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Much of the molecular understanding of synaptic pathology in Alzheimer’s disease (AD) comes from studies of various mouse models
that express familial AD (FAD)-linked mutations, often in combinations. Most studies compare the absolute magnitudes of long-term
potentiation (LTP) and long-term depression (LTD) to assess deficits in bidirectional synaptic plasticity accompanying FAD-linked
mutations. However, LTP and LTD are not static, but their induction threshold is adjusted by overall neural activity via metaplasticity.
Hence LTP/LTD changes in AD mouse models may reflect defects in metaplasticity processes. To determine this, we examined the
LTP/LTD induction threshold in APPswe;PS1⌬E9 transgenic (Tg) mice across two different ages. We found that in young Tg mice (1
month), LTP is enhanced at the expense of LTD, but in adults (6 months), the phenotype is reversed to promote LTD and reduce LTP,
compared to age-matched wild-type (WT) littermates. The apparent opposite phenotype across age was due to an initial offset in the
induction threshold to favor LTP and the inability to undergo developmental metaplasticity in Tg mice. In WTs, the synaptic modification
threshold decreased over development to favor LTP and diminish LTD in adults. However, in Tg mice, the magnitudes of LTP and LTD
stayed constant across development. The initial offset in LTP/LTD threshold in young Tg mice did not accompany changes in the
LTP/LTD induction mechanisms, but altered AMPA receptor phosphorylation and appearance of Ca 2⫹-permeable AMPA receptors. We
propose that the main synaptic defect in AD mouse models is due to their inability to undergo developmental metaplasticity.
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Significance Statement
This work offers a new insight that metaplasticity defects are central to synaptic dysfunctions seen in AD mouse models. In
particular, we demonstrate that the apparent differences in LTP/LTD magnitude seen across ages in AD transgenic mouse models
reflect the inability to undergo a normal developmental shift in metaplasticity.

Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, which is believed to be preceded by synaptic dysfunction
leading to memory loss in its early stages (Shankar and Walsh,
2009). Molecular understanding of synaptic deficits accompanying AD comes from studying mouse models expressing familial
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AD (FAD)-linked mutations. However, depending on the combination of FAD-linked mutations, distinct phenotypes are observed across age and brain regions studied (Marchetti and
Marie, 2011). Most studies compare magnitudes of long-term
potentiation (LTP) and long-term depression (LTD) to determine synaptic plasticity deficits associated with FAD-linked mutations. Although absolute magnitudes of LTP/LTD could be
informative, the induction threshold of LTP/LTD is not static,
but is itself adjusted by past neuronal activity through metaplasticity processes such as the “sliding threshold” (Cooper and Bear,
2012) or the “pull–push” (Huang et al., 2012) . Therefore, the
diversity seen in the magnitudes of LTP/LTD across various AD
mouse models (Marchetti and Marie, 2011) may reflect a more
fundamental defect in metaplasticity.
Metaplasticity adjusts the magnitude and polarity of synaptic
plasticity in tune with the past history of synaptic and neural
activity to provide stability to neural networks. Hence, proper
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metaplasticity is crucial for neural circuits to operate within normal functional ranges. The sliding threshold model of metaplasticity, proposed by Bienenstock et al. (1982), states that the
synaptic modification threshold slides as a consequence of the
time-averaged postsynaptic neuronal activity, such that LTP is
preferred when the time-averaged postsynaptic activity is low,
whereas LTD dominates when it is high (Bienenstock et al., 1982;
Bear et al., 1987; Cooper and Bear, 2012). The sliding threshold
model provides a stable network that can generate neuronal selectivity during development, experience-dependent plasticity,
and learning/memory (Cooper and Bear, 2012). Changes in LTP/
LTD induction mechanisms, especially altering the function of
NMDA receptors (NMDARs) has been shown critical for mediating the sliding threshold (Quinlan et al., 1999, 2004; Philpot et
al., 2001; Philpot et al., 2003). Alternatively, changes in LTP/LTD
expression by neuromodulation of AMPA receptors (AMPARs)
also produce a similar metaplasticity, termed the push–pull
model (Huang et al., 2012). Adenylyl cyclase-coupled signaling
cascades leading to PKA activity promote LTP, whereas phospholipase C signaling cascades promote LTD. Changes in AMPAR
phosphorylation downstream of these signaling cascades are proposed to alter LTP/LTD expression mechanisms (Seol et al., 2007;
Huang et al., 2012).
Increased activity in memory networks has been observed in AD
patients before clinical pathologies (Sperling et al., 2010), and aberrant excitatory neuronal activity has been suggested as an early
symptom of AD (Palop et al., 2007; Palop and Mucke, 2010). Therefore, it may not be the change in absolute LTP/LTD magnitude, but
the inability to adequately adapt to changes in overall neural activity,
that drives cognitive defects. We determined whether changes in
synaptic plasticity seen in an AD mouse model (APPswe;PS1⌬E9)
are due to metaplasticity defects. We found there is a differential
contribution of FAD-linked mutations to LTP/LTD magnitude in
young versus adult AD mice, but the major defect is in the developmental regulation of metaplasticity via altered expression mechanisms of LTP/LTD.

Materials and Methods
Animals. Young (1-month-old) and adult (6-month-old) APPswe;
PS1⌬E9 Tg and their wild-type (WT) littermate mice (129/C57BL/6
mixed background) were used. Genotypes were distinguished by PCR of
isolated genomic DNA obtained from each pup after weaning. Young
preadolescent mice were of either sex, whereas adult older mice were only
male. APPswe;PS1⌬E9 Tg mice have accelerated amyloid pathologies
and have a substantial number of plaque deposits by 6 months of age
(Jankowsky et al., 2004; Savonenko et al., 2005). Therefore, these mice
were used at both preamyloidogenic and postamyloidogenic ages. The
Institutional Animal Care and Use Committees of Johns Hopkins University approved all procedures involving animals.
Preparation of acute hippocampal slices. Acute hippocampal slices were
prepared from 1-month-old and 6-month-old WT and APPswe;PS1⌬E9
Tg mice as described previously (Lee et al., 2003). Briefly, each mouse was
killed by decapitation following overdose of isoflurane. Hippocampi
were rapidly removed and sectioned into either 300 m (for whole-cell
recording) or 400 m [for field potential (FP) recording] slices on a
vibratome (Vibratome 3000 series; Ted Pella). Hippocampi were dissected using oxygenated ice-cold dissection buffer [composed of (in mM)
212.7 sucrose, 2.6 KCl, 1.23 NaH2PO4, 26 NaHCO3, 10 dextrose, 3
MgCl2, and 1 CaCl2] and recovered at room temperature in artificial CSF
[ACSF; composed of (in mM) 124 NaCl, 5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 10 dextrose, 1.5 MgCl2, and 2.5 CaCl2].
Field potential recordings from Schaffer collateral inputs to CA1. All
recordings were done in a submersion recording chamber perfused with
ACSF (29 –30°C, 2 ml/min) bubbled with 95% O2/5% CO2. For FP recordings, synaptic responses were delivered through a bipolar glass stim-
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ulating electrode placed to activate the Schaffer collaterals with a 0.2 ms
duration pulse (baseline stimulation at 0.0333 Hz) and recorded from the
dendritic field of CA1. Synaptic responses were digitized and stored online using Igor Pro software (WaveMetrics). Input– output curves were
generated by measuring extracellular field potential responses with varying stimulus intensities. For measurement of paired-pulse facilitation
(PPF), 25, 50, 100, 200, 400, 1000, and 2000 ms interstimulus intervals
(ISIs) were used. LTP was induced using a theta burst stimulation [TBS;
four trains, each consisting of 10 100 Hz bursts (four pulses) given at 5
Hz, repeated at 10 s intervals (4⫻TBS)]. LTD in young mice was induced
using a 1 Hz, 900 pulse stimulation protocol. LTD in adult mice was
induced using a paired-pulse 1 Hz (50 ms ISI), 900 pulse stimulation. An
intermediate stimulation frequency of 10 Hz, 900 pulses, was chosen
because it was close to the modification threshold. For certain experiments, 10 M DL-threo-␤-benzyloxyaspartic acid (TBOA, Tocris Biosciences), a competitive blocker of glutamate transporters, was used to
induce spillover of glutamate. In these experiments, CA3 was cut away
during dissection, and high divalents were added to the ACSF (4 mM
MgCl2 and 4 mM CaCl2) in addition to 100 M D,L-APV and 2.5 M
gabazine. FP slopes or amplitudes as specified in the graphs were measured, and data are expressed as means ⫾ SEM.
Whole-cell recording of evoked NMDAR-mediated EPSCs. Slices were
visualized using an upright microscope (E600 FN; Nikon) with infrared
oblique illumination. NMDAR-mediated EPSCs were pharmacologically isolated by adding 20 M bicuculline and 10 M NBQX to the ACSF
[composed of (in mM) 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 5
dextrose, 4 MgCl2, and 4 CaCl2; 30 ⫾ 1°C; saturated with 95% O2 and 5%
CO2], which was continually perfused at a rate of 2 ml/min. Target cells
in CA1 were identified by the pyramid-shaped soma. These neurons were
patched using a whole-cell patch pipette (tip resistance, 3–5 M⍀), which
was filled with internal solution [containing (in mM) 120 Csmethanesulfonate, 5 MgCl2, 8 NaCl, 1 EGTA, 10 HEPES, 2 Mg-ATP, 0.5
Na3GTP, and 1 QX-314, pH 7.3, 280 –290 mOsm]. NMDAR-mediated
currents were measured at ⫹40 mV. A double-barrel glass stimulating
electrode filled with ACSF was placed in the stratum radiatum of CA1 to
activate Schaffer collateral inputs. To test the portion of these currents
mediated by GluN2B containing NMDARs, 3 M GluN2B antagonist,
ifenprodil, was added to the ACSF. To evaluate the amplitude and decay
kinetics of the NMDAR EPSCs in a given condition, 20 – 40 traces were
averaged and normalized. The decay was then fitted with two exponentials, one fast and one slow, using Igor. To measure the decay, a weighted
time constant (w) was calculated according to the following equation as
described previously (Rumbaugh and Vicini, 1999): w ⫽ f [If/(If ⫹ Is)]
⫹ s [Is/(If ⫹ Is)], where f and s are the time constants for the fast and
slow components, respectively, and If and Is are their respective amplitudes. Only the cells and recording conditions that met the following
criteria were studied: no obvious multiple EPSCs or polysynaptic waveforms, Rinput ⱖ 125 M⍀, Rseries ⱕ 30 M⍀, and Rinput or Rseries changed
⬍25% during the course of the experiment. Data are the means ⫾ SE.
Comparison between the two conditions was done using paired Student’s t test.
Whole-cell recording of miniature GABAAR-mediated IPSCs and
AMPAR-mediated mEPSCs. For miniature GABAAR-mediated IPSCs
(mIPSCs) from CA1 pyramidal cells, the recording pipette was filled with
intracellular solution [containing (in mM) 140 CsCl, 8 KCl, 10 EGTA, 10
HEPES, and 0.01 QX-314, pH 7.3, 275–285 mOsm] in the presence of 1
M TTX, 100 M D,L-APV, and 10 M NBQX in the ACSF to isolate
GABAR-mediated currents. For mEPSC recordings, the recording pipette was filled with internal solution [containing (in mM) 130 Csgluconate, 8 KCl, 1 EGTA, 10 HEPES, 4 ATP, and 5 QX-314, pH 7.4,
285–295 mOsm], and 1 M TTX, 100 M D,L-APV, and 20 M bicuculline
was added to the ACSF to pharmacologically isolate AMPAR mEPSCs.
The Axon patch-clamp amplifier 700B (Molecular Devices) was used for
voltage-clamp recordings. Cells were held at ⫺70 mV, and the recorded
mIPSC and mEPSC data were digitized at 10 kHz with a data acquisition
board (National Instruments) and acquired through custom-made programs using the Igor Pro software (WaveMetrics). The MiniAnalysis
program (Synaptosoft) was used to analyze the acquired mIPSCs and
mEPSCs. The threshold for detecting both mIPSCs and mEPSCs was set
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at three times the root mean square noise. Recordings were excluded
from analysis if the series resistance was ⬎25 M⍀ or input resistance was
⬍100 M⍀ for mIPSCs and ⬍150 M⍀ for mEPSCs. To minimize the
impact of dendritic filtering, we adopted the standard approach of excluding mIPSCs with a rise time of ⬎5 ms and mEPSCs with a rise time of
⬎3 ms. Three hundred to 400 consecutive mIPSCs and 80 consecutive
mEPSCs that met the rise-time criteria were analyzed from each cell. In
some of the mEPSC experiments, 20 M 1-naphthyl acetyl spermine
(naspm) trihydrochloride (Tocris Bioscience) was added to the ACSF for
at least 10 min before recording.
Golgi staining and morphological analysis of dendritic spines. To analyze
dendritic spine density in vivo, Golgi staining was performed using the
FD Rapid GolgiStain Kit (FD NeuroTechnologies), according to the
manufacturer’s protocol, as described previously (Megill et al., 2013).
Brains from 1-month-old WT and APPswe;PS1⌬E9 Tg mice (n ⫽ 3 per
group) or from 6-month-old WT and APPswe;PS1⌬E9 Tg mice (n ⫽ 3
per group) were immersed in Solutions A and B for 2 weeks and then
transferred into Solution C for 24 h. After 24 h of incubation, the solution
was replaced with fresh Solution C and kept at 4°C for 3 d. After the 3 d
incubation, the brains were sliced using a Vibratome at 150 m thickness. Images were acquired using an Axioplan 2 microscope (Zeiss) under bright-field illumination. Dendritic spines (0.2 to 2 m in length)
from apical oblique (AO) and basal shaft (BS) dendrites were counted
manually in a blinded manner.
Western blot analysis of major AMPAR and NMDAR subunits. The
hippocampi from 1-month-old and 6-month-old WT and APPswe;
PS1⌬E9 Tg mice were homogenized in ice-cold 0.2% SDS/1% Triton
X-100 immunoprecipitation buffer [containing (in mM) 20 Na3PO4, 150
NaCl, 10 EDTA, 10 EGTA, 10 Na4P2O7, 50 NaF, and 1 Na3VO4, pH 7.4,
with 1 M okadaic acid and 10 kIU/ml aprotinin], sonicated, and centrifuged for 10 min at 13,200 ⫻ g at 4°C. The protein concentration of the
supernatant was normalized to 0.6 –3.0 mg/ml. The total homogenate
from WT and Tg mice of the same age was run on one gel and processed
for immunoblot analysis using GluA1 (catalog #sc-55509, Santa Cruz
Biotechnology), GluN2A (catalog #07-632, Millipore), and GluN2B (catalog #71-8600, Invitrogen) antibodies. GluA1-phosphorylation sitespecific antibodies were generated as described previously (Mammen et
al., 1997). AMPAR blots were probed simultaneously with GluA1 and
either of the phosphoantibodies. GluA1 phosphorylation sites and
NMDAR subunit blots were developed using enhanced chemifluorescence substrate (ECF substrate, GE Healthcare), whereas GluA1 was developed with a second antibody linked to Cy5. All blots were scanned
using Typhoon 9400 (GE Healthcare) and quantified using Image Quant
TL software (GE Healthcare). For each gel, control WT and Tg samples
were loaded at three different concentrations to determine the linear
range of signal for quantification. Only the samples that produced a
signal within the linear range were used for analysis. The signal of each
sample on a blot was normalized to the average signal from the WT group
to obtain the percentage of average WT values, which were compared
across groups using unpaired Student’s t test.

increase in the FP slope and fiber volley (FV) amplitude at higher
stimulation intensities (Fig. 1 A, B). FV amplitude data were fit
with sigmoidal curves to determine whether this increase was due
to an increase in the maximal number of axon recruitment or a
difference in the excitability of each axon (Fig. 1B). There was an
increase in the maximum FV amplitude, which reflects the maximum axon number, without a change in the stimulus intensity
to reach half-maximum FV amplitude, a measure of fiber excitability. This suggests that there was an increase in the total number of axons or increased axon density in the stratum radiatum of
CA1. There was no change in the input– output function when
synaptic transmission was normalized to the FV amplitude (Fig.
1C), which suggests that the strength of synaptic transmission per
activated axon fiber is normal in young Tg mice. To determine
whether the increase in axonal density was associated with an
increase in dendritic spine density, we measured spine density in
CA1 and cortical layers II/III using Golgi staining (Fig. 1 E, F ). We
found that total spine density in young Tg mice was increased
compared to age-matched WT littermates in CA1 and cortical
layers II/III. In CA1, the increase in dendritic spine density was
not restricted to the AO dendrites, but was also seen in the BS
dendrites. This suggests that there is a global increase in excitatory synapse density in the 1-month-old Tg mice across different brain areas. There was no significant difference in the PPF
ratio between young WT and Tg mice, which suggests normal
presynaptic function (Fig. 1G,H ).
In contrast to what we observed in young Tg mice, we found
no significant difference in the basal synaptic transmission at the
Schaffer collateral inputs to CA1 in adult Tg mice (Fig. 2A–D).
Consistent with the rather normal basal synaptic transmission at
these synapses, the dendritic spine density of apical oblique dendrites of CA1 neurons, which receive Schaffer collateral inputs,
was also normal in adult Tg mice (Fig. 2E). Interestingly, there
was a selective decrease in dendritic spine density at BS dendrites
in CA1 and cortical layers II/III in adult Tg mice (Fig. 2 E, F ),
which suggests that the inputs to BS dendrites may be more vulnerable at this age across different brain areas. Unlike in young Tg
mice, the PPF ratio was decreased at shorter ISIs in adult Tg mice
(Fig. 2G,H ). This suggests an enhancement in presynaptic release
probability or altered calcium dynamics could lead to an inability
to summate the responses. This is in line with the idea that the
increased amyloid burden seen in adult Tg mice (Jankowsky et
al., 2004; Savonenko et al., 2005) may lead to oxidative stress and
impairment in mitochondrial function to adversely impact Ca 2⫹
homeostasis and impair LTP (for review, seeBezprozvanny and
Mattson, 2008).

Results

Defective age-dependent metaplasticity of frequencydependent synaptic plasticity in APPswe;PS1⌬E9 mice
To determine whether changes in frequency-dependent synaptic
plasticity seen in APPswe;PS1⌬E9 Tg mice are due to altered
metaplasticity, we measured synaptic plasticity using standard
LTP/LTD protocols, as well as an intermediate simulation frequency close to the modification threshold (Fig. 3). In young Tg
mice, high-frequency theta burst–induced LTP is increased (Fig.
3C), whereas low-frequency stimulation–induced LTD is decreased (Fig. 3A). An intermediate frequency (10 Hz, 900 pulses)
produced reliable LTD in young WT mice, but no long-term
change in young Tg mice (Fig. 3B). This is consistent with the
modification threshold for inducing plasticity being shifted to the
left in favor of LTP. In adult Tg mice, high-frequency theta burst–
induced LTP is decreased (Fig. 3F ), whereas low-frequency stimulation–induced LTD is increased (Fig. 3D). Although there was

Basal synaptic function and dendritic spine density in
APPswe;PS1⌬E9 mice
To determine whether FAD-linked mutations alter metaplasticity, we examined frequency-dependent synaptic plasticity in
young (1-month-old) and adult (6-month-old) APPswe;PS1⌬E9
Tg mice. This AD mouse model harbors two FAD-linked mutations, a Swedish mutation on the amyloid precursor protein
(APP) and a deletion mutation on exon 9 of presenilin-1 (PS1),
and displays an accelerated pathogenesis (Jankowsky et al., 2004).
The two age groups were chosen to reflect preamyloidogenic and
postamyloidogenic time points (Savonenko et al., 2005). To establish a baseline from which we can interpret the results of
frequency-dependent synaptic plasticity, we first examined the
basal synaptic functions of the CA1 Schaffer collateral synapses in
Tg and WT littermates. In young Tg mice, there was a significant
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Figure 1. Young APPswe/PS1⌬E9 transgenic mice show an increased number of synapses without changes in input strength or presynaptic function. A, B, FP slope and FV amplitude plotted
against stimulation intensity. Note the larger maximum FP slope (A) and FV amplitude (B) in Tg mice. *p ⬍ 0.001 (ANOVA). Sigmoidal curve fit was used for individual data sets, which, when
compared between genotypes, showed a significant increase in the maximal FV amplitude (WT, 0.23 ⫾ 0.03 mV, n ⫽ 15 slices from 6 mice; Tg, 0.44 ⫾ 0.7 mV, n ⫽ 15 slices from 5 mice; p ⬍ 0.02,
t test) without significant changes in the rate of FV amplitude increase, as measured by comparing the stimulation intensity to reach half-maximum FV amplitude (WT, 39 ⫾ 4 A; Tg, 33 ⫾ 4 A;
t test, p ⫽ 0.28). This suggests that the rate of axonal recruitment is not different, but the maximal number of recruited axons is larger in Tg mice. C, No significant difference in input– output function
when FP slope changes are normalized to FV amplitudes. This suggests that the input strength per axons recruited is not different between WT and Tg mice. D, Example FP traces recorded with
increasing stimulation intensity. E, Increase in dendritic spine density in CA1 of 1-month-old Tg mice. Left, Comparison of average dendritic spine density. Note the statistically significant increases
in the dendritic spine density in BS and AO dendrites, which are reflected in the total (BS ⫹ AO) density (n ⫽ 3 mice). *p ⬍ 0.01 (t test). Right, Representative BS and AO dendrites from hippocampal
CA1 neurons from WT and Tg mice. F, Increase in dendritic spine density in cortical layer II/III of 1-month-old Tg mice. Left, Comparison of average dendritic spine density. Only BS and total density
were significantly increased in Tg mice (n ⫽ 3 mice). *p ⬍ 0.01 (t test). Right, Representative BS and AO dendrites from hippocampal CA1 neurons from WT and Tg mice. G, No change in PPF ratio
across different ISIs. H, Representative FP traces taken at 50 ms ISI.

a trend toward a decrease in the magnitude of change produced
by an intermediate stimulation frequency (10 Hz, 900 pulses), it
did not reach statistical significance (Fig. 3E). These changes are
consistent with the modification threshold for inducing plasticity
being shifted to the right to promote LTD. Together, these data
suggest that metaplasticity is altered in both young and adult Tg
mice, but in opposite directions.
We observed an unexpected phenomenon when looking at
plasticity across development in WT and Tg mice (Fig. 4).
Whereas WT mice show a developmental change to suppress
LTD and promote LTP, Tg mice lacked this developmental
change (Fig. 4A-C). Therefore, Tg mice produce similar magnitudes of LTP/LTD in both young and adult ages, despite having
larger LTP than WT mice at 1 month of age and smaller LTP than
WT mice at 6 months of age. In WT mice, the synaptic modification threshold is shifted to the left during development; however,
Tg mice do not undergo this developmental shift (Fig. 4D). This
suggests that the developmental regulation of metaplasticity is

absent in Tg mice, and that they are stuck at an intermediate point
of the normal developmental trajectory.
Altered LTP induction in young APPswe;PS1⌬E9 mice
without changes in NMDAR subunit composition
or inhibition
We found that the summation of synaptic responses during highfrequency LTP induction was significantly increased in Tg mice
compared to those of WT littermates, specifically when they were
young (Fig. 5A), but not when they reached adulthood (Fig. 5B).
This suggests altered induction mechanisms may underlie enhanced LTP in young Tg mice, but the deficit in LTP seen in adult
Tg mice cannot be attributed to alterations in induction mechanisms. Changes in NMDAR subunit composition have been suggested to slide the synaptic modification threshold (Quinlan et
al., 1999, 2004; Philpot et al., 2001; Philpot et al., 2003; Cooper
and Bear, 2012). Therefore, we compared the expression level of
NMDAR subunits GluN2A (NR2A) and GluN2B (NR2B) from
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Figure 2. Adult Tg mice display normal input– output function, but reduced dendritic spine density and PPF ratio. A–D, Normal input– output function in adult Tg (6-month-old) mice as shown
by normal FP slope (A) and FV amplitude (B) plotted against stimulation intensity, as well as normal FP slope plotted against FV amplitude (C). Example FP traces are shown in D. WT, n ⫽ 16 slices
from 7 mice; Tg, n ⫽ 22 slices from 7 mice. E, F, A specific decreased in spine density of BS dendrites (n ⫽ 3 mice) in both CA1 (E) and cortical layer II/III (F ). There was no significant change in the
spine density of AO dendrites (CA1, p ⫽ 0.595; cortical layer II/III, p ⫽ 0.817). Representative BS and AO dendrites are shown in the right panels. G, H, Reduced PPF ratio at shorter ISIs in Tg mice
(G, WT, n ⫽ 22 slices from 7 mice; Tg, n ⫽ 23 slices from 5 mice). Representative FP traces taken at 50 ms ISI are shown in H. *p ⬍ 0.01 (t test).

hippocampal samples of WT and Tg mice. We found no significant difference in the ratio of GluN2A/GluN2B in either young or
adult Tg mice (Fig. 5C). To determine whether the increase in
response summation during LTP induction in young Tg mice
was due to specific changes in synaptic NMDAR function, we
measured pharmacologically isolated NMDAR currents with or
without application of the GluN2B antagonist ifenprodil (Fig.
5D). We found that the percentage of NMDAR current amplitude decrease by ifenprodil was similar in CA1 neurons of young
WT and Tg mice. In addition, there was no significant difference
in the decay kinetics of NMDAR current between the two genotypes under control conditions. Ifenprodil application significantly decreased the decay kinetics, but to similar values between
WT and Tg mice. These data suggest that there is no change in the
subunit composition of synaptic NMDAR in young Tg mice.
Other factors such as inhibitory synaptic transmission also have a
large influence on the induction of LTP and LTD (Steele and
Mauk, 1999). However, we saw no change in average amplitude,
frequency, or charge transfer of mIPSCs (Fig. 5 E, F ), suggesting
that there is no significant change in inhibitory synaptic transmission in young Tg mice. Together, these observations suggest
that the resulting changes in synaptic plasticity induction mechanisms in young Tg mice are likely via mechanisms other than

regulation of NMDARs or inhibitory function. In adult Tg mice,
the lack of high-frequency response summation and NMDAR
subunit composition indicate that the induction mechanisms are
not altered, and hence it rules out the sliding threshold model of
metaplasticity.
Normal perisynaptic pool of AMPARs, but altered GluA1
phosphorylation, in young APPswe;PS1⌬E9 mice
Although the sliding of the synaptic modification threshold is
mainly attributed to changes in the induction mechanisms of
LTP/LTD, altered expression mechanisms of synaptic plasticity
can also produce similar changes via pull–push metaplasticity
(Huang et al., 2012). The pull–push model states that neuromodulators acting on specific G-protein-coupled receptors promote the expression of LTP/LTD by changing phosphorylation
states of AMPARs, thereby priming the synapse for LTP or LTD.
Therefore, a key feature of the pull–push model is the size of the
perisynaptic AMPAR population and the regulation of AMPAR
phosphorylation. To determine whether changes in these parameters could attribute to the altered metaplasticity, we compared
the level of perisynaptic AMPAR function and phosphorylation
of a key AMPAR subunit GluA1. To measure the former, we used
TBOA, a glutamate transporter inhibitor, to induce spillover of
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Figure 3. Frequency-dependent synaptic plasticity in young and adult APPswe/PS1⌬E9 mice is altered in opposite directions. A–C, Frequency-dependent synaptic plasticity in young (1-monthold) APPswe/PS1⌬E9 and WT littermates. A, Tg mice show reduced magnitude of LTD induced by 1 Hz, 900 pulse stimulation (WT, 71.11 ⫾ 3.67% of baseline at 1 h after onset of 1 Hz, n ⫽ 9 slices,
3 mice; Tg, 80.19 ⫾ 1.91%, n ⫽ 15 slices, 5 mice; p ⬍ 0.05, t test). B, Significant difference in plasticity following an intermediate 10 Hz, 900 pulse protocol in 1-month-old Tg mice (WT, 87.98 ⫾
2.98% of baseline at 1 h after onset of 10 Hz, n ⫽ 15 slices, 5 mice; Tg, 98.88 ⫾ 2.91%, n ⫽ 16 slices, 5 mice; p ⬍ 0.05, t test). C, An increase in the magnitude of LTP following a 4⫻TBS protocol
in 1-month-old Tg mice (WT, 124.26 ⫾ 3.75% of baseline at 1 h after 4⫻TBS, n ⫽ 11 slices, 5 mice; Tg, 141.38 ⫾ 5.95%, n ⫽ 10 slices, 6 mice; p ⬍ 0.05, t test). Insets show representative FP traces
(thin line, baseline; thick line, 1 h postinduction stimulation). D–F, Frequency-dependent synaptic plasticity in adult (6-month-old) APPswe/PS1⌬E9 and WT littermates. D, An increase in the
magnitude of LTD following a paired-pulse 1 Hz, 900 pulse protocol in 6-month-old Tg mice (WT, 92.20 ⫾ 2.18% of baseline 1 h after onset of paired-pulse 1 Hz, n ⫽ 11 slices, 4 mice; Tg, 81.97 ⫾
2.41%, n ⫽ 12 slices, 4 mice; p ⬍ 0.01, t test). E, No significant difference in plasticity following an intermediate 10 Hz, 900 pulse protocol in 6-month-old Tg mice (WT, 111.73 ⫾ 3.82% of baseline
1 h after onset of 10 Hz, n ⫽ 14 slices, 5 mice; Tg, 102.22 ⫾ 3.26%, n ⫽ 15 slices, 5 mice; p ⫽ 0.069, t test). F, A decrease in the magnitude of LTP following 4⫻TBS protocol in 6-month-old Tg mice
(WT, 172.31 ⫾ 11.68% of baseline at 1 h after 4⫻TBS, n ⫽ 10 slices, 6 mice; Tg, 139.34 ⫾ 7.24%, n ⫽ 12 slices, 5 mice; p ⬍ 0.05, t test). Insets show representative FP traces (thin line, baseline;
thick line, 1 h postinduction stimulation). Calibrations: 0.5 mV, 5 ms.

glutamate that will activate perisynaptic AMPARs (Fig. 6 A, B).
Although the amplitude of FP recordings increased after TBOA
application in WT and Tg mice at both ages, there was no significant difference between genotypes at either age (Fig. 6 A, B). This
suggests that the size of the functional perisynaptic AMPAR pool
is similar between WT and Tg mice.
Specific phosphorylation sites on AMPAR subunit GluA1,
such as GluA1-S845 and GluA1-S831, have been correlated with
LTP and LTD (Lee et al., 2000, 2003, 2010). It has also been

proposed that soluble A␤ peptides can alter AMPAR endocytosis
by modulating downstream kinases and phosphatases, leading to decreased GluA1-S845 phosphorylation and cell-surface
AMPARs (Miñano-Molina et al., 2011). Furthermore, changes in
GluA1-S845 and S831 phosphorylation sites have been correlated
with the pull–push model of metaplasticity (Seol et al., 2007;
Huang et al., 2012). In hippocampal samples from young Tg
mice, there was no significant difference in the total levels of
GluA1, but a decrease in S845/GluA1 ratio and an increase in
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Figure 4. Defect in developmental regulation of metaplasticity in APPswe/PS1⌬E9 Tg mice. A, WT mice show a reduction in the magnitude of LTD with age. The magnitude of LTD following a
1 Hz protocol does not change over development from 1 month to 6 months in Tg mice (n is the same as in Fig. 3). *p ⬍ 0.001 (t test). B, WT mice show a developmental change in the polarity of
10 Hz-induced plasticity. In contrast, the magnitude of plasticity following an intermediate 10 Hz protocol does not change over development from 1 month to 6 months in Tg mice (n is the same
as in Fig. 3). *p ⬍ 0.001 (t test). C, The magnitude of LTP induced with 4⫻TBS increased with age in WT mice, and is absent in Tg mice (n is the same as Fig. 3). *p ⬍ 0.01 (t test). D, WT mice show
a shift in their modification synaptic threshold during development to favor LTP induction. Tg mice start out shifted to favor LTP compared to WT mice. but fail to undergo the developmental
metaplasticity.

S831/GluA1 ratio, compared to those from WT littermates (Fig.
6C). This suggests a possible correlation between GluA1-S845
and GluA1-S831 phosphorylation and alterations in LTP/LTD
magnitudes seen in young Tg mice. In adult Tg mice, there were
no statistically significant changes in total GluA1, S845/GluA1
ratio, or S831/GluA1 ratio (Fig. 6D). Together with normal induction mechanisms in adult Tg (Fig. 5 B, C), these data suggest
that the expression mechanisms downstream of AMPAR phosphorylation regulation may account for the abnormal LTP/LTD
threshold. Collectively, our data support a change in the expression mechanisms of LTP/LTD in the Tg mice, which supports a
defect in the pull–push model as a way to explain the observed
altered metaplasticity in young and adult Tg mice.

Ca 2ⴙ-permeable AMPARs at a subset of synapses in young
APPswe;PS1⌬E9 mice
The increase in GluA1-S831 phosphorylation in young Tg mice
suggests that there may be changes in the function of AMPARs. A
previous study showed that GluA1-S831 phosphorylation selectively increases the conductance of GluA1 homomers (Oh and
Derkach, 2005), which are Ca 2⫹ permeable (Lee, 2012). To determine whether the increase in GluA1-S831 relates to expression
of Ca 2⫹-permeable AMPARs (CP-AMPARs), we compared the
sensitivity of AMPAR-mediated mEPSCs to the CP-AMPAR inhibitor naspm. We found that 20 M naspm significantly decreased the frequency of AMPAR mEPSCs in young Tg mice, but
not in WT littermates (Fig. 7A). Naspm did not significantly alter
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Figure 5. APPswe/PS1⌬E9 Tg mice display enhanced summation of responses during high-frequency stimulation when young, which occurs without changes in NMDA receptor or inhibitory function. A,
Increase in the summation of synaptic responses during 4⫻TBS induction protocol in 1-month-old Tg mice. *p ⬍ 0.01 (ANOVA). Top, Representative traces (black line, WT; blue line, Tg). B, No change in the
summation of synaptic responses during the 4⫻TBS induction protocol in 6-month-old Tg mice. Top, Representative traces normalized to baseline FP area (black line, WT; magenta line, Tg). C, No difference in
the GluN2A/GluN2B ratio between WT and Tg across ages (1 month, WT, 100.82 ⫾ 3.22% of average WT, n ⫽ 10 mice; Tg, 78.05 ⫾ 11.16% of average WT, n ⫽ 10 mice; p ⫽ 0.077, t test; 6 months, WT,
91.16 ⫾ 12.06%, n ⫽ 8 mice; Tg, 102.11 ⫾ 15.18%, n ⫽ 8 mice; p ⫽ 0.581, t test). Example immunoblot images are shown in the top panels. D, No difference in ifenprodil (Ifen.; 3 M) sensitivity of
NMDAR-mediatedresponsesin1-month-oldTgmice.Left,Percentageoftheresponseamplitudeblockedbyifenprodil(WT,48.03⫾8.64%,n⫽7cells,5mice;Tg,47.66⫾5.95%,n⫽10cells,5mice;p⫽
0.973,ttest).Right,Averagechangesintheweighteddecaytimeconstantbeforeandafterifenprodilapplication(WT,control,183.23⫾38.77ms;ifenprodil,97.02⫾13.87ms;n⫽7cells,5mice;Tg,control,
163.41 ⫾ 18.02 ms; ifenprodil, 92.48 ⫾ 13.99 ms; n ⫽ 10 cells, 5 mice; t test before, p ⫽ 0.654; t test after, p ⫽ 0.821). Top, Pharmacologically isolated NMDAR-mediated EPSCs recorded before (black line)
andafterbathapplicationofifenprodil(darkgrayline).Thenormalizedresponsesafterifenprodilarealsoincluded(lightgrayline).ThetracesarenormalizedtothepeakamplitudeincontrolACSFandrepresent
averages across all cells recorded in each condition (20 – 40 responses per cell). E, F, Normal inhibitory synaptic transmission in CA1 pyramidal neurons of Tg mice. E, Left, Middle, No difference was found in the
averagemIPSCamplitude(left,WT,42.28⫾5.19pA,n⫽15cells,10mice;Tg,48.07⫾4.19pA,n⫽15cells,9mice;p⫽0.393,ttest;graycircles,individualcelldata)orchargetransfer(middle,WT,222.10⫾
33.57 fC, n ⫽ 12 slices, 10 mice; Tg, 276.74 ⫾ 52.71 fC, n ⫽ 15 slices, 9 mice; p ⫽ 0.391, t test; gray circles, individual cell data) between WT and Tg mice. Right, Average mIPSC trace from each group. F, Left,
NochangewasfoundinaveragemIPSCfrequency(WT,15.19⫾1.18Hz,n⫽15cells,10mice;Tg,14.32⫾1.24Hz,n⫽15cells,9mice;p⫽0.615,ttest;graycircles,individualcelldata).Right,Representative
mIPSC traces taken from cells of each group. Calibrations: D, 20 pA, 100 ms; E, 20 pA, 20 ms; F, 50 pA, 200 ms.

the amplitude of mEPSCs in either genotype (Fig. 7B). Unexpectedly, the frequency of mEPSCs between WT and Tg mice did not
differ under control conditions, which apparently contradicts the
increased dendritic spine density seen in Tg mice at this age (Fig.

1E). This may be attributable to the fact that mEPSC frequency
does not solely reflect the number of synapses, but is also controlled by other factors such as PKA signaling (Carroll et al.,
1998) and intracellular Ca 2⫹ stores (Amaral and Pozzo-Miller,
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Figure 6. APPswe/PS1⌬E9 Tg mice show normal levels of perisynaptic AMPARs, but alterations in GluA1 phosphorylation when young. A, B, Normal perisynaptic AMPAR pool. Amplitudes of FP
recordings from CA1 of Tg mice are similar following 10 M TBOA treatment in young (A; WT, 105.83 ⫾ 3.99% of baseline at 40 min after TBOA, n ⫽ 12 slices, 4 mice; Tg, 106.30 ⫾ 2.76%, n ⫽
10 slices, 4 mice; p ⫽ 0.922, t test) and adult mice (B; WT, 112.63 ⫾ 2.74% of baseline at 40 min after TBOA, n ⫽ 13 slices, 4 mice; Tg, 117.46 ⫾ 4.63%, n ⫽ 13 slices, 4 mice; p ⫽ 0.380, t test).
Top, Representative traces before (thin line) and after (thick line) TBOA. We noted that there might be a developmental increase in the size of the perisynaptic pool as measured as changes in FP after
TBOA; however, only the Tg mice showed a significant difference between the two ages ( p ⬍ 0.05, ANOVA). C, D, Altered GluA1 phosphorylation in CA1 of young, but not adult, Tg mice. Young Tg
mice (C) showed no difference in total GluA1 (WT, 97.15 ⫾ 2.88%, n ⫽ 7 mice; Tg, 77.83 ⫾ 10.16%, n ⫽ 11 mice; p ⫽ 0.093, t test), a decrease in the total S845/GluA1 ratio (WT, 103.34 ⫾ 5.31%
of average WT, n ⫽ 7 mice; Tg, 80.73 ⫾ 6.60% of average WT, n ⫽ 10 mice; *p ⬍ 0.05, t test), and an increase in the total S831/GluA1 ratio (WT, 102.88 ⫾ 6.30%, n ⫽ 8 mice; Tg, 208.39 ⫾
29.09%, n ⫽ 9; *p ⬍ 0.01, t test). In contrast, no significant change in either of these measurements was seen in adult Tg mice (D; total GluA1, WT, 101.10 ⫾ 7.86%, n ⫽ 10 mice; Tg, 81.93 ⫾
7.85%, n ⫽ 10 mice; p ⫽ 0.102, t test; S845/GluA1 ratio, WT, 99.41 ⫾ 4.82%, n ⫽ 9 mice; Tg, 133.93 ⫾ 18.54%, n ⫽ 10 mice; p ⫽ 0.101, t test; S831/GluA1 ratio, WT, 101.28 ⫾ 6.25%, n ⫽
8 mice; Tg, 109.11 ⫾ 5.44%, n ⫽ 8 mice; p ⫽ 0.362, t test). Top panels show example immunoblots.

2012). In any case, our main finding that the mEPSC frequency in
young Tg mice is decreased by naspm suggests that a subset of
synapses express CP-AMPARs, which contrasts WT mice with
mainly Ca 2⫹-impermeable AMPARs. CP-AMPARs can summate responses better, because they do not produce outward current when the membrane is depolarized (Bowie and Mayer,
1995). Therefore, our data suggest that the observed offset in the
synaptic modification threshold seen in young Tg mice may be
due to expression of CP-AMPARs at a subset of synapses.

Discussion
Here we demonstrate that the observed LTP/LTD deficits seen
across age in APPswe;PS1⌬E9 Tg is due to a failure to undergo normal developmental metaplasticity following an abnormal initial set
point for the synaptic modification threshold (Fig. 4). In young Tg

mice, the synaptic modification threshold was shifted to favor LTP.
This was accompanied by greater summation of responses during
LTP without changes in the conventional induction mechanisms
such as NMDAR or inhibitory function, but we noted CP-AMPAR
expression at a subset of synapses. We also observed a change in
AMPAR subunit GluA1 phosphorylation levels, which is consistent
with a change in synaptic modification threshold according to the
pull–push model of metaplasticity (Huang et al., 2012). Whereas
WT mice underwent a developmental shift in the synaptic modification threshold from promoting LTD to LTP, Tg mice lacked this
change. As a consequence, adult Tg mice displayed LTP and LTD
magnitudes similar to when they were young, which, compared to
age-matched WT mice, manifested as a faster decay of LTP and
enhanced LTD. However, the induction mechanisms and GluA1
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Figure 7. Young APPswe/PS1⌬E9 Tg mice display CP-AMPARs at a subset of synapses. A, CP-AMPAR blocker naspm (20 M)
selectively decreased the frequency of AMPAR mEPSCs in young Tg mice, but not in their WT littermates. Left, Comparison of
average mEPSC frequency with or without naspm for young WT mice [WT control (CTL), 0.67 ⫾ 0.1 Hz, n ⫽ 12 cells; WT naspm,
0.55 ⫾ 0.07 Hz, n ⫽ 10 cells; data from 7 mice; p ⫽ 0.45, t test] and young Tg littermates (Tg CTL, 0.69 ⫾ 0.1 Hz, n ⫽ 10 cells;
Tg naspm, 0.39 ⫾ 0.04 Hz, n ⫽ 9 cells; data from 5 mice; *p ⬍ 0.05, t test). Right, Example traces of mEPSCs from each group. B,
Naspm did not alter the amplitude of AMPAR mEPSCs in either genotype. Left, Comparison of average mEPSC amplitude with or
without naspm for young WTs (WT CTL, 15.9 ⫾ 1.4 pA, n ⫽ 12 cells; WT naspm, 15.5 ⫾ 1.9 pA, n ⫽ 10 cells; p ⫽ 0.83, t test) and
their Tg littermates (Tg CTL, 14.5 ⫾ 1.5 pA, n ⫽ 10 cells; Tg naspm, 14.7 ⫾ 0.8 pA, n ⫽ 9 cells; p ⫽ 0.88, t test). Right, Average
mEPSC traces from each group.

phosphorylation were not affected in the adults, suggesting that deficits are likely downstream from these processes. Together, our results argue against changes in NMDAR functionality in the
alterations of LTP/LTD in the Tg mice, and underscore the relevance
of metaplasticity, operating through yet-to-be-characterized mechanisms, in mediating synaptic dysfunction in AD mouse models.
Differential contribution of FAD-linked mutations across age
Mouse models expressing various FAD-linked mutations in APP,
PS1, or PS2 often express different, even opposite, alterations in
synaptic function and plasticity (Marchetti and Marie, 2011).
The APP and PS1 FAD mutations in our mouse model may contribute differently to synaptic dysfunction due to a difference in
their relative contributions to synaptic phenotypes with age. In
young (1-month-old) animals, the contribution of A␤ peptides
to synaptic phenotypes is expected to be small, and therefore any
phenotypes seen in young mice may be due to the FAD-linked
mutation in PS1. Indeed, increased basal synaptic function, dendritic spine density, and LTP seen in our Tg mice (Figs. 1A-F, 3C)
are phenotypes shared with similar-aged Tg mice harboring only
PS1 FAD-linked mutations (Zaman et al., 2000; Dewachter et al.,
2002; Jung et al., 2011). In adults (6-month-old), synaptic dysfunctions likely reflect the increased amyloid load (Jankowsky et

al., 2004; Savonenko et al., 2005). Consistent with this idea, reduced LTP and decreased dendritic spine density seen in
adult APPswe;PS1⌬E9 Tg mice (Figs.
2A-F, 3F ) have also been observed in
other mouse models expressing mutated
APP protein (Chapman et al., 1999; Fitzjohn et al., 2001; Trinchese et al., 2004;
Spires et al., 2005; Palop et al., 2007). The
observed differences in presynaptic function in adult Tg mice (Fig. 2G,H) are likely
due to an altered calcium dynamic caused
by the FAD-linked mutation in PS1, which
is known to enhance Ca 2⫹ release from the
ER (Guo et al., 1997; Stutzmann et al., 2004,
2006; Tu et al., 2006; Cheung et al., 2008;
Müller et al., 2011). Mice expressing a single
APPswe mutation at this age do not show
changes in PPF ratio (Chapman et al., 1999;
Palop et al., 2007). We propose that agedependent changes in the relative contributions of FAD mutations correlate with the
opposite synaptic dysfunction phenotypes
seen across ages. Age-dependent opposite
phenotypes seen in preamyloidogenic and
postamyloidogenic mice is reminiscent of a
previous study, which showed that mild
cognitive impairment and AD patients display opposite gene expression profiles compared to normal aged controls (Berchtold et
al., 2014).

Altered induction versus expression
mechanisms of LTP/LTD in APPswe;
PS1⌬E9 Tg mice
We found that the synaptic modification
threshold is shifted to promote LTP at the
expense of LTD in young Tg mice, but
adult Tg mice show the opposite phenotype of less LTP and larger LTD compared
to WT mice (Fig. 3). We attribute these changes in the Tg mice to
the initial offset in the synaptic modification threshold and a
failure to undergo the normal developmental shift in metaplasticity (Fig. 4). An increased excitatory synapse number and enhancement of synaptic summation during LTP induction stimuli
accompanied the synaptic plasticity defects seen in young Tg
mice. Whereas these changes indicate alterations in the induction
mechanisms of LTP, we did not observe changes in synaptic
NMDAR subunit composition (Fig. 5C,D) or changes in inhibitory synaptic transmission ( E, F ), both of which have been implicated as major mechanisms for mediating the sliding threshold
of metaplasticity (Steele and Mauk, 1999; Cooper and Bear,
2012). However, we did observe changes in AMPAR phosphorylation levels (Fig. 6C) and the appearance of CP-AMPARs at
synapses (Fig. 7). Importantly, GluA1-S831 phosphorylation selectively increases the conductance of Ca 2⫹-permeable GluA1
homomers (Oh and Derkach, 2005), which also are better at
summating responses (Bowie and Mayer, 1995). Thus, the synaptic expression of CP-AMPARs and phosphorylation of GluA1S831 are likely to promote LTP. In support of this idea, GluA1
phosphorylation at S845 and S831 has been shown to decrease the
threshold for producing LTP (Hu et al., 2007; Makino et al.,
2011), similar to what we observed in young Tg mice (Figs. 3, 4).
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The CP-AMPAR phenotype seen in young Tg mice is similar to
that reported in knock-in mice carrying a mutation in AKAP150
that abolishes calcineurin binding (Sanderson et al., 2012). In this
mouse model, synaptic CP-AMPAR appearance resulted in a loss
of LTD and enhancement of LTP, which recovered to normal
levels in the presence of a CP-AMPAR inhibitor. These results
further support the idea that aberrant synaptic CP-AMPAR expression may be responsible for the altered synaptic modification
threshold seen in our study. In addition, or alternatively, the
enhanced LTP in young Tg mice could be due to dysregulation of
intracellular calcium dynamics due to the FAD-linked mutation
in PS1 (Honarnejad and Herms, 2012). It is possible that the
increase in GluA1-S831, which is a specific substrate of CaMKII
and PKC (Roche et al., 1996; Mammen et al., 1997), is a consequence of the increased intracellular Ca 2⫹ signaling triggered by
PS1 mutation. CP-AMPARs in young Tg mice (Fig. 7) are expected to further exacerbate the dysregulation of Ca 2⫹ signaling.
In adult Tg mice, we did not observe changes in the summation of synaptic responses during LTP induction or in
NMDAR subunit composition (Fig. 5 B, C). Therefore, the
synaptic deficits at this age are most likely due to altered expression mechanisms consistent with the pull–push model of
metaplasticity (Huang et al., 2012). However, dysregulation of
the expression mechanisms is not at the level of changes in
basal phosphorylation of AMPARs (Fig. 6D), which suggests
that the defect may lie downstream of this process. A proposed
key mechanism of LTP expression is synaptic recruitment and
stabilization of AMPARs from a perisynaptic pool, but we did
not observe a change in the size of the perisynaptic AMPAR
pool in adult Tg mice (Fig. 6B). This suggests that the deficit in
LTP is not due to insufficient AMPARs available for synaptic
insertion. This, together with our observation of a normal
initial magnitude of LTP but a faster decay (Fig. 3F ), suggests
that there may be a failure to stabilize AMPARs at synapses
following LTP. Synaptic stabilization of AMPARs is thought to
occur via interaction of AMPARs with a hypothetical “slot”
protein at the postsynaptic density (Kessels and Malinow,
2009). According to this hypothesis, the ability to generate
new “slots” during LTP may be compromised in adult Tg
mice.
Defective developmental metaplasticity in APPswe;PS1⌬E9
Tg mice
WT mice undergo a shift in the synaptic modification to favor
LTP as they mature (Fig. 4D). In contrast, Tg mice show an initial
aberrant offset in the synaptic modification threshold, likely due
to the PS1 mutation (as discussed in the previous section), that is
not developmentally regulated (Fig. 4). We propose that the main
defect that prevents normal developmental metaplasticity in
adults is due to the APP mutation that enhances A␤ production.
This is based on the fact that reduced LTP magnitude is observed
in adult AD mouse models with diverse FAD-linked APP mutations that elevated A␤ (for review, see Marchetti and Marie,
2011). However, LTP defect is not universally observed in all AD
mouse models with FAD-linked APP mutations, and the time
point at which LTP defect is manifested varies across mouse
models (Marchetti and Marie, 2011). We surmise that the diversity seen in LTP phenotypes across AD mouse models is likely a
consequence of how the initial offset in synaptic modification
threshold is set up by the various FAD-linked mutations. We
propose that the common defect across the mouse models is the
lack of normal developmental regulation of metaplasticity.
Whether this is the case will require further investigation using

other AD mouse models. Synaptic dysfunctions observed here
precede cognitive deficits seen in the same mouse model
(Savonenko et al., 2005), suggesting that recovery of synaptic
function may benefit cognitive performance. Our results suggest
that normalizing metaplasticity mechanisms, rather than enhancing LTP, may be useful for recovering synaptic function in
AD mouse models.
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