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Amyloid b-protein (Ab), the principal constituent of the senile
plaques seen in Alzheimer’s disease (AD), is derived by prote-
olysis from the b-amyloid precursor protein (bPP). The distri-
bution and trafficking of cell surface bPP are of particular
interest because some of these molecules are direct precursors
of secreted Ab and because the localization of bPP at the cell
surface may be related directly to its physiological functions.
Recently, we reported that, in cultured hippocampal neurons,
cell surface bPP is preferentially expressed on axons in a
striking discontinuous pattern. In this study, we describe the
colocalization of cell surface bPP and integrins in primary cul-
tured cells. In rat hippocampal neurons, cell surface bPP was
colocalized selectively with a1b1 and a5b1 integrin het-
erodimers at these characteristic segmental locations. In rat
cortical astrocytes, both cell surface bPP and b1 integrin were

located at the cell periphery in the “spreading” stage shortly
after plating. In “flattened” astrocytes cultured for several days,
bPP was found in punctate deposits called point contacts. In
these sites, bPP was colocalized with a1b1, but not with a5b1
integrin heterodimers, the latter of which were situated at focal
contact sites. In both neurons and astrocytes examined after
shearing, clathrin and a-adaptin were colocalized with bPP on
the surface that directly contacts the substratum. These results
are consistent with the putative role of bPP in cell adhesion and
suggests that bPP either interacts with selected integrins or
shares similar cellular machinery to promote cell adhesion.
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Alzheimer’s disease (AD) is a progressive, neurodegenerative
disorder characterized by the extracellular deposition of the
39–43 amino acid amyloid b-protein (Ab) in the brain paren-
chyma (Selkoe, 1994). Ab is derived by proteolytic cleavages from
the b-amyloid precursor protein (bPP) (Kang et al., 1987). Con-
stitutive cleavage of bPP by “a-secretase” occurring in vivo and in
vitro results in the secretion of the N-terminal ectodomain bPPS.
The ubiquitous a-secretase cleavage occurs within the Ab region
and therefore precludes the generation of an intact Ab peptide
(Esch, 1990). In contrast to most non-neural cells, neurons and
glia secrete relatively small amounts of bPPS for unclear reasons
(Haass et al., 1991). Some bPP molecules not cleaved on the cell
surface are internalized and targeted to endosomes and lyso-
somes. A smaller population of bPP molecules seems to be
recycled back to the surface for secretion or internalization (Koo

et al., 1996). Both the secretory and endocytic pathways have been
shown to contribute to Ab released into medium by cultured cells,
although endocytic processing seems to be the predominant
source (Koo and Squazzo, 1994).
The physiological role of bPP remains to be defined. Proposed

functions for bPPS include neurite-promoting properties, wound
healing, cell adhesion, cell growth and differentiation, and inhibi-
tion of proteases and coagulation factor XIa (for review, see
Saitoh and Mook-Jung, 1996). Full-length membrane-bound bPP
may function as a cell surface receptor capable of interacting with
G-proteins (Nishimoto et al., 1993) and in cell adhesion. The
latter function is consistent with the binding of bPP with laminin
and proteoglycans (Small et al., 1996). Which of these diverse
functions predominates in brain is unclear.
In cultured neurons, cell surface bPP is located predominantly

in axons, where it subsequently can undergo retrograde and trans-
cytotic transport. Surprisingly, on the axonal surface, bPP dis-
played a characteristic patchy pattern. In particular, bPP is dis-
tributed in discontinuous and irregularly spaced segments along
the entire length of the axon (Yamazaki et al., 1995). This pattern
of bPP distribution on the axonal surface is in sharp contrast to
the diffuse localization seen intracellularly. We hypothesize,
therefore, that this unique bPP localization on the axonal surface
is related to its putative role of bPP in cell adhesion.
To investigate further the basis for this intriguing distribution of

bPP on the surface of neurons and to gain insights into the
function of surface molecules, we conducted a detailed immuno-
cytochemical analysis of the distribution of bPP, integrins, clath-
rin, and a-adaptin in different neural cells. Our results demon-
strate that bPP is colocalized with integrins on the surface of both
neurons and astrocytes. In the latter cells, bPP accumulates at
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sites of point contact, but not at focal contact sites. In both cell
types, bPP shows a tight association with the a1b1 integrin het-
erodimer. These observations suggest that bPP either interacts
directly with selected integrins or, more likely, shares similar
cellular machinery to promote attachment of cells to the
substratum.

MATERIALS AND METHODS
Cultures
Rat hippocampal neurons. Hippocampal cultures were prepared from
embryonic day 18 rats as previously described (Yamazaki et al., 1995). In
brief, cells from the dissected hippocampi were dissociated by trypsin
(0.25% for 15 min at 378C), followed by trituration with fire-polished
Pasteur pipettes. The cells were plated at a density of 100,000 cells/60 mm
culture dish on glass coverslips coated with poly-L-lysine (1 mg/ml) in
MEM with 10% horse serum. After 2–4 hr, the medium was changed to
1 ml of MEM with N2 supplements, ovalbumin (0.1%), and pyruvate
(0.01 mg/ml) that had been conditioned in cultures of astroglial cells for
24 hr. Coverslips plated with neurons were cocultured with astroglia.
Rat sympathetic neurons.Methods of dissecting rat cervical sympathetic

neurons from P1 newborn rats were described previously (Yamazaki et
al., 1995). Dissociated neurons were plated on glass coverslips coated
with either rat type 1 collagen (50 ng/cm2) or laminin (10 mg/ml). Cultures
were maintained in serum-free medium for 7 d without astroglial
coculture.
Rat type 1 astrocytes. Cultures highly enriched in type 1 astrocytes

(.95%) were prepared according to methods described previously (Tawil
et al., 1993). Postnatal day 1 rat cerebral cortices were treated with trypsin
(0.25% in MEM) for 30 min at 378C, and cells were seeded into poly-L-
lysine-coated flasks after trituration. After 10 d in culture, flasks were
shaken overnight. Then the cells were seeded on glass coverslips coated
with poly-L-lysine (5 mg/ml), laminin (0.5–5.0 mg/cm2), collagen (50 ng/
cm2), and fibronectin (2.0–10.0 mg/cm2). Cells were cultured for 3 hr
(“spreading cells”) or 3 d (“flattened cells”) after plating before being
prepared for immunocytochemistry.

Antibodies
The monoclonal antibodies 5A3 and 1G7 (Koo and Squazzo, 1994) and
the goat polyclonal antibody 207 (gift of Dr. B. Greenberg, Cephalon,
West Chester, PA) (Shoji et al., 1992) made against human bPPS from
transfected Chinese hamster ovary cells (CHO) or baculovirus-infected
Sf9 cells, respectively, were used in the studies. 5A3 and 1G7 recognize
nonoverlapping epitopes in the midregion of the bPP ectodomain, and
these two monoclonal antibodies were used together to obtain higher
signal (Yamazaki et al., 1995). The polyclonal antibody C7 (Podlisny et
al., 1991) was raised against the C-terminal 20 amino acids of bPP. At the
immunocytochemical level, these anti-bPP antibodies do not recognize
amyloid precursors like protein 2 (APLP2) expressed in transfected CHO
cells (Yamazaki et al., 1995). The monoclonal antibody 3A3 (gift of Dr.
S. Carbonetto, McGill University, Montreal, Canada) was directed
against the extracellular domain of the rat a1 integrin subunit (Turner et
al., 1989). Rabbit polyclonal anti-b1 antiserum (gift of Dr. Carbonetto)
was made to a purified extracellular domain of the rat b1 integrin subunit
(Tawil et al., 1990). Monoclonal antibodies X22 (Brodsky, 1985) and
AP.6 (Chin et al., 1989) were raised against clathrin heavy chain and 100
kDa a-adaptin, respectively (gift of Dr. F. Brodsky, University of Cali-
fornia, San Francisco, CA). Additional antibodies included those directed
at the intracellular domain of the b1 integrin subunit (Chemicon, Te-
mecula, CA), the a5 subunit of integrins (Chemicon), transferrin recep-
tor (gift of Dr. I. Trowbridge, Salk Institute, La Jolla, CA), synaptophysin
(Boehringer Mannheim, Indianapolis, IN), MAP2 (Sigma, St. Louis,
MO), focal adhesion kinase (FAK; Transduction Laboratories, Lexing-
ton, KY), L1 (Developmental Studies of Hybridoma Bank, Iowa City,
IA), and neural cell adhesion molecule (NCAM; Chemicon).

Immunocytochemistry
Cultured cells were fixed for 20 min with warm 4% formaldehyde in PBS
containing 0.12 M sucrose. If necessary, cells were permeabilized in 0.3%
Triton X-100 for 5 min at room temperature after fixation. After being
blocked in 10% BSA for 1 hr at 378C, the fixed cultures were exposed to
primary antibodies overnight at 48C. After several PBS washes, the cells
were incubated for 1 hr with rhodamine or fluorescein isothiocyanate
(FITC)-conjugated secondary antibodies (Jackson ImmunoResearch,

West Grove, PA). To label intracellular molecules together with cell
surface bPP, we labeled cell surface bPP first, followed by permeabiliza-
tion and incubation with a second primary antibody. In some experi-
ments, double-labeling immunocytochemistry was performed with two
mouse monoclonal antibodies as described previously (Yamazaki et al.,
1995). The staining patterns of the antibodies used in double-labeling
studies are identical to immunostaining with each of the respective
antibodies alone. So that bleedthrough of the fluorescence images in
double-labeling experiments could be further excluded, no signal could be
detected from single-labeled cultures using FITC-conjugated secondary
antibody when they were visualized with the rhodamine filter set, and vice
versa. Experiments in which cells were sheared were performed essen-
tially as described (Avnur and Geiger, 1981). Briefly, cells on coverslips
were rinsed in buffer A (50 mM 4-morpholine-ethanesulfonic acid (MES),
5 mM MgCl2, and 3 mM EGTA, pH 6.0) and then incubated in buffer B
(buffer A plus 1 mM ZnCl2) for 2 min at room temperature. The cells
were sheared from the coverslips with several brisk streams of PBS, pH
7.2, from a Pasteur pipette, thereby leaving behind only those cellular
regions on the ventral surface in contact with the substratum. Then these
preparations were fixed and labeled as described.

RESULTS
Cell surface bPP is colocalized with integrins in
cultured neurons
We recently showed that full-length bPP on neurites has a char-
acteristic discontinuous patchy pattern of fine granularity on the
axonal surface in cultured hippocampal neurons (Yamazaki et al.,
1995). To investigate the basis for this characteristic distribution
of neuronal surface bPP, we initially examined neurons for colo-
calization of integrins and bPP, because earlier reports suggested
that bPP might play a role in cell adhesion. Hippocampal neurons
cultured for 14 d were fixed and incubated with anti-bPP mono-
clonal antibodies (1G7/5A3) without permeabilization and well
characterized anti-b1 integrin antibodies. The b1 integrin anti-
body produced a patchy staining pattern consisting of fine gran-
ularity on the neurites of hippocampal neurons (Fig. 1a) that
completely colocalized with cell surface bPP staining (Fig. 1b).
This association between b1 integrin and cell surface bPP also was
observed for the a1 and a5 integrin subunits. Immunostaining by
antibodies to these two a subunits demonstrated the same colo-
calization of patchy cell surface staining with cell surface bPP
(Fig. 1c–f), implying that bPP is colocalized with the a1b1 and
a5b1 integrin heterodimers. The distribution of bPP on the cell
surface has been shown to be predominantly on axons. Accord-
ingly, the integrins also localized preferentially on axons (data not
shown). In addition, we have observed previously that bPP is only
variably present on the surface of growth cones (Yamazaki et al.,
1995). This observation extends to the association with integrins
as well, such that b1 integrin and bPP seemed to be present on
growth cones coordinately (Fig. 2a–d).
At the cell body, bPP showed a fine punctate surface staining

pattern. Immunoreactivity for the integrins was distributed simi-
larly, although the resolution of the microscopy was such that it
could not be ascertained whether the reactivity was located on the
cell body itself or on axons that had traversed the soma. To
examine more closely the ventral surfaces of the neuronal cell
body and processes, we used a technique that shears the apical
surface of the neuron, leaving behind only portions of the ventral
surface that are adherent to the substratum (Avnur and Geiger,
1981). Labeling these sheared cells with anti-bPP antibodies dem-
onstrated granular staining in both cell bodies and neurites (Fig.
2e; see also Fig. 5b), and this staining colocalized with that for b1
integrin (data not shown, see below). These observations suggest
that at least a portion of bPP molecules is located on both cell
bodies and axons that are tightly attached to the substratum.

Yamazaki et al. • b-Amyloid Precursor Protein and b1 Integrin J. Neurosci., February 1, 1997, 17(3):1004–1010 1005



To investigate whether this association between bPP and inte-
grins is substrate-dependent, we cultured neurons in defined me-
dium without serum and without cocultured astrocytes. Extracel-
lular matrix components are present in serum and also are
released by astrocytes, and these could affect our analyses. There-
fore, peripheral sympathetic neurons were cultured in serum-free
medium on either type 1 collagen- or laminin-coated coverslips.
Regardless of the substrate, the tight colocalization of bPP and b1
integrin remained and showed the characteristic discontinuous
distribution (Fig. 3).
It should be noted that antibodies raised against either the

extracellular or the intracellular domains of b1 integrin (the
latter examined in permeabilized cells) showed identical colo-

calization with cell surface bPP (examined without permeabi-
lization) in all of the experiments described above. Moreover,
double staining of neurons for synaptophysin or for transferrin
receptor demonstrated no specific colocalization with cell sur-
face bPP (data not shown). Finally, in all experiments de-
scribed above, no staining was observed when the cells were
incubated with secondary antibodies alone or with nonimmune
mouse IgG. Antibodies to NCAM demonstrated a diffuse dis-
tribution along the axonal and dendritic processes, with no
specific colocalization with cell surface bPP (Fig. 2f ), and did
not show an axonal predominance. Furthermore, another neu-
ronal adhesion molecule, L1, also showed a continuous staining
pattern similar to NCAM on both axons and dendrites, with no
colocalization with bPP (data not shown). Therefore, the asso-

Figure 1. Immunocytochemical colocalization of cell surface bPP and
integrins in cultured hippocampal neurons. A hippocampal neuron cul-
tured for 14 d was double-labeled for b1 integrin (a) and cell surface bPP
(5A3/1G7)(b). The axonal pattern from both immunostaining reactions
was patchy and overlapped entirely. b1 integrin and bPP on the perikaryal
surface cannot be compared clearly, because that region of the cell body
is not within the plain of focus of the photomicrographs. a1 (c) and a5 (e)
subunits of integrins also were colocalized with cell surface bPP (d, f )
along neurites. Scale bars, 5 mm.

Figure 2. Immunocytochemical colocalization of cell surface bPP and
integrins at growth cones. Shown are two examples of colocalization of cell
surface bPP (a, c) at growth cones with b1 (b) and a5 (d) integrins in
mature hippocampal neurons in culture, as seen by double-labeling. The
patchy surface distribution of bPP is highlighted in a, where the arrow-
heads trace out the segment of axon devoid of surface bPP immunoreac-
tivity. To examine cell substrate contact sites, we sheared neurons (see
Materials and Methods) and stained them with anti-bPP antibodies (5A3/
1G7)(e). bPP was localized on neurites (arrows) and on the cell body in
a granular pattern. Neuronal cell adhesion molecule (NCAM) staining
( f ) showed a diffuse, rather than a patchy, pattern on neurites. Scale
bars, 5 mm.
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ciation between bPP and integrins is not generalized to other
classes of adhesion molecules.

Cell surface bPP is specifically expressed at point
contact sites in rat type 1 astrocytes
To investigate further the relationship between cell surface bPP
and integrins, we analyzed rat type 1 astrocytes. The rationale is
based on the observations that the heterodimers of integrin sub-
units are differentially expressed during astrocyte attachment and
spreading in culture: a1b1 integrin accumulates at point contacts,
whereas a5b1 integrin is associated with focal contacts, the latter
seen in flattened astrocytes after long-term culture (Tawil et al.,
1993). Using this culture paradigm, we located cell surface bPP at
the periphery of the spreading astrocytes shortly after plating,
where the staining colocalized tightly with b1 integrin (Fig. 4a,b).
In contrast, cell surface bPP in fully flattened astrocytes that had
been cultured for 3 d appeared in a fine punctate pattern diffusely
distributed on the plasma membrane (Fig. 4c). In these flattened
cells it has been shown that the anti-b1 integrin antibody we used
showed two distinct patterns: linear (corresponding to focal con-
tacts) and small punctate staining (corresponding to point con-
tacts) (Tawil et al., 1993). We found that only the latter pattern of
b1 integrin reactivity colocalized with cell surface bPP (Fig. 4c,d).
More specifically, the labeling of sheared, flattened astrocytes
with anti-bPP showed punctate staining that colocalized with the
a1 integrin subunit (Fig. 4e,f), which has been found only at the
point contact sites on the plasma membrane that are in contact
with the substratum (Tawil et al., 1993). In contrast, the a5
integrin subunit, located at linear focal contact sites (Fig. 4h),
colocalized with vinculin and FAK (data not shown), but not with
bPP (Fig. 4g). Moreover, antibodies raised against both extracel-
lular (1G7/5A3) and intracellular (C7) domains of bPP labeled
these punctate sites (Fig. 4i,j) in sheared preparations, indicating
that the cell surface bPP located at point contacts on the ventral

surface represents full-length molecules. Taken together, these
observations suggest that, in cultured type 1 astrocytes, cell sur-
face full-length bPP is tightly colocalized with a1b1 integrins at
point contact sites, but not with a5b1 integrins at focal contact
sites. Essentially identical results were obtained when astrocytes
were cultured on laminin, fibronectin, collagen, or poly-L-lysine
substrates (data not shown).

bPP at contact sites is colocalized with clathrin
and a-adaptin
bPP is internalized via the receptor-mediated pathway, an obser-
vation consistent with the presence of a signal (GNENPTY) for
internalization in the cytoplasmic domain at residues 756–762
(bPP770 numbering) (Lai et al., 1995). A previous immunocyto-
chemical study showing partial colocalization of the bPP C ter-
minus with clathrin could not ascertain whether the molecules are
associated with sites of substrate attachment (Ferreira at al.,
1993). Recent evidence suggests that integrin, a-adaptin, and
clathrin are colocalized with each other at point contacts in
astrocytes and fibroblasts (Nermut et al., 1991; Tawil et al., 1993).
On the basis of these findings, we examined hippocampal cultures
with antibodies recognizing clathrin heavy chain and a-adaptin.
Unlike bPP on the axonal surface (Fig. 1b,d), the staining of
clathrin after permeabilization of neurons was distributed dif-
fusely throughout all neurites (Fig. 5a). When these neurons were
examined after shearing, however, bPP and clathrin, as well as
a-adaptin (data not shown), showed specific colocalization (Fig.
5b,c) at these substrate contact sites. Similarly, in sheared astro-
cytes, bPP at point contact sites (Fig. 5d) was strongly colocalized
with a-adaptin (Fig. 5e) and clathrin (data not shown).

DISCUSSION
The aim of this study was to investigate a potential function of
bPP in cell adhesion by characterizing the distribution of cell
surface bPP with respect to a number of adhesion molecules in
different neural cell types, namely, cultured rat neurons and
astrocytes. Our earlier observation that bPP on the axonal surface
shows an unusual and distinctive patchy appearance prompted us
to postulate that this discontinuous distribution is related to the
putative role of bPP in adhesion (Yamazaki et al., 1995). Our
novel results demonstrate that bPP surface molecules do, indeed,
colocalize with specific integrin heterodimers. In particular, the
a1b1 integrin heterodimer at point contacts in neurons and in
spreading astrocytes showed essentially complete colocalization
with surface bPP. This association is selective for the integrins,
because other adhesion molecules examined, NCAM and L1
(Schachner, 1989), did not exhibit this colocalization. Thus, the
results suggest that surface bPP molecules accumulate preferen-
tially at contact sites where they may interact with membrane-
bound integrin receptors or function in an integrin-like manner in
cell adhesion.
Integrins serve as cell adhesion molecules and receptors for the

extracellular matrix, and they consist of two nonidentical subunits,
a and b (Hynes, 1992). The precise combination of integrin
subunits determines their cellular distribution, functions, and
types of ligands. In cultured rat type 1 astrocytes, for example, the
a5b1 integrin mediates adhesion to fibronectin, whereas the a1b1
heterodimer mediates adhesion to laminin and collagen (Tawil et
al., 1993). In addition, a5b1 accumulates preferentially at focal
contact sites and a1b1 at point contacts. By microscopy, point
contacts are regions of the cell surface closely apposed to the
substratum (Streeter and Rees, 1987; Nermut et al., 1991). The

Figure 3. Immunocytochemical colocalization of cell surface bPP and b1
integrin in sympathetic ganglion neurons cultured for 7 d on type 1
collagen- or laminin-coated glass coverslips in serum-free medium. On
both type 1 collagen (a, b) and laminin (c, d ), cell surface bPP (a, c) and
b1 integrin (b, d ) showed the characteristic segmental pattern and tight
colocalization by double labeling. Scale bars, 10 mm.
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exact functional role of point contacts is not known, although they
seem to mediate cell adhesion during the stage of cell spreading.
The strong colocalization between bPP and integrins shown here,
particularly in sheared cell preparations, indicates that full-length
bPP inserted in the plasma membrane contributes to the adhesion
of cells to the substrate. These contact sites on neurites occur as
patches and not punctate dot-like structures, as seen in astrocytes
at point contacts. Whether these segments represent the coales-
cence of multiple fine granules or point contacts cannot be ascer-
tained from our preparations. Furthermore, the absence of colo-
calization of bPP with integrins at focal contact sites argues
against bPP functioning in an integrin-like manner in signal trans-
duction involving focal adhesion kinase, as occurs in these latter
sites (Clark and Brugge, 1995). Finally, our studies show that, in
astrocytes, cell surface bPP was colocalized only with a1b1, but
not with a5b1 integrin, whereas in hippocampal neurons it local-
ized with both a1b1 and a5b1 integrins. Thus, these distinct
patterns of bPP distribution and integrin association may reflect
different functions of cell surface bPP molecules in different cell
types.
In spreading type 1 astrocytes, cell surface bPP at the periphery

colocalized not only with the a1b1 integrin heterodimer but also
with clathrin and a-adaptin. Clathrin and a-adaptin are compo-
nents of coated pits that participate in the endocytosis of cell
surface receptors. The consensus sequence, NPXY, known to
mediate such internalization via clathrin-coated pits, is present
not only in b1 integrin but also in the bPP cytoplasmic tail (Chen
et al., 1990). It has been suggested that endocytosis of integrins is
linked intimately with cell motility via cycling of surface receptors
at the cell periphery in the clathrin-mediated pathway (Bretscher,
1989; Tawil et al., 1993). Interestingly, surface bPP also enters
clathrin-coated vesicles during trafficking in the receptor-
mediated endocytic pathway (Nordstedt et al., 1993; Yamazaki et
al., 1996). In addition, we have shown that a population of surface
bPP is recycled rapidly after its internalization (Koo et al., 1996;
Yamazaki et al., 1996). In this context, the association of selected
integrins and bPP at the cell surface, followed by processing in the
the endocytic pathway, may be important in the transient cell–
substratum contacts that participate in the motility of cells and
neurites. This proposed mechanism would be consistent with the
observations that both bPP and integrins are associated with the
cytoskeleton (Refolo et al., 1991; Allinquant et al., 1994; Arregui

Figure 4. Immunocytochemical colocalization of cell surface bPP and integrins in type 1 astrocytes. Type 1 astrocytes were allowed to attach and spread
on laminin or fibronectin for 3 hr (spreading stage) and then were labeled with bPP (5A3/1G7) (a) and b1 integrin (b) antibodies. Both molecules were
located mainly at the periphery and in the middle of the spreading cells. In cells cultured for 3 d before fixation (“flattened” astrocytes), cell surface bPP
(c) and b1 integrin (d) were now colocalized at point contact sites. More specifically, surface bPP (antibody 207)(e) was tightly colocalized with the a1
subunit of integrins ( f ) when examined in sheared astrocytes. In contrast, the a5 subunit of integrins was localized in focal contact sites, appearing as
linear streaks in the sheared cells (h, arrows), and it did not colocalize with bPP (5A3/1G7) ( g). At point contact sites, staining with bPP midregion
(1G7/5A3) (i) and C-terminal (C7) ( j) antibodies in sheared cells showed complete colocalization, suggesting that bPP at the substrate surface represents
full-length molecules. Scale bars: a–h, 10 mm; i, j, 5 mm.
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et al., 1994). Therefore, the similarities of these two molecules
potentially extend to providing a mechanical link between the
internal cytoskeletal network and extracellular matrix proteins.
Several studies have provided direct or indirect evidence that

the bPPS and other bPP secretory products can mediate cell–cell
or cell–substrate adhesion in culture (Schubert et al., 1989; Chen
and Yankner, 1991; Milward et al., 1992; Koo et al., 1993). One
active domain that mediates this effect seems to be within the Ab
domain itself, specifically at the RHDS tetrapeptide motif (at
residues 5–8 of Ab) (Ghiso et al., 1992; Saporito-Irwin and Van
Nostrand, 1995). Similarity of the Ab RHDS sequence to the
RGDS binding motif recognized by many integrin receptors has
led to the demonstration that secreted Abmodulates adhesion via
interaction with integrin-like receptors (Ghiso et al., 1992; Sabo et
al., 1995). This interaction at the RHDS tetrapeptide motif has
not been demonstrated with membrane-bound full-length bPP,
although cell surface bPP molecules have been shown to promote
neuronal adhesion and neurite outgrowth (Breen et al., 1991; Qiu
et al., 1995). The latter effects of cell surface bPP are consistent
with the impairment of neurite outgrowth and adhesion from
neurons incubated with antisense oligonucleotides (Allinquant et
al., 1995) or transfected with antisense bPP construct to lower
bPP synthesis (Leblanc et al., 1992), respectively. Interaction of
bPP at the cell surface with extracellular matrix (ECM) mole-
cules, such as laminin and heparin (Kibbey et al., 1993; Small et
al., 1996), may be one mechanism by which bPP contributes to
neurite outgrowth. However, it is not clear which bPP substrate,
surface-bound full-length bPP or bPPS or both, actually interacts
with the ECM in vivo (Klier et al., 1990). Nonetheless, taken

together, we hypothesize that bPP at the cell surface functions in
an integrin-like manner by interacting with similar ECM and
intracellular cytoskeletal constituents at sites of point contacts to
facilitate neuronal adhesion and outgrowth. Although our study
did not address the nature of this bPP/integrin association, it is
tempting to postulate that a direct bPP and integrin interaction
occurs at the cell surface, possibly via the RHDS sequence, to
produce a synergistic effect on cell adhesion.
Finally, it is not clear whether the association of bPP and

integrins plays a role in Alzheimer’s disease. Ab is, of course, the
principal constituent of senile plaques, and, in “classical” plaques,
bPP-containing dystrophic neurites are found within and around
these deposits. Interestingly, various integrin receptors and their
ligands also have been detected within senile plaques by immu-
nocytochemistry (Eikelenboom et al., 1994). It is possible that
these molecules participate in the cascade of events that result in
amyloidogenesis in brain and in the subsequent formation of the
senile plaque. Whether the association between bPP and integrins
we have described in this study impacts on AD pathology remains
an interesting speculation that awaits further investigation.
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