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Rapid Communication

Monoclonal Antibodies to a Synthetic Peptide
Homologous with the First 28 Amino Acids of
Alzheimer’s Disease (@-Protein Recognize
Amyloid and Diverse Glial and Neuronal Cell
Types in the Central Nervous System

R. A. Stern, L. Otvos, Jr.,* J. Q. Trojanowski,
andV. M.-Y. Lee

From the Department of Pathology and Laboratory
Medicine (Neuropathology), The University of
Pennsylvania School of Medicine, and The Wistar
Institute, * Philadelphia, Pennsylvania

Studies were conducted to identify neural cells that
synthesize and/or process cerebral amyloid using
antisera and monoclonal antibodies (MAbs)
raised to synthetic peptides based on the first 28
amino acids of the amyloid 3-protein. Using rabbit
and mouse antisera, and 7 MAbs, sections of neo-
cortex, bippocampus, cerebellum, and spinal cord
Jrom Alzbeimer’s disease (AD), Down’s syndrome
(DS), and control cases were probed. The antibod-
ies produced 3 distinct immunobistochemical pat-
terns: 1) staining restricted to neuritic plaque and
blood vessel amyloid only (antisera, 1 of 7 MAbs);
2) immunoreactivity confined to cytoplasmic
granules in diverse neuronal, glial (astrocytes, ep-
endyma) and other (leptomeningeal, perivascular,
choroid plexus) cells (1 of 7 MAbs); 3) a summa-
tion of these 2 patterns (5 of 7 MAbs). Controls re-
sembled the AD and DS cases, except for a paucity
of immunoreactive plaques and blood vessels in the
controls. Immunoreactivity was reduced or re-
moved by the peptides used to produce these anti-
bodies. Formalin- and Bouins-fixed tissues reacted
weakly or not at all with these antibodies while mi-
crowave denatured tissues reacted very intensely
with them. Specific staining was enbanced by treat-
ment of the tissue sections with Triton X-100,
NaDodSOy, or trypsin. These studies significantly
extend earlier studies that localized amyloid (3-pro-

tein precursor mRNA to buman brain cells, and
they suggest that the (3-protein, its precursor, and/
or fragments thereof may exist in diverse neural
cell types in AD, DS, and control brains. (Am J Pa-
thol 1989, 134:973-978)

Alzheimer’s disease (AD) is the most frequent cause of
dementia in the elderly, but the etiology and pathogenesis
of AD are poorly understood.' Brain pathology in AD is
typified by abundant extracellular amyloid fibrils in neuritic
plaques (NPs), and blood vessels, and by large numbers
of neurofibrillary tangles.? Identical lesions occur to ex-
cess in the brains of Down's syndrome (DS) patients over
40 years old, but they are infrequent in brains of normal
elderly subjects."?

NP and blood vessel amyloid are composed of nearly
identical 4.2 kd peptides termed the A4 or 8-protein,32
but other proteins (eg, a-1-antichymotrypsin) may be
components of brain amyloid.® Oligonucleotides based
on the B-protein sequence were used to obtain human
cDNA clones,"™"7 which localized to chromosome
21."'3 The predicted protein displayed features of a
transmembrane protein with at least 2 possible glycosyla-
tion sites.'® The carboxy terminal membrane-spanning
domain included the B-protein.’ Other clones with re-
gions homologous to the Kunitz family of serine protease
inhibitors, which may represent alternatively spliced
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Table 1. Antibody Characterization

Staining
Antibody ELISA* patternt Enhancementt
Rabbit antiserum ++ 1 Formic acid§
Mouse antiserum ++ 1 Formic acid§
AMY 33 ++ 1 Trypsin!
AMY 56 ++ 3 NaDodSO,
AMY 58 + 3 NaDodSO,
AMY 62 ++ 3 Trypsin!!
AMY 67 + 2 Triton X-100"
AMY 70 ++ 3 Triton X-100"
AMY 74 ++ 3 Triton X-100"

* Optical density readings of 0.300-0.500 (+) and >0.501 (++) using
0.5 ug of AMI"-2 peptide per well.

1 Immunoreactivity was seen in NP and vascular amyloid only (1), in
the cytoplasm of neural cells only (2), or in NP and vascular amyloid as
well as neural cells (3).

1 The enhancement procedure that most effectively improved staining
on NBF-fixed§ or microwave-denatured' tissues with a given antibody as
described in the text. No improvements were observed using Bouins-fixed
tissues, and staining only improved in NBF-fixed tissues pretreated with
formic acid and probed with antisera. The microwave-denatured tissues
improved with a variety of treatments depending on the MAb used.

mRNA of the amyloid 8-precursor protein (ABPP) gene,
also were described.’®'” Thus, multiple forms of the
ABPP may exist. These and other observations'®2 led to
speculations that the ABPP is a neuronal plasma mem-
brane molecule,'®? a protease inhibitor,'>"” a peptide li-
gand,® or a heparin sulfate proteoglycan core protein.'®
Although ABPP mRNA were found in human and nonhu-
man nervous and non-nervous system tissues,''-'7:20-23
no information is available on the neural cells that synthe-
size and process the B-protein and/or the ABPP in human
brain.9182024-26 However, recent immunologic data in the
rat suggested that neurons and astrocytes may be in-
volved in these events.2>?” Data presented here indicate
that the same cells may play a similar role in the human
nervous system.

Materials and Methods
Peptide Preparation

Five peptides homologous to three different regions in the
ABPP were prepared. AMY 1'% corresponds to the first
28 amino acids of the 8-protein plus an additional N-termi-
nal cysteine necessary for coupling to a carrier protein.
These 28 amino acids (aa) correspond to aa 653-680 in
the 751 aa long form (ABPP75') of the ABPP.'” AMY ['-12
and AMY 1'% correspond to aa 1-12 and 11-25 of the 8-
protein respectively (aa 653-664 and 663-677 in ABPP™"),
AMY |l and Il correspond to aa 53-72 and 309-327, re-
spectively, of ABPP’S', AMY I'2 was synthesized on
PAM-resin using double couplings with BOC-amino acid
preformed symmetrical anhydrides or pentafiuorphenyl
esters. AMY I, lll, I'"*2, and 1'% were synthesized using
FMOC-amino acid symmetrical anhydrides.?® AMY [-2

was coupled to keyhole limpet hemocyanin (KLH) by in-
corporating a maleimide group into KLH and reacting this
maodified carrier protein with a 20 molar excess of the pep-
tide.2

Generation And ELISA Screening
Of Antibodies

Rabbit and mouse antisera and mouse MAbs were gener-
ated and screened by ELISA using 0.5 ug of AMY |28 per
well as described.?® Antibodies selected for study here
are summarized in Table 1.

Immunohistochemistry

Antisera (diluted 1:200) and MAb supernatants (applied
neat or in a 1:10 dilution) were used to stain 6-u thick
paraffin sections cut from brain tissue denatured by mi-
crowave energy, neutral buffered 10% formalin (NBF), or
Bouins solution. The tissues came from three AD cases,
two adult DS cases, and three controls without DS or AD
(see Table 2). The diagnostic, fixation, and immunohisto-
chemical procedures used here have been de-
scribed. 22

Pretreatment Of Tissue Sections

To expose potentially inaccessible epitopes,® we incu-
bated tissue sections in formic acid, detergents, or en-
zymes before immunohistochemistry. NBF-fixed tissue
was pretreated with 90.8% (stock) formic acid for 10 min-
utes, followed by a wash with 0.5 M TRIS HCI buffer (TB),
pH 7.6. Formic acid treatment of Bouins-fixed tissue was
identical to NBF-fixed tissue. A variety of similar formic
acid pretreatments were used with the microwave dena-
tured tissues. Other pretreatments were applied to the mi-
crowave denatured tissues including: trypsin (0.05 mg/mi
TB with 0.134 g CaCl,/ml of buffer at 37 C for 30 minutes
followed by a 5-minute wash in TB and a 15-minute wash
in 2% newborn calf serum in TB), NaDodSO, (0.1% Na-
DodSO, in TB for 30 minutes at 37 C followed by the same
washes used with trypsin), and Triton X-100 (1% Triton X-
100 in TB for 60 minutes at 37 C with washes identical to
those used with trypsin).

Results

Clones were considered to be positive if they produced
an optical density equal to or greater than 0.10 at 450
nm by ELISA using AMY ['-28 (not KLH coupled). Positive
clones were then screened against blank wells and wells



Table 2. Cases Studied
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Postmortem interval

Case Diagnosis Age Gender Fixation (hours)

1 DS 67 Male Microwave 15

2 DS 57 Female Microwave 15

3 AD 82 Female NBF, Bouins 75

4 AD 74 Male Microwave 8

5 AD 66 Female Microwave 15

6 Normal 69 Female Microwave 13.5

7 Adult polyglucosan body 70 Female Microwave 14
disease

8 Idiopathic Parkinson'’s 66 Female Microwave 15
disease

One hemisphere from the first AD case (case #3) was fixed with NBF, the other with Bouins solution. The remainder of the case material was denatured

by microwave treatment.

coated with either AMY Il or AMY ll, ie, peptides from unre-
lated regions of ABPP™®'. The panel of MAbs selected for
study here included those that produced optical densities
with AMY |28 greater than 200% higher than the optical
densities obtained when the same MAbs were screened
against blank wells or wells coated with the other 2 unre-
lated peptides (data not shown); 32 such clones were ob-
tained from 2 separate fusions. Polyclonal antisera to
AMY ['-28 raised in rabbit and mouse behaved similarly.
ELISA and immunohistochemical activity of the antibodies
was absorbed out by serial incubation with AMY 1'% but
not with AMY Il. Two different peptides comprised
of shorter AMY 1'% sequences, ie, AMY |2 and AMY
I'-25, also were used for ELISA screening, and all of the
MADbs and antisera failed to detect them.

All ELISA-positve MAbs and the antisera were
screened by immunohistochemistry on microwave dena-
tured DS frontal cortex (case 2) with abundant NP and
vascular amyloid deposits, and seven MAbs that in-
tensely stained these amyloid deposits and/or neural cells
were selected for further study. Both rabbit and mouse
antisera also stained NP and vascular amyloid. We then
used these seven MAbs and the mouse antiserum to
probe mid-frontal cortex, hippocampus, cerebellum, and
spinal cord from five additional cases, and hippocampus
from case 6 (see Table 1).

As summarized in Table 1, pretreatment of sections
improved the staining ability of several of the antibodies,
but different agents were found to be effective for different
antibodies. Specifically, formic acid improved antiserum
staining of amyloids in NBF-fixed tissue, but it did not im-
prove staining by our MAbs, nor did it enhance staining in
Bouins- and microwave-denatured tissues. Alternatively,
trypsin treatment of microwave-denatured tissue dramati-
cally improved AMY 33 and 62 staining and slightly im-
proved antiserum staining, but it diminished NP amyloid,
vascular amyloid, and neural cell staining by all other
MADs. In other studies of the microwave denatured tis-
sues, 1% Triton-X 100 greatly increased the number of
plaques and vessels stained by AMY 74, and moderately
improved staining by AMY 58, 67, and 70, while 0.1%

NaDodSQ, treatment improved staining by AMY 56, 58,
and 33. However, NaDodSO, treatment generally raised
the levels of diffuse neuropil and white matter staining for
all antibodies. Several generalizations about the staining
properties of the MAbs are noteworthy: 1) all MAbs failed
to stain Bouins- or NBF-fixed tissue whereas the mouse
antiserum stained both; 2) each MAb stained only a sub-
set of the NPs and amyloid-rich blood vessels detected
by the mouse antiserum or thioflavin S in microwave fixed
tissue; 3) for a given MAb the amount of NP and cerebro-
vascular amyloid staining relative to the mouse antiserum
was consistent within each case from region to region,
and 4) although each MAb stained NPs with variable in-
tensity, the staining intensity was consistent across
cases. In addition, striking differences were noted among
these antibodies: 5 of 7 MAbs stained NP and vascular
amyloid as well as granular profiles in the cytoplasm of
several types of neural cells (Figure 1A, B, D-F), but the
antisera and AMY 33 stained only NP and vascular amy-
loid (Figure 1C), and AMY 67 stained only granular profiles
in neural cells. Although AMY 56, 58, 62, 67, 70, and 74
all stained the cytoplasm of some neurons and glia in all
tissues examined, neurons in some cytoarchitechtonic ar-
eas were stained more intensely than others (eg, CA2
> CA1 of hippocampus in Figure 1A). However, no quali-
tative differences were observed between the AD, DS,
and control cases using these antibodies. Representative
data from these studies are shown in Figure 1.

Notably, neurons were not the only class of cells
stained by these antibodies, ie, in all areas examined, peri-
vascular, astrocytic, ependymal, leptomeningeal, and
choroid plexus cells were stained intensely. Staining of
white matter was variable, but always present. Even
among neurons, there were differences in immunoreactiv-
ity. For example, in neocortex, all layers stained, with the
large neurons of layers lll and V being especially immuno-
reactive. In hippocampus, the staining was intense in
fields CA2-4, diminished in field CA1, and became robust
again in subiculum. Neuron size did not seem to deter-
mine staining intensity; small neurons of the dentate gyrus
were highly immunoreactive (Figure 1A), while Purkinje
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Figure 1.  Representative immunobistochemical data obtained with MAbs and antisera to the AMY ['-?8 peptide in buman tissues
denatured by microwave energy. The regions illustrated and the antibodies used are: dentate gyrus and CA1-4 in hippocampus
using AMY 62 (A); CA2 using AMY 74 (B); neocortex from middle frontal gyrus using the mouse antiserum (C); AMY 56 (D); and
AMY 74 (E); cerebellar cortex using AMY 70 (F). The sections in panels D and E were pretreated with NaDodSOy4 and Triton X-100,
respectively. The arrowbeads in panel A demarcate the more intensely stained pyramidal neurons in the CA2 field (left) from the
less intensely stained neurons in the CA1 field (right). The inset in panel B shows the granular staining of the neuron identified with
the arrow at higher magnification. The arrows in panel D identify immunoreactive astrocytes. In panel E, the open arrows mark
immunoreactive NPs while the closed arrows point to neurons with granular immunoreactivity. Granular immunoreactivity in
Purkinje cell bodies and in a Golgi neuron are marked by the arrows and white arrowbead, respectively in F. All the sections were
counterstained with bematoxylin. The bar in A= 200y, in B= 50, in the inset in B= 10pu, in C= 100, in D= 50u; D to F are at
the same magnification.

cells displayed patchy granular immunoreactivity (Figure 1F) with some MADbs. In addition to cerebellum, other
1F). Fine processes of neurons reacted with these MAbs brain regions that remain free of amyloid accumulations
because stippled immunoreactivity was noted in the mo- displayed immunoreactivity. For example, in the spinal

lecular layer of the dentate gyrus and cerebellum (Figure cord the large neurons of the grey matter and the ependy-



mal cells of the central canal showed intense staining
(data not shown). Furthermore, spinal cord white matter
stained like white matter of other regions, ie, glial cytoplas-
mic immunoreactivity was often noted.

Discussion

The antibodies described here are the first to recognize
both amyloid and intracellular antigens in the human
brain, although antibodies raised to synthetic peptides
based on the ABPP were recently shown to label the cyto-
plasm of normal brain cells in the rat.?>?” Our data are
likely to reflect the expression of the ABPP and/or the -
protein in amyloid deposits and brain cells of AD, DS, and
control brains for the following reasons: 1) the ELISA data
showed that the antibodies specifically recognized the
AMY 1'-28 peptide (which is capable of forming amyloidiike
fibrils in vitro3'), but not other ABPP peptides (AMY I, Ill) or
the short AMY I"-'2 and AMY I'-% sequences; 2) antibody
reactivity was completely removed by absorption with
AMY 1'% but not with the other peptides; 3) 5 of 7 MAbs
labeled typical amyloid deposits as well as diverse neural
cells in tissue sections; 4) in situ hybridization studies us-
ing an ABPP cDNA probe demonstrated ABPP mRNA in
populations of neurons in hippocampus and neocortex of
both normal and diseased individuals?'-2 similar to those
that were labeled by 6 of 7 of our MAbs; 5) Northern blot
analyses demonstrated ABPP mRNA in a wide variety of
brain regions, including the cerebellum,'":'®'5'® where we
observed immunoreactivity with our MAbs; 6) antibodies
raised to synthetic peptides based on aa sequences from
other ABPP domains were recently shown to label rat
brain neuronal and glial cells?®%” almost exactly like our
antibodies. Although dlial, perivascular, and leptomenin-
geal cells have not been reported to contain ABPP
mRNA, 82" this may reflect low ABPP mRNA levels in
these cells, differences in the sensitivity of in situ hybrid-
ization vs. immunohistochemistry, or the endocytosis of
the B-protein or other ABPP derivatives in cell types that
do not synthesize the ABPP. Because different tissue de-
naturation methods and tissue pretreatment protocols
differentially enhanced staining by our antibodies, this
may reflect conformational changes in the same or similar
B-protein derivatives induced by these procedures. These
distinct conformations could arise during processing
(both normal and aberrant) of the ABPP. Indeed, recent
aa sequence data support the concept that gB-protein
deposits in NPs and blood vessels are not completely
identical.®

Our observations in human brain, and those recently
described in the rat, %" are consistent with the view that
the ABPP is produced by diverse neuronal and glial cell
types in brain. It is notable that the granular immunoreac-
tivity we observed in human brain samples resembles that
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seen in the rat,?®?” and that proteoglycans, a class of mol-
ecules to which the ABPP is postulated to belong, are
concentrated in cytoplasmic granules.® However, the
precise nature of the ABPP remains to be determined,
and it is unclear which of the diverse cell types stained
by the antibodies described here synthesize the 8-protein
precursor and which cells process it into amyloid depos-
its. To fully understand the pathogenesis of amyloid depo-
sition in AD and DS it is necessary to obtain more com-
plete information on the metabolism of the ABPP and its
derivatives, such as the g-protein, as well as on the cells
involved in processing the -protein into amyloid fibrils.
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