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The amyloid precursor protein (APP) undergoes sequential cleavages
to generate various polypeptides, including the amyloid-� protein
(A�), which forms amyloid plaques in Alzheimer’s disease (AD),
secreted APP� (sAPP�) which enhances memory, and the APP intra-
cellular domain (AICD), which has been implicated in the regulation of
gene transcription and calcium signaling. The �-site APP cleaving
enzyme 1 (BACE1) cleaves APP in an activity-dependent manner to
form A�, AICD, and secreted APP�. Because this neural activity was
shown to diminish synaptic transmission in vitro [Kamenetz F, Tomita
T, Hsieh H, Seabrook G, Borchelt D, Iwatsubo T, Sisodia S, Malinow R
(2003) Neuron 37:925–937], the prevailing notion has been that this
pathway diminishes synaptic function. Here we investigated the role
of this pathway in vivo. We studied transgenic mice overproducing
APP that do not develop AD pathology or memory deficits but instead
exhibit enhanced spatial memory. We showed enhanced synaptic
plasticity in the hippocampus that depends on prior synaptic activity.
We found that the enhanced memory and synaptic plasticity are
abolished by the ablation of one or both copies of the BACE1 gene,
leading to a significant decrease in AICD but not of any other APP
cleavage products. In contrast to the previously described negative
effect of BACE1-mediated cleavage of APP on synaptic function in
vitro, our in vivo work indicates that BACE1-mediated cleavage of APP
can facilitate learning, memory, and synaptic plasticity.

transgenic � learning

Amyloid precursor protein (APP) undergoes proteolysis at �-,
�-, �-, and �-secretase sites to release amino-terminal, internal,

and carboxyl-terminal polypeptides, including APP intracellular
domain (AICD) [another name for carboxyl-terminal fragment �
(CTF�)] (Fig. 1a). Activity-related regulation of APP cleavage has
been proposed at the �- and �-secretase sites (1, 2), suggesting a
physiological role of APP and APP cleavage in the brain. The
activation of M1 and M3 muscarinic acetylcholine receptors stim-
ulates �-secretase activity and releases secreted APP� (sAPP�) (1),
which has been reported to enhance synaptic plasticity and memory
(3, 4). Synaptic activity triggers the regulated cleavage of APP
through another pathway, by way of �-site APP cleaving enzyme 1
(BACE1), followed by �- and �-secretase, releasing amyloid-�
protein (A�) (2, 5) and AICD. Genetic ablation of APP, BACE1,
or presenilin-1, the catalytic component of the �- and �-secretase
complexes, profoundly reduces or eliminates A� and AICD pro-
duction and can lead to impaired memory in mice (6–9). Although
the molecular basis of impaired memory in mice lacking APP,
BACE1, or presenilin-1 has not been defined, the ablation studies
implicate a possible role for A� or AICD in normal brain function.

Here we address the neuronal function of APP and its cleavage
products by characterizing transgenic mice that over express APP
but do not develop Alzheimer-like pathology or memory deficits. In
mice expressing different amounts of BACE1, we found that

conditions that lead to elevated levels of AICD, but not A� or
sAPP�, correlate with enhanced memory and the potentiation of
‘‘primed’’ forms of synaptic plasticity that depend on prior synaptic
activity. The behavioral and synaptic phenotype observed in the
APP transgenic mice was abolished by the elimination of one or
both copies of the BACE1 gene. These data suggest the existence
of a physiological mechanism underlying learning and memory that
involves activity-dependent cleavage of APP by BACE1. In contrast
to a previously described negative effect of BACE1-mediated
cleavage of APP on synaptic function by using in vitro assays (2), our
in vivo work indicates that BACE1-mediated cleavage of APP can
exert salutary effects on brain and neuronal function. AICD
correlates with the enhanced memory and plasticity and is therefore
a potential mediator of the effects. However, the beneficial effects
do not appear to be mediated by A� or sAPP�.

Results
To investigate a potential physiological role of APP in the brain,
we took advantage of the Tg5469 transgenic mouse line, called
TgAPP here, which expresses �6 units (1 unit � level of
endogenous murine APP) of the 695-aa isoform of wild-type
human APP in the brain (Fig. 1b) and shows enhanced spatial
reference memory in the Morris water maze (10). Aged TgAPP
mice showed no amyloid plaques (Fig. 1c) and did not accumu-
late A� or A�*56, a 56-kDa A� assembly that impairs memory
(11, 12) (Fig. 1 d and e), in contrast to Tg2576 mice (13), which
express mutant human APP at levels similar to wild-type APP in
TgAPP mice (Fig. 1 b, c, and e) and show memory deficits.

To confirm that TgAPP mice exhibit enhanced spatial reference
memory, we extended our analysis of their behavior in the Morris
water maze. TgAPP and nontransgenic (non-Tg) littermates found
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the submerged target platform equally quickly (Fig. 2a), indicating
similar navigational abilities during the training period. To increase
the memory burden of the testing procedure, we periodically
removed the platform and observed the pattern of swimming for 60

seconds after an overnight delay. The occupancy of the target
quadrant was significantly higher in TgAPP mice than in non-Tg
littermates (Fig. 2b). The increase in target quadrant occupancy in

Fig. 2. Enhanced spatial reference memory in TgAPP mice. (a) Hidden target.
No difference in the acquisition of spatial memory in 5.8- to 12.4-month-old
TgAPP and non-Tg littermates was found. (b) (Left) TgAPP mice show higher
target quadrant occupancies during probe trials. (Right) The mean target
quadrant occupancy is significantly greater in TgAPP mice. (c) Target quadrant
occupancy. TgAPP and non-Tg mice show similar patterns of extinction during
probe trials examined in 5-second intervals. Bars are means; error bars are
SEM. Number of mice tested are shown in parentheses.

Fig. 3. Enhanced synaptic plasticity in TgAPP mice. (a) TgAPP mice show
significantly enhanced P-LTP compared with non-Tg littermates at 7–18 months
of age. **, P � 0.01, t test. (b) TgAPP mice show significantly increased P-LTP (one
train followed by four trains) but not LTP (one train). **, P � 0.01, t test. (c) TgAPP
miceshowsignificantly increasedP-PTP(onetrainfollowedbyfourtrains)butnot
PTP(onetrain). (d)Enhancedsynapticplasticitydependsonprior synapticactivity.
A five-train high-frequency stimulation (HFS) induces similar LTP and PTP in 13- to
14-month TgAPP and non-Tg littermates. Bars are means; error bars are SEM.
Number of mice/total number of slices tested is shown in parentheses.

Fig. 1. TgAPP mice do not accumulate A� or amyloid plaques with age. (a) Schematic diagram of APP, a transmembrane protein, and its major proteolytic
products. Cleavage of APP by �-, �-, �-, and �-secretases produces secreted amino-terminal fragments, carboxyl-terminal polypeptides, and A�. (b) Western blot
analysis of whole-brain homogenates probed with 6E10 antibodies shows �6 units of wild-type human APP in TgAPP brain, similar to the level of mutated human
APP expressed in Tg2576 mice. (c) Immunohistology performed with 4G8 antibodies on hippocampal and overlying cortical brain areas shows no amyloid plaques
in 19-month non-Tg or TgAPP mice, in contrast to abundant plaques in 18-month Tg2576 mice. (d) ELISAs of SDS-soluble (SDS) and SDS-insoluble, formic
acid-soluble (FA) A�40 and A�42 species show low levels throughout life. (e) Immunoprecipitation (IP) with 6E10 antibodies and Western blotting (WB) with 6E10
antibodies of soluble extracellular-enriched brain extracts from 12-month TgAPP (�/�) and non-Tg (�/�) littermates and 13-month Tg2576 and non-Tg
littermates shows A�*56 only in the Tg2576 mouse. IgGH and IgGL are the heavy and light chains of immunoglobulins, respectively. Arrows indicate bands
comigrating with tetramers (4-mer), trimers (3-mer), and monomers (1-mer) of A�. Bars are means; error bars are SEM.
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TgAPP mice was not due to a reduction in extinction, because
TgAPP and non-Tg mice showed similar decreases in target
quadrant occupancy when the occupancy of the target quadrant was
examined in 5-second intervals (Fig. 2c). Thus, TgAPP mice
showed better retention of the target site location than non-Tg
mice.

To ascertain whether enhanced spatial reference memory in
TgAPP mice was associated with alterations in synaptic plasticity,
we examined short- and long-lasting forms of synaptic plasticity in
the Schaffer collateral pathway of the hippocampal formation. A
specific form of long-term potentiation (LTP) was enhanced by
�30% in TgAPP mice relative to non-Tg littermates (Fig. 3 a and
b). This form of LTP was elicited by using a strong tetanus
consisting of four trains of 10 pulses at 100 Hz preceded 30 min
earlier by a weak tetanus consisting of one train of 10 pulses at 100
Hz, which served as a priming stimulus. We called this primed LTP
(P-LTP). In addition, we found that primed posttetanic potentia-
tion (P-PTP), a form of short-term synaptic plasticity, was en-
hanced in TgAPP mice by �20% (Fig. 3c). No changes in basal
synaptic transmission or another form of short-term plasticity,
paired-pulse facilitation, were found [supporting information (SI)
Fig. 6 a and b].

To determine whether priming was necessary to reveal enhanced
synaptic plasticity in TgAPP mice, we compared LTP elicited by
using five trains to P-LTP produced with one train followed by four
trains of tetanus. In contrast to our findings for P-LTP, we found
no increase in LTP in TgAPP mice compared with non-Tg litter-
mates by using the five-train protocol (Fig. 3d). The requirement for

priming demonstrates that the facilitation of synaptic plasticity by
APP is a dynamic process that depends on prior synaptic activation.

APP over expression leads to overproduction of its derivatives,
and neuronal activity, which has been shown to modulate the
secretion of A� and sAPP� (1, 2, 5, 14), may promote the
production or activation of APP derivatives that enhance learning
and plasticity. We therefore assayed the levels of sAPP�, A�, and
AICD in the brains of TgAPP mice. The levels of sAPP� and A�
were �2.9- and �2.1-fold higher, respectively, in TgAPP� mice
than in TgAPP� littermates (Fig. 4 a and b). Similarly, AICD levels
were enhanced, because they were detected only in TgAPP� mice
(Fig. 4c, lanes 10–12 vs. lanes 1–3).

The elevation in the levels of all three molecules, A�, sAPP�, and
AICD, in TgAPP mice led us to wonder whether one in particular
was responsible for the enhanced memory and synaptic plasticity.
To discriminate the molecule that corresponded most closely with
the enhanced memory and synaptic plasticity in TgAPP mice, we
genetically varied the levels of the three cleavage products sepa-
rately. We inhibited the production of A� and promoted that of
sAPP� by crossing TgAPP mice with TgBACE1-knockout (KO)
mice (15), which lack BACE1, the major �-secretase (16).
(TgAPP � TgBACE1-KO)F1 mice were intercrossed to produce
TgAPP� with two, one, or no copies of BACE1, as well as TgAPP�

mice with two, one, or no copies of BACE1, in the same mixed
strain background and were used for synaptic plasticity testing and
biochemical examinations. (TgAPP � TgBACE1-KO)F1 mice
were also backcrossed to mice lacking BACE1 to produce TgAPP�

with one or no copies of BACE1, as well as TgAPP� mice with one

Fig. 4. Ablation of one or both copies of BACE1 substantially reduces AICD in TgAPP mice. (a) sAPP� levels are �3-fold greater in 4- to 6-month TgAPP� mice.

**, P � 0.01, t test. (b) ELISA shows �2.1-fold more total A� in 6-month TgAPP� mice. **, P � 0.01, t test. (c) In membrane-enriched fractions, which contain nuclear
proteins, TgAPP� mice overexpress AICD (lanes 10–12), which is not detectable in TgAPP� littermates (lanes 1–3). AICD decreases to below the level of detection
in mice with one (�/�, lanes 13–15) or zero (�/�, lanes 16–18) copies of BACE1. (d) In soluble extracellular-enriched fractions, A� decreases significantly only
in TgAPP mice lacking both copies of BACE1 (�/�). *, P � 0.05, t test. (e) Levels of sAPP� increase significantly only in TgAPP mice lacking both copies of BACE1
(�/�). *, P � 0.05, t test. ( f) Levels of full-length APP do not change significantly as a function of BACE1 copy number. Bars are means; error bars are SEM. Numerals
in bars indicate numbers of mice examined.
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or no copies of BACE1. This second set of mice was used for
behavioral testing and confirmation of the electrophysiological
results from the intercrossed mice. The difference in background
strain between the backcrossed mice (one and zero BACE1 copies)
and the parent mice (two BACE1 copies) precludes direct com-
parisons between the parent and backcrossed mice. However,
backcrossing still allows for comparisons within similar strain
backgrounds while also generating sufficient numbers of mice with
one and zero BACE1 copies for behavioral testing, which inter-
crossing failed to produce.

Consistent with previous reports (15, 17, 18), in the soluble
extracellular-enriched brain fraction, A� levels were reduced by
�90% (Fig. 5d) and sAPP� levels were increased by �120% (Fig.
5e) in BACE1-null TgAPP� mice, but the levels of neither molecule
changed significantly in TgAPP� mice with one copy of BACE1.
The levels of A� in the soluble intracellular-enriched and mem-
brane-associated fractions were also examined and decreased sig-
nificantly only in mice lacking both copies of BACE1 (data not
shown). The levels of full-length APP remained unchanged regard-
less of BACE1 copy number (Fig. 5f). CTF� levels decreased and
CTF� levels increased in BACE1-null mice, in parallel with A� and
sAPP� levels, respectively, but remained unchanged in mice with
one copy of BACE1 (SI Fig. 7 a and b). Interestingly, AICD levels
decreased dramatically (to below the detection limit) in both
BACE1 heterozygous and null mice (Fig. 5c, lanes 10–12 vs. lanes
13–15 and 16–18). Although CTF� also generates AICD, its levels
were unchanged in TgAPP mice with one copy of BACE1 and
therefore could not contribute to AICD levels in a compensatory

manner. Thus, the ablation of one BACE1 gene significantly
reduced AICD without changing other APP cleavage product
levels.

We tested TgAPP/BACE1-KO mice to examine how the changes
in the levels of the various APP derivatives correspond to alter-
ations in memory and synaptic plasticity. The elimination of one or
both copies of BACE1 abolished the enhancement of spatial
reference memory in TgAPP� relative to TgAPP� mice. Target
quadrant occupancies were not significantly different in TgAPP�

and TgAPP� mice lacking one or both copies of BACE1 in contrast
to TgAPP� and TgAPP� mice with intact BACE1 genes (Fig. 5a).
The abolishment of enhanced memory was not caused by changes
in navigational capability or extinction, because all groups of mice
found the hidden platform equally quickly and showed similar levels
of extinction in the probe trials (SI Fig. 8 a and b). Similarly,
TgAPP� mice with either one or no copies of BACE1 showed no
enhancement of P-LTP relative to TgAPP� littermates. The loss of
one or both copies of BACE1 did not prevent the establishment of
LTP per se but only abolished the enhancement of P-LTP associ-
ated with the overexpression of APP (Fig. 5b). We observed a trend
toward elevated P-LTP in both TgAPP� and TgAPP� mice lacking
both copies of BACE1. This observation could potentially be
explained by increased levels of sAPP� (Fig. 4e). In addition, the
enhancement in P-PTP was abolished when one or both copies of
BACE1 were disrupted in TgAPP mice (Fig. 5c). Tests of back-
crossed bigenic mice confirmed that the enhancement in P-LTP
and P-PTP was absent in TgAPP mice lacking one or both copies
of BACE1 (SI Fig. 9). Because the ablation of one BACE1 gene was

Fig. 5. Dependence of enhanced memory and synaptic plasticity in TgAPP mice on BACE1 copy number. (a) The mean target quadrant occupancy of TgAPP�

and TgAPP� mice as a function of BACE1 copy number in backcrossed mice with one or zero copies of BACE1 (blue bars) and in parent mice with two copies of
BACE1 (black bars). **, P � 0.01, t test. Numbers of mice tested are shown in parentheses. (b) P-LTP as a function of BACE1 copy number in intercrossed mice.

*, P � 0.05, t test. (c) P-PTP as a function of BACE1 copy number in intercrossed mice. **, P � 0.01, t test. Bars are means; error bars are SEM. Number of mice/number
of slices are shown in parentheses.
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sufficient to abolish the enhanced memory and synaptic plasticity in
TgAPP mice and resulted in the reduction of levels of AICD but
not of the other APP derivatives, we concluded that AICD corre-
lated better than the other APP cleavage products with the en-
hanced memory and synaptic plasticity.

Discussion
Here we show that the limited overproduction of APP cleavage
products, at levels that do not lead to the formation of A�
plaques or A�*56, can improve the retention of spatial memory
and enhance activity-dependent forms of long-lasting and short-
term synaptic plasticity. The enhanced memory and synaptic
plasticity depend on BACE1-mediated APP processing and
correlate with elevated levels of AICD, but not with the other
APP cleavage products. The data suggest that the regulated,
activity-dependent cleavage of APP by BACE1 in neurons may
facilitate aspects of normal brain function, in sharp contrast to
previous studies in culture, which showed that synaptic function
is inhibited by BACE1-mediated cleavage of APP (2). Thus, we
propose that one of the normal physiological roles of BACE1-
mediated cleavage of APP in the brain is to facilitate memory
and synaptic plasticity, not to inhibit synaptic function.

The discrepancy between our work and that of Kamenetz et al.
(2) may be reconciled by noting that they did not measure the
aggregation state of the A� species generated by their culture
preparations and were therefore unaware of whether oligomeric A�
species, which impair memory and synaptic function (11, 19–22),
were generated. In contrast, we were careful to study APP trans-
genic mice that do not generate oligomeric A� species, such as
A�*56, which impair memory (11). We have studied APP trans-
genic mice, such as Tg2576, which generate oligomeric A� species
(11), and have found impaired synaptic function (23, 24) and
memory (10, 13).

Because TgAPP mice overexpress APP, the effects we ob-
served may not necessarily reflect the physiological activity of
APP. However, our results support, complement, and extend
previous loss-of-function studies in mice lacking APP, BACE1,
or presenilin-1 (6–9) by showing a gain-of-function memory and
plasticity phenotype associated with APP and may therefore be
relevant to normal physiology.

We dissociated the enhanced memory and synaptic plasticity in
TgAPP mice from sAPP�, which has been reported to enhance
memory and synaptic plasticity in rats (3, 4). Our findings are
consistent with recent studies showing that sAPP� infused into the
lateral ventricles of rats does not enhance LTP or cognitive function
(21, 22). However, the negative results do not exclude other
potential positive effects of sAPP� on brain function, which may be
elicited only under specific testing conditions. We found no increase
in fast-synaptic transmission in TgAPP mice relative to non-Tg
mice, arguing against the synaptotrophic effects that were reported
in mice overexpressing moderate levels of APP (25) as an expla-
nation for the enhanced memory in TgAPP mice. We also failed to
observe associations between enhanced memory or synaptic plas-
ticity and the monomeric A� that was present in the three cellular
compartments we examined (extracellular, cytosolic, and mem-
brane), arguing against positive effects of monomeric A� on
synaptic function that have been suggested by some in vitro studies
(26, 27).

One possible mediator of the beneficial effects of APP on
memory and synaptic plasticity is AICD, which was the only APP
cleavage product that correlated with enhanced plasticity and
memory in TgAPP mice under different BACE1 deletion back-
grounds. AICD forms a complex that can activate the transcription
of reporter genes (28), and has been implicated in the regulation of
calcium signaling (29). The short time interval between priming and
the enhancement of synaptic plasticity (30 min) in TgAPP mice
places constraints on mechanisms involving transcriptional activa-
tion that might be involved in the synaptic effects we observed. The

requirement for priming may also explain the controversy concern-
ing the role of AICD in nuclear signaling (30). One scenario that
would reconcile the original observations of Cao and Sudhof (28)
identifying chimeric AICD/yeast DNA binding domain constructs
as transcriptional regulators with recent work that suggests weak or
no transcription regulatory activity of AICD in mammalian cell-
based assays (30) is the possibility that the putative mammalian
DNA-binding proteins that are regulated by AICD interact with
AICD most efficiently under conditions that accompany synaptic
activity. Thus, the optimal environment for observing AICD-
mediated regulation of transcription may not be achieved in con-
ventional mammalian cell-based assays that lack synaptic activity.

To address the effects of BACE1 on endogenous (murine) APP,
we examined the effects of BACE1 deletions in TgAPP- mice.
Although we were unable to compare memory in TgAPP- mice
with different BACE1 deletions because of differences in strain
backgrounds, we were able to study primed plasticity and saw no
significant effect of BACE1 copy number on P-PTP or P-LTP (Fig.
5 b and c). Our failure to detect BACE1 effects in TgAPP- mice
contrasts with previous reports by Laird et al. (9) of abnormal
de-depression, an activity-dependent form of synaptic plasticity, in
mice lacking both BACE1 copies. It is possible that our P-PTP and
P-LTP protocols were insufficiently sensitive to detect differences
under different BACE1 deletion backgrounds. Laird et al. reported
spatial memory deficits in BACE1 KO mice that were rescued by
human APP, which led them to suggest that the deficits in BACE1
KO mice were caused by a deficiency in AICD. However, they did
not measure AICD and therefore could not provide direct evidence
for the AICD hypothesis. Although our data provide direct bio-
chemical support for this notion, firm proof will require specific
application or targeting of AICD in assays of behavior or synaptic
plasticity.

The curious disparity in TgAPP mice with one BACE1 gene
between decreases in the levels of AICD and A�, which are usually
generated in a one-to-one stoichiometric manner, is not unprece-
dented. Some presenilin-1 mutations and �-secretase inhibitors
alter A� and AICD levels differently (31–33). This finding may
reflect differential effects of the mutations and drugs on TMP21,
which negatively regulates presenilin complex activity at the �- but
not the �-site (34). Conversely, our results suggest that the level, but
not the enzymatic activity, of BACE1 may modulate �-secretase
activity. Potential differences in the kinetics of AICD and A�
degradation may result in a more significant drop in AICD levels
than in A� levels when one BACE1 gene is ablated.

A practical implication of this work involves safety considerations
for experimental therapies of AD. To ensure that experimental
therapies do not prevent BACE1-mediated facilitation of memory
by APP, preclinical studies of experimental �-secretase inhibitors
should be done not only in animal models of AD, but also in natural
animals to evaluate their effects on normal cognitive function.

Methods
Mice. The generation of TgAPP and TgBACE1-KO mice have been
described in refs. 10 and 15. TgAPP and TgBACE1-KO mice were
maintained in hybrid C57B6/SJL and 129SvJ/Black Swiss back-
grounds, respectively.

Behavioral Testing. Spatial reference memory was assessed by using
a modified version of the Morris water maze (10). Mice received
visible platform training for 3 days (eight trials per day), followed
by hidden platform training for 9 days (four trials per day). Three
60-second probe trials were performed 20 h after 12, 24, and 36
hidden platform trials, and the average target quadrant occupancy
for the three probe trials (MPS) was calculated. Quadrant occu-
pancy at 5-second intervals was determined for each probe sepa-
rately and then averaged for each interval. Performance-
incompetent mice were excluded from analysis (outliers in the last
block of visible platform training and mice failing to orient or follow
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an escape scoop). Trials were monitored by using a computerized
video tracking system (HVS Image, Hampton, U.K.; or EthoVision
3.0; Noldus; Wageningen, The Netherlands) and further analyzed
by using Wintrack software (35).

Slice Electrophysiology. Hippocampal slices were prepared as de-
scribed (36). Slices were superfused with a solution containing 119
mM NaCl, 2.5 mM KCl, 1.0 mM NaH2PO4, 26.2 mM NaHCO3, 2.5
mM CaCl2, 1.3 mM MgCl2, and 11 mM glucose, saturated with 5%
CO2/95% O2 at 30°C. Synaptic responses were evoked by stimu-
lating Schaffer collaterals with 0.08-ms constant current pulses by
using a tungsten bipolar electrode. Field excitatory postsynaptic
potentials (fEPSPs) were recorded extracellularly in CA1 stratum
radiatum by using a 5-M� tungsten monopolar electrode. The
initial slope of the evoked fEPSPs, an indicator of synaptic strength,
was measured as a function of the stimulation intensity (25–100
�A). Thereafter, a stimulation intensity, which elicited 30% of the
maximum response, was used for the duration of the recording.
Paired-pulse facilitation (PPF) was tested by applying pairs of pulses
separated by interstimulus intervals of 25–500 ms. To induce LTP,
stimulus trains of 10 pulses at 100 Hz were delivered; multiple trains
(4�, 5�) were separated by 20 seconds. Data were sampled at 100
kHz and filtered at 10 Hz and 1 kHz. Data acquisition and analysis
were done with pCLAMP (Molecular Devices, Sunnyvale, CA).
Experimenters were blind to mouse genotype during slice prepa-
ration, recordings, and analysis of each slice until final grouping of
all slice experiments. Experiments were ended if the 10-min base-
line before LTP induction was unstable or rejected if the data were
greater or �2 standard deviations from the mean group response.

Immunoblots. Protein extraction, immunoprecipitation, and West-
ern blot analysis were carried out as described (11). In brief, chunks
of forebrain (remains after hippocampal dissection for electrophys-

iological recordings) were extracted with a four-step protocol to
separate the extracellular-, intracellular-, membrane-enriched, and
insoluble proteins (from intercrossed TgAPP/BACE1-KO mice,
n � 3 for each group). The antibodies used were as follows : 6E10
(9320–10; Signet LaboratoryDedham, MA) for holo-APP, 6E10
for A� and sAPP�, APPC17-Cter (37) for holo-APP, CTF�, CTF�
and AICD. Protein levels in each of the four supernatant fractions
were determined with Bradford tests before use for subsequent
Western blots, in which equal amounts of proteins were loaded onto
precast 10–20% SDS-polyacrylamide Tris-tricine gels (Bio-Rad,
Hercules, CA) or 16% Tris-tricine gels. Gels were transferred to a
PVDF membrane (Immobilon Psq membrane; Millipore, Billerica,
MA) or 0.2 �m of nitrocellulose membrane (Bio-Rad). Blots were
developed with an enhanced chemiluminescence (ECL) Western
blotting detection system (Supersignal Pico Western system; Pierce
Rockford, IL; or Western Lightning Chemiluminescence Reagent
Plus; PerkinElmer, Boston, MA). Films were scanned and densi-
tometry analyses were performed with OptiQuant software (Mo-
lecular Dynamics, Sunnyvale, CA).

A� Measurements. ELISAs were used to measure A�40 and A�42
in hemibrains that were extracted with a two-step protocol as
described in ref. 38.

Statistics. Statistical significance was assessed with ANOVA and
Student’s t tests (with P � 0.05 accepted as significant).
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