BAPP 45 664 On the basis of its size, this
protein may be a derivative that contains
only the cytoplasmic region of the BAPP.

The multiple COOH-terminal BAPP de-
rivatives that we have identified are depicted
schematically in Fig. 3B. In transfected 293
cells, the smaller two fragments are most
abundant (Fig. 2B), and one of these most
likely corresponds to the derivative beginning
at BAP,, (6). Proteins essentially identical to
the two large BAP-bearing derivatives have
been shown to (1) aggregate in vitro (16), (ii)
form deposits when overexpressed in cultured
cells (10, 18), and (iii) cause degeneration of
neurite-producing PC12 cells (19). Thus
these derivatives are likely to be important
intermediates in the pathway leading to amy-
loid deposition in AD.
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Processing of the Amyloid Protein Precursor to
Potentially Amyloidogenic Derivatives

Tobpb E. GOLDE, STEVEN Estus, LINDA H. YOUNKIN,
DENNIS J. SELKOE, STEVEN G. YOUNKIN

The ~120-kilodalton amyloid B protein precursor (BAPP) is processed into a complex
set of 8- to 12-kilodalton carboxyl-terminal derivatives that includes potentially
amyloidogenic forms with the ~4-kilodalton amyloid B protein (BAP) at or near their
amino terminus. In order to determine if these derivatives are processed in a secretory
pathway or by the endosomal-lysosomal system, (i) deletion mutants that produce the
normal set of carboxyl-terminal derivatives and shortened secreted derivatives were
analyzed and (ii) the effect of inhibitors of endosomal-lysosomal processing was exam-
ined. In the secretory pathway, cleavage of the BAPP occurs at a single site within the
BAP to generate one secreted derivative and one nonamyloidogenic carboxyl-terminal
fragment, whereas, in the endosomal-lysosomal system, a complex set of carboxyl-
terminal derivatives is produced that includes the potentially amyloidogenic forms.

HE BAPP 1S NORMALLY CLEAVED

within the 43-amino acid BAP to

produce a large secreted derivative
ending at amino acid 15 of BAP and a small
membrane-associated COOH-terminal de-
rivative beginning at amino acid 17 (7). If
BAPP secretase cleaves full-length BAPP at
additional minor sites, then it could generate
the entire set of COOH-terminal derivatives
that have been identified (2). In this process,
a corresponding set of secreted derivatives
would be produced. These secreted deriva-
tives of over 100 kD, differing by only
several kilodaltons, would be difficult to
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Division of Neuropathology, Institute of Pathology,
Case Western Reserve University School of Medicine,
Cleveland, OH 44106.
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separate by SDS-polyacrylamide gel electro-
phoresis (PAGE). To avoid this difficulty
and to determine whether BAPP secretase
produces multiple secreted derivatives, we
made BAPP4ys deletion constructs (Fig.
1A) similar to those described by Sisodia
and co-workers (3). These constructs secrete
shortened derivatives in which small length
differences are readily detectable by SDS-
PAGE.

Comparison of control (CEP4B) 293 cells
and cells transfected with these deletion
constructs showed the production of short-
ened BAPPs (Fig. 1B). These shortened
BAPPs were processed into (i) a set of 8- to
12-kD COOH-terminal derivatives essen-
tially identical to that observed in cells trans-
fected with a BAPP o5 expression construct
(Fig. 1C) and (ii) secreted derivatives that,
like secreted BAPP o5, were ~10 kD smaller
than the full-length forms (compare
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BAPP,;; in Fig. 1, B and D). Significantly,
the derivatives secreted by cells transfected
with these deletion constructs were well
separated by 10% tris-tricine SDS-PAGE
(Fig. 1D) even though they differ by as few
as four amino acids. To analyze the fluoro-
gram showing these secreted derivatives
(Fig. 1D), we exposed it so that the intensity
of the major secreted derivatives matched or
exceeded the intensity of the major COOH-
terminal forms (Fig. 1C). Under this condi-
tion, any minor secreted derivatives pro-
duced by BAPP secretase should be readily
detected at approximately the same intensity
as the minor COOH-terminal forms (Fig.
1C). However, only a single secreted deriv-
ative was detected for each construct (Fig.
1D), and this was the case even with much
longer exposure of the fluorogram. Thus
our data show that BAPP secretase cleaves at
only one site to produce one secreted NH,-
terminal derivative and one COOH-termi-

nal form. This indicates that an alternative
pathway is required to produce the complex
set of COOH-terminal derivatives that in-
cludes potentially amyloidogenic forms.

To assess the possibility that endosomal-
lysosomal processing produces this complex
set of derivatives, we treated 293 cells trans-
fected with BAPP o5 with ammonium chlo-
ride (50 mM) or leupeptin (100 pg/ml),
inhibitors of endosomal-lysosomal proteoly-
sis that act by different mechanisms (4). In
transfected cells incubated with radioactive
amino acids for 1 hour and then with unla-
beled amino acids for 1 or 4 hours (chase),
ammonium chloride substantially reduced
the entire set of 8- to 12-kD COOH-termi-
nal derivatives and almost completely abol-
ished the two largest forms (Fig. 2A). In
addition, ammonium chloride markedly
augmented the amount of full-length, cell-
associated BAPP remaining after a 4-hour
chase (Fig. 2C). To assess the possibility
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Fig. 1. (A) BAPP deletion mutants. These mutants encode BAPPs that contain (i) the first 304 amino
acids (aa) in BAPPggs, (ii) the 7 (BAPP,(), 16 (BAPP,;5), 20 (BAPP,,3), or 35 (BAPP,;5) amino
acids on the NH),-terminal side of BAP,, and the last 99 amino acids (C99 or BAP,-COOH) of
wild-type BAPP (10). (B) Full-length BAPP,35. Upper bracket shows endogenous BAPP;s, /. All
other deletion mutants showed similar shortened full-le forms. Exposure time, 4 hours; 10% to
16.5% SDS-PAGE. (C) COOH-terminal derivatives in stable cell lines expressing BAPP deletion
constructs. Exposure times: 72 hours; 10% to 16.5% tris-tricine SDS-PAGE. (D) Secreted derivatives
produced by stable cell lines expressing BAPP deletion constructs. Media were collected for 4 hours
after 1-hour pulse. Exposure times: 423 construct, 12 hours, all others, 4 hours; 10% tris-tricine
SDS-PAGE. Approximately 5 x 10° cells were labeled for 1 hour (250 pCi [33S]methionine) and
chased for 1 or 4 hours. COOH-terminal derivatives were immunoprecipitated with anti-C,, as
described (1). To immunoprecipitate secreted derivatives, the medium was made 1x in RIPA buffer
(1), boiled for 10 min, cleared with protein A—agarose for 1 hour, and immunoprecipitated with 10 pl
of antibody to BAPP,s 4, cross-linked to protein A—agarose beads. Samples were then washed and
loaded on gels as described (1).

Fig. 2. Effects of ammonium chloride and leupep-
tin on BAPP processing. Each panel shows un-
treated (Con), ammonium chloride-treated
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atives. ure time, 72 hours; 16.5% tris-

tricine SDS-PAGE. (B) Secreted derivatives accumulated during a 4-hour chase. Exposure time, 2
hours; 10% tris-tricine SDS-PAGE. (C) Full-length BAPP. Exposure time, 4 hours; 10% tris-tricine
SDS-PAGE. Approximately 5 x 10° cells were pretreated for 30 min with either 50 mM ammonium
chloride or 100 ug of leupeptin per milliliter (diluted from 250x stocks in water). Labeling with
[35S]methionine (250 uCi, 1 hour) and chases (1 or 4 hours in serum-free media) were performed in
the presence of these agents as described (7). Immunoprecipitations were performed as in Fig. 1.
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Fig. 3. Schematic summary of BAPP processing.
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that some of the effect of ammonium chlo-
ride, particularly on the small COOH-termi-
nal derivatives, might be due to inhibition of
BAPP secretase, we examined secreted
BAPP derivatives after treatment with am-
monium chloride. Ammonium chloride
caused no reduction in the secreted deriva-
tives that accumulated during a 4-hour chase
and, consistent with this, permitted contin-
ued production of a COOH-terminal deriv-
ative with a size appropriate for the secretase
cleavage at BAP, 4 (Fig. 2B). Thus our data
indicate that endosomal-lysosomal process-
ing generates a complex set of COOH-
terminal derivatives that includes potendally
amyloidogenic forms as well as smaller de-
rivatives similar to the nonamyloidogenic
derivative produced by BAPP secretase.

Leupeptin had no effect on the secreted
derivatives that accumulated during a
4-hour chase (Fig. 2B), and it also dimin-
ished the COOH-terminal derivatives pro-
duced during 1 hour of chase to an extent
similar to that observed with ammonium
chloride (Fig. 2A). Thus leupeptin, like am-
monium chloride, inhibits production of
COOH-terminal derivatives without affect-
ing BAPP secretase. However, leupeptin
caused COOH-terminal derivatives to accu-
mulate between 1 and 4 hours of chase (Fig.
2A), and it did not cause accumulation of
full-length BAPP (Fig. 2C). Thus the effect
of leupeptin on BAPP processing in the
endosomal-lysosomal system is more com-
plex than that of ammonium chloride. Like
ammonium chloride, leupeptin decreases the
initial production of COOH-terminal deriv-
atives. However, leupeptin permits partial
degradation of full-length forms and causes
COOH-terminal derivatives to eventually ac-
cumulate, possibly because it inhibits not only
the production of COOH-terminal deriva-
tives but also their degradation. In support of
this interpretation, we found that leupeptin
increases and ammonium chloride decreases
cell-associated (~15 to 75 kD) NH,-terminal
BAPP derivatives recognized by antibody to
BAPP,,¢,, and augmented in transfected
cells.

Our analysis of deletion mutants indicates
that in 293 cells BAPP secretase cleaves at a
single site previously shown to be within the
BAP to preclude amyloid deposition. The
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results obtained with ammonium chloride
and leupeptin indicate that alternative pro-
cessing in the endosomal-lysosomal pathway
generates a complex set of COOH-terminal
derivatives that includes potentially amy-
loidogenic forms (Fig. 3). We cannot, how-
ever, exclude the possibility that the poten-
tially amyloidogenic forms are produced to
some extent by an atypical nonlysosomal
protease inhibited by both ammonium chlo-
ride and leupeptin.

Our finding that the BAPP is processed by
the endosomal-lysosomal system is support-
ed by studies showing punctate intracellular
labeling by antibodies to BAPP consistent
with localization of BAPP to lysosomes (5),
and reports by Cole and co-workers (6)
demonstrating that inhibitors of endosomal-
lysosomal processing increase the steady-
state level of BAPP and BAPP derivatives.
Moreover, the BAPP contains a cytoplasmic
sequence known to target membrane-associ-
ated glycoproteins for endocytosis (7).

The specific proteases that produce amy-
loid are potential therapeutic targets in
Alzheimer’s disease (AD). Our data show-
ing that endosomal-lysosomal processing
produces potentially amyloidogenic BAP-
bearing COOH-terminal derivatives focus
the search for these proteases on the endoso-
mal-lysosomal system. BAP-bearing COOH-
terminal derivatives are probably further
processed in this system to produce small
fragments similar or identical to the BAP.
These fragments could be quite stable because
they would tend to aggregate into a B-pleated
sheet structure, but fragments like this have
not yet been detected in normal cells.

The apparent localization of the BAPP to
lysosomes (5) and the immunocytochemical
detection of lysosomal proteases in senile
plaques (8) have independently led several
groups to propose that aberrant lysosomal
processing may play a role in AD. Our data
indicate that normal endosomal-lysosomal
processing produces potentially amy-
loidogenic BAPP fragments, and they sup-
port the hypothesis that dysfunctional endo-
somal-lysosomal processing may play a
critical role in the pathogenesis of AD.
There is evidence that amyloid deposition
arises through mutations in the BAPP gene
in familial AD (9), but it is not yet known
whether these mutations alter endosomal-
lysosomal processing in a way that is amy-
loidogenic.
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The Influence of Prior Synaptic Activity on the
Induction of Long-Term Potentiation

YAN-You HuaNG, AsuncioN CoLiNo, Davip K. SELIG,

RoOBERT C. MALENKA*

Long-term potentiation (LTP) is an extensively studied model of synaptic plasticity, in
part because it is a plausible biological correlate for the Hebbian synaptic modification
that forms the basis for theoretical models of neural development, learning, and
memory. Although these models must incorporate algorithms that constrain synaptic
weight changes, physiological evidence for such mechanisms is limited. Examination of
LTP in area CAl of the hippocampus revealed that the threshold for LTP induction
was not fixed but could be strongly influenced by the recent history of synaptic activity.
This effect was transient, synapse-specific, and dependent on postsynaptic N-methyl-
D-aspartate (NMDA) receptor activation. These results suggest that the threshold for
LTP induction may be continually adjusted according to the recent history of NMDA
receptor activation and provide a physiological mechanism by which LTP can be

transiently inhibited.

CTIVITY-DEPENDENT ~ MODIFICA-

tions in synaptic strength are critical

for the development of neural net-
works and for certain forms of learning and
memory. Most attention has focused on one
form of LTP that is dependent on activation
of postsynaptic NMDA receptors, because
its induction requires coincident pre- and
postsynaptic activity, thus fulfilling the cri-
teria for a synaptic plasticity mechanism
originally postulated by Hebb (7). Although
by incorporating a Hebbian scheme of syn-
aptic modification, artificial neural network
models successfully reproduce many aspects
of neural development, learning, and mem-
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ory, they also require a means for limiting
changes in synaptic weights (2). One theo-
retical mechanism, which has been incorpo-
rated into some neural network models,
permits an adjustment of the threshold for
synaptic modification according to the re-
cent history of postsynaptic cell activity (3).
We have tested whether the history of syn-
aptic activation influences the induction of
LTP in the CA1 region of the hippocampus.

In all experiments we simultaneously re-
corded excitatory postsynaptic potentials
(EPSPs) in response to two independent
inputs synapsing on the same cell or popu-
lation of cells (4). When a weak tetanus (30
Hz; 0.1 to 0.2 s) that elicits decremental,
NMDA receptor—dependent short-term po-
tentiation (STP) (5, 6) was given repetitive-
ly (four to six times) at 2-min intervals, a
subsequent stronger tetanus (100 Hz; 0.5 s)
capable of eliciting LTP in a control path-
way did not elicit LTP in the test pathway
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