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Amyloid B-protein (AB) is believed to be a primary cause of Alzheimer’s disease (AD). Recent research
has examined the potential importance of soluble species of AR in synaptic dysfunction, long before
fibrillary AR is deposited and neurodegenerative changes occur. Hippocampal excitatory synaptic trans-
mission and plasticity are disrupted in transgenic mice overexpressing human amyloid precursor protein
with early onset familial AD mutations, and in rats after exogenous application of synthetic A both
in vitro and in vivo. Recently, naturally produced soluble AR was shown to block the persistence of long-
term potentiation (LTP) in the intact hippocampus. Sub-nanomolar concentrations of oligomeric A were
sufficient to inhibit late L'TP, pointing to a possible reason for the sensitivity of hippocampus-dependent
memory to impairment in the early preclinical stages of AD. Having identified the active species of AR that
can play havoc with synaptic plasticity, it is hoped that new ways of targeting early AD can be developed.
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1. INTRODUCTION

A major goal of current research on AD is to determine
the causes of the mild cognitive impairment that usually
presages the insidious onset of clinical dementia. Mild
cognitive impairment of preclinical AD is characterized by
deficits in the forms of memory that are known to be
dependent on the function of the medial temporal lobe,
including the hippocampus and related structures (Laakso
2002). It is argued here that potentially reversible impair-
ments of synaptic memory mechanisms in these brain
regions are likely to precede neurodegenerative changes
that are characteristic of clinical AD.

Other contributors to this issue (Bear 2003; Bozon et
al. 2003; Hédou & Mansuy 2003; Lisman 2003; Morris
2003; Pittenger & Kandel 2003; Tonegawa er al. 2003)
give cogent reasons why studies of synaptic plasticity, in
particular L'TP of fast excitatory synaptic transmission, are
particularly suited to the elucidation of mechanisms of
memory function. Our hope is that investigations of how
putative causes of AD affect excitatory synaptic trans-
mission and plasticity in the hippocampus will aid the dis-
covery of the processes underlying the early memory
deficits of preclinical AD. Such an approach should help
to provide a fertile basis, for probing not only the causes
of the synaptic dysfunction underlying memory impair-
ment, but also possible targets for therapeutic intervention
very early in the disease process.
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2. SYNAPTIC PLASTICITY AND THE A
HYPOTHESIS OF ALZHEIMER’S DISEASE

AD has been suggested to be a form of neuroplasticity
failure (Mesulam 1999; Selkoe 2002). Consistent with
this, the potential for neuroplasticity in the adult brain
occurs unevenly in different regions, with synaptic plas-
ticity, axonal and dendritic remodelling and synaptogen-
esis being particularly high in areas affected early in AD
(Arendt 2001). For example, plasticity-related increases
in the length and branching of the dendritic tree during
adulthood (Arendt ez al. 1998), expression of the growth
associated protein GAP 43 (a marker for axonal sprouting;
Lin ez al. 1992) and the expression levels of mRNAs for
brain-derived neurotrophic factor and TrkB receptors
(Okuno ez al. 1999) are all relatively high in the hippocam-
pus and entorhinal cortex. This indicates that the pro-
cesses underlying experience-dependent remodelling and
synaptic turnover in the adult are particularly vulnerable
to the primary causes of AD.

The AR hypothesis of AD proposes that AR is a primary
cause (Hardy & Selkoe 2002). The APP is axonally trans-
ported to presynaptic axon terminals where it is a trans-
membrane protein with a large extracellular amino
terminus and a short cytoplasmic carboxy terminus. A is
a 4 kDa peptide of 39-43 amino acids located at the part
of APP that spans the transmembrane domain, lying partly
outside and partly within the membrane (Glenner &
Wong 1984; Kang er al. 1987). APP is cleaved in the
middle of the AR between sites 16 and 17 by a-secretase
to yield a secreted form of APP, sAPPa (a large 90 kDa
N-terminal portion; Esch er al. 1990), which is secreted
into the extracellular space and can act as a neuronal
survival-promoting factor. Cleavage at the N-terminal site
by B-secretase (Seubert er al. 1993) results in an approxi-
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mately 99-amino-acid transmembrane fragment, C-99.
This is further cleaved inside the membrane by a-secretase
(which includes PS1) to yield APP intracellular domain,
a fragment with a putative nuclear signalling role, and AR
(predominantly AB1-40 and AB1-42). The latter species
of AB is highly hydrophobic and has been particularly
implicated in causing AD (Pike er al. 1995).

3. TRANSGENIC ANIMAL MODELS

(a) Familial Alzheimer’s disease APP mutations

Strong support for the AR hypothesis came from a small
proportion of familial AD clusters that are caused by
mutations of APP, which lead to increased AR levels and
the relatively early onset of dementia. Many groups have
developed transgenic mice that overexpress these mutant
forms of human APP. Most currently studied models
show cognitive deficits and age-related disruption of syn-
aptic markers and amyloid plaque deposition, but few
strains show evidence of significant cell death (Janus ez
al. 2000; Ashe 2001; Chapman et al. 2001; Richardson &
Burns 2002).

The neurophysiological consequences of such mutations
have been examined in the hippocampus of these mutant
mice. This has allowed the investigation of the role of age-
related factors such as plaque deposition and synaptic loss
in functional deficits. Most studies have reported, princi-
pally, either inhibition of LTP or reduction in baseline fast
excitatory transmission prior to plaque deposition. The
relative importance of these changes and apparent discrep-
ancies still need to be resolved (see also §5b). For
example, transgenic mice (called PDAPP mice) overex-
pressing hAPP mutated at valine to phenylalanine at
amino acid 717 (V717F, Indiana mutation) were studied
initially at age 4-5 months, prior to the deposition of AR.
These mice had a small (less than 20%) reduction in basal
synaptic transmission in the CAl area in wvitro. LTP
induced by theta-burst conditioning stimulation was
inhibited, and was associated with a change in the synaptic
response during burst stimulation. In aged mice (27
months), which had AB plaque formation, baseline trans-
mission was reduced by 70%, but LTP was normal
(Larson er al. 1999). Complete inhibition of LTP of the
population spike with no significant effect on baseline
amplitude was detected in the CAl area in vivo in PDAPP
mice both at ages 3-4.5 and 24-27 months. No changes
were detected in the dentate gyrus (Giacchino ez al. 2000).
In a further study on a separate line with the same
mutation, greatly reduced (ca. 40%) basal synaptic trans-
mission was observed i vitro at 1-4 months, probably
owing to a decrease in the number of functional synapses
even though no amyloid plaques were present at this age.
LTP induction in response to strong HFS was unchanged
in these animals or at a later stage (8—10 months) when
amyloid plaques had been deposited (Hsia ez al. 1999).

Transgenic mice overexpressing hAPP 695 mutated
with both K670N and M671L (Swedish mutation, called
Tg2576 mice) also show age-dependent plaque deposition
but no major disruption of synaptic markers or cell
viability. At 15-17 months, such mice had normal excit-
atory synaptic transmission in CA1l and dentate gyrus, but
were severely impaired in LTP induction in these areas
when assessed both in vitro and in vive. Young mice of 2—
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8 months had no such deficits (Chapman er al. 1999).
However, further in ovitro studies by other researchers
failed to observe a reduction in LTP in the same trans-
genic line at 12 or 18 months despite compromised base-
line transmission (Fitzjohn ez al 2001). A further
transgenic mouse line, with both the Swedish and Indiana
mutations present, had a major loss of basal transmission
in vitro at 2—4 months. AR in these animals was expressed
at a high level, whereas hAPP levels remained relatively
low, strongly suggesting that the loss in synapses and in
synaptic transmission is caused by AR (Hsia ez al. 1999).

Another mutant hAPP line (V6421, London mutation,
termed TgAPP/1L.d/2 mice) had a deficit in the persistence
of LTP of the EPSP induced by strong HFS in CAl at
age 5-7 months, even though amyloid plaque formation
was only detected in animals older than 12 months
(Moechars ez al. 1999). Recently, the inhibition of LTP
was confirmed in similar mice (V717], London mutation)
but was absent in double transgenic mice that also had a
conditional knockout of PS1. Since AB production was
blocked in the double transgenics, the inhibition of LTP in
V7171 mice was attributed to AR (Dewachter ez al. 2002).
Neither of these reports included detailed analysis of base-
line transmission.

In summary, hippocampal transmission and plasticity at
excitatory glutamatergic synapses have been found to be
sensitive markers of early dysfunction, often being reduced
in young animals long before AR is found deposited in
neuropathological plaques. This indicates that soluble AR
(i.e. AB that remains in aqueous solution after high-speed
centrifugation, composed of monomeric, oligomeric and
protofibrillary species) may be a critical player in produc-
ing functional synaptic deficits in the absence of fibrillar
ApB or cell death.

(b) Other APP and PS mutants

Several other related transgenic models have examined
the effects of modifying APP and PS expression on synap-
tic transmission and plasticity and therefore may help to
elucidate their normal and/or pathological roles. Overall,
mice with loss of APP had reduced L'TP in response only
to certain conditioning protocols. Generally, transgenic
mice expressing human familial AD PS mutations had
facilitated L'TP, possibly owing to alterations in Ca buffer-
ing, whereas transgenic mice underexpressing PSs had
decreased LTP induction, possibly owing to increased
GABAergic transmission. None of these mutations was
reported to affect basal fast excitatory synaptic trans-
mission.

Transgenic mice lacking the APP gene (APP null) at
age 8-12 months or 20-24 months had normal LTP
induced by a weak HFS (10 stimuli at 100 Hz) but had
reduced LTP induced by a subsequent (30 min later)
stronger theta-burst HFS (4 x 10 stimuli at 100 Hz), with
the level of LTP being reduced immediately following the
HFS (Seabrook ez al. 1999; see also Dawson ez al. 1999).
By contrast, LTP induced by a strong HFS of 100 Hz for
1 s was not reduced, either in control media or in the pres-
ence of picrotoxin (Seabrook er al. 1999; Fitzjohn et al.
2000). GABAergic inhibition was also reduced in these
mice, the inhibitory postsynaptic current amplitude being
reduced (Seabrook ez al. 1999).
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Transgenic mice expressing human PS mutations
(familial AD-linked mutants PS1[A246E] or PS2[N1411])
did not display any pathological deficiencies. They had
normal L'TP induction in CA1 in response to strong HFS,
but LTP induction was enhanced in response to a weak
HFS, with controls showing LTP declining to baseline
over 2 h, but mutants having non-declining LTP. Gluta-
mate application led to a higher than normal Ca?* elev-
ation in transgenic mice (Schneider ez al. 2001). Further
studies in mice with familial AD-linked mutations in PS1
(deletion of exon 9 wvariant, MI146L and A246E
mutations) also showed normal basal transmission and
enhanced LTP (larger amplitude and more persistent) in
response to theta burst and HFS (Parent et al. 1999;
Barrow er al. 2000; Zaman ez al. 2000) and also showed
enhanced inhibitory transmission (Zaman et al. 2000).

In transgenic mice in which PS1 conditional knockout
was restricted to the postnatal forebrain (PS1 expression
was progressively eliminated from the third postnatal
week), levels of AB1-40 and AB1-42 were reduced com-
pared with controls, while APP C-terminal fragments
increased. Basal transmission and LTP induction in
response to theta burst or HFS was normal in such mice
(Yu ez al. 2001). Somewhat similarly, mutant mice unde-
rexpressing PS1 (PS1 + mice) from birth had normal basal
transmission in CAl. Although LTP induction in
response to a single theta burst or a single tetanus was
normal in these mice, LTP induction in response to mul-
tiple tetanus was reduced, with L TP declining more rap-
idly than in controls (Morton ez al. 2002). In view of the
role of PS in the metabolism of the APP C-terminal, it is
interesting that transgenic mice expressing an amyloidog-
enic C-terminal fragment of APP (C104 mice) exhibited
age-related amyloid deposition and decrease in CAl cell
number. Although basal synaptic transmission was not
reported, 8-10-month-old transgenic mice showed
deficient LTP induction, with significant inhibition at
times greater than 10 min post-HFS (Nalbantoglu ez al.
1997).

4. EXOGENOUSLY APPLIED AB

Opverall, although transgenic animals offer many advan-
tages in the study of possible causes of AD, it has not been
possible to disentangle clearly the role of APP per se or its
breakdown products, including the different soluble and
fibrillar AR species. Direct exogenous application of AR
provides an alternative approach to determine whether
AP can cause deficits in hippocampal excitatory synaptic
transmission/plasticity and the necessity for amyloid
plaque formation and neurodegeneration.

(a) Effect of AP on LTP in vitro

Several studies have shown that synthetic AR inhibits
LTP induction in vitro. Thus, in hippocampal slices pre-
pared from 20-30-day-old rats, soluble AB1-42 (500 nM)
was found to inhibit LTP induction by strong HFS of the
medial perforant path in the dentate gyrus both of the
population spike (Lambert ez al. 1998) and EPSPs (Wang
et al. 2002). Both early- and late-phase L TP were strongly
inhibited in these studies, whereas basal AMPA receptor-
mediated synaptic transmission was not altered, although
there was a reduction in paired-pulse depression at a short
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(20 ms) inter-pulse interval (Wang er al. 2002). In these
studies, AB1-42 was specially prepared to contain large
metastable AR oligomeric assemblies (termed ADDLs),
providing evidence that non-fibrillar AR can selectively
disrupt both short-term and long-term synaptic plasticity.

Similarly, LTP of field EPSPs in rat CAl and the
medial perforant path of the dentate gyrus was inhibited
by AB1-40, AB1-42 and the truncated AR fragment 25—
35 at concentrations of 200 nM or 1 wM. The N-terminal
sequence of AB25-35 was found to be necessary for inhi-
bition of LTP induction (Chen ez al. 2000). In contrast
to these studies showing an inhibition of LTP induction,
synthetic AB1-40 (200 nM) enhanced L'TP induction in
the associational-commissural pathway of the dentate
gyrus of 30-50-day-old rats (Wu ez al. 1995a). Basal
AMPA receptor-mediated synaptic transmission was not
affected in this study.

In summary, the inhibitory effects of AR on L'TP in vitro
occurred in the absence of changes in baseline trans-
mission and thus do not appear to be caused by a toxic
action of the AR resulting in rapid neurodegeneration.
Moreover, truncated AR variants that were not lethal to
cultured neurons also blocked LTP induction (Chen et
al. 2000). Intriguingly, non-fibrillar AR 1-42 (Wang ez al.
2002) and AP variants that did not form fibrils in wirro
(Chen et al. 2000) inhibited L'TP, pointing to a critical
role for soluble peptide.

(b) Effect of AB on LTP in vivo

Consistent with most iz vitro studies, synthetic AR also
inhibits LTP in the intact hippocampus. Thus late-phase
LTP of field EPSPs in the CAl area was strongly inhibited
at doses that had no acute effect on baseline excitatory
transmission in adult rats by intracerebroventricular
(i.c.v.) injection of AB1-40 (0.4 and 3.5 nmol, but not
0.1 nmol), AR 1-42 (0.01 nmol) and the AR-containing
C-terminal fragment CT105 (0.05 nmol). In these stud-
ies, LTP was only significantly inhibited at a time greater
than 2 h post-HFS, and the LTP was completely blocked
by AB1-40 and AR 1-42 at 3 h post-HFS (Cullen ez al.
1997a), implicating late L'TP. Somewhat similarly, LTP
of EPSPs in the CA1 area was inhibited by the truncated
fragments AB25-35 (10 nmol, 100 nmol) and AB35-25,
but not AR 15-25, at times greater than 30 min post HFS
(Freir et al. 2001).

Other studies have examined the delayed neurophysiol-
ogical effects of AB iz vivo. In contrast to the acute effect
of AB1-40 (3.5 nmol), there was a small reduction in
baseline transmission in the CAl area 24 h after a single
i.c.v. injection. The reduction was present for at least 5
days, whereas LTP was not affected at this time (Cullen
et al. 1996).

In another study, induction of LTP of field EPSPs in
the dentate gyrus by strong HFS was inhibited after direct
intrahippocampal injection of AB1-43 or a combination
of AB1-40 and AB1-43 in adult rats. Late-phase LTP of
the EPSP was most sensitive to disruption, whereas EPSP-
spike LTP was largely intact. The effect of the AR was
examined ca. 7-16 weeks after the injections, a time when
focal amyloid deposits and cell atrophy were detected. A
reduction in baseline synaptic transmission and deficits in
working memory were also present (Stéphan ez al. 2001).
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Figure 1. Naturally secreted oligomers of AP inhibit LTP of
excitatory synaptic transmission in the intact hippocampus of
anaesthetized rats (adapted from Walsh ez al. 2002). i.c.v.
(asterisk) injection of conditioned medium from cells
transfected with mutant APP that release soluble A3
oligomers (7PA2 CM with oligomers, closed circles)
completely blocked LTP measured at 3 h after HFS (arrow),
whereas conditioned medium from cells pretreated with a y-
secretase inhibitor, at a concentration that reduced AP
oligomer production relatively selectively, prevented the
block (7PA2 CM without oligomers, open circles).

Somewhat analogous to the in witro studies on
transgenic mice, two studies examined the effects of in
vivo AR exposure on synaptic function in the hippocampal
slice of adult rats. Whereas acute single i.c.v. injection of
synthetic AB1-40 (0.4 or 3.5 but not 0.1 nmol) caused a
reduction in baseline transmission and no change in LTP
in the dentate gyrus 48 h later (Cullen ez al. 1996), con-
tinuous i.c.v. infusion of AB1-40 (300 pmol day !) for
10-11 days inhibited LTP of the population spike in the
CALl area (Itoh et al. 1999). In the latter study, there was
a tendency to require a greater current to evoke equival-
ent-sized spikes.

(¢) Effects of naturally produced A3 on synaptic

plasticity

The brains of transgenic animals accumulate a variety
of AR species, both soluble and insoluble, the relative
importance of which in the disruption of synaptic trans-
mission and plasticity is difficult if not impossible to separ-
ate. One of the problems with most published studies of
exogenously applied AR is that the synthetic AR peptides
are usually present in several different undefined states of
association/aggregation. Some of these states may never
occur naturally. We therefore believe that it is necessary
to study the effects of naturally produced AR species as
well as synthetic peptides.

By using medium collected from cells transfected with
mutant hAPP (V717F) that secrete nanomolar concen-
trations of soluble AR, in the absence of fibrillar AR, we
were able to examine the contribution of soluble mono-
mers and oligomers of variable length (including AR1-42)
to the effects of AR on synaptic function in the intact hip-
pocampus (Walsh ez al. 2002; figure 1). Although basal
glutamatergic transmission was unaffected by such low
amounts of AR, the persistence of LTP was reduced to
less than 3 h when i.c.v. injected shortly before HFS.
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Remarkably, when all of the monomers were selectively
cleared from the medium using the protease insulin-
degrading enzyme, leaving only oligomers, the block was
unaffected. This means that the oligomers are by far the
most active species even though they were present only in
sub-nanomolar concentrations. By contrast, medium from
cells that were exposed to low doses of a y-secretase
inhibitor DAPM (N-[N-3,5-difluorophenacetyl)-L-ala-
nyl]-S-phenylglycine methyl ester) to partially block the
production of AP, thereby preferentially reducing olig-
omer formation but leaving monomers relatively unaffec-
ted, did not block LTP. This finding thus confirms the
role of soluble AR oligomers and also gives support to the
use of relatively low doses of y- and possibly B-secretase
inhibitors as a viable pharmacological approach to the
therapy of AD.

Recently we have confirmed that medium containing
sub-nanomolar concentrations of naturally produced AR
oligomers also inhibits LTP in the rat dentate gyrus in
vitro (H.-W. Wang, D. M. Walsh, M. J. Rowan, D. ].
Selkoe and R. Anwyl, unpublished observations).

In view of the apparently limited ability of exogenously
applied AB to penetrate into cells (Bi ez al. 2002), this
approach does not directly address the potentially
important role of raised intracellular AB. In this context,
it will be interesting to examine the effect of viral appli-
cation of Ap.

5. CELLULAR MECHANISMS OF A3 ACTION

Many cellular mechanisms have been proposed to
explain the toxic effects of high concentrations of fibrillar
AB. Relatively little is known about the mechanisms of
action of low concentrations of soluble AB. We focus on
possible cholinergic and NMDA receptor-mediated mech-
anisms given the current, albeit limited, pharmacotherapy
of AD with cholinesterase inhibitors such as donepezil and
the NMDA receptor antagonist memantine.

(a) Role of acetylcholine and related signalling

There is extensive support for the involvement of chol-
inergic mechanisms in the biochemical and behavioural
effects of soluble AR (Auld er al. 2002). Recent studies
have found that alterations in acetylcholine and related
signalling can reverse the inhibitory effect of AR on LTDP,
thereby providing a mechanistic basis for this important
therapeutic target. Thus co-administration of an acetycho-
linesterase inhibitor, huperzine A, at a concentration that
did not by itself enhance L'TP induction completely pre-
vented the suppression of LTP of the population spike by
acute application of truncated AP fragments 25-35 and
31-35 in the CAl area of the rat (Ye & Qiao 1999). These
authors suggested that the inhibitory effect of AR on LTP
induction may be via inhibiting cholinergic transmission,
perhaps suppressing synthesis and/or release of acetylcho-
line (Hoshi ez al. 1997) or blocking acetylcholine receptors
(Kelly ez al. 1996). Similarly, the block of LTP persistence
by AB1-40 (3.5 nmol, i.c.v.) in vivo was completely pre-
vented by pretreatment with the cholinesterase inhibitor
physostigmine (0.1 mg kg™!, i.p.). This dose of physostig-
mine on its own did not have a significant effect on base-
line transmission or on the magnitude of LTP induced by
HFS (Cullen ez al. 19975). Recently, Sun & Alkon (2002)
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reported that the truncated AR 25-35 (but not AR 35-25)
injected i.c.v. 4-6 days before recording in wvitro greatly
reduced a long-term synaptic modification of GABA,
receptor-mediated synaptic potentials that depends on the
associative activation of cholinergic and GABAergic
inputs. Cholinergic (muscarinic)-induced theta in CAl
pyramidal cells was inhibited, but LTP was unaffected.

Much interest has been generated in the possible role of
nicotinic receptors in the actions of AB. The o7 subunit-
containing nicotinic receptor («7nAChR) that has been
suggested to be a high-affinity receptor for AB1-42. AB1-
42, at very low concentration (0.1-100 nM), activates the
ERK2 MAPK cascade acutely in hippocampal slices, an
effect that is blocked by selective « 7nAChR antagonists and
prevents external Ca** influx (Dineley et al. 2001). It was
suggested that Ca?* influx via a7nAChR and o7nAChR-
dependent depolarization led to MAPK activation. Subch-
ronic exposure of organotypic hippocampal slice cultures for
6 days to AB1-42 upregulated «7nAChR. In addition, hLAPP
transgenic mice (T'g2576) had pronounced age-dependent
upregulation of a7nAChR, which was accompanied by
biphasic alterations in downstream ERK2 and CREB pro-
tein activation (Dineley er al. 2001). Whether or not these
changes are related to the previously described disruption
of synaptic function in these mice (Chapman ez al. 1999;
Fitzjohn ez al. 2001) remains to be determined. Itoh ez al.
(1999) reported that nicotine failed to affect potentiation
of the population spike in slices from animals treated with
subchronic infusion of AB1-40 i vivo, and LTP was
blocked. Since nicotine enhanced short-term potentiation
in controls, this finding is consistent with a loss of nic-
otinic regulation of glutamatergic mechanisms. The
involvement of GABAergic mechanisms needs to be
addressed as a7nAChRs are located primarily on inhibi-
tory interneurons (Frazier ez al. 1998; Pettit ez al. 2001).
Clearly, any involvement of ERK/MAPK/CREB also
potentially implicates many other transmitter pathways,
including glutamatergic directly (see below).

(b) Role of NMDA receptor-mediated synaptic
transmission

Since many forms of hippocampal synaptic plasticity
and toxicity are NMDA receptor-dependent, alterations
in NMDA receptor-mediated synaptic transmission and
related mechanisms may contribute to the effects of AR.
Overall, although there is some evidence of increased
NMDA receptor-mediated function and excitotoxicity
under defined in vivo and i vitro experimental conditions,
it will be important to evaluate their general significance.
Thus, AB1-40 (200 nM) can selectively elicit a rapid and
persistent increase in NMDA receptor-mediated, but not
AMPA receptor-mediated, transmission in the dentate
gyrus in vitro (Wu et al. 1995b). Moreover, the delayed
reduction in baseline synaptic transmission in the CAl
area in vivo caused by AB1-40 (3.5 nmol) can be pre-
vented by treatment with the NMDA receptor antagonist
CPP (7 mg kg™ ! x2, i.p.) (Cullen ez al. 1996).

Transgenic mice overexpressing hAPP (V717F) had a
relative upregulation of NMDA receptor-mediated synap-
tic transmission at a time when AMPA receptor-mediated
transmission was reduced (Hsia ez al. 1999). Consistent
with an age-related increased potential for NMDA recep-
tor-dependent excitotoxicity, Fitzjohn ez al. (2001)
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reported that the non-selective glutamate receptor antag-
onist kynurenic acid (1 mM), when present at the anoxic
period of slice preparation, prevented the reduction in
baseline transmission at 12 months in hAPP K670N/
M671L mice. However, this strategy was not effective at
a later age (18 months) or at 8-9 months in V717F mice
(Hsia et al. 1999; see also Chapman et al. 2001). In this
context, it is interesting that glutamate can potentiate the
inhibitory effect of AB1-42 on LTP (Nakagami & Oda
2002). In view of the putative involvement of the p38
MAPK pathway in excitotoxicity, it is of interest that the
acute reduction in baseline synaptic transmission and
block of L'TP in the dentate gyrus of young rats by the
truncated fragment AB25-35 (1 M) was prevented by
perfusion with the inhibitor SB203580 (1 wM)
(Saleshando & O’Connor 2000).

By contrast, A 1-42 (200 nM and 1 wM) has recently
been reported to reduce NMDA receptor-mediated syn-
aptic currents in the dentate gyrus (Chen et al. 2002).
AB1-42 and ADDLs at the sublethal concentrations of
5 .M and 100 nM, respectively, also strongly suppressed
a NMDA-evoked/depolarization-induced increase in
CREB phosphorylation in cultured cortical neurons,
whereas AR25-35 (10 wM) was inactive (Tong er al
2001). CREB phosphorylation has been implicated in late
LTP. Remarkably, in a recent study rolipram and forsko-
lin, agents that enhance the cAMP-signalling pathway can
reverse inhibition of LTP by AB1-42. This reversal was
blocked by H89, an inhibitor of protein kinase A (Vitolo
et al. 2002).

An intriguing corollary to the block of LTP by A is
the facilitation of L'TD induction by low-frequency stimu-
lation and time-dependent L'TP reversal in the CAl area
by very low-dose AB1-42 (1 pmol i.c.v.) and CT105 (1-
2 pmol), respectively, in the adult rat. Both effects were
blocked by the NMDA receptor antagonist D-AP5
(100 nmol), indicating their NMDA receptor dependence
(Kim ez al. 2001). Somewhat similarly, AB1-42 applied in
the first hour after HFS inhibited L'TP, and inhibition of
calcineurin activity with FK506 or cyclosporin A com-
pletely prevented this effect (Chen er al. 2002). By con-
trast, ADDLs (500 nM) failed to affect a large, apparently
NMDA receptor-independent form of LTD in the dentate
gyrus of young (14—19-day-old) rats (Wang ez al. 2002).

6. CONCLUSION

Extracellular deposition of fibrillar AR and cell death
are not required for the development of functional deficits
in AMPA receptor-mediated hippocampal synaptic trans-
mission and plasticity in transgenic mutant hAPP mouse
and acute AR rat models. Good evidence that the disrup-
tion of LTP is caused by highly mobile AR oligomers is
provided by experiments using exogenously applied natu-
ral and synthetic AB. Further studies are required to deter-
mine the roles of recently discovered specific receptor/
signalling mechanisms and facilitated LTD/depotentiation
in either the block of LTP or reductions in baseline trans-
mission.

This research may provide insight into the likely causes
and possible treatments of mild cognitive impairment in
preclinical AD (see figure 2 for a schematic view of poss-
ible mechanisms and targets). Clearly, the mechanisms
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Figure 2. Speculative overview of the actions of A3
oligomers on hippocampal synaptic transmission and
plasticity that may underlie the mild cognitive impairment of
early AD. Soluble AP oligomers released into the
extracellular space consequent to APP misprocessing may, in
the absence of adequate clearance, diffuse to neighbouring
cells. The presence of sub-nanomolar concentrations of AP
oligomers would rapidly block LTP and promote LTD of
fast excitatory transmission in a use-dependent manner, as a
result of disruption of intracellular signalling, NMDA
receptor-mediated transmission and cholinergic transmission.
A delayed reduction in basal AMPA receptor-mediated
transmission would be caused possibly by the shift from
LTP-like to LTD-like synaptic plasticity and increased
vulnerability to excitotoxicity. The rapid disruption of
synaptic plasticity and delayed reduction in basal
transmission may lead to the insidious but intermittent mild
cognitive impairment of preclinical AD. In clinical AD, such
mechanisms may be superimposed on the irreversible
neurodegeneration and synaptic loss that may be caused
primarily by (proto-) fibrillary A and thereby contribute to
progressive dementia.

that are described here are probably more relevant to the
very early rather than late symptoms of AD. Progressively
higher concentrations of fibrillar AR associated with major
neurodegenerative changes are found in clinical AD and
are considered to be significant factors in the later course
of the disease. However, it is possible that a disruption of
synaptic plasticity-related mechanisms by soluble AR also
contributes to clinical symptoms (Lue ez al. 1999; McLean
et al. 1999). Indeed, if the changes in synaptic function
described here occur in the early preclinical stages they
may provide the necessary trigger that interacts with age,
oxidative status, energy supply and other major vulner-
ability factors to precipitate the onset of clinical disease.

The authors gratefully acknowledge the continued support of
the Wellcome Trust, Irish Health Research Board, Irish Higher
Education Authority (PRTLI), EU, and Science Foundation
Ireland. They thank Professor Dennis Selkoe, Dr Dominic
Walsh, Dr Joung-Hun Kim and Dr Jianqun Wu for their major
contribution to the work described.

REFERENCES

Arendt, T. 2001 Disturbance of neuronal plasticity is a critical
pathogenetic event in Alzheimer’s disease. Int. F. Dev.
Neurosci. 19, 231-245.

Phil. Trans. R. Soc. Lond. B (2003)

Arendt, T., Brueckner, M. K., Gertz, H.]. & Marcova, L.
1998 Cortical distribution of neurofibrillary tangles in Alzh-
eimer’s disease matches the pattern of neurones that retain
their capacity of plastic remodelling in the adult brain.
Neuroscience 83, 991-1002.

Ashe, K. H. 2001 Learning and memory in transgenic mice
modeling Alzheimer’s disease. Learn. Mem. 8, 301-308.
Auld, D. S., Kornecook, T.]J., Bastianetto, S. & Quirion, R.
2002 Alzheimer’s disease and the basal forebrain cholinergic
system: relations to beta-amyloid peptides, cognition, and

treatment strategies. Prog. Neurobiol. 68, 209-245.

Barrow, P.A., Empson, R. M., Gladwell, S.]., Anderson,
C. M,, Killick, R., Yu, X., Jefferys, J. G. & Duff, K. 2000
Functional phenotype in transgenic mice expressing mutant
human presenilin-1. Neurobiol. Dis. 7, 119-126.

Bear, M. F. 2003 Bidirectional synaptic plasticity: from reality
to theory. Phil. Trans. R. Soc. Lond. B 358, 649-655. (DOI
10.1098/rstb.2002.1255.)

Bi, X., Gall, C. M., Zhou, J. & Lynch, G. 2002 Uptake and
pathogenic effects of amyloid beta peptide 1-42 are
enhanced by integrin antagonists and blocked by NMDA
receptor antagonists. Neuroscience 112, 827-840.

Bozon, B., Kelly, A., Josselyn, S. A., Silva, A.]., Davis, S. &
Laroche, S. 2003 MAPK, CREB and zif268 are all required
for the consolidation of recognition memory. Phil. Trans. R.
Soc. Lond. B 358, 805-814. (DOI 10.1098/rstb.2002.1224.)

Chapman, P. F., Falinska, A. M., Knevett, S. G. & Ramsay,
M. F. 2001 Genes, models and Alzheimer’s disease. Trends
Genet. 17, 254-261.

Chapman, P. F. (and 11 others) 1999 Impaired synaptic plas-
ticity and learning in aged amyloid precursor protein trans-
genic mice. Nat. Neurosci. 2, 271-276.

Chen, Q., Kagan, B. L., Hirakura, Y. & Xie, C. 2000 Impair-
ments of hippocampal long-term potentiation by Alzheimer
amyloid-p peptide. ¥. Neurosci. Res. 60, 65-72.

Chen, Q. S., Wei, W. Z., Shimahara, T. & Xie, C. W. 2002
Alzheimer amyloid B-peptide inhibits the late phase of long-
term potentiation through calcineurin-dependent mech-
anisms in the hippocampal dentate gyrus. Neurobiol. Learn.
Mem. 77, 354-371.

Cullen, W.K., Wu, J., Anwyl, R. & Rowan, M.]J. 1996 @3-
Amyloid produces a delayed NMDA receptor-dependent
reduction in synaptic transmission in rat hippocampus.
NeuroReport 8, 87-92.

Cullen, W. K., Suh, Y. H., Anwyl, R. & Rowan, M.]. 1997a
Block of LTP in rat hippocampus iz vivo by B-amyloid pre-
cursor protein fragments. NeuroReport 8, 3213-3217.

Cullen, W. K., Anwyl, R. & Rowan, M.]. 19975 B-amyloid
produces a selective block of late-phase long-term potenti-
ation in rat hippocampus i wvivo. Br. J. Pharmacol. 122,
330P.

Dawson, G.R. (and 11 others) 1999 Age-related cognitive
deficits, impaired long-term potentiation and reduction in
synaptic marker density in mice lacking the beta-amyloid
precursor protein. Neuroscience 90, 1-13.

Dewachter, I. (and 13 others) 2002 Neuronal deficiency of
presenilin 1 inhibits amyloid plaque formation and corrects
hippocampal long-term potentiation but not a cognitive
defect of amyloid precursor protein [V7171] transgenic mice.
F. Neurosci. 22, 3445-3453.

Dineley, K. T., Westerman, M., Bui, D., Bell, K., Ashe,
K.H. & Sweatt, J.D. 2001 B-Amyloid activates the
mitogen-activated protein kinase cascade via hippocampal
o7 nicotinic acetylcholine receptors: in wvitro and in vivo
mechanisms related to Alzheimer’s disease. ¥. Neurosci. 21,
4125-4133.

Esch, F.S., Keim, P.S., Beatie, E.C., Blacher, R. W,
Culwell, A.R., Olterdorf, T., McClure, D. & Ward, P.]J.


http://dx.doi.org/10.1098/rstb.2002.1255
http://dx.doi.org/10.1098/rstb.2002.1224
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0736-5748^28^2919L.231[aid=4820806]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1072-0502^28^298L.301[aid=4820807]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0301-0082^28^2968L.209[aid=4820808]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0969-9961^28^297L.119[aid=3487550]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.649[aid=4820159]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.805[aid=4820164]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0168-9525^28^2917L.254[aid=4820810]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1097-6256^28^292L.271[aid=793597]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0360-4012^28^2960L.65[aid=4820811]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1074-7427^28^2977L.354[aid=4820484]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-4965^28^298L.3213[aid=4820812]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-1188^28^29122L.330[aid=4820813]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2921L.4125[aid=4820815]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0736-5748^28^2919L.231[aid=4820806]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.805[aid=4820164]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0168-9525^28^2917L.254[aid=4820810]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1074-7427^28^2977L.354[aid=4820484]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-4965^28^298L.87[aid=4820817]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-1188^28^29122L.330[aid=4820813]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2922L.3445[aid=4820818]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2921L.4125[aid=4820815]

B-amyloid and LTP M. ]J. Rowan and others 827

1990 Cleavage of amyloid beta peptide during constitutive
processing of its precursor. Science 248, 1122-1124.

Fitzjohn, S. M., Morton, R. A., Davies, C.H., Seabrook,
G. R. & Collingridge, G. L. 2000 Similar levels of long-term
potentiation in amyloid precursor protein null and wild type
mice in the CAl region of picrotoxin treated slices. Neurosci.
Lert. 288, 9-12.

Fitzjohn, S. M. (and 10 others) 2001 Age-related impairment
of synaptic transmission but normal long-term potentiation
in transgenic mice that overexpress the human APP695SWE
mutant form of amyloid precursor protein. . Neurosci. 21,
4691-4698.

Frazier, C.]., Rollins, Y.D., Breese, C.R., Leonard, S.,
Freedman, R. & Dunwiddie, T. V. 1998 Acetylcholine acti-
vates an a-bungarotoxin-sensitive nicotinic current in rat
hippocampal interneurons, but not pyramidal cells. .
Neurosci. 18, 1187-1195.

Freir, D. B., Holscher, C. & Herron, C. E. 2001 Blockade of
long-term potentiation by beta-amyloid peptides in the CA1
region of the rat hippocampus i vivo. J. Neurophysiol. 85,
708-713.

Giacchino, J., Criado, J. R., Games, D. & Henriksen, S. 2000
In vivo synaptic transmission in young and aged amyloid pre-
cursor protein transgenic mice. Brain Res. 876, 185-190.

Glenner, G. G. & Wong, C. W. 1984 Alzheimer’s disease and
Down’s syndrome: sharing of a unique cardiovascular amy-
loid fibril protein. Biochem. Biophys. Res. Commun. 122,
1131-1135.

Hardy, J. & Selkoe, D. J. 2002 The amyloid hypothesis of Alzh-
eimer’s disease: progress and problems on the road to thera-
peutics. Science 297, 353-356.

Hédou, G. & Mansuy, I. M. 2003 Inducible molecular
switches for the study of long-term potentiation. Phil. Trans.
R. Soc. Lond. B358, 797-804. (DOI 10.1098/rstb.2002.
1245.)

Hoshi, M., Takashima, A., Murayama, M., Yasutake, K.,
Yoshida, N., Ishiguro, K., Hoshino, T. & Imahori, K. 1997
Non-toxic amyloid B-peptide 1-42 suppresses acetylcholine
synthesis. ¥. Biol. Chem. 272, 2038-2041.

Hsia, A.Y., Masliah, E., McCologue, L., Nicoll, R. A. &
Mucke, L. 1999 Plaque-independent disruption of neural
circuits in Alzheimer’s disease mouse models. Proc. Nail
Acad. Sci. USA 96, 3228-3233.

Itoh, A., Akaike, T., Sokabe, M., Nitta, A. & Nabeshima, T.
1999 Impairment of long-term potentiation in hippocampal
slices of B-amyloid-infused rats. Eur. §. Pharmacol. 3, 167—
175.

Janus, C., Chishti, M. & Westaway, D. 2000 Transgenic
mouse models of Alzheimer’s disease. Biochim. Biophys. Acta
1502, 63-75.

Kang, J., Lemaire, H. G., Unterbeck, A., Salbaum, J. M.,
Masters, C., Grzchik, K. H. & Muller-Hill, B. 1987 The
precursor of Alzheimer’s disease amyloid A4 resembles a cell
surface receptor. Nawure 325, 733-736.

Kelly, J. F., Furukawa, K., Barger, S.W., Rengen, M. R,,
Mark, R.]J., Blanc, E. M., Roth, G. S. & Mattson, M. P.
1996 Amyloid B-peptide disrupts muscaricic transmission.
Proc. Natl Acad. Sci. USA 93, 6753-6758.

Kim, J.-H., Anwyl, R., Suh, Y.-H., Djamgoz, M. B. & Rowan,
M.]J. 2001 Use-dependent effects of amyloidogenic frag-
ments of B-amyloid precursor protein on synaptic plasticity
in rat hippocampus i vivo. ¥. Neurosci. 21, 1327-1333.

Laakso, M. P. 2002 Structural imaging in cognitive impair-
ment and the dementias: an update. Curr. Opin. Neurol. 15,
415-421.

Lambert, M.P., Barlow, A.K., Chromy, B.A., Kraaft,
G. A. & Klein, W. L. 1998 Diffusible nonfibrillar ligands
derived from APB1-42 are potent central nervous system neu-
rotoxins. Proc. Natl Acad. Sci. USA 95, 6448-6453.

Phil. Trans. R. Soc. Lond. B (2003)

Larson, J., Lynch, G., Games, D. & Seubert, P. 1999 Alter-
ations in synaptic transmission and long-term potentiation
in hippocampal slices from young and aged PDAPP mice.
Brain Res. 840, 23-35.

Lin, L. H., Bock, S., Carpenter, K., Rose, M. & Norden, ]J.].
1992 Synthesis and transport of GAP-43 in entorhinal cor-
tex of neurons and perforant pathway during lesion-induced
sprouting and reactive neurogenesis. Mol. Brain Res. 14,
147-153.

Lisman, J. 2003 Long-term potentiation: outstanding questions/
attempted synthesis. Phil. Trans. R. Soc. Lond. B 358, 829—
842. (DOI 10.1098/rstb.2002.1242.)

Lue, L. F., Kuo, Y. M., Roher, A. E., Brachova, L., Shen, Y.,
Sue, L., Beach, T., Kurth, J. H., Rydel, R. E. & Rogers, ]J.
1999 Soluble amyloid beta peptide concentration as a pre-
dictor of synaptic change in Alzheimer’s disease. Am. F.
Pathol. 155, 853-862.

McLean, C. A., Cherny, R. A., Fraser, F. W., Fuller, S.]J.,
Smith, M. J., Beyreuther, K., Bush, A. I. & Masters, C. L.
1999 Soluble pool of A beta amyloid as a determinant of
severity of neurodegeneration in Alzheimer’s disease. Ann.
Neurol. 46, 860-866.

Mesulam, M. M. 1999 Neuroplasticity failure in Alzheimer’s
disease: bridging the gap between plaques and tangles.
Neuron 24, 521-529.

Moechars, D. (and 12 others) 1999 Early phenotypic changes
in transgenic mice that overexpress different mutants of
amyloid precursor protein in brain. ¥. Biol. Chem. 274,
6483-6492.

Morris, R. G. M. 2003 Long-term potentiation and memory.
Phil. Trans. R. Soc. Lond. B 358, 643-647. (DOI 10.1098/
rstb.2002.1230.)

Morton, R. A., Kuenzi, F. M., Fitzjohn, S. M., Rosahl, T. W.,
Smith, D., Zheng, H., Shearman, M., Collingridge, G. L. &
Seabrook, G.R. 2002 Impairment in hippocampal long-
term potentiation in mice under-expressing the Alzheimer’s
disease related gene presenillin-1. Neurosci. Lett. 319, 37-40.

Nakagami, Y. & Oda, T. 2002 Glutamate exacerbates amyloid
B1-42-induced impairment of long-term potentiation in rat
hippocampeal slices. pn . Pharmacol. 88, 223-226.

Nalbantoglu, J. (and 10 others) 1997 Impaired learning and
LTP in mice expressing the carboxy terminus of the Alzh-
eimer amyloid precursor protein. Nature 387, 500-505.

Okuno, H., Tokuyama, W. & Miyashita, Y. 1999 Quantitative
evaluation of neurotrophin and trk mRNA expression in vis-
ual and limbic areas along the occipito-tempor-hippocampal
pathway in adult macaque monkeys. ¥. Comp. Neurol. 408,
378-398.

Parent, A., Linden, D. J., Sisodia, S. S. & Borchelt, D. R. 1999
Synaptic transmission and hippocampal long-term potenti-
ation in transgenic mice expressing FAD-linked presenilin-
1. Neurobiol. Dis. 6, 56—62.

Pettit, D. L., Shao, Z. & Yakel, J. L. 2001 B-Amyloid 1-42
peptide directly modulates nicotinic receptors in the rat hip-
pocampal slice. ¥. Neurosci. 21, 1-5.

Pike, C.]J., Walencewicz, A.]., Kosmoski, J., Cribbs, D. H.,
Glabe, C.G. & Cotman, C.W. 1995 Structure—activity
analyses of -amyloid peptides: contribution of the 325-35
region to aggregation and neurotoxicity. ¥. Neurochem. 64,
253-265.

Pittenger, C. & Kandel, E. R. 2003 In search of general mech-
anisms for long-lasting plasticity: Aplysia and the hippocam-
pus. Phil. Trans. R. Soc. Lond. B 358, 757-763. (DOI 10.
1098/rstb.2002.1247.)

Richardson, J. A. & Burns, D. K. 2002 Mouse models of Alzh-
eimer’s disease: a quest for plaques and tangles. Insz. Lab.
Anim. Resources . 43, 89-99.

Saleshando, G. & O’Connor, J.]J. 2000 SB203580, the p38
mitogen-activated protein kinase inhibitor blocks the inhibi-


http://dx.doi.org/10.1098/rstb.2002.1247
http://dx.doi.org/10.1098/rstb.2002.1247
http://dx.doi.org/10.1098/rstb.2002.1245
http://dx.doi.org/10.1098/rstb.2002.1242
http://dx.doi.org/10.1098/rstb.2002.1230
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29248L.1122[aid=4820819]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0304-3940^28^29288L.9[aid=4820820]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2921L.4691[aid=4820821]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2918L.1187[aid=1316141]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3077^28^2985L.708[aid=4820822]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-8993^28^29876L.185[aid=4820823]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29122L.1131[aid=107681]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.797[aid=4820170]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29272L.2038[aid=1814691]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2996L.3228[aid=4820824]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-2999^28^293L.167[aid=4820825]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^291502L.63[aid=4820826]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29325L.733[aid=2457034]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2921L.1327[aid=4820827]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1350-7540^28^2915L.415[aid=4820828]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0169-328X^28^2914L.147[aid=4820829]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.829[aid=4820175]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9440^28^29155L.853[aid=4820830]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0364-5134^28^2946L.860[aid=4820831]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29274L.6483[aid=1508731]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0304-3940^28^29319L.37[aid=4820832]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-5198^28^2988L.223[aid=4820833]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29387L.500[aid=4820834]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9967^28^29408L.378[aid=4820835]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2921L.1[aid=4820836]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3042^28^2964L.253[aid=4820837]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0304-3940^28^29288L.9[aid=4820820]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2921L.4691[aid=4820821]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2918L.1187[aid=1316141]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3077^28^2985L.708[aid=4820822]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29122L.1131[aid=107681]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29297L.353[aid=4820838]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.797[aid=4820170]
http://dx.doi.org/10.1098/rstb.2002.1245
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2996L.3228[aid=4820824]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-2999^28^293L.167[aid=4820825]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^291502L.63[aid=4820826]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2993L.6753[aid=4820839]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1350-7540^28^2915L.415[aid=4820828]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2995L.6448[aid=4820840]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-8993^28^29840L.23[aid=4820841]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0169-328X^28^2914L.147[aid=4820829]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.829[aid=4820175]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9440^28^29155L.853[aid=4820830]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0364-5134^28^2946L.860[aid=4820831]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0896-6273^28^2924L.521[aid=528172]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29274L.6483[aid=1508731]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.643[aid=4820186]
http://dx.doi.org/10.1098/rstb.2002.1230
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9967^28^29408L.378[aid=4820835]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0969-9961^28^296L.56[aid=3487608]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3042^28^2964L.253[aid=4820837]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.757[aid=4820187]

828 M. ]. Rowan and others B-amyloid and LTP

tory effect of B-amyloid on long-term potentiation in the rat
hippocampus. Neurosci. Lert. 288, 119-122.

Schneider, I. (and 12 others) 2001 Mutant presenilins disturb
neuronal calcium homeostasis in the brain of transgenic
mice, decreasing the threshold for excitotoxicity and facilit-
ating long-term potentiation. ¥. Biol. Chem. 276, 11 539—
11 544.

Seabrook, G.R. 1999 Mechanisms contributing to the deficits
in hippocampal synaptic plasticity in mice lacking amyloid
precursor protein. Neuropharmacology 38, 349-359.

Selkoe, D.J. (and 12 others) 2002 Alzheimer’s disease is a syn-
aptic failure. Science 298, 789-791.

Seubert, P. (and 11 others) 1993 Secretion of B-amyloid pre-
cursor protein cleaved at the amino-terminus of the B-amy-
loid peptide. Nawure 361, 260-263.

Stéphan, A., Laroche, S. & Davis, S. 2001 Generation of
aggregated -amyloid in the rat hippocampus impairs synap-
tic transmission and plasticity and causes memory deficits.
F. Neurosci. 21, 5703-5714.

Sun, M. K. & Alkon, D. L. 2002 Impairment of hippocampal
CA1 heterosynaptic transformation and spatial memory by
B-amyloid(25-35). . Neurophysiol. 87, 2441-2449.

Tonegawa, S., Nakazawa, K. & Wilson, M. A. 2003 Genetic
neuroscience of mammalian learning and memory. Phil.
Trans. R. Soc. Lond. B 358, 787-795. (DOI 10.1098/rstb.
2002.1243.)

Tong, L., Thornton, P. L., Balazs, R. & Cotman, C. W. 2001
B-Amyloid-(1-42) impairs activity-dependent cAMP-response
element-binding protein signaling in neurons at concentrations
in which cell suvival is not compromised. ¥. Biol. Chem. 276,
17 301-17 306.

Vitolo, O. V., Sant’Angelo, A., Costanzo, V., Battaglia, F.,
Arancio, O., Shelanski, M. 2002 Amyloid B-peptide inhi-
bition of the PKA/CREB pathway and long-term potenti-
ation: reversibility by drugs that enhance cAMP signaling.
Proc. Natl Acad. Sci. USA 99, 13 217-13 221.

Walsh, D.M., Klyubuin, I., Fadeeva, J., Cullen, W.K.,,
Anwyl, R., Wolfe, M. S., Rowan, M. J. & Selkoe, D.]J. 2002
Naturally secreted oligomers of the Alzheimer amyloid B-
protein potently inhibit long-term potentiation i vivo.
Nature 416, 535-539.

Phil. Trans. R. Soc. Lond. B (2003)

Wang, H.-W. (and 10 others) 2002 Soluble oligomers of -
amyloid. 1-42 inhibit long-term potentiation but not long-
term depression in rat dentate gyrus. Brain Res. 924, 133—
140.

Wu, J., Anwyl, R. & Rowan, M.]. 19954 B-amyloid-(1-40)
increases long-term potentiation in rat hippocampus in vitro.
Eur. §. Pharmacol. 284, R1-R3.

Wu, J., Anwyl, R. & Rowan, M. J. 19955 3-Amyloid selectively
augments NMDA receptor-mediated synaptic transmission
in rat hippocampus. NeuroReport 6, 2409-2413.

Ye, L. & Qiao, J. T. 1999 Suppressive action produced by B-
amyloid peptide fragment 31-35 on long-term potentiation
in rat hippocampus is N-methyl-p-aspartate receptor-inde-
pendent: it’s offset by (-)huperzine A. Neurosci. Lett 275,
187-190.

Yu, H. (and 13 others) 2001 APP processing and synaptic
plasticity in presenilin-1 knockout mice. Neuron 31, 713—
726.

Zaman, S. H., Parent, A., Laskey, A., Lee, M. K., Borchelt,
D. R, Sisodia, S. S. & Malinow, R. 2000 Enhanced synaptic
potentiation in transgenic mice expressing presenilin 1 fam-
ilial Alzheimer’s disease mutation is normalised with a
benzodiazapine. Neurobiol. Dis. 7, 54-63.

GLOSSARY

AB: amyloid B-protein

AD: Alzheimer’s disease

ADDL: AB-derived diffusible ligand
APP: B-amyloid precursor protein

CREB: cAMP-regulatory element binding
EPSP: excitatory postsynaptic potential
ERK: extracellular signal-regulated kinase
hAPP: human B-amyloid precursor protein
HFS: high-frequency stimulation

LTD: long-term depression

LTP: long-term potentiation

MAPK: mitogen-activated protein kinase
NMDA: N-methyl-p-aspartate

PS: presenilin
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