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RESEARCH ARTICLE
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Abstract
Cortical and hippocampal hypersynchrony of neuronal networks seems to be an early event

in Alzheimer’s disease pathogenesis. Many mouse models of the disease also present neu-

ronal network hypersynchrony, as evidenced by higher susceptibility to pharmacologically-

induced seizures, electroencephalographic seizures accompanied by spontaneous interic-

tal spikes and expression of markers of chronic seizures such as neuropeptide Y ectopic ex-

pression in mossy fibers. This network hypersynchrony is thought to contribute to memory

deficits, but whether it precedes the onset of memory deficits or not in mouse models re-

mains unknown. The earliest memory impairments in the Tg2576 mouse model of Alzhei-

mer’s disease have been observed at 3 months of age. We thus assessed network

hypersynchrony in Tg2576 and non-transgenic male mice at 1.5, 3 and 6 months of age. As

soon as 1.5 months of age, Tg2576 mice presented higher seizure susceptibility to systemic

injection of a GABAA receptor antagonist. They also displayed spontaneous interictal spikes

on EEG recordings. Some Tg2576 mice presented hippocampal ectopic expression of neu-

ropeptide Y which incidence seems to increase with age among the Tg2576 population.

Our data reveal that network hypersynchrony appears very early in Tg2576 mice, before

any demonstrated memory impairments.

Introduction
Alzheimer’s disease (AD) is a neurodegenerative disease characterized by several cognitive and
behavioral troubles attacking particularly memory functions. Most of AD patients develop de-
tectable symptoms after 65 year-old (sporadic cases). However, in familial forms of the disease
representing less than 1% of AD cases, severe cognitive and memory deficits develop earlier,
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due to the presence of mutated forms of the Amyloid Precursor Protein (APP) or Presenilin
(PS-1 or PS-2) genes [1,2,3,4]. Transgenic mouse models of AD, that overexpress at least one
of these human mutated genes, reproduce the amyloidopathy and some anatomical and behav-
ioral abnormalities found in AD patients [5], and thereby help to provide insights into the
mechanisms underlying memory deficits.

Recently, new hypothesis have emerged about the contribution of network hypersynchrony
in memory dysfunction in AD. Multiple lines of evidence point out an increased incidence of
spontaneous seizures in patients with AD. In sporadic AD, an estimated 10 to 22% of patients
exhibit unprovoked seizures [6,7,8]. In familial forms of AD or diseases in which APP gene is
duplicated, 30 to 60% of patients develop seizures [9,10,11]. In patients diagnosed for both epi-
lepsy and AD (or amnestic Mild Cognitively Impairment, aMCI), seizure onset preceded or co-
incided with the diagnosis of the disease in 83% of patients, suggesting an early onset of
epilepsy in AD [12]. Using fMRI during a task involving the hippocampus, Bakker and col-
leagues showed that aMCI subjects displayed hippocampal hyperactivity [13]. Interestingly, in
the same study, the antiepileptic drug levetiracetam reduced hippocampal hyperactivity and
improved memory performances, suggesting a causal link between network hyperactivity and
memory deficits [13].

Similar to human pathology, several mouse models of AD present a combination of features
revealing network hypersynchrony and epilepsy. Initially, sporadic spontaneous seizures or be-
havioral stereotypies were fortuitously observed during behavioral phenotyping of AD trans-
genic lines [14,15]. Pro-convulsant agents that exacerbate neuronal excitation (kainate) or
suppress inhibitory control (GABAA receptor antagonist pentylenetetrazole, PTZ) trigger
more severe seizures in several AD transgenic mice (TgCRND8, hAPPJ20, hAPPJ9) than in
their respective non-transgenic (NTg) littermates [16,17,18,19]. Although very infrequent,
spontaneous seizures in AD mice have also been objectively evidenced by using electroenceph-
alographic (EEG) recordings [17,20,21,22]. Typically, chronic EEG recordings over very long
period of time are required for observing a significant occurrence of seizures. For instance, 25%
of APPswexPS1dE9 mice present seizures when recorded for 2 weeks [20], and about 10% of
hAPPJ20 mice display seizures when recorded for 24 hours [23]. However, the vast majority—
if not all—of the recorded hAPPJ20 and APPswexPS1dE9 mice show interictal spikes consisting
of frequent high-voltage sharp events [17,20].

Aside from electroencephalographic markers of neuronal network hypersynchrony, neuro-
peptide Y (NPY) expression pattern has been proposed as a marker for chronic seizures. NPY
is an inhibitory neuromodulator normally expressed by a subset of hippocampal interneurons,
which can be expressed ectopically in mossy fibers after chronic seizures in animal models of
epilepsy [24]. Such ectopic expression of NPY has been reported in Tg2576 [25,26,27],
hAPPJ20 [17,28], and APPswexPS1dE9 mice [20], arguing for the existence of epilepsy in these
AD models. Interestingly, chronic administration of the antiepileptic drug levetiracetam sup-
presses epileptiform activity and improves memory performances in hAPPJ20 mice, but also
normalizes the expression of NPY in the mossy fibers [28].

In AD mouse models, neuropathological processes and memory deficits progress with age.
So far, the presence of network hypersynchrony has been assessed when mice were old enough
to exhibit memory deficits. We thus do not know if this abnormal brain activity occurs before,
concomitantly or after the onset of memory dysfunction in AD mouse models. Learning and
memory deficits have been extensively described at different ages in Tg2576 mice, which ex-
press a human APP (hAPP) gene carrying the double Swedish mutation (HuAPP696swe) [29].
No memory disorder has been reported at 1.5–2 months [30,31,32], while a few studies have
evidenced impairments at 3 months [30,33,34,35], and most of authors agree on clear memory
deficits after 6 months [32,36,37,38,39]. Interestingly, network hypersynchrony has not been
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evaluated before 6 months of age in Tg2576 mice. We thus gauged network hypersynchrony of
Tg2576 mice at different ages (1.5, 3 and 6 months old) by assessing their seizure susceptibility
to PTZ, and evaluating their spontaneous epileptiform activity through EEG recordings and
hippocampal expression pattern of NPY. We show that Tg2576 mice display aberrant network
activity as early as 1.5 month-old, that is to say before the onset of memory deficits.

Methods

Ethics statement
All experiments were performed in strict accordance with the policies of the European Union
(86/609/EEC), the French National Committee of Ethics (87/848), and the local committee's
recommendations (C 31–555–11, Direction départementale de la protection des populations)
for the care and use of laboratory animals. Animal facility of the CRCA is fully accredited by
the French Direction of Veterinary Services (C 31–555–11, Feb 9, 2011) and animal surgery
and experimentation conducted in this study were authorized by the French Direction of Vet-
erinary Services (#31–11555521, 2002). All efforts were made to improve animals’ welfare and
minimize animals’ suffering.

Mouse Line
Experiments were performed on male mice from the transgenic line Tg2576 [15,29] from our
in-house colony [25,26,40], at 1.5, 3 and 6 months of age. Tg2576 mice overexpress a double
mutant form of human APP695 (Lys670-Asn, Met671-Leu [K670N, M671L]), driven by a
hamster prion protein promoter. Tg2576 males were bred with C57B6/SJL F1 females (Charles
River, L’Arbresle, France) and the offspring was genotyped for the hAPP transgene using DNA
obtained from postweaning tail biopsies. Polymerase chain reaction products were analyzed to
confirm the presence of hAPP DNA sequence in offspring. Mice were maintained on a 12
hours light/12 hours dark cycle with free access to food and water.

PTZ injection
Seizure susceptibility was assessed by behavioral scoring of the severity of seizures induced
pharmacologically (NTg 1.5 month-old (mo): n = 16, 3 mo: n = 15 and 6 mo: n = 16; Tg2576 1.5
mo: n = 15, 3 mo: n = 16 and 6 mo: n = 11). Mice received a single i.p injection of PTZ at 40
mg/kg (PTZ, Sigma Aldrich, St Louis, MO, USA). Some mice accidentally received a lower
PTZ dose and thus were excluded of the study (Tg2576 3 mo: n = 1 and 6 mo: n = 1). After
drug administration, each mouse was placed in a new cage and its behavior was videotaped for
20 minutes. Mice were sacrificed immediately after (as described below) in order to minimize
suffering. Two mice were excluded because they presented a liver hypertrophy at autopsy that
might have resulted in modifications of the drug pharmacokinetics (NTg 6 mo: n = 2).

Seizure severity scoring
Two investigators blind to the experimental conditions quantified the maximal seizure severity
during the 20 minutes recording session, according to a published scale [17]. Seizure severity
scores were as follows: 0 = normal exploratory behavior, 1 = immobility, 2 = generalized
spasm, tremble, or twitch, 3 = tail extension, 4 = forelimb clonus, 5 = generalized clonic activi-
ty, 6 = bouncing or running seizures, 7 = full tonic extension, 8 = death. If seizure severity was
not clear-cut, an intermediate score was given. Given the ordinal nature of the seizure severity
scale, we performed non-parametric statistical tests. Kruskal-Wallis test was used, followed by
Dunn’s post-hoc tests to assess genotype effect in each group of age.
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Implantation of EEG electrodes
Tg2576 mice and non-transgenic littermates free from any pharmacological treatment were
used for EEG recordings (NTg 1.5 mo: n = 12, 3 mo: n = 10 and 6 mo: n = 8; Tg2576 1.5 mo:
n = 10, 3 mo: n = 13 and 6 mo: n = 7). Mice were anesthetized with isoflurane (2%), an incision
was performed on the scalp and a local anesthetic (lidocaine 5%) was applied on it. Body tem-
perature was maintained throughout the surgery using a mouse heating pad (Ugo Basile,
Gemonio, Italy). A veterinary ophthalmic gel (Ocrygel, Laboratoire TVM, Lempdes, France)
was applied on the eyes to avoid dryness. Then, the skull was drilled and two silver electrodes
were placed bilaterally over the parietal cortices, and one screw was positioned through the oc-
cipital bone over the cerebellum to serve as reference and ground electrode. One EMG elec-
trode was placed in neck muscles. Electrodes were fixed to the skull with dental cement and
plugged into a miniature connector (PlasticsOne, Roanoke, NC, USA). Then, lidocaine was ap-
plied on the flesh before suturing the skin. The animals were then allowed to recover for at
least 1 week during which their health status was checked every day.

EEG recordings
One to 5 days before the recording session, mice were habituated to the recording chamber
which consisted of a Plexiglas chamber (21x20x25cm) with available food and water, placed
in a Faraday cage. They were first placed in the recording chamber for 15 minutes without
being connected to the EEG recording system through the cable and brought back to their
home cage for at least 15 minutes. They were then placed again in the recording chamber and
connected with the EEG cable for 2.5 hours under the supervision of an experimenter. On the
recording day, mice EEG were monitored during 2.5 hours. For this purpose, they were con-
nected with a six-channel cable (PlasticsOne) and head-staged with a home-made tension fol-
lower. This cable was connected to a multichannel commutator (PlasticsOne) that allows
mice to freely move. EEG and EMG signals were amplified and band-pass filtered (for EEG:
0.3–100 Hz; for EMG: 3 Hz-20 kHz) using a AM system 3500 amplifier (A-M system, Sequim,
WA, USA) and sampled at 1kHz (Power 1401 mk-II, CED, Cambridge, UK). EEG recordings
were analyzed using Spike 2 V7.11 software. After EEG recordings, mice were sacrificed as
described below.

Detection of epileptiform abnormalities on EEG traces
Each digitized EEG file was screened for epileptiform activity by an investigator blind to experi-
mental conditions. Epileptiform activity is described as the occurrence of interictal spikes, de-
fined as sharp (2 to 50 ms) positive and/or negative deflections with amplitudes exceeding
twice the baseline EEG recording [20]. Specifically, all EEG deflections that reached a two-fold
baseline threshold were automatically detected using Spike 2 software. Were considered as
interictal spikes only the events matching both morphological and temporal criteria (2 to
50 ms). Then, for each mouse, an average of the spike waveform was calculated and the spike
duration was measured between the start of the negative deflection and the peak of the positive
deflection. Epileptiform activity quantification consisted in counting the number of interictal
spikes per minute during the last hour of recordings, when mice have become habituated to the
recording setup. We excluded four animals because of movements artifacts on EEG traces
(NTg 1.5 mo: n = 2, 3 mo: n = 1 and 6 mo: n = 1). Statistical analysis of the frequency of interic-
tal spikes (spikes/minute) was performed using a two-way ANOVA, followed by a Bonferroni
post-hoc test.
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Tissue processing and NPY immunohistochemistry
Mice that underwent PTZ or EEG experiments were deeply anesthetized using pentobarbital
and transcardially perfused with 0.9% saline solution (NTg 1.5 mo: n = 20, 3 mo: n = 25 and 6
mo: n = 24; Tg2576 1.5 mo: n = 19, 3 mo: n = 29 and 6 mo: n = 18). The brains were post-fixed
for 2 days in 4% paraformaldehyde and transferred into 30% sucrose in 0.1 M phosphate buffer
containing 0.1% sodium azide before being cut into 30μm thick cryostat coronal sections. The
sections were then stored at -20°C in a cryoprotectant solution until use. Free-floating brain
sections were rinsed in phosphate-buffered saline containing 0.25% Triton X-100 (PBST). Sec-
tions were quenched 15 minutes for endogenous peroxidases with 3% H2O2 in 10% methanol/
phosphate-buffered saline, then they were incubated overnight in primary antibody rabbit
anti-NPY (1:5,000; Sigma Aldrich, St Louis, MO, USA) in PBST containing 0.1% sodium azide
with 5% normal goat serum. The next day, the sections were incubated for 90 minutes in bioti-
nylated goat anti-rabbit antiserum (1:250; Vector Labs, Burlingame, CA, USA) in PBST, fol-
lowed by 90 minutes in avidin-biotin-peroxidase complex (1:400; ABC kit, Vector Labs) in
PBST. The peroxidase immunolabeling was developed in 0.05 M Tris-HCl buffer (pH 7.6) con-
taining 0.025% 3,3’-diaminobenzindine-4 HCl (DAB; Sigma Aldrich), 0.003% H2O2 and 0.06%
nickel ammonium sulfate. The reaction was stopped by extensive rinses in PBST containing
0.1% sodium azide. The sections were mounted onto subbed slides, dehydrated through alco-
hols, and coverslipped.

Qualitative assessment of NPY ectopic expression and statistical
analysis
NPY ectopic expression was visually assessed by two independent observers blinded to the
mouse genotype. The presence of ectopic expression was revealed by a strong immunoreactivity
in the hilus and stratum lucidum regions, where mossy fibers extend their axonal processes.
Twenty four out of 135 mice were excluded for the following reasons: 2 had hypertrophied liver
(NTg, 6 mo: n = 2), 13 for cryostat cutting problems (Tg2576: 1.5 mo: n = 1, 3 mo: n = 4, 6mo:
n = 3; NTg: 3 mo: n = 2, 6mo: n = 3), 7 for sample conservation issues (Tg2576: 1.5 mo: n = 1, 3
mo: n = 2, 6mo: n = 3; NTg: 6mo: n = 1), 2 mice died prior to sacrifice (Tg2576,3 mo: n = 2). The
proportion of animals showing NPY ectopic expression was compared between non-transgenic
and transgenic animals, at each age using the Fisher exact test. The proportion of Tg2576 mice
showing NPY ectopic expression at different ages was compared using the Chi square test
for trend.

All statistical analysis were performed using the Prism 5 software (GraphPad Software Inc.,
La Jolla, CA, USA).

Results

Tg2576 mice show higher susceptibility to pharmacologically-induced
seizures from early age on
First, we determined seizure susceptibility of Tg2576 mice and their NTg littermates at ages of
1.5, 3 and 6 months. Injection of the GABAA receptor antagonist PTZ, at the dose of 40 mg/kg,
induced more severe seizures in Tg2576 mice than in NTg littermates at 1.5 and 6 months of
age (Fig. 1A, Kruskal-Wallis: p<0.0001, Dunn’s post hoc tests: p<0.05 for NTg vs Tg2576 at
1.5 and 6 month-old). At 3 months of age, the difference in seizure severity between NTg and
Tg2576 mice did not reach statistical significance as NTg mice showed higher seizure suscepti-
bility than at 1.5 months of age (Dunn’s post hoc test: p<0.01; Fig. 1A). Some Tg2576 animals
showed lethal seizures, whilst this was never observed among NTg animals (Fig. 1B). In
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summary, as early as 1.5 months of age, Tg2576 mice exhibit a higher susceptibility to pharma-
cological seizures than NTg littermates.

Tg2576 mice exhibit spontaneous epileptiform activity as young as 1.5
months of age
Then, we examined to which extent such susceptibility might be associated to spontaneous
electroencephalographic (EEG) abnormalities in Tg2576 mice. We recorded cortical EEG in
Tg2576 and NTg mice at 1.5, 3 and 6 months of age. During the recording session, we did not
observe any electroencephalographic seizures in NTg nor in Tg2576 mice. Since spontaneous
seizures are relatively rare events in other mouse models of Alzheimer’s disease [20, 23] and
given our recording time window, this was highly expected. Nevertheless, interictal spikes were
observed in most of Tg2576 mice (63% of mice, regardless of their age). These events lasted
21.2 ± 2.6 ms and displayed the characteristic shape of interictal spikes [20] (Fig. 2A). In NTg
mice, only 1 mouse out of 26 displayed spikes at a very low frequency (0.01 spike/minute)
(Fig. 2B). Spike frequency was significantly influenced by the genotype but not by the age of
the animals (Fig. 2B, two-way ANOVA; transgene effect: p = 0.013; age effect: p = 0.4091; inter-
action: p = 0.3865). These results clearly show that spontaneous epileptiform activity is already
present in Tg2576 mice as early as 1.5 months of age.

Ectopic expression of NPY in the mossy fibers of young Tg2576 mice
To assess the occurrence of chronic seizures in Tg2576 mice, we looked for NPY ectopic ex-
pression in mossy fibers of the dentate gyrus by using NPY immunohistochemistry (Fig. 3).
While never observed in the mossy fibers of NTg animals, NPY ectopic expression was found
in a significant proportion of Tg2576 animals (Table 1, Chi square test for genotypes, regard-
less of the age: p = 0.0002). NPY ectopic expression was observed as young as 1.5 month of age.
The proportion of mice showing NPY ectopic expression was significantly higher in Tg2576
than in NTg littermates at 3 and 6 months of age but not at 1.5 months of age (Table 1). Al-
though not statistically significant in this sample, the proportion of Tg2576 mice showing NPY
ectopic expression seemed to increase with age (Table 1, Chi square test for trend: p = 0.16).

Fig 1. Tg2576mice show high susceptibility to pharmacologically-induced seizures from early age on. (A) Seizure severity score of 1.5, 3 and 6
month-old Tg2576 male mice and non-transgenic (NTg) age-matched littermates. Whiskers boxes represent the interquartile distribution. Number of mice in
each group is indicated below the boxes. Tg2576 mice exhibit more severe seizures than NTg at 1.5 and 6 months of age (Dunn’s tests: p<0.05 for Tg2576
vs NTg at 1.5 and 6 month-old). (B) Proportion of animals that died during PTZ-induced seizures in 1.5, 3 and 6 month-old Tg2576 and NTgmice. Note that
only transgenic animals exhibit lethal seizures. Numbers over the horizontal axis indicate the number of mice used in each experimental group.

doi:10.1371/journal.pone.0119910.g001
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These results suggest that chronic seizures occur at very early stages in the course of the disease,
and that their incidence likely increases with age among the Tg2576 population.

Discussion
This study reports that at 1.5, 3 and 6 months of age, Tg2576 mice exhibit high susceptibility to
pharmacologically-induced seizures, EEG epileptiform activity and NPY ectopic expression in
mossy fibers, this later marker of chronic seizures showing an increased incidence with age.
Our work provides the first evidence that such network dysfunction precedes the onset of
memory deficits.

A few studies have previously assessed network hypersynchrony in the Tg2576 mouse line.
To date, there is no data concerning the sensitivity of Tg2576 mice to convulsive agents, except
a study showing an increased sensitivity to PTZ in Tg2576 mice bred on a pure C57bl/6 back-
ground, which exhibit an unusually high mortality rate (40% died before they reached 2
months of age) and thus cannot be considered as a typical Tg2576 line [41]. In the original
Tg2576 line, EEG abnormalities were reported at 5–7 months of age but were not clearly de-
scribed. The authors related longer durations of “higher frequency brain activity” (6 to 10 Hz),
which they interpret as an increased synchrony, but did not report any obvious spike or seizure
[27]. Thus, our data constitute the first clear demonstration of higher sensitivity to convulsive
agents and occurrence of spontaneous interictal spikes in this mouse line. Ectopic expression
of NPY in the mossy fibers has often been associated with epileptic activity in the hippocampus
or with the occurrence of a generalized seizure in the days before sacrifice and can thus be used
as a marker for chronic seizures [24,42]. Ectopic expression of NPY in the Tg2576 mice was ev-
idenced at 5–7 months of age [27] and previous data from our group showed that the propor-
tion of mice presenting this marker of chronic seizures increases with age (11% at 3 months,
60% at 18 months) [25]. Our present data confirm this observation and further point out that

Fig 2. Tg2576mice exhibit spontaneous epileptiform activity as young as 1.5 months of age. (A) Representative electroencephalographic (EEG)
traces from non-transgenic (NTg) (top) and Tg2576 (bottom) mice from left and right parietal cortices. Note that only transgenic animals displayed sharp,
high-voltage spikes that characterize epileptiform activity (inset). (B) Quantitative analysis of the frequency of interictal spikes (mean ± SEM). Two-way
ANOVA shows a significant genotype effect (p = 0.013) but no age effect (p = 0.4091) and no interaction (p = 0.3865). Numbers over the horizontal axis
indicate the number of mice used in each experimental group.

doi:10.1371/journal.pone.0119910.g002
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Fig 3. Ectopic expression of NPY in the mossy fibers of young Tg2576mice. Photographs of the dorsal hippocampus immunostained for NPY in 1.5, 3
and 6 month-old non-transgenic (NTg) and Tg2576 mice. Left: In NTg animals, NPY staining is visible in the soma of hilar interneurons. Their axons display a
faint staining visible in the molecular layer (ml), where these axons form synapses onto the dendrites of granular cells. Right: Typical ectopic NPY expression
in the mossy fibers (in hilus and stratum lucidum) of a Tg2576 mouse. CA1 and 3, Cornu Ammonis 1 and 3, GCL: Granular Cell Layer, mf: mossy fibers, ml:
molecular layer. Scale bar: 200 μm.

doi:10.1371/journal.pone.0119910.g003
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this marker can already be observed as soon as 1.5 months of age. Altogether, our data strongly
suggest that Tg2576 mice present a precocious epileptic phenotype. Interestingly, previous
work showed that Tg2576 exhibit normal memory performances at 1.5–2 months of age
[30,31], memory deficits appearing in this mouse line between 3 and 6 months of age
[30,31,32]. Thus, network hypersynchrony and expression of markers of chronic seizures
occur before the onset of memory deficits in Tg2576 mice.

Network hypersynchrony and hyperexcitability have been described in other mouse models
of AD. In the TgCRND8 line, seizure susceptibility to PTZ was evidenced at 6–8 weeks of age
[16] when these mice already present memory deficits [43]. In APPSwexPS1dE9 mice, electroen-
cephalographic seizures and epileptiform activity were found at 3–4 months of age [20], corre-
sponding to the earliest description of memory deficits in this mouse line [44]. In hAPPJ20
mice, susceptibility to pharmacological seizures, spontaneous seizures, interictal spikes and
NPY ectopic expression were described at 4–7 months of age [17,18,23,28], when mice already
exhibit memory deficits from 2–3 months of age [45]. Thus, although it has never been as-
sessed, network hypersynchrony might also happen before the onset of memory deficits in
these models. Interestingly, this is also supported by data from human cases suggesting that ep-
ileptic events can precede the onset of memory impairments in AD and aMCI [12].

Several hypotheses can be proposed to explain the precocity of epileptic activity in Tg2576
mice. The Tg2576 mouse model expresses a mutated form of hAPP inducing an excessive
production of Aβ1–42 peptide and its accumulation into amyloid plaques [46]. In the
APPswexPS1G384A mice model, neurons located in the vicinity of amyloid plaques were re-
ported to be hyperactive [47]. However, Tg2576 mice are completely devoid of amyloid plaques
at 1.5 months of age [46], ruling out the possibility that plaques could be responsible for the
early onset of network hyperactivity nor hypersynchrony in these mice. Nevertheless, the
brains of new born Tg2576 mice, but not of NTg mice, already contain soluble Aβ1–42 [48]. At
the cellular level, soluble Aβ1–42 species were suggested to play a role in neuronal hyperexcit-
ability of AD mice. For instance, bath application of soluble Aβ decreases depolarization
threshold and thus increases excitability of pyramidal cortical neurons or granule cells of the
dentate gyrus [20,21] and intra-hippocampal injection of Aβ oligomers was found to increase
population spikes evoked by perforant path stimulation in rats [49]. However, the molecular
and cellular mechanisms underlying the effects of Aβ on neuronal hyperexcitability are still un-
clear. Recently, Lee et al. reported that Aβ disturb mitochondrial function in 1.5 month-old
Tg2576 mice, leading to a slower decay of Ca2+ transients in granule cells of the dentate gyrus
[50]. Further work is needed to determine if this increase in intracellular Ca2+ signal in granule
cells could participate to network hypersynchrony in 1.5 month-old Tg2576 mice.

Interestingly, the role of Aβ in network hypersynchrony has been recently challenged. The
APPSwe/LonxPS1M146V mouse line, which produces high amounts of Aβ, does not exhibit any
epileptiform activity even as late as 23 months of age [22]. Born and colleagues proposed that

Table 1. Proportion of mice with NPY ectopic expression among Tg2576 mice and NTg littermates.

Age (months) NTg Tg2576 Fisher exact test for NTg vs Tg2576

1.5 0/20 (0%) 2/17 (11.7%) p = 0.204

3 0/23 (0%) 4/21 (19.0%) p = 0.044

6 0/18 (0%) 4/12 (33.3%) p = 0.018

Data represent the number of animals with NPY ectopic expression in mossy fibers compared to the total

number of animals in each group. Note that only Tg2576 mice present aberrant NPY expression.

doi:10.1371/journal.pone.0119910.t001
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mutant APP itself could be involved in network hypersynchrony. Indeed, APP is a transmem-
brane protein cleaved by secretases as the β-site APP cleaving enzyme 1 (BACE1). In transgenic
models of AD that overexpress mutant APP, excessive levels of this full-length APP may hijack
a significant portion of BACE1, thus reducing its ability to process other substrates such as so-
dium channels subunits. Indeed, BACE1 cleaves the Navβ2 subunit of Nav1.1 channels, which
regulates the expression of the functional α-subunits of these channels [51] that control excit-
ability of parvalbumin-expressing interneurons [52]. Reduced levels of Nav1.1 channels were
reported in association with impaired function of interneurons leading to network hypersyn-
chrony and memory deficits in hAPPJ20 [23] and 5- to 7-month-old Tg2576 mice [27]. To
which extent high levels of mutant APP reduce Nav1.1 levels in parvalbumin-expressing inter-
neurons in young Tg2576 mice remains to be determined.

Recent studies clearly suggest a role of network hypersynchrony in memory deficits. In
aMCI subjects, the antiepileptic drug levetiracetam improves memory performances [13]. In
hAPPJ20 mice, one month of chronic levetiracetam treatment suppresses epileptiform activity,
normalizes hippocampal NPY expression and improves memory performances [28]. The bene-
ficial effect of levetiracetam on memory performances in hAPPJ20 mice may result from the
suppression of epileptiform activity or the normalization of NPY expression in the hippocam-
pus or both. In a rat model of epilepsy and epileptic patients, hippocampal interictal spikes oc-
curring during memory retrieval impair memory performances [53,54]. Here we report
epileptiform activity in 1.5 month- old Tg2576 mice, an age when these mice present normal
memory performances [30,31]. Thus, memory deficits may not result from hypersynchrony
and epileptiform activity themselves, but rather from the consequences of their chronicity.
Chronic hypersynchrony triggers seizures which incidence increases with age as reported in
the APPswexPS1dE9 model of AD (15% of mice had seizures at 3 months vs 50% at 4 months of
age) [20]. Consistent with these results, the present study and previous data from our laborato-
ry [25] report an age-related increase in the incidence of NPY ectopic expression which is sig-
nificant from NTg mice at 3 months and clearly rises around 6 months of age. This parallels
the progression of memory deficits, which begin at 3 months, and progressively worsen with
age [30,31,32]. Expression of NPY in granule cells decreases glutamatergic synaptic transmis-
sion [55,56]. If it prevents a spread of neuronal overexcitation in a context of chronic seizures,
it could also impair hippocampal function required for learning and memory processes. Thus,
early network hypersynchrony induces seizures which in turn trigger neuroadaptations in the
hippocampus, including NPY ectopic expression, which might cause a progressive degradation
of hippocampal function explaining the age-dependent decline in memory performances in
AD mice [57].

Network hypersynchrony could also cause memory impairment by altering neurogenesis.
Adult hippocampal neurogenesis, a process by which new granule cells of the dentate gyrus are
generated throughout life, contributes to learning and memory [58,59]. In AD mice, altered
neurogenesis seems to be an early event in the course of the disease [25,60]. We recently de-
scribed an impairment of adult hippocampal neurogenesis at 3 months of age in Tg2576 mice
[25]. At this specific age, adult-generated neurons of Tg2576 mice exhibit impaired neuronal
maturation and reduced dendritic spine density and dendritic length. Similar observations
were made in hAPPJ20 mice [61]. In Tg2576 mice and hAPPJ20, altered neurogenesis has been
described at the onset of memory deficits at 3 months of age, but it cannot be excluded that
such alterations may begin earlier. In hAPPJ20 mice, Sun and colleagues showed that the exci-
tation/inhibition imbalance contributes to adult neurogenesis impairments [61]. Whether al-
teration of hippocampal neurogenesis is present before memory deficits and whether it relates
to hypersynchrony in Tg2576 mice remains to be established.
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Conclusion
Here we evidence network hypersynchrony before the onset of memory deficits in Tg2576
mice and an age-related increase of the incidence of ectopic NPY in the mossy fibers of Tg2576
mice revealing an increasing frequency of seizures with age. This early network dysfunction
could initiate progressive modifications of hippocampal network leading in fine to overt mem-
ory dysfunction. In human, network hypersynchrony would thus potentially represent an early
diagnosis marker to predict memory decline. However, extrapolations of these findings to spo-
radic forms of the disease still remain to be investigated.

Acknowledgments
We thank A. Krezymon and E. DiDonato for their help and technical support. We also thank
the ABC facility and ANEXPLO for housing mice.

Author Contributions
Conceived and designed the experiments: CB CR LD. Performed the experiments: CB CJ HH
LD. Analyzed the data: CB LV JR CR LD. Wrote the paper: CB LV CR LD.

References
1. Levy-Lahad E, WascoW, Poorkaj P, Romano DM, Oshima J, Pettingell WH, et al. Candidate gene for

the chromosome 1 familial Alzheimer's disease locus. Science. 1995; 269: 973–977. PMID: 7638622

2. Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque G, IkedaM, et al. Cloning of a gene bearing
missense mutations in early-onset familial Alzheimer's disease. Nature. 1995; 375: 754–760. PMID:
7596406

3. Mullan M, Crawford F, Axelman K, Houlden H, Lilius L, Winblad B, et al. A pathogenic mutation for
probable Alzheimer's disease in the APP gene at the N-terminus of beta-amyloid. Nat Genet. 1992; 1:
345–347. PMID: 1302033

4. Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F, Fidani L, et al. Segregation of a missense
mutation in the amyloid precursor protein gene with familial Alzheimer's disease. Nature. 1991; 349:
704–706. PMID: 1671712

5. Higgins GA, Jacobsen H. Transgenic mouse models of Alzheimer's disease: phenotype and applica-
tion. Behav Pharmacol. 2003; 14: 419–438. PMID: 14501255

6. Mendez MF, Catanzaro P, Doss RC, R AR, FreyWH, 2nd. Seizures in Alzheimer's disease: clinico-
pathologic study. J Geriatr Psychiatry Neurol. 1994; 7: 230–233. PMID: 7826492

7. Forstl H, Burns A, Levy R, Cairns N, Luthert P, Lantos P. Neurologic signs in Alzheimer's disease. Re-
sults of a prospective clinical and neuropathologic study. Arch Neurol. 1992; 49: 1038–1042. PMID:
1417511

8. Sjogren T, Sjogren H, Lindgren AG. Morbus Alzheimer and morbus Pick; a genetic, clinical and patho-
anatomical study. Acta Psychiatr Neurol Scand Suppl. 1952; 82: 1–152. PMID: 13171126

9. Mann DM, Pickering-Brown SM, Takeuchi A, Iwatsubo T. Amyloid angiopathy and variability in amyloid
beta deposition is determined by mutation position in presenilin-1-linked Alzheimer's disease. Am J
Pathol. 2001; 158: 2165–2175. PMID: 11395394

10. Jayadev S, Leverenz JB, Steinbart E, Stahl J, KlunkW, Yu CE, et al. Alzheimer's disease phenotypes
and genotypes associated with mutations in presenilin 2. Brain. 2010; 133: 1143–1154. doi: 10.1093/
brain/awq033 PMID: 20375137

11. Cabrejo L, Guyant-Marechal L, Laquerriere A, Vercelletto M, De la Fourniere F, Thomas-Anterion C,
et al. Phenotype associated with APP duplication in five families. Brain. 2006; 129: 2966–2976. PMID:
16959815

12. Vossel KA, Beagle AJ, Rabinovici GD, Shu H, Lee SE, Naasan G, et al. Seizures and epileptiform activ-
ity in the early stages of Alzheimer disease. JAMA Neurol. 2013; 70: 1158–1166. doi: 10.1001/
jamaneurol.2013.136 PMID: 23835471

13. Bakker A, Krauss GL, Albert MS, Speck CL, Jones LR, Stark CE, et al. Reduction of hippocampal hy-
peractivity improves cognition in amnestic mild cognitive impairment. Neuron. 2012; 74: 467–474. doi:
10.1016/j.neuron.2012.03.023 PMID: 22578498

Early Epilepsy in Tg2576 Mice

PLOS ONE | DOI:10.1371/journal.pone.0119910 March 13, 2015 11 / 14

http://www.ncbi.nlm.nih.gov/pubmed/7638622
http://www.ncbi.nlm.nih.gov/pubmed/7596406
http://www.ncbi.nlm.nih.gov/pubmed/1302033
http://www.ncbi.nlm.nih.gov/pubmed/1671712
http://www.ncbi.nlm.nih.gov/pubmed/14501255
http://www.ncbi.nlm.nih.gov/pubmed/7826492
http://www.ncbi.nlm.nih.gov/pubmed/1417511
http://www.ncbi.nlm.nih.gov/pubmed/13171126
http://www.ncbi.nlm.nih.gov/pubmed/11395394
http://dx.doi.org/10.1093/brain/awq033
http://dx.doi.org/10.1093/brain/awq033
http://www.ncbi.nlm.nih.gov/pubmed/20375137
http://www.ncbi.nlm.nih.gov/pubmed/16959815
http://dx.doi.org/10.1001/jamaneurol.2013.136
http://dx.doi.org/10.1001/jamaneurol.2013.136
http://www.ncbi.nlm.nih.gov/pubmed/23835471
http://dx.doi.org/10.1016/j.neuron.2012.03.023
http://www.ncbi.nlm.nih.gov/pubmed/22578498


14. Lalonde R, Dumont M, Staufenbiel M, Strazielle C. Neurobehavioral characterization of APP23 trans-
genic mice with the SHIRPA primary screen. Behav Brain Res. 2005; 157: 91–98. PMID: 15617775

15. Hsiao KK, Borchelt DR, Olson K, Johannsdottir R, Kitt C, Yunis W, et al. Age-related CNS disorder and
early death in transgenic FVB/Nmice overexpressing Alzheimer amyloid precursor proteins. Neuron.
1995; 15: 1203–1218. PMID: 7576662

16. Del Vecchio RA, Gold LH, Novick SJ, Wong G, Hyde LA. Increased seizure threshold and severity in
young transgenic CRND8mice. Neurosci Lett. 2004; 367: 164–167. PMID: 15331144

17. Palop JJ, Chin J, Roberson ED, Wang J, Thwin MT, Bien-Ly N, et al. Aberrant excitatory neuronal activ-
ity and compensatory remodeling of inhibitory hippocampal circuits in mousemodels of Alzheimer's dis-
ease. Neuron. 2007; 55: 697–711. PMID: 17785178

18. Roberson ED, Scearce-Levie K, Palop JJ, Yan F, Cheng IH, Wu T, et al. Reducing endogenous tau
ameliorates amyloid beta-induced deficits in an Alzheimer's disease mouse model. Science. 2007;
316: 750–754. PMID: 17478722

19. Roberson ED, Halabisky B, Yoo JW, Yao J, Chin J, Yan F, et al. Amyloid-beta/Fyn-induced synaptic,
network, and cognitive impairments depend on tau levels in multiple mouse models of Alzheimer's dis-
ease. J Neurosci. 2011; 31: 700–711. doi: 10.1523/JNEUROSCI.4152-10.2011 PMID: 21228179

20. Minkeviciene R, Rheims S, Dobszay MB, Zilberter M, Hartikainen J, Fulop L, et al. Amyloid beta-in-
duced neuronal hyperexcitability triggers progressive epilepsy. J Neurosci. 2009; 29: 3453–3462. doi:
10.1523/JNEUROSCI.5215-08.2009 PMID: 19295151

21. Zilberter M, Ivanov A, Ziyatdinova S, Mukhtarov M, Malkov A, Alpar A, et al. Dietary energy substrates
reverse early neuronal hyperactivity in a mouse model of Alzheimer's disease. J Neurochem. 2013;
125: 157–171. doi: 10.1111/jnc.12127 PMID: 23241062

22. Born HA, Kim JY, Savjani RR, Das P, Dabaghian YA, Guo Q, et al. Genetic Suppression of Transgenic
APP Rescues Hypersynchronous Network Activity in a Mouse Model of Alzheimer's Disease. J Neu-
rosci. 2014; 34: 3826–3840. doi: 10.1523/JNEUROSCI.5171-13.2014 PMID: 24623762

23. Verret L, Mann EO, Hang GB, Barth AM, Cobos I, Ho K, et al. Inhibitory interneuron deficit links altered
network activity and cognitive dysfunction in Alzheimer model. Cell. 2012; 149: 708–721. doi: 10.1016/
j.cell.2012.02.046 PMID: 22541439

24. Vezzani A, Schwarzer C, Lothman EW,Williamson J, Sperk G. Functional changes in somatostatin
and neuropeptide Y containing neurons in the rat hippocampus in chronic models of limbic seizures.
Epilepsy Res. 1996; 26: 267–279. PMID: 8985706

25. Krezymon A, Richetin K, Halley H, Roybon L, Lassalle JM, Frances B, et al. Modifications of hippocam-
pal circuits and early disruption of adult neurogenesis in the tg2576 mouse model of Alzheimer's dis-
ease. PLoS One. 2013; 8: e76497. doi: 10.1371/journal.pone.0076497 PMID: 24086745

26. Verret L, Krezymon A, Halley H, Trouche S, Zerwas M, Lazouret M, et al. Transient enriched housing
before amyloidosis onset sustains cognitive improvement in Tg2576 mice. Neurobiol Aging. 2013; 34:
211–225. doi: 10.1016/j.neurobiolaging.2012.05.013 PMID: 22727275

27. Corbett BF, Leiser SC, Ling HP, Nagy R, Breysse N, Zhang X, et al. Sodium channel cleavage is asso-
ciated with aberrant neuronal activity and cognitive deficits in a mouse model of Alzheimer's disease. J
Neurosci. 2013; 33: 7020–7026. doi: 10.1523/JNEUROSCI.2325-12.2013 PMID: 23595759

28. Sanchez PE, Zhu L, Verret L, Vossel KA, Orr AG, Cirrito JR, et al. Levetiracetam suppresses neuronal
network dysfunction and reverses synaptic and cognitive deficits in an Alzheimer's disease model.
Proc Natl Acad Sci U S A. 2012; 109: E2895–2903. doi: 10.1073/pnas.1121081109 PMID: 22869752

29. Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S, et al. Correlative memory deficits,
Abeta elevation, and amyloid plaques in transgenic mice. Science. 1996; 274: 99–102. PMID: 8810256

30. D'Amelio M, Cavallucci V, Middei S, Marchetti C, Pacioni S, Ferri A, et al. Caspase-3 triggers early syn-
aptic dysfunction in a mouse model of Alzheimer's disease. Nat Neurosci. 2011; 14: 69–76. doi: 10.
1038/nn.2709 PMID: 21151119

31. Jacobsen JS, Wu CC, Redwine JM, Comery TA, Arias R, Bowlby M, et al. Early-onset behavioral and
synaptic deficits in a mouse model of Alzheimer's disease. Proc Natl Acad Sci U S A. 2006; 103:
5161–5166. PMID: 16549764

32. Stewart S, Cacucci F, Lever C. Which memory task for my mouse? A systematic review of spatial mem-
ory performance in the Tg2576 Alzheimer's mouse model. J Alzheimers Dis. 2011; 26: 105–126. doi:
10.3233/JAD-2011-0066 PMID: 21971455

33. Duffy AM, Morales-Corraliza J, Bermudes-Hernandez KM, Schaner MJ, Magagna-Poveda A, Mathews
PM, et al. Enthorinal cortical defects in Tg2576 mice are present as early as 2–4 months of age. Neuro-
biol Aging. 2015; 36: 134–148. doi: 10.1016/j.neurobiolaging.2014.07.001 PMID: 25109765

Early Epilepsy in Tg2576 Mice

PLOS ONE | DOI:10.1371/journal.pone.0119910 March 13, 2015 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/15617775
http://www.ncbi.nlm.nih.gov/pubmed/7576662
http://www.ncbi.nlm.nih.gov/pubmed/15331144
http://www.ncbi.nlm.nih.gov/pubmed/17785178
http://www.ncbi.nlm.nih.gov/pubmed/17478722
http://dx.doi.org/10.1523/JNEUROSCI.4152-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21228179
http://dx.doi.org/10.1523/JNEUROSCI.5215-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19295151
http://dx.doi.org/10.1111/jnc.12127
http://www.ncbi.nlm.nih.gov/pubmed/23241062
http://dx.doi.org/10.1523/JNEUROSCI.5171-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24623762
http://dx.doi.org/10.1016/j.cell.2012.02.046
http://dx.doi.org/10.1016/j.cell.2012.02.046
http://www.ncbi.nlm.nih.gov/pubmed/22541439
http://www.ncbi.nlm.nih.gov/pubmed/8985706
http://dx.doi.org/10.1371/journal.pone.0076497
http://www.ncbi.nlm.nih.gov/pubmed/24086745
http://dx.doi.org/10.1016/j.neurobiolaging.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22727275
http://dx.doi.org/10.1523/JNEUROSCI.2325-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23595759
http://dx.doi.org/10.1073/pnas.1121081109
http://www.ncbi.nlm.nih.gov/pubmed/22869752
http://www.ncbi.nlm.nih.gov/pubmed/8810256
http://dx.doi.org/10.1038/nn.2709
http://dx.doi.org/10.1038/nn.2709
http://www.ncbi.nlm.nih.gov/pubmed/21151119
http://www.ncbi.nlm.nih.gov/pubmed/16549764
http://dx.doi.org/10.3233/JAD-2011-0066
http://www.ncbi.nlm.nih.gov/pubmed/21971455
http://dx.doi.org/10.1016/j.neurobiolaging.2014.07.001
http://www.ncbi.nlm.nih.gov/pubmed/25109765


34. King DL, Arendash GW, Crawford F, Sterk T, Menendez J, Mullan MJ. Progressive and gender-
dependent cognitive impairment in the APP(SW) transgenic mouse model for Alzheimer's disease.
Behav Brain Res. 1999; 103: 145–162. PMID: 10513583

35. Holcomb L, Gordon MN, McGowan E, Yu X, Benkovic S, Jantzen P, et al. Accelerated Alzheimer-type
phenotype in transgenic mice carrying both mutant amyloid precursor protein and presenilin 1 trans-
genes. Nat Med. 1998; 4: 97–100. PMID: 9427614

36. Perez-Cruz C, Nolte MW, van Gaalen MM, Rustay NR, Termont A, Tanghe A, et al. Reduced spine
density in specific regions of CA1 pyramidal neurons in two transgenic mouse models of Alzheimer's
disease. J Neurosci. 2011; 31: 3926–3934. doi: 10.1523/JNEUROSCI.6142-10.2011 PMID: 21389247

37. WestermanMA, Cooper-Blacketer D, Mariash A, Kotilinek L, Kawarabayashi T, Younkin LH, et al. The
relationship between Abeta and memory in the Tg2576 mouse model of Alzheimer's disease. J Neu-
rosci. 2002; 22: 1858–1867. PMID: 11880515

38. Lesne S, Koh MT, Kotilinek L, Kayed R, Glabe CG, Yang A, et al. A specific amyloid-beta protein as-
sembly in the brain impairs memory. Nature. 2006; 440: 352–357. PMID: 16541076

39. Mouri A, Noda Y, Hara H, Mizoguchi H, Tabira T, Nabeshima T. Oral vaccination with a viral vector con-
taining Abeta cDNA attenuates age-related Abeta accumulation and memory deficits without causing
inflammation in a mouse Alzheimer model. FASEB J. 2007; 21: 2135–2148. PMID: 17341681

40. Lassalle JM, Halley H, Daumas S, Verret L, Frances B. Effects of the genetic background on cognitive
performances of TG2576 mice. Behav Brain Res. 2008; 191: 104–110. doi: 10.1016/j.bbr.2008.03.017
PMID: 18433892

41. Westmark CJ, Westmark PR, Beard AM, Hildebrandt SM, Malter JS. Seizure susceptibility and mortali-
ty in mice that over-express amyloid precursor protein. Int J Clin Exp Pathol. 2008; 1: 157–168. PMID:
18784809

42. Sperk G, Marksteiner J, Gruber B, Bellmann R, Mahata M, Ortler M. Functional changes in neuropep-
tide Y- and somatostatin-containing neurons induced by limbic seizures in the rat. Neuroscience. 1992;
50: 831–846. PMID: 1360155

43. Francis BM, Kim J, Barakat ME, Fraenkl S, Yucel YH, Peng S, et al. Object recognition memory and
BDNF expression are reduced in young TgCRND8mice. Neurobiol Aging. 2012; 33: 555–563. doi: 10.
1016/j.neurobiolaging.2010.04.003 PMID: 20447730

44. Vegh MJ, Heldring CM, KamphuisW, Hijazi S, Timmerman AJ, Li K, et al. Reducing hippocampal extra-
cellular matrix reverses early memory deficits in a mouse model of Alzheimer’s disease. Acta Neuro-
pathol Commun. 2014; 2: 76. doi: 10.1186/s40478-014-0076-z PMID: 24974208

45. Harris JA, Devidze N, Halabisky B, Lo I, Thwin MT, Yu GQ, et al. Many neuronal and behavioral impair-
ments in transgenic mouse models of Alzheimer's disease are independent of caspase cleavage of the
amyloid precursor protein. J Neurosci. 2010; 30: 372–381. doi: 10.1523/JNEUROSCI.5341-09.2010
PMID: 20053918

46. Kawarabayashi T, Younkin LH, Saido TC, Shoji M, Ashe KH, Younkin SG. Age-dependent changes in
brain, CSF, and plasma amyloid (beta) protein in the Tg2576 transgenic mouse model of Alzheimer's
disease. J Neurosci. 2001; 21: 372–381. PMID: 11160418

47. Busche MA, Eichhoff G, Adelsberger H, Abramowski D, Wiederhold KH, Haass C, et al. Clusters of hy-
peractive neurons near amyloid plaques in a mouse model of Alzheimer's disease. Science. 2008; 321:
1686–1689. doi: 10.1126/science.1162844 PMID: 18802001

48. Trushina E, Nemutlu E, Zhang S, Christensen T, Camp J, Mesa J, et al. Defects in mitochondrial dy-
namics and metabolomic signatures of evolving energetic stress in mouse models of familial Alzhei-
mer's disease. PLoS One. 2012; 7: e32737. doi: 10.1371/journal.pone.0032737 PMID: 22393443

49. Orban G, Volgyi K, Juhasz G, Penke B, Kekesi KA, Kardos J, et al. Different electrophysiological ac-
tions of 24- and 72-hour aggregated amyloid-beta oligomers on hippocampal field population spike in
both anesthetized and awake rats. Brain Res. 2010; 1354: 227–235. doi: 10.1016/j.brainres.2010.07.
061 PMID: 20659435

50. Lee SH, Kim KR, Ryu SY, Son S, Hong HS, Mook-Jung I, et al. Impaired short-term plasticity in mossy
fiber synapses caused by mitochondrial dysfunction of dentate granule cells is the earliest synaptic def-
icit in a mouse model of Alzheimer's disease. J Neurosci. 2012; 32: 5953–5963. doi: 10.1523/
JNEUROSCI.0465-12.2012 PMID: 22539855

51. Kim DY, Carey BW,Wang H, Ingano LA, Binshtok AM, Wertz MH, et al. BACE1 regulates voltage-
gated sodium channels and neuronal activity. Nat Cell Biol. 2007; 9: 755–764. PMID: 17576410

52. Ogiwara I, Miyamoto H, Morita N, Atapour N, Mazaki E, Inoue I, et al. Nav1.1 localizes to axons of par-
valbumin-positive inhibitory interneurons: a circuit basis for epileptic seizures in mice carrying an Scn1a
gene mutation. J Neurosci. 2007; 27: 5903–5914. PMID: 17537961

Early Epilepsy in Tg2576 Mice

PLOS ONE | DOI:10.1371/journal.pone.0119910 March 13, 2015 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/10513583
http://www.ncbi.nlm.nih.gov/pubmed/9427614
http://dx.doi.org/10.1523/JNEUROSCI.6142-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21389247
http://www.ncbi.nlm.nih.gov/pubmed/11880515
http://www.ncbi.nlm.nih.gov/pubmed/16541076
http://www.ncbi.nlm.nih.gov/pubmed/17341681
http://dx.doi.org/10.1016/j.bbr.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18433892
http://www.ncbi.nlm.nih.gov/pubmed/18784809
http://www.ncbi.nlm.nih.gov/pubmed/1360155
http://dx.doi.org/10.1016/j.neurobiolaging.2010.04.003
http://dx.doi.org/10.1016/j.neurobiolaging.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20447730
http://dx.doi.org/10.1186/s40478-014-0076-z
http://www.ncbi.nlm.nih.gov/pubmed/24974208
http://dx.doi.org/10.1523/JNEUROSCI.5341-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20053918
http://www.ncbi.nlm.nih.gov/pubmed/11160418
http://dx.doi.org/10.1126/science.1162844
http://www.ncbi.nlm.nih.gov/pubmed/18802001
http://dx.doi.org/10.1371/journal.pone.0032737
http://www.ncbi.nlm.nih.gov/pubmed/22393443
http://dx.doi.org/10.1016/j.brainres.2010.07.061
http://dx.doi.org/10.1016/j.brainres.2010.07.061
http://www.ncbi.nlm.nih.gov/pubmed/20659435
http://dx.doi.org/10.1523/JNEUROSCI.0465-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.0465-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22539855
http://www.ncbi.nlm.nih.gov/pubmed/17576410
http://www.ncbi.nlm.nih.gov/pubmed/17537961


53. Kleen JK, Scott RC, Holmes GL, Lenck-Santini PP. Hippocampal interictal spikes disrupt cognition in
rats. Ann Neurol. 2010; 67: 250–257. doi: 10.1002/ana.21896 PMID: 20225290

54. Kleen JK, Scott RC, Holmes GL, Roberts DW, Rundle MM, Testorf M, et al. Hippocampal interictal epi-
leptiform activity disrupts cognition in humans. Neurology. 2013; 81: 18–24. doi: 10.1212/WNL.
0b013e318297ee50 PMID: 23685931

55. Klapstein GJ, Colmers WF. On the sites of presynaptic inhibition by neuropeptide Y in rat hippocampus
in vitro. Hippocampus. 1993; 3: 103–111. PMID: 8395947

56. Colmers WF, Bleakman D. Effects of neuropeptide Y on the electrical properties of neurons. Trends
Neurosci. 1994; 17: 373–379. PMID: 7529442

57. Palop JJ, Mucke L. Epilepsy and cognitive impairments in Alzheimer disease. Arch Neurol. 2009; 66:
435–440. doi: 10.1001/archneurol.2009.15 PMID: 19204149

58. Goodman T, Trouche S, Massou I, Verret L, Zerwas M, Roullet P, et al. Young hippocampal neurons
are critical for recent and remote spatial memory in adult mice. Neuroscience. 2010; 171: 769–778. doi:
10.1016/j.neuroscience.2010.09.047 PMID: 20883747

59. Trouche S, Bontempi B, Roullet P, Rampon C. Recruitment of adult-generated neurons into functional
hippocampal networks contributes to updating and strengthening of spatial memory. Proc Natl Acad
Sci U S A. 2009; 106: 5919–5924. doi: 10.1073/pnas.0811054106 PMID: 19321751

60. Demars M, Hu YS, Gadadhar A, Lazarov O. Impaired neurogenesis is an early event in the etiology of
familial Alzheimer's disease in transgenic mice. J Neurosci Res. 2010; 88: 2103–2117. doi: 10.1002/
jnr.22387 PMID: 20209626

61. Sun B, Halabisky B, Zhou Y, Palop JJ, Yu G, Mucke L, et al. Imbalance between GABAergic and Gluta-
matergic Transmission Impairs Adult Neurogenesis in an Animal Model of Alzheimer's Disease. Cell
Stem Cell. 2009; 5: 624–633. doi: 10.1016/j.stem.2009.10.003 PMID: 19951690

Early Epilepsy in Tg2576 Mice

PLOS ONE | DOI:10.1371/journal.pone.0119910 March 13, 2015 14 / 14

http://dx.doi.org/10.1002/ana.21896
http://www.ncbi.nlm.nih.gov/pubmed/20225290
http://dx.doi.org/10.1212/WNL.0b013e318297ee50
http://dx.doi.org/10.1212/WNL.0b013e318297ee50
http://www.ncbi.nlm.nih.gov/pubmed/23685931
http://www.ncbi.nlm.nih.gov/pubmed/8395947
http://www.ncbi.nlm.nih.gov/pubmed/7529442
http://dx.doi.org/10.1001/archneurol.2009.15
http://www.ncbi.nlm.nih.gov/pubmed/19204149
http://dx.doi.org/10.1016/j.neuroscience.2010.09.047
http://www.ncbi.nlm.nih.gov/pubmed/20883747
http://dx.doi.org/10.1073/pnas.0811054106
http://www.ncbi.nlm.nih.gov/pubmed/19321751
http://dx.doi.org/10.1002/jnr.22387
http://dx.doi.org/10.1002/jnr.22387
http://www.ncbi.nlm.nih.gov/pubmed/20209626
http://dx.doi.org/10.1016/j.stem.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19951690

