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We evaluated the efficacy of murine monocional antibodies
(Mabs) targeted to 8/A4 amyloid for development of proce-
dures for the in vivo identification of amyloid angiopathy (AA)
in Alzheimer's disease (AD). Mabs to §/A4 amyloid were
prepared and screened for effectiveness in visualizing AA and
senile plaques in postmortem AD brain sections. They were
assessed again after enzymatic cleavage to produce Fab
fragments and after labeling with ®*"Tc using a diamide di-
mercaptide ligand system. Modified and radiolabeled Fab
fragments retained activity and specificity towards amyloid-
laden blood vessels and senile plaques. A highly specific
murine Mab, 10H3, was identified and characterized that
fulfills criteria necessary for the development of a diagnostic
imaging agent. Expansion and adaptation of these strategies
may provide the methods and materials for the noninvasive
analysis of AA in living patients, and permit assessment of
the contribution of AA to the clinical and pathological features
of AD.
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The brain circulation is involved in the pathological
processes of Alzheimer’s disease (AD). Nevertheless, the
role of cerebrovascular lesions in the pathophysiology of
the disease remains unknown (/). Amyloid angiopathy
(AA) has been recognized since the early work of Scholz
as a significant aspect of the microscopic pathology of AD
(2,3). Although found to a lesser extent in some healthy
older people, AA is severe and common in AD and occurs
in greater than 90% of affected brains (2-7). The amyloid

Received Jan. 16, 1992; revision accepted Jul. 23, 1992.

For reprints contact: Charles A. Marotta, MD, PhD, Department of Neuro-
science and of Psychiatry and Human Behavior, Brown University,
Box G-M 209, Providence, RI 02912.

2184

is readily demonstrated by application of Thioflavin S or
Congo red to brain sections (8-10). These staining prop-
erties reflect the presence of twisted beta fibrils in the vessel
wall (8,11).

Amyloid infiltration is widespread in the brain micro-
vasculature; affected vessels often pass from the leptome-
ninges into the cortex. Small cerebral vessels with arterioles
that appear as thickened tubes are observed. Involved
vessels include small pial and intracortical arterioles, lep-
tomeningeal vessels and, at times, intracortical capillaries,
sometimes with destruction of the endothelium (7,2,13).
Immunocytochemical and electron microscopic studies
indicated that the amyloid component of senile plaques
often occurs in close proximity to affected microvessels
(12,13). However, AA may occur without senile plaques
(14), and the spatial association between plaques and AA
may be a chance relationship.

While brain imaging has been widely used in the inves-
tigation of AD, presently there are no means to make the
diagnosis noninvasively. Furthermore, there are currently
no mechanisms for the assessment of the disease’s basic
pathological features during life in the absence of surgery.
The presence of amyloid deposits in small brain vessels in
close proximity to the lumen (13,14) suggests that an
intravenously administered radiolabeled antibody would
be capable of in vivo localization. With the goal of devel-
oping a highly specific and reactive immunologic probe
for AA, a series of studies were carried out on monoclonal
antibodies (Mabs) made to a sequence homologous to the
B/A4 peptide (15). The peptide is the major protein com-
ponent of amyloid deposits in the AD brain (15). We
identified and characterized a murine Mab, 10H3, that
retains high reactivity and specificity towards AA after a
series of modifications required to produce an imaging
agent.
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MATERIALS AND METHODS

Postmortem Brain

Postmortem brain material was obtained from the Brain Tissue
Resource Center at McLean Hospital, Belmont, MA. The brain
from an 88-yr-old male with the clinical diagnosis of Familial
AD was used for evaluating 10H3. The diagnosis was confirmed
upon postmortem examination, which demonstrated the wide-
spread occurrence of senile plaques and neurofibrillary tangles in
all brain areas examined. In addition, congophylic angiopathy
was noted to involve intraparenchymal vessels as well as vessels
within the subarachnoid space. The neurologically normal con-
trol brain used in the present study was that of a 65-yr-old male.
Brain sections failed to stain with Thioflavin S.

Preparation and Characterization of the Synthetic
Amyloid Polypeptide

A 28 residue polypeptide homologous to 8/A4 was synthesized
by Biosearch (San Rafael, CA). Amino acid analysis verified the
structure. The amino acid sequence was reported by Masters and
coworkers (15) and is here referred to as 5/A4(1-28). 8/A4(1-28)
is homologous, but nonidentical, to the site occupied by amyloid
precursor protein (APP) amino acids 597-624 (16-18). Peptide
samples were stored as a dry powder at —20°C until used.

Immunological Procedures

Immunocytochemistry The preparation of Mab 10H3 was
detailed in an earlier report (/0). Formalin fixed human post-
mortem brain tissue was kept in 30% sucrose overnight and
serially sectioned on a cryostat at 40 um. After storage in glycerol/
water (1:1)-1% sodium azide at —20°C, they were rinsed in Tris-
buffered saline (TBST (0.9% NaCl, 20 mM Tris, pH 7.4), im-
mersed in 1% H,0, in TBS for 30 min and then rinsed in TBS.
Each section was placed in the appropriately diluted primary
antibody in immunocytochemistry primary buffer (IPB) (10%
goat serum, 2% BSA in TBST [TBS + 0.5% Triton X-100])
overnight. After rinsing with TBST, sections were treated with
biotinylated goat anti-mouse IgG [Jackson ImmunoResearch
Laboratories, diluted 1:200 in immunocytochemistry secondary
buffer (ISB) (2% BSA in TBST)] for 2 hr and then rinsed with
TBST. Sections were combined with Avidin DH: biotinylated
horseradish peroxidase H complex (Vector) according to the
manufacturer’s directions, diluted with ISB, rinsed in TBST,
developed for 2 min in a diaminobenzidine tetrahydrochloride
solution, and mounted and coverslipped.

For the immunofluorescence procedure, the secondary anti-
body was rhodamine-conjugated goat anti-mouse IgG (Cappel),
diluted 1:50, for 1 hr in ISB. Photographs were taken with a Zeiss
photomicroscope equipped with the appropriate excitation and
barrier filters.

Dot Blots. Fab preparations were characterized on nitrocellu-
lose blots of the starting antigen. Two micrograms of 8/A4(1-28)
peptide was spotted for each antibody and the latter were tested
at concentrations ranging from 0.05 ug/ml to 0.2 ug/ml. The
procedures were described in detail earlier (10).

Quantitation of Inmunostained Plaques

A quantitative assay for antibody specificity was carried out
on sections of AD cortex. The numbers of immunostained
plaques were counted using a scored grid inserted into the micro-
scope eyepiece. Each grid was 0.25 mm per side; 319 adjacent
grids were counted per tissue section for a total area of 19.94
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mm?, Since serial sections were used when comparing antibodies,
data from a particular dilution series could be compared within
that series with relative certainty that sections contained compa-
rable numbers of plaques.

Antibody Purification

For studies on the purified antibody, the latter was obtained
from mouse ascites fluid in a single step using Protein G Sepha-
rose Fast Flow (Pharmacia) following the manufacturers instruc-
tions. The purified IgG was characterized by isoelectric focusing
as follows. Reagents were obtained from Pharmacia and were
applied by means of the general directions supplied by the man-
ufacturer (“Electrophoresis Catalogue”).

Antibody Subclass Determination

Isotyping was performed on the purified samples using an
ELISA assay for murine IgM, IgG, IgG:a, and IgG; heavy chains
and for kappa and lambda light chains. The procedure involved
coating a 96 well microtiter plate with GAM (goat anti-mouse)
iso-specific capture antibodies (Fisher Biotek) in phosphate buff-
ered saline (PBS) overnight. Any unbound antibodies were re-
moved by washing with 0.5% Tween-20 in PBS. Control and test
samples were added at 1 ug/ml in CSPT buffer (5% chicken
serum, 0.5% Tween-20 in PBS) and the plates were incubated at
4°C for 1 hr. Unbound antibody was removed by washing with
0.5% Tween-20 in PBS before adding GAM IgG (pan-reactive)-
horseradish peroxidase conjugate (Fisher Biotek) and incubated
again at 4°C for 1 hr. The microtiter plate as washed again with
0.5% Tween-20 in PBS and a chromogenic substrate (ABTS
[2,2’azino-bis(3-ethylbenzthiazoline-6-sulfonic acid] + H,0,,
Sigma) was added for 30 min at room temperature. Optical
densities were recorded on a dual-beam microtiter plate reader
set at 415 nm (sample) and 490 nm (reference).

Antibody Fragmentation

Fab fragments of 10H3 were obtained after enzymatic diges-
tion of the whole antibody. Papain bound to agarose beads was
obtained from Pierce and activated according to the manufactur-
er’s instructions. 10H3 was exchanged into digestion buffer (0.02
M sodium phosphate, pH 8.5, 0.003 M EDTA, 0.02 M L-cysteine,
and adjusted to 5 mg/ml). Antibody was mixed with activated
papain beads in a ratio of 1 mg of protein per 0.05 ml packed
volume of beads. After 18 hr mixing at 37°C, the mixture was
centrifuged and the supernatant applied to a 5 ml column of Q
Sepharose Fast Flow (Pharmacia) equilibrated with 0.1 M sodium
phosphate, pH 8.5. The flow-through volume containing pure
10H3 Fab was collected and concentrated to 20 mg/ml. The Fab
fragment was pure as judged by SDS-PAGE and gel filtration
HPLC.

Radiolabeling of 10H3 Fab with *"Tc

The Fab fragment was radiolabeled with generator-produced
”mTc using the diamide dimercaptide bifunctional chelating
agent, and procedures, described by Kasina and coworkers (19).
Briefly, generator produced [**™Tc]pertechnetate was reduced by
stannous ion and complexed gluconate ion. The reduced *"Tc
gluconate was added to an acidified solution containing the
diamide dimercaptide ligand. The **™Tc was transchelated into
the ligand during a 15 min incubation at 75°C. The *™Tc ligand
solution was cooled to room temperature and adjusted to pH 9.5
with bicarbonate buffer. A solution of antibody in phosphate-
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FIGURE 1. Iso-electric focusing gel pattern in 10H3 compared

to another unrelated reference antibody (IgG), NR-LU-10. Thelat-
ter is murine in origin and recognizes a 40 Kd glyco-protein
expressed by small cell and nonsmall-cell lung carcinoma cells
and adenocarcinomas (34). Lanes A and D: pH standards. Lane
B: 10H3. Lance C: antibody NR-Lu-10.

buffered saline was added to the *Tc ligand solution and
incubated at room temperature for 20 min. The *™Tc-labeled
antibody was then purified by anion exchange chromatography
and diluted with normal saline prior to further use.

FIGURE 2. Immunostaining
of AD brain sections with 10H3
IgG. Sections (40 um) of a fro-
zen AD brain were cut with a
cryostat, mounted on glass
slides, and fixed in ice cold
ethanol for 15 min. (A and B)
Meningeal amyioidotic biood
vessels immunostained with
fluorescein conjugated goat
anti-mouse IgG. (A, bar = 20
um, B, bar = 10 um). Further
immunostaining utilized the bi-
otinylated horseradish peroxi-
dase complex and diaminoben-
zidine tetrahydrochioride solu-
tion and was carried out on 40
um frozen brain sections as be-
fore. Both the AD brain section
shown in panel C and the neu-
rologically normal  control
shown in panel D were immu-
nostained with the same re-
agents in simultaneous proce-
dures. In panel C, parenchymal
amyloidotic blood vessels
and surrounding plaques are
clearly visible. (C and D, bar =
50 pm).
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RESULTS

Quantitative Immunocytochemistry: Comparative
Activity of Mab Preparations

Anti-8/A4 Mabs were prepared and were classified as
the gamma 2a kappa isotype. Preliminary screening indi-
cated that Mab 10H3, which had a characteristic isoelectric
focusing pattern (Fig. 1), effectively detected senile plaques
and amyloid-laden blood vessels of brain parenchyma as
well as amyloidotic meningeal vessels of AD brains (Fig.
2A-C). Normal control brains, without amyloid deposits,
were unreactive with 10H3 (Fig. 2D) except for light
background staining. Quantitative immunocytochemistry
was carried out to compare the activity and specificity of
10H3 with othr anti-3/A4 Mabs obtained by the same
preparative procedures. Unlike immunostained parenchy-
mal plaques which are comparable in numbers among
serial sections of tissue, blood vessels are not uniformly
distributed. Thus, quantitation of plaques in adjacent sec-
tions served as the basis for immunocytochemical assays.
Multiple experiments in which each of several comparable
Mabs was tested over a range of concentrations (0.1 ug/
ml-10 ug/ml) indicated that 10H3 detected as many or
more plaques than other Mabs in the same series at a ten-
fold greater dilution (Table 1).

Quantitative Immunocytochemistry: Activity After Fab
Fragmentation

The Mabs were purified through a protein G column
and enzymatically converted to Fab fragments. They re-
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TABLE 1
Comparison of Mab Immunoreactivity by Immunohistology*
Plaques per standard
Concentration section of AD brain
Mab (ug/mi) tissue
10H3 1 718
7D10 10 548
5E2 10 310
4E12 10 566

* After testing at various dilutions the Mabs were brought to the
indicated concentrations and used to immunostain serial AD brain
sections. The number of immunostained plaques determined by the
standard assay method are indicated. The area of the stained section
was 19.94 mm? in each case.

tained 36%-70% activity in the standard immunocyto-
chemistry assay system (Table 2). 10H3 was then assessed
relative to other comparable anti-8/A4 Fab fragments by
immunocytochemistry. When tested over a range of dilu-
tions found to be effective for processing tissue (0.1 ug/
ml-10 ug/ml) 10H3 activity was more effective than other
antibodies at one-tenth the concentration (Table 2).

Quantitative/Qualitative Inmunocytochemistry: Prela-
beled and Postiabeled 10H3

Antibody 10H3 was radiolabeled with ®™Tc using a
bifunctional diamide dimercaptide ligand system (see Ma-
terials and Methods and Ref. 19). After purification the
Fabs were tested for retention of activity. By means of a
quantitative dot blot procedure it was shown that the pre-
labeled and post-labeled Fab fragments each detected as
little as 2 ug of antigen at concentration of 0.05 ug/ml
(data not shown). Immunocytochemistry carried out at
two antibody concentrations indicated that the number of
plaques detected by the unmodified Fab fragment were
comparable to values for the chelated and radiolabeled
species at the effective concentrations (Table 3).

To assess retention of specificity for amyloid accumu-
lations in the AD brain, pre-labeled and post-labeled 10H3

TABLE 2
Comparison of Immunohistological Reactivity After Fab
Fragmentation*

Plaques per standard  Retention

Concentration  section of AD brain  of activity
Mab (ng/ml) tissue (%)
10H3 1 402 56
7010 10 302 55
5E2 10 212 68
4E12 10 204 36

* After testing at various dilutions, Fab fragments were brought to
the indicated concentrations and used to immunostain serial AD brain
sections. The numbers of immunostained plaques determined by the
standard assay method are indicated. The area of the stained section
was 19.94 mm? in each case. The percent retention of activity of Fab
preparations was calculated based on the data of Table 1.
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TABLE 3
Comparison of Immunohistological Reactivity of 10H3 Fab
Before and After Radiolabeling with c*

Plaques per standard
Concentration section of AD brain
(ug/ml) tissue
Unlabeled 1 224
Labeled 1 261
Unlabeled 5 586
Labeled 5 576

* The number of immunostained plaques determined by the stand-
ard assay method are indicated for 10H3 Fab fragments before and
after labeling with ®™Tc. See legend to Table 2.

Fab fragments were applied to AD cortex. Both before and
after attachment of the diamide dimercaptide chelate of
9mT¢, the Fab exhibited strong affinity for amyloid depos-
its in blood vessels and parenchyma without a reduction
in specificity (Fig. 3).

DISCUSSION

The sequence of the 8/A4(1-28) antigen used for prep-
aration of anti-8/A4 antibodies was determined from pro-
tein of amyloid plaque cores and shown to have the
following sequence: N-Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-
Gly-Tyr-Glu-Val-His-His-GIn-Lys-Leu-Val-Phe-Phe-Ala-
Glu-Asp-Val-Gly-Ser-Ser-Ala-COOH (15). The unique
amino acid sequence contains substitutions that distin-
guish it from AD amyloid peptides obtained by other
procedures. When compared with the first 24 residues
reported for the corresponding peptide derived from AD
brain meninges (20) 8/A4(1-28) substitutes Glu for Gln at
position 11. The 8/A4(1-28) sequence also differs from
the corresponding strucutre obtained by molecular cloning
of APP from nondemented and AD brains (/6,17); in
these cases, 8/A4 positions 27 and 28 were occupied by
Asn and Lys, rather than by Ser and Ala, respectively.

B8/A4(1-28) has the property of aggregating to larger
species on denaturing gels (2/,22). Whereas the calculated
mass is 4.2 kD, the 8/A4(1-28) sequence self assembles to
additional forms that are greater than 23 kD on denaturing
acrylamide gels that contain SDS and urea (21,22). This
characteristic is consistent with the reported behavior of
AD amyloid peptides (23). By immunoblot procedures
10H3 was shown to react with the immunogen when it
occurred both as the 4.2 kD denatured peptide as well as
higher molecular weight aggregates (10,22).

10H3 and additional anti-8/A4 Mabs reacted with pa-
renchymal deposits of amyloid as well as the amyloid of
blood vessels in the AD brain and surrounding meninges.
Only pale amorphous background staining of brain tissue
occurred in the absence of amyloid deposits in normal
control brains. Quantitative immunocytochemistry re-
vealed that 10H3 exhibited greater binding activity than
other anti-3/A4 Mabs in the same series. In other studies,
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FIGURE 3. Immunostaining
of AD brain sections with 10H3
Fab fragments before and after
radiolabeling with **™Tc. Im-
munostaining is described in
the legend to Figure 2. 40 um
AD brain sections were incu-
bated with 1 ug/mi of 10H3 C
Fab fragments overnight prior
to radiolabeling with #"Tc (A,
B) and after radiolabeling with
%mTc (C, D). Plaque fields are
shown in A and C; and amyioi-
dotic blood vessels are shown
in B and D. In panels A and C,
bars = 20 um; in panels C and
D, bars = 10 um.

double staining experiments indicated that anti-8/A4
Mabs reacted with plaques and blood vessels that were also
detected by thioflavin S but that the Mabs were more
sensitive than the dye (10).

For radiolabeling of antibodies, Fritzberg and coworkers
(24) developed a diamide dimercaptide tetradentate che-
lating agent that allows specific and stable binding of **™Tc¢
to proteins. The resulting product has a high degree of
radiochemical purity and retains its native potency. The
novel chelate was used to radiolabel antibodies with ™ Tc
for tumor imaging in humans using murine Fab fragments
(25). The same strategy can be applied to anti-8/A4 Mabs
for detection of amyloid angiopathy in the AD brain. It is
anticipated that by this approach the diagnosis of AD by
brain imaging will be feasible since the radiolabeled anti-
body retains high affinity and specificity for vascular amy-
loid, as well as for plaques. This noninvasive imaging
technique may provide a means to determine the relation-
ship of imaging evidence for AA to disease course.

While brain imaging has been a subject of extensive
investigation in AD (26,27 et op. cit.), a noninvasive
diagnostic method awaits development. There are cur-
rently no approaches to the assessment of the basic path-
ological features of the disease during life without surgical
intervention. By contrast Mabs have been widely used in
the imaging and treatment of cancer (24,28-33) wherein
they provide specific nontoxic markers that were shown
to be safe, and, in some settings, more sensitive for tumor
detection than other imaging methods. Although radio-
immunodetection investigations of brain tumors in hu-
mans have been ongoing for more than 25 yr, brain
diseases have received limited attention with this tech-
nique.

Our current approach takes advantage of the rapid
clearance of the Fab fragment of the anti-3/A4 10H3 Mab
and the exemplary properties of the **"Tc label as a
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diagnostic radiopharmaceutical. If successful targeting oc-
curs, SPECT imaging may provide a noninvasive measure
of AA. Localization to intravascular 8/A4 deposits is ex-
pected to be less prominent in healthy aged control subjects
than in AD patients. A radioimmunodetection approach
may allow us to assess this hypothesis, as well as attempt
to correlate the severity of AA with the severity and
duration of illness.

SUMMARY

10H3 is a murine Mab to the AD $/A4 amyloid that is
highly reactive and specific for blood vessel and parenchy-
mal amyloid deposits. The Mab retained its binding char-
acteristics after cleavage to a Fab fragment and chelation
to a diamide dimercaptide tetradentate agent and labeling
with *™Tc. Based upon these properties the radiolabeled
anti-amyloid Fab appears to be a potentially effective agent
for application to the diagnosis of Alzheimer disease by in
vivo imaging.
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