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The amyloid precursor protein (APP) undergoes sequential cleavages to generate various polypeptides, including the
amyloid b (1–42) peptide (Ab[1–42]), which is believed to play a major role in amyloid plaque formation in Alzheimer’s
disease (AD). Here we provide evidence that, in contrast with its pathological role when accumulated, endogenous Ab in
normal hippocampi mediates learning and memory formation. Furthermore, hippocampal injection of picomolar
concentrations of exogenous Ab(1–42) enhances memory consolidation. Correlative data suggest that Ab peptides may
exert their function via nicotinic acethylcoline receptors. Hence, Ab peptides, including Ab(1–42), play an important
physiological role in hippocampal memory formation.

The amyloid precursor protein (APP) is a multifunctional protein
that is highly conserved throughout evolution and abundantly
expressed in neurons and glia. Its proteolytic processing results in
the production of different fragments depending on the secretase
involved. The nonamyloidogenic processing of APP by a-secretase
leads to the release of secreted APP (sAPP)-a and prevents the
formation of Ab peptides (Allinson et al. 2003). Conversely, in the
amyloidogenic pathway, the cleavage of APP by b- and g-secretases
generates amyloid beta peptides (Ab), which consist largely of
39–43 amino acids residues. Of these, the Ab(1–40) is the most
common form, whereas Ab(1–42) is the most fibrillogenic and
believed to be associated with disease states, such as early-onset
Alzheimer’s disease (AD) and memory disorders (Price and Sisodia
1998; Haass 2004). Indeed, a variety of studies have indicated that
elevation and accumulation of Ab levels result in cognitive dys-
function, including memory deficits (Haass and Selkoe 2007).
Intracerebral administration of high concentrations (nanomolar–
micromolar range) of Ab peptides, which mimics Ab accumula-
tion in AD, disrupts the retention of both spatial and contextual-
fear memories, as well as short-term working memory in rodents
(Flood et al. 1991; Cleary et al. 1995; Maurice et al. 1996; Sipos
et al. 2007). Notably, it appears that soluble Ab oligomers, rather
than large Ab aggregates or deposits, are responsible for disrupting
the mechanisms underlying learning and memory, particularly
during the earliest stages of AD. In fact, the accumulation in the
brain of normal rats of Ab oligomers alters the cellular correlates of
memory long-term potentiation and long-term depression and
impairs memory retention (Cleary et al. 2005; Walsh and Selkoe
2007; Irvine et al. 2008; Shankar et al. 2008).

In contrast to the accumulation found in pathological states,
in normal brains, Ab peptides are produced at lower concentra-
tions, which has been estimated to be in the range of 200–1000
pM, with Ab(1–42) at the lower end of this range and Ab(1–40) at
the higher (Cirrito et al. 2003; Ramsden et al. 2003). Whether
these concentrations of Ab peptides play physiological functions
in normal conditions still remains to be determined. Previous
studies have implicated APP or its metabolites in synapse forma-
tion, maintenance and growth, in neurite extension, and, in-
triguingly, in synaptic plasticity and learning and memory

(Senechal et al. 2006). APP knockout mice are impaired in long-
term potentiation as well as spatial and avoidance learning and
memory (Muller et al. 1994; Dawson et al. 1999; Seabrook et al.
1999). Drosophila lacking the fly homolog for APP (Appl) shows
impaired avoidance learning that can be rescued by the expression
of the human APP gene (Luo et al. 1992). Furthermore, antibody-
or antisense-mediated blockade of APP during an early phase
of memory formation disrupts inhibitory avoidance in chicks
(Mileusnic et al. 2000). Conversely, intraventricular administra-
tion of the secreted form of APP results in memory enhancement
and rescues the amnesia induced by the cholinergic antagonist
scopolamine (Meziane et al. 1998). Finally, intracerebral or in-
traventricular administration of antibodies that bind to various
domains of APP, including the middle portion of the Ab fragment,
disrupts learning and memory in rats (Doyle et al. 1990; Huber
et al. 1993), suggesting that the role of APP in memory formation
could be mediated by Ab.

Here, we hypothesized that, in contrast to the functional
impairments that result from their accumulation, in normal
brains, Ab peptides, including Ab(1–42), play physiological func-
tions, one of which is to mediate learning and memory formation.
To test this hypothesis, we determined the effect on memory
retention of either blocking endogenous Ab or enhancing Ab(1–
42) concentration in the hippocampus, a region known to be criti-
cally involved in the formation of explicit memories (Squire 1992).

For these experiments, we used inhibitory avoidance (IA),
a fear conditioning-based task, in which the animal (rat) learns
to associate a context with a mild foot shock and subsequently
develops avoidance for that context. This memory is known to
require an intact hippocampus and its consolidation process
depends on hippocampal gene expression (Taubenfeld et al. 2001;
Tronel et al. 2005; Garcia-Osta et al. 2006; Canal and Gold 2007). The
IA behavioral procedures, dorsal hippocampal cannula implants,
and intrahippocampal injections employed in these experiments
were the same as described in previous studies from our laboratory
(Taubenfeld et al. 2001; Tronel et al. 2005; see Garcia-Osta etal. 2006)
(both 0.6 and 0.9 mA shock intensity were used to assess Ab[1–42]
modulation while 0.9 mAshock intensity wasused to assess memory
disruption after antibody or antagonist experiments).

In the first set of experiments, we tested whether the in vivo
sequestration of endogenous Ab in the hippocampus affects IA
memory. Toward this end, we used the monoclonal antibody anti-
Ab 4G8 (Millipore) (Marksteiner and Humpel 2008). This antibody
is specific for the Ab ectodomain (amino acid sequence 17–24 in
human) (Kim et al. 1990; Johnson et al. 2002), a sequence that
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does not overlap with that of sAPP and is identical in human, rat,
and mouse. Adult Long-Evans rats (200–250 g) were implanted
with cannulae that bilaterally targeted the hippocampi as pre-
viously described (Taubenfeld et al. 2001; Garcia-Osta et al. 2006).
One week after recovery from surgery, the animals were divided
into two groups. Fifteen minutes before training, one group
received bilateral hippocampal injections of 1 mg of anti-Ab

antibody in a volume of 1 mL, and the other received the same
concentration and volume of a control monoclonal antibody of
the same subclass (control mAb, antiIg2A, Santa Cruz). Each group
was divided in two subgroups. One subgroup from each treatment
(n = 6 for each treatment) was tested for short-term memory (STM)
at 1 h after training. The other two subgroups (n = 9 each) were
tested for long-term memory (LTM) retention 24 h after training.
As shown in Figure 1A, the anti-Ab completely disrupted STM re-
tention (28.2 6 7.1 sec) compared to the control antibody (379.9 6

62.4 sec, P < 0.001; student t-test). LTM was also significantly
disrupted by the anti-Ab (150.1 6 36.4 sec) compared to the
control mAb antibody (408.5 6 62.4 sec; Fig. 1B). The disruption
persisted 5 d after training and memory did not recover following
a reminder foot shock of the same intensity administered in
a different context one day later (P < 0.01 and P < 0.001, two-

way ANOVA followed by Bonferroni post-hoc test). To confirm
that the hippocampi were not damaged by the treatment, the rats
that received anti-Ab were finally retrained 24 h after the final test.
As shown in Figure 1B, retraining resulted in normal memory
retention 24 h later.

To further dissect whether the role of Ab is important
during the training phase or the post-training phase of memory
consolidation—the process by which memory becomes strength-
ened over time (Lechner et al. 1999)—we repeated the experiment
but injected the antibodies immediately after training. Thus,
groups of rats were bilaterally implanted with cannulae targeting
the dorsal hippocampus and, one week after surgery, were trained
in IA. Immediately after training, half of the rats received injec-
tions of 1 mg of either anti-Ab (n = 7) or the control mAb (n = 6).
Memory retention was tested 24 h after training. As shown in
Figure 1C, no effect was found and both groups of rats had similar
memory retention (anti-Ab: 381.0 6 69.1 sec; control mAb: 417.4
6 72.8 sec). To determine whether an effect of treatment emerged
at later times, we retested both groups 5 d after training. No effect
was found at this time point either (Fig. 1C).

In order to exclude that the pre-training injection of anti-Ab

caused nonspecific effects, we tested both locomotor activity (n =

5/group) and nociceptive sensitivity (hot
plate test, n = 5/group) of rats injected
with anti-Ab or control mAb. As shown
in Figure 1D,E, neither test revealed an
effect of treatment.

Together, these results suggest that
hippocampal Ab plays a critical role in
memory formation and exerts its func-
tion during the learning phase and/or a
narrow time window immediately there-
after.

We then asked: Is the amnesia
resulting from the administration of the
anti-Ab due to the selective depletion of
endogenous Ab, and can this amnesia be
rescued by exogenous Ab(1–42) adminis-
tered at a physiological concentration
range? To address this question, we tested
whether the administration of picomolar
concentrations of exogenous human
Ab(1–42) rescues the amnesia produced
by the anti-Ab antibody (Fig. 2). Fifteen
minutes before training, rats received
a bilateral injection of a combination of
0.451 pg (100 pM) of oligo/monomeric
preparations of human Ab(1–42) or rela-
tive scrambled control peptide with 1 mg
of either anti-Ab or control antibody in
a total volume of 1.5 mL per side. Prep-
arations consisting of oligomers and
monomers (oligo/monomers; Fig. 2A) of
human Ab(1–42) (American Peptide) and
scrambled Ab(1–42) (Anaspec) were
obtained as described by Dahlgren et al.
(2002). The oligo/momomers prepara-
tions and antibodies were mixed before
the injection and kept on ice until the
solution was injected. Memory was tested
24 h after training. As depicted in Figure
2B, rats that received the control mAb
together with Ab(1–42) showed a sig-
nificantly enhanced memory retention
(500.5 6 40.2 sec; n = 6) compared to
those that received mAb and scrambled

Figure 1. Depletion of endogenous Ab disrupts memory retention. Memory acquisition (acq) and
retention are expressed as mean latency 6 SEM (in seconds, s). Rats received intrahippocampal
injections of either anti-Ab or control mAb antibody 15 min before IA training and tested for short-
(STM) (A) or long-term memory (LTM) (B) at 1 h or 24 h after training, respectively. Both STM and LTM
were disrupted by the anti-Ab antibody. LTM disruption persisted 5 d after training, and memory did
not recover following a reminder foot shock administered in a different context a day later. Amnesic rats
that received the anti-Ab after retraining showed normal retention. ** P < 0.01, *** P < 0.001. (C)
Intrahippocampal injections of either anti-Ab or control mAb immediately after training had no effect
on memory tested at 24 h and 5 d after training. (D) No effect of intrahippocampal injections of anti-Ab

on the nociceptive hot plate test. Rats injected with anti-Ab or control mAb underwent the hot plate test
15 min after injection (Carter 1991). Values are expressed as the mean 6 SEM of response latencies
measured in seconds. (E) No effect of intrahippocampal injection of anti-Ab on locomotor activity. One
hour after injection of either anti-Ab or control mAb antibody, rats were allowed to explore the IA
training apparatus for 3 min (Roesler et al. 2000) and the locomotor activity was detected by a system of
photocell infrared beams. Values are expressed as mean 6 SEM of motility counts.
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peptide (343.2 6 65.5 sec; n = 8; P < 0.05, one-way ANOVA
followed by Newman–Keuls post-hoc test). Confirming our pre-
vious results shown in Figure 1B, the rats that received injections
of anti-Ab together with scrambled peptide had a significant
memory impairment (71.1 6 10.0 sec; n = 8, P < 0.001, two-way
ANOVA followed by Newman–Keuls post-hoc test). Conversely,
when exogenous human Ab(1–42) was administered together with
the anti-Ab antibody, memory retention was rescued (263.1 6

64.6 sec; n = 6). Indeed, a significant difference was found between
this group and the group that received the scrambled peptide and
the anti-Ab antibody (P < 0.05, two-way ANOVA followed by

Newman–Keuls post-hoc test). Subsequent retention tests 5 d after
training revealed that the effects of treatments were persistent (Fig.
2B). Hence, physiological concentration of Ab peptides, including
Ab(1–42), mediates learning and memory formation.

Given that Ab(1–42) in picomolar concentration promoted
memory enhancement when injected before training, we investi-
gated whether it also modulates the consolidation of IA memory.
One week after recovery from hippocampal surgery, rats trained
on IA received a bilateral injection of 100 pM per side, in 1 mL, of
either oligo/monomeric preparation of human Ab(1–42) (n = 12)
or scrambled peptide (n = 8) immediately after training. Additional
controls were injected with the same volume of vehicle solution
(PBS, n = 4) to determine whether injections of peptides, in
general, nonspecifically affect memory retention. As depicted in
Figure 2C, rats that received Ab(1–42) showed a significant en-
hancement in memory retention (459.2 6 44.3 sec) compared to
both vehicle-injected (199.4 6 46.7 sec, P < 0.05) and scrambled
peptide-injected rats (242.5 6 57.8 sec, P < 0.01) 24 h after training
(one-way ANOVA followed by Newman–Keuls post-hoc test),
indicating that the administration of physiological concentrations
of Ab(1–42) enhances memory retention.

Together, these results indicate that endogenous Ab plays
a critical role during learning for both short- and long-term mem-
ory formation and that Ab(1–42) in low concentrations (picomo-
lar range) modulates memory consolidation.

It has been reported that Ab(1–42) binds selectively and with
picomolar affinity to a7 nicotinic acetylcholine receptors (nAchR)
(Wang et al. 2000a, b). If this is true, then, similar to the depletion
of endogenous Ab(1–42), pre-training inhibition of hippocampal
nAchRs should disrupt memory retention, while the post-training
inhibition should have no effect. Indeed, we found this to be the
case. Rats were bilaterally injected into the hippocampus, either 15
min before or immediately after IA training, with 25 mg in 1 mL per
side of the cholinergic receptor antagonist mecamylamine (MCA)
(Sigma; Ohno et al. 1993; Vago and Kesner 2007). STM retention
was tested 1 h after training and LTM was tested 24 h after train-
ing. Only the pre-training bilateral injections produced a signifi-
cant memory impairment at both short- (veh: 298.8 6 59.9 sec;
MCA: 86.1 6 26.3 sec, n = 8 per group, P < 0.01) and long-term
time points (veh: 385.0 6 61.8 sec; MCA: 25.2 6 4.6 sec, n = 8 per
group, P < 0.001; Fig. 3A), whereas post-training administration
had no effect on either short- (veh: 217.5 6 59.2 sec; MCA: 280.6
6 67.4 sec, n = 8 per group) or long-term retentions (veh: 345.8 6

84.7 sec; MCA: 312.2 6 67.7 sec, n = 8 per group; Fig. 3B). Neither
locomotor activity nor nociceptive sensitivity was affected by
MCA treatment (Fig. 3C,D; n = 5 per group), excluding that the
memory impairments obtained with this treatment were due to
nonspecific effects.

Hence, similar behavioral outcomes are evoked by hippo-
campal treatments that block the function of either endogenous
Ab or nAchRs, suggesting, in agreement with previous literature
(Chin et al. 2007), that Ab(1–42) might exert its modulatory
function on memory formation via interaction with nAchRs.

Together, our results show that, first, bilateral injections into
the hippocampus of an anti-Ab antibody before but not after
training dramatically disrupt memory formation. Second, intra-
hippocampal administration of picomolar concentrations of ex-
ogenous Ab(1�42) following training enhances memory retention.
Thus, we propose that Ab peptides, including Ab(1�42), produced
or present at the time of training, play a critical role in mediating
memory formation.

Our data are in agreement with and extend previous obser-
vations indicating that, in many species from invertebrates to
mammals, and with different types of learning, APP is critically
involved in memory formation (Senechal et al. 2006). As most of
these previous studies were based on APP gene knockout or

Figure 2. Memory impairment produced by the depletion of endog-
enous Ab(1�42) is rescued by exogenous oligomeric human Ab(1�42).
(A) Oligo/monomeric preparation of Ab42 was examined by 4%–12%
tris-tricine nondenaturing PAGE Western blotting (Garcia-Osta et al.
2006) using the anti-Ab monoclonal antibody 6E10 (Covance Research
1:1000) (Tomiyama et al. 2008). Bands corresponding to tetramers,
trimers, and monomers were detected. (B) Memory acquisition (Acq) and
retention are expressed as mean latency 6 SEM (in seconds, s). Rats
received intrahippocampal injections of either anti-Ab or control mAb
antibody combined with either scrambled (sc) peptide or Ab(1–42) 15
min before IA training. *P < 0.05, ** P < 0.01, *** P < 0.001. Test 1, 24 h
after training; Test 2, 5 d after training. (C) Memory acquisition (Acq) and
retention expressed as mean latency 6 SEM (s) of rats that received
intrahippocampal injections of PBS, sc peptide, or Ab(1–42) immediately
after IA training. Administration of Ab(1–42) immediately after IA training
enhances memory retention 24 h after training. * P < 0.05, ** P < 0.01.
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knockdown approaches, they could not distinguish whether it was
APP or its metabolites, and particularly Ab peptides, that play
a critical role in learning and memory formation (Doyle et al.1990;
Huber et al. 1993). In agreement with our findings, several studies
had indicated that Ab processing as well as the activation of the Ab

processing enzymes, such as the b site APP cleaving enzyme 1
(BACE1), g- and e-secretases (Nitsch et al. 1992; Kamenetz et al.
2003), are regulated by neuronal activity and facilitate learning
and memory and synaptic plasticity (Ma et al. 2007). Furthermore,
genetic ablation of BACE1 or presenilin-1, the catalytic compo-
nent of the g- and e-secretase complexes, profoundly reduces or
eliminates Ab and APP intracellular domain (AICD) production
and causes amnesia in mice (Dawson et al. 1999; Yu et al. 2001;
Ohno et al. 2004; Laird et al. 2005). Our data extend these findings
and support the conclusion that Ab is critically recruited at the
time of training or immediately thereafter to promote memory
formation and that the amyloidogenic Ab(1–42) can modulate
memory consolidation. Our data do not exclude that other Ab

peptides, e.g., Ab(1–40), whose sequence overlaps with that of
Ab(1–42), or peptides that bear the same epitope might have
similar modulatory functions on learning and memory, and
additional studies should be able to further address this issue.
We speculate that Ab(1–42), recruited during learning, critically
mediates an early phase of synaptic changes that, via signal
transduction, leads to protein and RNA synthesis-dependent
long-term memory consolidation. Further experiments testing
the effect of Ab on other memory tasks will also help in de-
termining whether this is a general mechanism underlying mem-
ory formation.

An important question that remains to be addressed is why
Ab, and in particular Ab(1–42), which is mainly known to cause
memory impairment, can, like in the present study, mediate

memory formation and enhancement.
One likely explanation is that the oppo-
site effects of Ab are simply the result of
the relative concentrations. Thus, on one
hand, low, physiologically regulated con-
centrations of Ab would play a critical
function in mediating learning and
memory. On the other hand, pathologi-
cal disruptions of this regulation with
consequent accumulation or chronic ex-
posure of soluble Ab would lead to syn-
aptic dysfunction and loss, which is
believed to correlate with the course of
AD (Shankar et al. 2007). However, other
causes, such as structural changes of Ab

due to pathological processing and/or
post-translational disregulations as well
as administration routes cannot be ex-
cluded.

Although only correlative, our find-
ings indicating that the engagement of
cholinergic modulation during IA mem-
ory formation follows the same temporal
dynamics are intriguing. This, together
with the evidence that Ab(1–42) binds to
the nicotinic cholinergic receptor with
picomolar affinity (Wang et al. 2000 a, b),
leads us to hypothesize that Ab(1–42)-
dependent cholinergic modulation acti-
vates signal transduction mechanisms
that ultimately result in memory consol-
idation. Several studies have investigated
the effect of Ab(1–42) on nicotinic ace-
tylcholine receptors. Unfortunately, most

of these investigations, which produced controversial results, have
assessed the role of nanomolar concentration of Ab(1–42). Some
studies have reported that Ab(1–42) activates nAChRs (Dineley
et al. 2002; Dougherty et al. 2003; Fu and Jhamandas 2003),
whereas others indicated that Ab(1–42) inhibits nAChRs (Pettit
et al. 2001; Wu et al. 2004; Lamb et al. 2005). Interestingly,
Dougherty et al. (2003) reported that, while nanomolar concen-
trations of Ab(1–42) inhibited nicotine-induced Ca2+ responses,
picomolar Ab(1–42) directly evoke sustained increases in pre-
synaptic Ca2+ via nAChRs, implying that the apparent inhibitory
action of Ab(1–42) is the result of an occlusion of nicotine to
further stimulate the receptors. The direct effect of Ab(1–42) was
found to be sensitive to a-bungarotoxin, mecamylamine, and
dihydro-b-erythroidine, indicating involvement of nAChRs. Be-
cause the activation of nAChRs can modulate presynaptic,
glutamate-mediated synaptic transmission or glutamate release,
it is in line with our hypothesis that Ab(1–42), in picomolar
concentrations, may contribute to a nicotinic modulatory re-
sponse recruited during LTM consolidation. Indeed, nAChRs can
influence excitatory events in the hippocampus (Ge and Dani
2005), and one of the key targets of endogenous cholinergic
modulation involved in cognition is the NMDAR-mediated trans-
mission (Chen et al. 2008). Thus, the binding of Ab to nAChRs
might regulate NMDA-mediated excitatory neurotransmission in
physiological conditions during learning.

In conclusion, we propose that a physiological role of Ab

peptides, including Ab(1–42), is to mediate memory formation via
nicotinic acetylcholine receptor interaction.

Our data suggest that Ab(1–42) should not be regarded only
as a toxic factor that has to be eliminated to avoid dementia and
AD. Our results add to the evidence suggesting important physi-
ological roles for Ab peptides.

Figure 3. The nicotinic receptor antagonist mecamylamine (MCA) mimics the effect of the anti-
Ab(1–42) antibody. Memory acquisition (Acq) and retention expressed as mean latency 6 SEM (in
seconds, s) of rats that received intrahippocampal injections of saline or MCA 15 min before IA training
(A) or immediately after IA training (B). STM was tested 1 h after training and LTM was tested 24 h after
training. ** P < 0.01, *** P < 0.001. (C) Effect of intrahippocampal injection of saline or MCA on
nociceptive hot plate test. Rats injected with MCA or saline underwent the hot plate test 15 min after
injection (Carter 1991). Values are the mean 6 SEM of response latencies measured in seconds. No
difference in hot plate latencies was detected between the two groups. (D) Effect of intrahippocampal
injection of saline or MCA on locomotor activity. One hour after injection of either saline or MCA rats
were tested for locomotor activity as described in Figure 1. Values are the mean 6 SEM of motility
counts. No difference in locomotor activity was detected between the two groups.
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