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Abstract
Presenilin 1 (PS1) mutations are responsible for many early-onset familial Alzheimer’s disease
(FAD) cases. While increasing evidence points to impaired synaptic plasticity as an early event in
AD, PS1 mutant mice exhibit a paradoxical increase in hippocampal long-term potentiation (LTP).
Among PS1 mouse models, PS1 M146V mutant knock-in mice (PS1KI) are particularly
interesting in that they exhibit memory impairment in spatial tasks. Here we investigated the
effects of aging on two forms of LTP in PS1KI mice, the widely-studied early phase of LTP (E-
LTP) and a particular form of LTP called late-LTP (L-LTP) which requires transcription and
protein synthesis. L-LTP is thought to be critical for long-term memory. We found a lower L-LTP
maintenance phase in PS1KI mice compared to wild type littermates at 3 months of age. As the
mice age, they exhibit impairment of both the induction and maintenance phases of LTP. When E-
LTP and NMDA receptor-mediated transmission were analyzed, PS1KI mice displayed an
increase at 3 months compared to wild type littermates; this difference did not persist at older ages
and finally decreased at 12 months. These results reveal an L-LTP decrease in PS1 mutant mice at
an early stage, which occurs coincidently with a paradoxical enhancement of E-LTP. The
observation of a decrease in both forms of LTP during aging supports the view that PS1KI mice
are a valuable model for the study of age-dependent synaptic dysfunction and cognitive decline in
AD.
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INTRODUCTION
Mutations in the gene encoding presenilin 1 (PS1) are responsible for many cases of early-
onset familial Alzheimer’s disease (FAD), in part by increasing amyloid-β peptide (Aβ)
production as a result of aberrant processing of the amyloid-β protein precursor (AβPP).
Presenilin-dependent γ-secretase is involved in intramembranous proteolysis of many
proteins, which suggests that PS1 may have Aβ-independent roles in regulating synaptic
function [1]. FAD mutations have been used to develop various mouse models of AD to
replicate Aβ-peptide hypersecretion. A growing body of evidence suggests that the study of
excitatory synaptic transmission is essential to understand early events that contribute to the
development of AD [2]. Modifications of synaptic plasticity could thus be critical for
understanding synaptotoxicity involved in AD.

The physiological substrate of information storage in the hippocampus has been proposed to
involve long term potentiation (LTP), an activity-dependent, persistent increase in synaptic
transmission. Early LTP (E-LTP) has been extensively studied in various mouse models of
AD. Surprisingly, whereas E-LTP is impaired in AβPP mutant mice or by Aβ application
[3,4], it is increased in mice expressing different mutations of PS1 [5,6]. This increase in E-
LTP raised the criticism that PS1 mice are not valid models for the study of memory
dysfunctions in AD. However late-LTP (L-LTP), which requires transcription and protein
synthesis and is thought to be critical for the storage of long-term memory [7], has never
been analyzed in AD mouse models.

Because the mutant PS1 protein is expressed at normal levels in FAD cases, PS1 mutant
knock-in mice (PS1KI) that express the M146V mutation have been developed to avoid PS1
overexpression effects [8]. PS1KI mice displayed exaggerated Ca2+ signals and LTP [9,10].
This toxic gain of function paradoxically coincides with age-related deterioration of
hippocampal spatial memory in PS1KI mice [11].

Here, we investigated E-LTP and L-LTP and the possible associated glutamatergic synaptic
transmission changes in hippocampal CA1 neurons from 3 to 12 months of age in PS1KI
mice. As previously described, we found an increase in E-LTP from 3 to 6 months of age as
compared to wild type littermates. By contrast, at 9 months of age, the E-LTP increase did
not persist in PS1KI mice and was decreased compared to wild type mice at 12 months of
age. We also found an impairment of the maintenance phase of L-LTP in PS1KI mice at 3
months of age. As the mice age, we observed an impairment of both the induction phase and
maintenance phase of L-LTP. Because L-LTP is critical for long-term memory, and because
PS1KI mice exhibit no Aβ pathology, our findings suggest that mutant PS1 may adversely
influence synaptic plasticity by a mechanism in addition to increased amyloidogenesis.
Moreover, our data support the view that PS1KI mice are an interesting model for the study
of progressive cognitive decline in AD.

MATERIALS AND METHODS
Transgenic mice

The derivation and characterization of the PS1M146V knock-in (PS1KI) mice have been
described previously. Mice were genotyped using PCR amplification followed by single-
strand conformation polymorphism analysis as described previously [12]. Male (3, 6, 9, and
12 month-old) PS1KI mice and wild type (WT) littermates used in this study were
maintained on a common homogeneous genetic background (C57BL/6). The brains from
mice expressing mutant PS1, even those older than 16 months, were free from any AD
hallmarks (i.e., plaques and tangles) [8]. Mice were bred and housed in the ‘Université
Pierre et Marie Curie’ facility, with 12h/12h light/dark cycle and ad libitum access to food
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and water. All animal procedures were performed according to the regulations of the Comité
National d'Ethique pour les Sciences de la Vie et de la Santé, which are in accordance with
the European Communities Council Directive (86/609/EEC).

Hippocampal slice preparation
After a brief isofluorane anesthesia, mice were rapidly perfused transcardially with ice-cold
dissection buffer containing in mM: 252 sucrose, 3 KCl, 7 MgCl2, 0.5 CaCl2, 1.25
NaH2PO4, 26 NaHCO3, 25 glucose, and 1 kynurenic acid (Sigma-Aldrich, Saint Quentin,
France). The brain was rapidly dissected and hippocampal slices (400 µm) were collected
using a sliding vibratome (Leica VT1000S, Rueil-Malmaison, France) in the same ice-cold
buffer. To optimize the long-term recordings [13], hippocampal slices were placed at 30°C,
3 hours in artificial cerebrospinal fluid (ACSF) containing in mM: 125 NaCl, 2.5 KCl, 26
NaHCO3, 1.25 NaH2PO4, 2.5 CaCl2, 1.5 MgCl2, and 25 glucose. ACSF and dissection
buffer were bubbled with 95% O2/5% CO2. For recording, slices were placed in a
submersion-recording chamber, maintained at 30°C, and perfused with ACSF.

Input-Output curve recordings
Monopolar stimulation electrodes (2 MΩ, filled with 200 mM NaCl) were placed in the
stratum radiatum of the CA1 region. Schaeffer collateral/commissural fibers were stimulated
with 100 µs voltage pulses delivered to the pathway at 15 s intervals. Field excitatory post-
synaptic potentials (fEPSPs) were monitored using low-resistance glass pipettes (2 MΩ,
filled with 200 mM NaCl) placed in the stratum radiatum of CA1. In each experiment, the
range of maximal fEPSPs was measured in order to subsequently stimulate at an intensity
that yielded 50% of the maximal fEPSP amplitude. Input/output curves were constructed to
assess the AMPA/kainate-mediated synaptic responses to electrical stimulation in the
presence of the NMDA receptor antagonist D-AP5 (50 µM, Tocris, Bristol, UK). A similar
experiment was conducted in the presence of the AMPA receptor antagonist NBQX (10 µM,
Sigma, Saint Quentin, France) in low magnesium (0.1 mM). Picrotoxin (10 µM, Sigma,
Saint Quentin, France) was added to block inhibitory transmission and the CA3 region was
cut to avoid epileptiform activity. Schaeffer collateral/commissural fibers were stimulated
with 200 µs voltage pulses delivered to the pathway at 15 s intervals. fEPSPs recorded under
these conditions are mediated by NMDA receptors [14]. For I/O curves, the amplitude of
four averaged presynaptic fiber volleys and the slope of fEPSPs were plotted as a function of
stimulation intensity.

Paired-Pulse Facilitation recordings
For the Paired-Pulse Facilitation (PPF) protocol, intervals between the two pulses were 20,
40, 60, 80, 100, 150, 200, 250, and 300 ms, and stimulus pairs were delivered every 15 s.
PPF was calculated as the ratio of the second field potential slope to the first field potential
slope.

Early (E) and Late (L) LTP recordings
For E-LTP, slices were subjected to a 15 min period of pre-LTP baseline measures of
fEPSPs in which stimuli were elicited at 15 s intervals. E-LTP was induced by one train of
100 Hz for 1 s. Stimulus intensity in the burst protocol was the same as that used during
baseline recordings. Field potentials were recorded for at least 60 min after initiation of the
burst protocol. For L-LTP, slices were subjected to a 30 min period of pre-LTP baseline
measures of fEPSPs in which stimuli were elicited at 15 s intervals. L-LTP was induced by
four trains at a frequency of 100 Hz for 1 s every 5 min. Stimulus intensity in the burst
protocol was the same as that used during baseline recordings. Field potentials were
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recorded for at least 4 hours after initiation of the burst protocol. All data consist of fEPSPs
slopes.

Statistical analysis
We assessed differences by two-way ANOVA (age and genotype) and post-hoc Scheffé
comparisons for NMDA-R and AMPA-R mediated transmission and for PPF. For the LTP
study, we used multiple-way ANOVA (age, genotype, and time) analysis and post-hoc
Scheffé comparisons. We considered differences to be significant at the 5% level (p<0.05).
Data were presented as mean ± standard error of mean (SEM).

RESULTS
Early impairment in the maintenance phase of late-LTP in PS1KI mice

It has been shown that PS1KI mice have age-related impairment of hippocampal spatial
memory from 3 to 12 months of age [11]. The late-LTP (L-LTP), is a long lasting form of
LTP. L-LTP is induced by four trains at 100 Hz, is protein synthesis-dependent, and is
critical for the storage of long term memory [15]. To determine if the PS1 M146V mutation
altered this form of potentiation, we investigated L-LTP in the CA1 region of hippocampal
slices from WT and PS1KI animals at 3 months of age. A larger L-LTP induction was
observed in hippocampal slices from PS1KI mice compared to slices from WT littermates
during the first 30 min of recording (p<0.05, Fig. 1A, 5A, Table 1). No significant
differences were observed between PS1KI and WT mice for the interval from 30 min to 3 h
after HFS (Fig. 1A, 5A). However, a significant difference between the two groups emerged
in the maintenance phase of L-LTP at the interval between 3 and 4 h after HFS (p<0.001,
Fig. 1A, 5A). PS1KI mice exhibited a decrease in L-LTP and returned progressively to the
baseline.

To determine whether the M146V mutation altered E-LTP, we next analyzed the effect of a
simple 100 Hz burst applied to the Schaeffer collateral on the two groups of mice at 3
months of age. A larger E-LTP response was induced in hippocampal slices from PS1KI
mice compared to slices from WT littermates, as previously described for other PS1
mutations [5,6,9] (p<0.001, Fig. 1B, Table 1).

We next analyzed paired-pulse facilitation (PPF), a form of short-term plasticity. PPF is a
short lasting enhancement in synaptic strength mediated by presynaptic calcium-dependent
mechanisms [16] so that the response to a second stimulation is potentiated if it is delivered
within 200 ms of the first stimulus [16]. Changes in synaptic release probability may be
revealed by changes in PPF. PPF was thus examined in 3 month-old mice. No significant
differences were observed between WT and PS1KI mice (Fig. 1C).

To determine if the M146V mutation altered excitatory synaptic transmission, we also
analyzed NMDA receptor mediated responses by examining field potentials evoked by
stimulation of the Schaeffer collateral/commissural afferent pathway, in the presence of
NBQX (10 µM) to block AMPA receptors. Input-output curves were generated by plotting
the slope of the field EPSP versus fiber volley amplitude (a measure of the number of
presynaptic fibers activated) as stimulus intensity was increased [17]. At 3 months of age,
the magnitude of NMDA receptor-dependent responses was significantly increased in
PS1KI mice compared to WT littermates (p<0.05, Fig. 1D, Table 2).

Because CA1 pyramidal neurons have both AMPA and NMDA receptors, we also
specifically analyzed the AMPA/kainate receptor mediated synaptic transmission in the
presence of D-AP5 (50 µM) to block NMDA receptors. The averaged input-output slopes of
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AMPA receptor mediated transmission were not significantly different between the two
groups (Fig. 1E).

Thus, at 3 months of age, the PS1 M146V variant induced an increase in NMDA receptor
mediated transmission, E-LTP and the induction phase of L-LTP. The maintenance of L-
LTP was significantly decreased in PS1KI compared to control littermates.

Progressive age-related impairment of E-LTP, NMDA-R mediated transmission, and L-LTP
in PS1KI mice

To determine the progression of the synaptic dysfunctions and the long term effects of the
M146V mutation, we next examined WT and PS1KI mice at 6, 9 and 12 months of age.

To study the evolution of late-LTP, we examined the effect of the multiple-burst induction
protocol at 6 months of age. The larger L-LTP induction observed in hippocampal slices
from PS1KI mice compared to slices from WT littermates during the 30 first min of
recording did not persist at 6 months (p<0.001, Fig. 2A, 1A, 5A, Table 1). Instead, PS1KI
mice exhibited a reduced L-LTP throughout the 4 h of recording compared to WT mice (Fig.
2A). This result suggests that M146V mutation progressively decreases L-LTP with age.
This was confirmed by analyzing even older animals. At 9 and 12 months of age, we found a
significant decrease of L-LTP in PS1KI mice compared to WT mice (p<0.001, Table 1, Fig.
3A, 4A).

We next analyzed E-LTP during aging. PS1KI mice at 6 months of age showed a significant
increase in E-LTP compared to WT littermates (p<0.05, Fig. 2B, Table 1). However, when
ages are compared, E-LTP levels in PS1KI mice at 6 months were lower than in PS1KI mice
at 3 months of age, suggesting that E-LTP began to decline with advancing age (p<0.05, Fig.
1B, 2B).

At 9 months of age, no significant difference was found between PS1KI mice and WT
littermates (Fig. 3B, Table 1). When we further examined E-LTP at 12 months of age, we
finally found a significant decrease of E-LTP in PS1KI mice compared to WT mice (p<0.05,
Fig. 4B, Table 1).

To determine if the effects of the PS1 M146V mutation on the different forms of LTP during
aging was accompanied by excitatory synaptic transmission changes, we next examined
NMDA-R mediated transmission. Among 6 and 9 month-old animals, no significant
differences were observed in NMDA-R responses between the two genotypes (Fig. 2D, 3D,
Table 2), showing that the increase observed at 3 months of age in PS1KI mice did not
persist at 6 months of age (Fig. 1E, 3E). Interestingly, when 12 month-old mice were
analyzed, we found a decrease in NMDA-R mediated responses in PS1KI mice compared to
WT littermates (Fig. 4D, Table 2).

Moreover, the analysis of PPF (Fig. 2C, 3C, 4C) and AMPA-R mediated transmission (Fig.
2E, 3E, 4E) did not show any differences between the two groups at 6, 9, or 12 months of
age.

Overall, these results show that, during aging, PS1 mutation results in progressive decreases
in L-LTP, E-LTP, and NMDA receptor mediated transmission.

DISCUSSION
In this study, we elucidated the impact of the M146V PS1 mutation on electrochemical
synaptic plasticity during aging by analyzing two distinct forms of hippocampal LTP. Our
results identified an early increase in the L-LTP induction phase in PS1KI mice at 3 months
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of age. At the same age, PS1KI mice displayed an impairment of L-LTP maintenance. At
older ages, we found that the mutation severely impaired both induction and maintenance
phases of L-LTP (Fig. 5). Moreover, we showed that PS1KI mice exhibited a transient
increase of E-LTP and NMDA-R mediated transmission which decreased progressively with
age.

Early impairment of L-LTP maintenance in PS1KI mice
LTP is a cellular model of activity-dependent enhancement of synaptic transmission.
Hippocampal LTP might at least be described by two different functionally and
mechanistically distinct forms [18]. The short term form or E-LTP is usually induced by a
single high frequency stimulation (HFS), and lasts up to 1 h in vitro [19]. E-LTP is mediated
by phosphorylation of existing proteins without synthesis of new proteins [20]. By contrast,
the long-lasting form or L-LTP is induced by multiple HFS, lasts at least 4 h, and requires
transcription and protein synthesis [21,22]. The best studied form of LTP, and the only one
studied in mouse models of AD, is the NMDA receptor-dependent E-LTP.

Earlier studies have shown an increase of E-LTP in PS1 mutant mice. It should be noted
that, although PS1 mutations lead to hypersecretion of Aβ peptides, these mutant mice
express the non-toxic mouse form of Aβ and lack amyloid deposits [9,23]. By contrast,
previous results obtained from hippocampus of mutant human AβPP mouse brains reported
decreased LTP at 4 months of age, well before the appearance of Aβ plaques at 18 months
[24]. These contrasting results suggest that mutant PS1 influences synaptic plasticity by both
Aβ-dependent and Aβ-independent mechanisms. Indeed, expression of AβPP mutations in
transgenic mice impairs synaptic transmission by increasing Aβ production [25], and it has
recently been shown that soluble Aβ isolated directly from AD brains inhibits E-LTP [26].
This major difference in E-LTP variation was one reason why PS1 mutant mouse models
have been criticized as not being relevant models for the study of memory dysfunction in
AD. However, L-LTP has never been analyzed in AD mouse models.

In the present study, we showed for the first time that the M146V PS1 mutation induced an
early impairment of the L-LTP maintenance (Fig. 5). This result is in agreement with
previous results showing that PS1KI mice exhibited subtle deterioration of hippocampal
spatial memory as early as 3 months of age [11]. However, in their study, this poorer
performance could be overcome by continued training and the spatial impairments only
became clearer when the authors analyzed PS1KI animals at 9–11 months of age. Our
results showed that synaptic dysfunctions underlying cognitive failure associated with a PS1
mutation can be clearly detected as early as 3 months of age using L-LTP analysis.
Hypersecretion of Aβ may contribute to L-LTP impairment in human PS1 FAD patients
because it has been shown that a synthetic fibrillar form of Aβ can impair the maintenance
phase of L-LTP without affecting the early induction phase [27]. However, our findings in
PS1KI mice suggest another Aβ-independent mechanism that may involve alterations in
calcium and kinases believed to mediated L-LTP. FAD PS1 mutations result in aberrant
elevations of intracellular calcium levels in response to glutamate receptor activation as a
result of dysregulation of endoplasmic reticulum calcium stores [8,28,29]. An atypical PKC
isoform, protein kinase Mzeta (PKMζ) has been reported to be necessary and sufficient for
maintaining L-LTP [30] and a PKMζ inhibitor injected in the hippocampus both reverses
LTP maintenance and induces persistent loss of spatial information [7]. Data suggest that
PS1 influences the activity of several PKC isoforms implicated in LTP [31] although it
remains to be determined whether effects of PS1 mutations on PKC activities are
downstream consequences of perturbed calcium homeostasis.

Interestingly, in contrast to its inhibitory effect on L-LTP maintenance, mutant PS1
increased L-LTP induction in young mice. The increased L-LTP induction was associated
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with an increase in NMDA-R mediated responses and E-LTP in PS1KI mice compared to
WT littermate mice. These results suggest that E-LTP and the induction of L-LTP may share
similar mechanisms. Indeed, the induction of both E-LTP and L-LTP is known to be
NMDA-R dependent [32]. It has previously been shown that 4–6 month-old mice
overexpressing mutant PS1 exhibit an increase in NMDA-receptor responses [6,23].

Age-related progressive dysfunctions of synaptic plasticity in PS1KI mice
When we examined the progression of synaptic dysfunction and the long-term effects of the
M146V mutation at older ages, we found that the mutation nearly abolished the induction
phase of L-LTP (Fig. 5), suggesting that the aging process itself is involved in the late-LTP
degradation. Not surprisingly, L-LTP maintenance was still impaired at older ages.

The increase in the induction phase of L-LTP did not persist at 6 months of age and finally
decreased in PS1KI mice. The increase in NMDA-R mediated transmission also did not
persist at 6 months. By contrast, when we analyzed the E-LTP at 6 months of age, our
results revealed an increase in E-LTP in PS1KI mice compared to non-transgenic
littermates. The evolution with age of the two types of LTP implies that there are other
mechanisms involved in LTP than the ones underlying the joint increase of E-LTP, L-LTP
induction, and NMDA-R mediated transmission at 3 months of age. The possibility that E-
LTP and L-LTP induction could be sustained by the same mechanisms is part of the larger
unsolved problem of categorizing the different forms of LTP [33].

When we further examined E-LTP at older ages, we found that the increase of E-LTP was
transient in mutant PS1 mice and finally decreased at 12 months of age. A previous study
from our laboratory also showed that the increase in E-LTP in transgenic mice
overexpressing mutant PS1 did not persist at older ages and finally decreased; however, we
found that the simple overexpression of human wild-type PS1 progressively decreased E-
LTP with aging [6]. In contrast, the present study employed PS1 M146V knock-in mice,
thus avoiding possible effects of PS1 overexpression. Overall, a transient increase of E-LTP
in mutant PS1 mice which decreases with aging appears to be a consistent finding seemingly
related to the mutation itself and not to the overexpression effects.

One possible explanation is the modulatory effect of progressive Aβ peptide accumulation.
Recently there has been support for a model of Aβ effects in which low concentrations play
a novel positive, modulatory role on E-LTP [34], whereas high concentrations have the well-
known detrimental effect [26]. In the same way, E-LTP in mutant PS1 mice was first
increased and finally decreased at older ages, although it remains to be determined whether
Aβ peptides progressive accumulation in PS1KI modified E-LTP during aging.

Our experiments also showed an increase in NMDA-R mediated responses at 3 months of
age in PS1KI mice compared to control littermates. This increase did not persist at 6 and 9
months and finally NMDA-R mediated transmission decreased at 12 months of age. Thus,
NMDA-R mediated transmission follows the same pattern as E-LTP and L-LTP induction
with age in PS1KI mice. Our results are also consistent with Wang and colleagues [9] who
reported that the same PS1 mutant knock-in mice showed decreased NMDA currents at
older ages (9–12 months). It is well known that induction of LTP is initiated by calcium
influx into the postsynaptic spine via NMDA receptor channels [35]. As PS1 mutations
enhance calcium accumulation in the endoplasmic reticulum, disturbances in calcium
signaling might explain the transient increase in E-LTP in young animals followed by a
decline during aging [36,38]. Previous studies have shown that there is an optimal level of
post-synaptic calcium elevation for LTP expression [39,40]. Excessive elevation or
accumulation of intracellular calcium might be responsible for the progressive age-
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dependant impairment of NMDA-R responses. In support of this hypothesis, intracellular
calcium chelator BAPTA restored NMDA currents in the CA1 neurons of PS1KI mice [9].

CONCLUSION
Overall, this study highlights for the first time an early impairment of the protein synthesis-
dependent maintenance phase of L-LTP in a PS1 mouse model of AD, which appears to
involve mechanisms other than amyloidogenesis. We documented an impairment of L-LTP
coincident with enhanced E-LTP at a young age, followed by progressive impairment of
both early and late forms of LTP during aging. The age-dependent nature of these
phenotypes is of considerable interest with regard to the crucial role of aging in synaptic
dysfunction in AD.
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Figure 1.
Induction of L-LTP, E-LTP, and NMDA-R mediated transmission are increased by mutant
PS1, while the maintenance phase of L-LTP is decreased at 3 months of age. A) At 3
months, the L-LTP protocol induced a significantly larger induction in PS1KI mice than in
+/+ mice during the first 30 min of recording (p<0.05). No significant differences were
observed between PS1KI and +/+ mice for the interval from 30 min to 3 h after HFS.
However, during the interval from 3 to 4 h the PS1KI mice exhibited a significant decrease
in L-LTP which returned progressively to the baseline, compared to +/+ mice (p<0.001). *
corresponds to p<0.05. fEPSPs traces of baseline and post-LTP recordings are represented.
B) At 3 months, the E-LTP protocol induced a significantly larger response in PS1KI mice
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than in +/+ littermates (p<0.001). * corresponds to p<0.05. fEPSPs traces of baseline and
post-LTP recordings are represented. C) Paired-Pulse Facilitation (PPF) was unchanged at 3
months of age. D) At 3 months, analysis of Input-Output (I-O) slopes demonstrates a
significant increase of NMDA receptor mediated responses in PS1KI mice compared +/+
littermates (p<0.05). * corresponds to p<0.05. E) No significant difference was found
between the two groups of mice at any stimulus level examined for averaged I-O plots of
AMPA receptor mediated responses.
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Figure 2.
Induction and maintenance phases of L-LTP are decreased while E-LTP is increased by
mutant PS1 at 6 months of age. A) At 6 months, the L-LTP protocol induced a significantly
lower induction and maintenance in PS1KI mice than in +/+ mice during the 4 h of
recording (p<0.001). * corresponds to p<0.05. B) At 6 months, the E-LTP protocol induced
a significantly larger response in PS1KI mice than in +/+ littermates (p<0.05). However, E-
LTP levels in PS1KI at 6 months were lower than E-LTP levels in PS1KI at 3 months of age
(p<0.05). * corresponds to p<0.05. C) PPF was unchanged at 6 months of age. D) At 6
months, NMDA receptor mediated responses did not differ between the two groups. E) No
significant difference was found between the two groups of mice at any stimulus level
examined for averaged Input-Output plots of AMPA receptor mediated responses.
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Figure 3.
Induction and maintenance phases of L-LTP are decreased while E-LTP is unchanged by
mutant PS1 at 9 months of age. A) At 9 months, the L-LTP protocol induced a significantly
lower induction and maintenance in PS1KI mice than in +/+ mice during the 4 h of
recording (p<0.001). * corresponds to p<0.05. (B) At 9 months, E-LTP analysis revealed no
significant differences between the two groups. C) PPF was unchanged at 9 months of age.
D) NMDA receptor mediated responses were unchanged at 9 months of age between the two
groups. E) No significant difference was found between the two groups of mice at any
stimulus level examined for averaged Input-Output plots of AMPA receptor mediated
responses.

Auffret et al. Page 14

J Alzheimers Dis. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Induction and maintenance phases of L-LTP, E-LTP, and NMDA-R mediated transmission
are decreased by mutant PS1 at 12 months of age. A) At 12 months, the L-LTP protocol
induced a significantly lower induction and maintenance in PS1KI mice than in +/+ mice
during the 4 h of recording (p<0.001). * corresponds to p<0.05. B) At 12 months, E-LTP
analysis revealed a significant decrease in PS1KI mice compared +/+ littermates (p<0.05). *
corresponds to p<0.05. C) PPF was unchanged at 12 months of age. D) At 12 months,
analysis of Input-Output slopes demonstrates a significant decrease of basal NMDA
receptor-dependant synaptic transmission in PS1KI mice compared to WT mice (p<0.05). *
corresponds to p<0.05. E) No significant difference was found between the two groups of
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mice at any stimulus level examined for averaged Input-Output plots of AMPA receptor
mediated responses.
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Figure 5.
Means of normalized fEPSP slopes for different periods of L-LTP at 3, 6, 9, and 12 months
of age. A) For the recording interval 0h00-0h30, L-LTP is significantly increased in PS1KI
mice compared to +/+ mice at 3 months of age (p<0.05). By contrast, at 6, 9 and 12 months
of age, L-LTP is significantly decreased in PS1KI mice (p<0.001). * corresponds to p<0.05.
B) For the recording interval from 60–90 min after HFS, L-LTP is similar between PS1KI
mice and +/+ mice at 3 months of age. By contrast, at 6, 9 and 12 months, L-LTP is
significantly decreased in PS1KI mice compared to +/+ littermates (p<0.001). * corresponds
to p<0.05. C) Recordings made between 2.5 and 3 h after LTP induction reveal that L-LTP
is similar between PS1KI mice and +/+ mice at 3 months of age. By contrast, at 6, 9 and 12
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months of age, L-LTP was markedly altered in PS1KI mice compared to +/+ littermates
(p<0.001). * corresponds to p<0.05. D) Recordings made between 3.5 and 4 h after HFS
showed that, at all ages L-LTP is significantly decreased in PS1KI mice compared to +/+
littermates (p<0.001). * corresponds to p<0.05.
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Table 1

Values of Late-LTP and Early-LTP recordings.

Age Genotype L-LTP E-LTP

0h00-0h30 3h30-4h00 0h30-1h00

3 +/+ 2.32±0.18 2.52±0.24 (n=6; N=6) 1.23 ± 0.009 (n=8; N=6)

PS1KI 2.99±0.31* 1.05±0.08 (n=6; N=6)* 1.72 ± 0.09 (n=8; N=6)*

6 +/+ 2.38±0.28 2.18±0.30 (n=6; N=6) 1.20 ± 0.01 (n=8; N=5)

PS1KI 1.64±0.08* 1.15±0.10 (n=5; N=5)* 1.49 ± 0.17 (n=10; N=6)*

9 +/+ 2.35±0.14 2.05±0.11 (n=6; N=6) 1.24 ± 0.02 (n=9; N=6)

PS1KI 1.24±0.08* 1.06±0.08 (n=6; N=6)* 1.26 ± 0.04 (n=8; N=5)

12 +/+ 2.12±0.28 1.94±0.22 (n=6; N=6) 1.23 ± 0.008 (n=7; N=5)

PS1KI 1.47±0.07* 1.17±0.03 (n=9; N=9)* 1.09 ± 0.03 (n=9; N=6)*

Data are expressed as mean ± SEM, p<0.05*. n, number of slices; N, number of animals.
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Table 2

Values of NMDA-R mediated transmission recordings.

Age Genotype NMDA-receptor I/O slope

3 +/+ 0.06 ± 0.006 (n=7; N=4)

PS1KI 0.10 ± 0.008 (n=12; N=5)*

6 +/+ 0.07 ± 0.016 (n=12; N=4)

PS1KI 0.09 ± 0.008 (n=11; N=4)

9 +/+ 0.06 ± 0.005 (n =10; N=4)

PS1KI 0.07 ± 0.009 (n=10; N=4)

12 +/+ 0.07 ± 0.004 (n=8; N=4)

PS1KI 0.05 ± 0.003 (n=6; N=4)*

Data are expressed as mean ± SEM, p<0.05*. n, number of slices; N, number of animals.

J Alzheimers Dis. Author manuscript; available in PMC 2011 June 1.


