" is of considerable interest in that 2-pyrrolidinone, an 
analogue of pyrrolidone, is present in high concentrations in CNS tissue and plasma. 
It is converted to succinimide by aseries of enzymatic steps (Bandie et al. 1984). We 
hypothesize that one of a number (e.g., six or eight) of the enzymes in the pyr
rolidinone pathway bypasses the block. This is similar to the situation in adrenocorti
cal hyperplasia where a deficiency in any one of five enzymes produces identical 
clinical manifestations (White et al. 1987). The metabolie products ofpyrrolidinones 
are necessary for the Krebs cycle metabolism of the cello Normal energy metabolism 
appears necessary for normal membrane flexibility. The AD patients in this subset 
could conceivably have abnormal membrane fluidity (or flexibility), and pyrrolidones 
may bypass the enzymatic "block" and thereby restore normal membrane function. 
Our unpublished results showed that the addition of pyrrolidone to neuronal cells in 
cultures and blood lymphocytes produced about a 35% increase of neurotransmitter 
uptake. 

Interestingly, abnormal membrane fluidity of platelets from AD patients was 
recently reported (Zubenko et al. 1987), providing some support for the hypothesis 
just mentioned. Our preliminary unpublished data on lymphocyte membrane studies 
of AD patients utilizing electron spin resonance (ESR) also support this concept. 

A third subset of AD patients (autoimmune ) is identified by the presence of 
circulating antibodies to brain tissue (Singh and Fudenberg 1986 b) and an elevated 
level of serum IgG3• The concentration of other subclasses was normal (Singh and 
Fudenberg 1987). It has been shown that the IgG3 type of antibody is associated with 
the autoimmune phenomenon and/or infectious diseases (Beck 1981; Weetman and 
Cohen 1986; Rodgaard et al. 1987). The IgG1 antibody is related to protein antigens 
whereas the IgG2 and IgG4 subclasses are directed against carbohydrate antigens 
(Siber et al. 1980; Hammarstrom and Smith 1986). Although the significance of our 
finding is unclear, it is tempting to speculate that such autoantibodies may be directed 
against intracellular or cell membrane constituents, e. g., glycoproteins, neurotrans-
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mitters (acetylcholine), or receptors for neurotransmitters. If so, this would explain 
the lack of efficacy of choline therapy in AD patients, since brain autoantibodies may 
bind to these neurons and interfere with their normal function. There is some 
evidence that antibrain antibodies are immunoreactive to cholinergic cells (Fillit et al. 
1985). This subset may resemble the patients with autoimmune myasthenia gravis, in 
which autoantibodies bind to acetylcholine receptors and block the postsynaptic 
release of acetylcholine neurotransmitter at the neuromuscular junction. We are 
currently investigating the nature of the brain antigen in question, and will attempt to 
develop a rational therapy for this subset when the nature of the antigen provides a 
due to its etiology. 

Additional defects giving rise to other subtypes of AD patients can be envisioned, 
e. g., a genetic defect may exist in enzyme(s) necessary for oxidative metabolism in the 
brain cell equivalent (e. g., microglia) of one subset ofblood monocytes, analogous to 
the enzymatic deficiency, e. g., of NADH oxidase, present in monocyte-derived cells 
in blood, liver, skin, etc., in chronic granulomatous disease (Ammann and Fudenberg 
1976). Our other work (Chou et al. 1987) has shown the existence of four subsets of 
monocytes with the following characteristics: 
1. The first has a high number of Fc receptors, high phagocytic function and no Ia 

antigen. 
2. The second has no Fc receptors and no phagocytic function but is high in Ia antigen 

and is concemed with antigen presentation. 
3. A third population produces immunologic inhibition via production of high levels 

of prostagIandin (PGE2). 

4. A fourth group produces high levels of a peptide-inhibitive interleukin-1 (IL-l) 
function. 

Other monocyte defects in the subset of astrocytes, which are the brain equivalent 
ofthe antigen-presenting cells (Fontana et al. 1984), might result in underproduction 
of proteases predisposing to amyloid formation; overproduction of antiprotease 
would have the same effect. In this regard, it is noteworthy that a-1-antichymotrypsin, 
a protease inhibitor which reacts with many proteases in addition to chymotrypsin, 
was recently found in the cerebral amyloid (see Selkoe this volume). Presumably, 
nonimmune parameters also serve as etiologic factors, e. g., biochemical and/or 
functional abnormality of neurotransmitters (acetylcholine) and/or neuropeptides 
(somatostatin, corticotropin releasing factor). 

Based upon the results presented above, we condude that AD is not a single 
disease, but rather a syndrome involving multiple etiological factors. This view is 
supported by our observations of the existence of aberrations of both cellular and 
humoral immunity, in particular, of autoimmunity. Additionally, we have discemed 
subcategories of immunologically defined subsets of AD patients. Appropriate 
therapy in each patient depends upon the nature of the deficit and predicts the 
responsiveness. New therapies will necessitate knowledge of the etiology in each 
patient. Therapies for each subset will differ, just as is the case with various forms of 
anemia, diabetes, and other diseases. Finally, we stress that regaining offunction with 
therapy implies that CNS cells are not dead but merely atrophied or functionally 
suppressed. 
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