
Journal Identification = JAD Article Identification = 190351 Date: September 25, 2020 Time: 11:0 am

Journal of Alzheimer’s Disease xx (20xx) x–xx
DOI 10.3233/JAD-190351
IOS Press

1

Ongoing Electroencephalographic Rhythms
Related to Exploratory Movements
in Transgenic TASTPM Mice

Claudio Del Percioa, Wilhelmus Drinkenburgb, Susanna Lopeza,c, Maria Teresa Pascarellid,
Roberta Lizioe, Giuseppe Nocee, Raffaele Ferrid, Jesper Frank Bastlundf , Bettina Laursenf ,
Ditte Zerlang Christensenf , Jan T. Pedersenf , Gianluigi Forlonig, Angelisa Frascag,
Francesco M. Noèg, Paolo Francesco Fabeneh, Giuseppe Bertinih, Valeria Colavitoh,
Marina Bentivoglioh, Jonathan Kelleyb, Sophie Dixi, Francesco Infarinatoj, Andrea Soricellie,k,
Fabrizio Stocchil, Jill C. Richardsonm and Claudio Babilonia,n,∗ on behalf of PharmaCog Consortium
aDepartment of Physiology and Pharmacology “V Erspamer”, Sapienza University of Rome, Rome, Italy
bJanssen Research and Development, Pharmaceutical Companies of J&J, Beerse, Belgium
cDepartment of Emergency and Organ Transplantation - Nephrology, Dialysis and Transplantation Unit, Aldo
Moro University of Bari, Bari, Italy
dOasi Research Institute - IRCCS, Troina, Italy
eIRCCS SDN, Naples, Italy
f H. Lundbeck A/S, Valby, Denmark
gDepartment of Neuroscience, Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Milan, Italy
hDepartment of Neurological Biomedical and Movement Sciences, University of Verona, Verona, Italy
iEli Lilly, Erl Wood Manor, Windlesham, Surrey, UK
jIRCCS San Raffaele Pisana, Rome, Italy
kDepartment of Motor Sciences and Healthiness, University of Naples Parthenope, Naples, Italy
lInstitute for Research and Medical Care, IRCCS San Raffaele Pisana, Roma, Italy
mGlaxoSmithKline R&D Neurotherapeutics Area UK, Gunnels Wood Road, Stevenage, Hertfordshire, UK
nSan Raffaele Cassino, Cassino (FR), Italy

Accepted 11 August 2020

Abstract.
Background: The European PharmaCog study (http://www.pharmacog.org) has reported a reduction in delta (1–6 Hz)
electroencephalographic (EEG) power (density) during cage exploration (active condition) compared with quiet wakefulness
(passive condition) in PDAPP mice (hAPP Indiana V717F mutation) modeling Alzheimer’s disease (AD) amyloidosis and
cognitive deficits.
Objective: Here, we tested the reproducibility of that evidence in TASTPM mice (double mutation in APP KM670/671NL
and PSEN1 M146V), which develop brain amyloidosis and cognitive deficits over aging. The reliability of that evidence was
examined in four research centers of the PharmaCog study.
Methods: Ongoing EEG rhythms were recorded from a frontoparietal bipolar channel in 29 TASTPM and 58 matched “wild
type” C57 mice (range of age: 12–24 months). Normalized EEG power was calculated. Frequency and amplitude of individual
delta and theta frequency (IDF and ITF) peaks were considered during the passive and active conditions.
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Results: Compared with the “wild type” group, the TASTPM group showed a significantly lower reduction in IDF power
during the active over the passive condition (p < 0.05). This effect was observed in 3 out of 4 EEG recording units.
Conclusion: TASTPM mice were characterized by “poor reactivity” of delta EEG rhythms during the cage exploration in
line with previous evidence in PDAPP mice. The reliability of that result across the centers was moderate, thus unveiling
pros and cons of multicenter preclinical EEG trials in TASTPM mice useful for planning future studies.

Keywords: Active and passive state in wakefulness, Alzheimer’s disease, electroencephalography, TASTPM mice, wild type
mice

INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent
progressive neurodegenerative dementing disorder
across aging [1–3]. In the new diagnostic criteria
[4], AD can be diagnosed before any cognitive or
behavioral symptoms (preclinical stage) and in the
mild cognitive impairment (MCI, prodromal stage)
and dementia stage.

Among the topographic markers for tracking the
AD progression, a promising variable derives from
ongoing cortical electroencephalographic (EEG)
rhythms in wakefulness [5, 6]. Those EEG rhythms
might be generated by the spatial summation of post-
synaptic potentials, which might be provoked by the
temporal synchronization/desynchronization at given
frequencies of a large number of cortical pyramidal
neurons by neurotransmitters released by cortical and
subcortical (i.e., thalamic, basal forebrain, brainstem)
neurons [7].

Two main conditions are typically used to probe
these neurophysiological synchronization and desyn-
chronization mechanisms in a clinical setting in
humans. In a “passive” behavioral condition, the sub-
ject remains in relaxed wakefulness (resting state)
with eyes closed for a few minutes. This mode is
contrasted with a more “active” behavioral condition
in which the subject remains in relaxed wakefulness
with eyes open for a few minutes (monitoring the
surrounding environment). In the resting state eyes-
closed condition, EEG rhythms show the highest
power (density) at about 8 and 12 Hz in posterior cor-
tical areas, the so-called dominant alpha rhythms [8].
After eyes opening, alpha rhythms exhibit a power
reduction (i.e., desynchronization or “reactivity”) as
a reflection of increased cortical arousal related to
augmented vigilance [8].

Previous studies have reported differences in abso-
lute and relative EEG power in normal elderly (Nold)
subjects compared with AD patients in a resting
state eyes-closed condition. As compared to Nold
subjects, AD patients with dementia showed a higher

power of widespread delta (<4 Hz) and theta (4–7 Hz)
rhythms, associated with lower power of posterior
alpha (8–12 Hz) and beta (13–20 Hz) rhythms [9–15].

Absolute and relative resting-state EEG power
exhibited differences between AD and Nold subjects
also in the “reactivity” from the eyes-closed to the
eyes-open condition. Compared with Nold subjects,
AD patients with dementia and MCI showed a lower
“reactivity” of posterior alpha rhythms, namely a
reduced difference between the EEG (and magneto-
encephalographic, MEG) power during the eyes-open
and -closed condition [16–22]. This lower “reac-
tivity” may be due to both smaller alpha rhythms
in AD over Nold subjects during the eyes-closed
condition and impaired basal forebrain cholinergic
neurotransmissions in the transition from eyes-closed
to eyes-open condition as revealed by recent mul-
timodal resting-state functional magnetic resonance
imaging and EEG findings [23].

An interesting issue is the extent to which ongo-
ing EEG rhythms are abnormal in transgenic mouse
models of AD, taking into account the significant dif-
ferences in the structural and functional features of
brain neurophysiological mechanisms underpinning
the generation of EEG activity and the regulation of
vigilance in the two species.

A wealth of studies has documented an abnor-
mal brain electrical activity (i.e., hyper-synchronous
activities) as revealed by EEG signals in APP- and
PS1-mutated transgenic models showing progressive
amyloidosis in the brain [24–37].

The European Innovative Medicine Initiative
(IMI) project entitled “PharmaCog” (2010–2015)
aimed at validating EEG biomarkers in AD clinical
and preclinical trials (Grant Agreement n◦115009,
http://www.pharmacog.org). In the PharmaCog clin-
ical studies, cortical EEG sources at both delta and
alpha rhythms 1) differed in ADMCI than healthy
control participants during eye-opening in the rest-
ing state condition [18] and 2) were more abnormal
in ADMCI than control non-AD MCI patients during
eyes-closed resting state condition [37, 38].
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In the PharmaCog preclinical studies, ongoing
EEG activity was recorded in C57BL/6 mice with and
without genetic mutations of APP or APP and PS1
genes (for the sake of simplicity, we termed C57BL/6
mice without those genetic mutations as “wild type”,
WT). The data analysis design was focused on the
comparison of ongoing EEG activity in two behav-
ioral conditions, namely a condition of immobility
or minimal movements in wakefulness (passive con-
dition) and a condition of exploratory movements
related to a greater level of brain arousal associated
with attention, sensory, and cognitive-motor pro-
cesses (active condition). In two previous articles,
the PharmaCog Consortium published the following
findings [39, 40]. Compared with the passive condi-
tion, the active condition was characterized by 1) a
decrease in cortical delta power and 2) an increase
in cortical theta power. In the passive condition, the
cortical delta power was higher in the old WT group
(i.e., 20–24 months of age) than the middle-aged (i.e.,
12–15 months of age) and young (i.e., 4.5–6 months
of age) ones [50]. In the active condition, the cortical
theta power was higher at 6–8 Hz in the old WT group
and 8–10 Hz in the young WT group [39]. In WT
and PDAPP (hAPP Indiana V717F mutation induc-
ing abnormal neural transmission, cognitive deficits,
and brain accumulation of A�1–42) mice with 20–24
months of age, the WT but not the PDAPP group
exhibited a reduction (reactivity) in delta and theta
power during the active over the passive condition
[40].

In the present study, we report the original results
of a third PharmaCog EEG study performed in
TASTPM mice (age of 12–24 months), which har-
bor the Swedish double familial mutation (K670N,
M6781L) of the human APP gene and the familial
mutation (M146V) of the human Presenilin 1 (PS1)
gene, both under control of the murine Thy-1 pro-
moter. The present study tested two novel hypotheses:
1) Reactivity in EEG rhythms in the active over the
passive condition may be poor in TASTPM mice,
thus corroborating previous evidence in PDAPP mice
[40]; 2) This effect may be reliably observed in all
four preclinical EEG recording units of the present
study.

METHODS

Animals

In the present study, 29 TASTPM mice (14
females; mean age: 15.3 months ± 0.7 standard error,

Table 1
Features of the C57 (for the sake of simplicity, wild-type, WT)
and the TASTPM mice for the following electroencephalographic
(EEG) recording units: Janssen Research and Development (Bel-
gium), H. Lundbeck A/S (Denmark), Mario Negri Institute (Italy),

and University of Verona (UNIVR, Italy). F, female; M, male

Centre N Sex (F/M) Age

WT Janssen 12 5F/7M 12 months
Lundbeck 22 14F/8M 15, 24 months

MNI 15 15M 12, 14, 24 months
UNIVR 9 9M 12, 20 months

TASTPM Janssen 9 5F/4M 12 months
Lundbeck 9 9F 15 months

MNI 8 8M 14, 24 months
UNIVR 3 3M 20 months

SE; range of age: 12–24 months) and 58 matched C57
WT mice were included (19 females; mean age: 17
months ± 0.7 SE; range of age: 12–24 months) were
used (see Table 1). The age of the TASTPM mice
ensured the presence of severe A� plaques deposi-
tion in the brain. The data were collected from 1
Belgian center (Janssen Research and Development;
9 TASTPM and 12 WT mice), 1 Danish center (H.
Lundbeck A/S; 9 TASTPM and 22 WT mice), and
2 Italian centers (Mario Negri Institute for Phar-
macological Research of Milan, 8 TASTPM and
15 WT mice; University of Verona, 3 TASTPM and
9 WT mice). Statistical analyses were performed to
compare the age (t-test) and sex (Fisher exact test)
of the two mouse groups (i.e., TASTPM and WT;
significance threshold: p < 0.05, two-tailed). Results
showed no significant difference (age: p > 0.1; sex:
p > 0.15).

Procedures involving mice and their care were con-
ducted in line with the institutions’ guidelines, in
strict conformity with national and international laws
and policies (EEC Council Directive 86/609, OJ L
358, 1, 12 December 1987; U.S. National Research
Council, 1996, Guide for the Care and Use of Lab-
oratory Animals). The respect of these guidelines
was carefully controlled by the members of WP8 of
the IMI PharmaCog project, devoted to the ethics of
research.

Pre-surgery (3 weeks)

For at least three weeks before surgery, the
mice were acclimatized. They were housed at a
constant temperature (18–22◦C) and relative humid-
ity (55–65%) under a standard 12 h light/dark
cycle (light-on hemicycle typically spanning from
6:00 a.m. to 6:00 p.m.) with free access to food and
water. After surgery, the animals were housed in
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individual cages at the same conditions (typical cage
size was 45 cm [length] × 24 cm [width] ×20 cm
[height]). Light intensity was 90–110 l× in the room,
60 l× in the cage during the light period, and less
than 1 l× during the dark period. Gentle handling
for about 5–10 min was applied daily to reduce the
potential stress due to housing and experimenters.
Such stress was evaluated continuously along with
all the duration of the experiments by veterinary
experts of each center. These experts tested animal
muscle relaxation and standard behavioral indices
of stress in freely behaving mice (i.e., preservation
of exploratory movements in the cage, preservation
of instinctual activities such as drinking and eat-
ing, and body weight across pre- and post-surgical
days).

Surgery

EEG electrodes were implanted after anesthesia
performed by inhalation of isoflurane (5%) or Equi-
thesin, pentobarbital (1%), and chloral hydrate (+4%)
3.5 ml/kg). The mice were also treated with systemic
analgesics and antibiotics in line with local guidelines
on surgical care.

For the MNI and Lundbeck recording units,
a tethered system for EEG recordings was used.
Stainless-steel insulated surface epidural electrodes
were used as exploring contacts at the frontal and pari-
etal sites (model E363/20 with a diameter of 0.56 mm
(0.022′′); PlasticsOne, VA, US). One depth electrode
as a reference contact was implanted in the cerebel-
lum; another depth electrode as a ground contact was
implanted in the temporal bone without the removal
of the muscles (model E363/1 with a diameter of
0.280 mm (0.011′′), PlasticsOne, VA, US). The elec-
trodes were fixed to the skull with dental cement. EEG
signals were transmitted through a plastic electrode
pedestal and a connector cable to the amplifier with
a maximal cable length of 50 cm.

For the Janssen and UNIVR recording units, a
telemetric system for EEG recordings was used.
Mice were instrumented with a radio-telemetry probe
F20-EET (DSI, MN, USA) containing sensors for
the recording of the EEG, electromyogram (EMG),
body temperature, and locomotion. The probe was
implanted in the peritoneal cavity with 1 mL of
sterile physiological saline to prevent desiccation.
The four leads were subcutaneously tunneled from
the peritoneal cavity towards a 1-cm head skin
incision. Bipolar EEG recordings were performed
by two miniature stainless-steel screw electrodes.

These EEG electrodes were epidurally implanted on
parietal and frontal cortical areas and fixed to the
skull with acrylic dental cement (stereotaxic coor-
dinates: Reference, AP: –6, ML: +2; Ground, AP:
–2, ML: +2.5; Frontal, AP: +2.8, ML: –0.5; Pari-
etal AP: –2, ML: +2) [41]. Bipolar EMG recordings
were performed by two other electrodes placed in
the dorsal neck muscles. These EEG and EMG elec-
trodes (EEG and EMG) had an outer diameter of
0.3 mm.

Quiet post-surgery period (1 week)

The mice were treated with systemic analgesics
and antibiotics during a standard post-surgical period
of one week. The week immediately after surgery,
animals underwent a period of recovery with neither
handling treatment nor EEG recordings.

Handling post-surgery period (1 week)

In the week after the quiet post-surgery period,
EEG was not recorded, but gentle handling was
applied for about 2–5 min daily, and the animals
were gently plugged and unplugged several times (for
wired systems only) across that week to familiarize
with the procedure.

Experimental day

EEG experiments were performed during both the
dark and light phases. During the EEG recording
period, the mice received no handling treatment. EEG
recordings started after the second hour of the begin-
ning of light or darkness. The sampling frequency
of EEG recordings was performed at least 250 Hz
with anti-aliasing bandpass analogue filters (Janssen:
250 Hz, Lundbeck: 1000 Hz, MNI: 1600 Hz, UNIVR:
500 Hz; 0.16 Hz–100 Hz passband filter). No notch
filter was used.

Table 2 summarizes the time flow of the treatments
and procedures adopted in the experimental sessions
(days are referred to as the surgical event).

Determination of the behavioral mode

An essential step of the data analysis was the
classification of animal behavior during the EEG
recordings. The behavioral classification was per-
formed by two independent experts in each recording
unit). The two experts underwent a preliminary
phase of training for the harmonization of procedures
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Table 2
Results of the main statistical analyses (ANOVAs) analyzing the comparisons of the frequency

and normalized EEG power between the WT and TASTPM mouse groups

Dependent Variable ANOVA Design and Factors Interactions and Significant Results
(p < 0.05)

Frequency bin of IDF
during passive condition
and ITF during active
condition in WT and
TASTPM mice

3-way ANOVA
Group (WT and TASTPM)
Unit (Janssen, Lundbeck, MNI,
and UNIVR)
Frequency (IDF, ITF) -

Amplitude of normalized
EEG power density at ITF
and IDF in WT mice

3-way ANOVA
Unit (Janssen, Lundbeck, MNI,
and UNIVR)
Condition (passive, active)
Frequency (IDF, ITF)

2-way: Condition X Frequency (F = 214.1,
p < 0.00001)
Duncan post hoc: passive > active at IDF
(p < 0.00005); active > passive at ITF
(p < 0.00005)

Amplitude of normalized
EEG power density at ITF
and IDF in TASTPM mice

3-way ANOVA
Unit (Janssen, Lundbeck, MNI,
and UNIVR)
Condition (passive, active)
Frequency (IDF, ITF)

2-way: Condition X Frequency (F = 74.2,
p < 0.00001)
Duncan post hoc: passive > active at IDF
(p < 0.0001); active > passive at ITF
(p < 0.0001)
3-way: Unit X Condition X Frequency
(F = 11.8, p < 0.0001)
Duncan post hoc: passive > active at IDF in
Janssen (p < 0.001), Lundbeck (p < 0.001),
MNI (p < 0.005); active > passive at ITF in
Lundbeck (p < 0.001)

Amplitude of normalized
EEG power density
(active minus passive) at
ITF and IDF in WT and
TASTPM mice

3-way ANOVA
Group (WT and TASTPM),
Unit (Janssen, Lundbeck, MNI,
and UNIVR)
Frequency (IDF, and ITF)

2-way: Group X Frequency (F = 13.2,
p < 0.0005)
Duncan post hoc: WT > TASTPM at IDF
(p < 0.0005)
3-way: Group X Unit X Frequency (F = 4.3,
p < 0.01)
Duncan post hoc: WT > TASTPM at IDF in
Janssen (p < 0.0005), MNI (p < 0.05),
UNIVR (p < 0.0005)

across the four recording units. Noteworthy, they
were blinded to the genotype of the mice and were
not involved in the EEG data analysis.

The two experts used the visual inspection (i.e.,
video of the mice) to classify recording epochs lasting
10 s into behavioral classes. The video was available
for all mice in the Janssen, Lundbeck, and MNI units.
Instead, the video was available for 80% of the mice in
the UNIVR unit (i.e., the video of 20% of the UNIVR
mice was unavailable for technical failures). In the
UNIVR and Janssen units, the behavioral classifica-
tion was also corroborated by additional variables
such as body temperature, EMG activity recorded
from neck muscles, and instrumental markers of the
movement (i.e., actigraphy).

The mean discrepancy in the classification between
two independent experts was less than 5% of the
total 10 s epochs, thus confirming the success in the
preliminary harmonization of the classification pro-
cedures within the recording units. The 10 s epochs
receiving different behavioral classification were not

considered in the subsequent spectral and statistical
analyses.

The animal behavior was classified into “active”
and “passive” conditions in wakefulness based on the
following definitions:

(1) Active behavior (condition). Animals per-
formed overt exploratory movements in the
cage for most of the given epoch. The
exploratory movements were characterized by
ample displacements of body parts such as
trunk, head, and forelimbs (when videos were
available). They had not to be confounded with
Instinctive activities (vide infra).

(2) Passive behavior (condition). Animals per-
formed no (i.e., substantial immobility) or
small movements of the trunk, head, and fore-
limbs. The maximal duration of immobility
lasted 10 s. The maximal duration of small
movements of the trunk, head, and forelimbs
lasted 10 s. These criteria were expected to
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minimize the risk that “passive condition” be
misclassified as sleep and vice-versa.

Particular attention was devoted to distinguishing
the “active” and “passive” conditions as compared to
other behavioral states based on the following defini-
tions:

(1) Behavioral sleep state. Each epoch of the sleep
state, as behaviorally defined, corresponded
to immobility of the animals for the entire
period of observation (inferred by visual anal-
ysis when videos were available) and during
longer periods of immobility lasting several
minutes with signs of muscle relaxation. As
mentioned above, attention was devoted to
avoiding misinterpretation of the passive con-
dition and sleep state. The sleep condition was
also denoted by the lowest values of body tem-
perature and EMG activity as compared to the
other behavioral states (UNIVR and Janssen
units).

(2) Instinctive behavior. This behavioral class was
detected when the animal showed movements
such as cleaning, drinking, eating, etc. for
most of the period (inferred by visual analysis
when videos were available). The instinctive
behavior was also denoted by increased body
temperature and EMG activity as compared
to passive behavior in wakefulness or sleep
(UNIVR and Janssen units). As mentioned
above, special attention was paid not to include
these epochs in the active behavior epochs.

(3) Undefined. Each epoch classified as undefined
showed a mix of the other behavioral classes or
lack of clarity about the behavioral situation of
the animal. Such epochs were excluded from
the analysis.

According to PharmaCog guidelines, the experi-
ment should not use EEG data to classify the epochs
to avoid circular logic. Based on the above analy-
sis of behavioral states, the first 5 min of artifact-free
EEG epochs classified as the active condition were
selected for the EEG data analysis. The same proce-
dure of selection was followed by the epochs of the
passive condition.

EEG data analysis

The behavioral epochs of the active and passive
state were segmented off-line in consecutive epochs
lasting 2 s each. The 2 s EEG epochs with muscle,

EEG, electrocardiographic (EKG), instrumental or
other artifacts (no epileptic-like EEG activity) were
excluded from the centralized EEG data analysis. In
the WT mice group, the rejected EEG epochs were
1.19% (±0.57, SEM, standard error mean) for the
active state and 1.90% (±0.69 SEM) for the passive
state. In the TASTPM mice group, they were 7.77%
(±0.41, SEM) for the active state and 11.12% (±2.82
SEM) for the passive state.

In the Janssen and UNIVR recording units, the
EEG data were recorded with a bipolar electrode
montage providing frontoparietal EEG signals. In the
Lundbeck and MNI recording units, the EEG data
were recorded with a monopolar electrode montage
providing frontal and parietal EEG signals, sepa-
rately. To have an identical montage for the group
data analysis, EEG data of the Lundbeck and MNI
recording units were re-referenced to obtain bipo-
lar frontoparietal EEG signals. The re-referencing to
that bipolar electrode montage was computed offline
with a mathematical procedure consisting of the sub-
traction of the signal recorded by the monopolar
parietal channel from the signal recorded by the
frontal monopolar channel. The bipolar frontopari-
etal EEG signals were then inspected for the artefact
rejection and used as an input for the subsequent
statistical analysis.

Spectral analysis of the EEG data

The artefact-free frontoparietal bipolar EEG
epochs of the active and passive condition were
used as an input for the spectral EEG data analy-
sis, namely the computation of EEG power (density).
This analysis was performed by a standard (MAT-
LAB; MathWorks, Natick, Massachusetts USA) FFT
algorithm using Welch technique and Hanning win-
dowing (no overlap of the time windows) function
with 0.5 Hz frequency resolution. Normalization of
the results of FFT analysis was obtained by com-
puting the ratio between the absolute EEG power at
each frequency bin and the absolute EEG power value
averaged across all frequency bins (0–100 Hz, fre-
quency bin of net currents not considered). After this
normalization, the EEG power lost the original phys-
ical dimension and was represented by an arbitrary
unit scale. In this line, for each mouse, the max-
imum value of normalized EEG power was equal
to the ratio between the maximum value of abso-
lute EEG power with the absolute EEG power value
averaged across all frequency bins. For example, in
a given mouse, if the maximum absolute EEG power

Corr
ec

ted
 P

roo
f



Journal Identification = JAD Article Identification = 190351 Date: September 25, 2020 Time: 11:0 am

C. Del Percio et al / EEG Markers in TASTPM Mice 7

at 3 Hz was 150 �V2/Hz and the mean of the abso-
lute EEG power across 0–100 Hz was 15 �V2/Hz, the
normalized EEG power at 3 Hz was 10.

Two frequency bins of interest named as individual
delta and theta frequencies (IDF and ITF), respec-
tively, were detected. In a given mouse, the IDF was
defined as the frequency bin showing the highest
amplitude of the normalized EEG power (density)
between 1 and 6 Hz (delta frequency range) at the
bipolar frontoparietal electrodes during the passive
condition. Furthermore, the ITF was defined as the
frequency bin showing the highest amplitude of the
normalized EEG power density between 6.5 and
10 Hz (theta frequency range) at the bipolar fron-
toparietal electrodes during the exploratory active
condition. The frequency and amplitude of the IDF
and ITF peaks were considered as markers of the nor-
malized EEG power during the passive and the active
condition, respectively.

Statistical analysis

Four statistical sessions were performed by the
commercial tool STATISTICA 10 (StatSoft Inc.,
http://www.statsoft.com) to test the primary hypothe-
ses of the present study and make comparable the
present findings with those of previous studies by
our group applying the same methodology in WT [39]
and PDAPP [40] mice. In all statistical sessions, those
hypotheses were tested by ANOVAs (p < 0.05). In
the first statistical session, the ANOVA used the fre-
quency bin of IDF and ITF as the dependent variable.
In the other statistical sessions, the ANOVAs used
the normalized EEG power (density) of IDF and ITF
as the dependent variable. Mauchly’s test evaluated
the sphericity assumption, and degrees of freedom
were corrected by the Greenhouse-Geisser procedure
when appropriate (p < 0.05). Finally, the Duncan test
was used for post-hoc comparisons (p < 0.05), while
significant results were controlled by the Grubbs test
(p < 0.01) for the presence of outliers. For the sake of
brevity, in the Supplementary Material, we reported
confirmatory results of some control analyses using
groups perfectly matched as ages and EEG power
density at fixed frequency bands of interest (p < 0.05).

The first session evaluated the hypothesis that the
IDF and ITF may slow in frequency in the TASTPM
mice as compared to the WT littermates. Further-
more, we tested the reliability of those hypothesized
differences between the two groups in the four EEG
recording units. To address this hypothesis, the 3-way
ANOVA used the frequency (Hz) values showing the

maximum normalized EEG power (density) value of
IDF and ITF as the dependent variable. The ANOVA
factors (independent variables) were Group (WT
and TASTPM), Recording Unit (Janssen, Lundbeck,
MNI, and UNIVR), and Frequency (IDF and ITF).

The second session evaluated the hypothesis that
the IDF and ITF values may differently react to the
passive and active conditions. Furthermore, we tested
the reliability of those differences in the four EEG
recording units. To address this hypothesis, the 3-way
ANOVA used the normalized EEG power (density) of
IDF and ITF values in the WT group as the dependent
variable (p < 0.05). The ANOVA factors (independent
variables) were Recording Unit (Janssen, Lundbeck,
MNI, and UNIVR), Condition (active and passive),
and Frequency (IDF and ITF). As compared to the
second session, the third session used the same 3-
way ANOVA models and hypotheses in the TASTPM
group (p < 0.05).

The fourth session evaluated the hypothesis that in
comparison with the WT group, the TASTPM group
showed smaller differences in the normalized EEG
power (density) of IDF and ITF between the active
versus passive conditions. To evaluate this hypoth-
esis, a preliminary step was the computation of the
difference in the normalized EEG power (density)
between the two behavioral conditions (active minus
passive) as the dependent variable of a 3-way ANOVA
design. The ANOVA factors (independent variables)
were Group (WT and TASTPM), Recording Unit
(Janssen, Lundbeck, MNI, and UNIVR), and Fre-
quency (IDF and ITF).

RESULTS

Normalized EEG power (density) during active
and passive conditions in WT and TASTPM mice

Figure 1 shows the grand average of the EEG power
(density) in the WT (N = 58) and TASTPM (N = 29)
mice were characterized by differences in the EEG
power (density) during the passive versus active con-
ditions. Both groups of mice showed an EEG power
peak at 1–6 Hz (i.e., delta range; IDF peak), greater
in the passive than the active condition. Furthermore,
there was another EEG power peak within the theta
range (i.e., 6.5–10 Hz; ITF peak), which was higher in
the active than the passive condition. Moreover, there
was a peak of the EEG power difference (active minus
passive) at 1–6 Hz, which reflected the higher values
of the delta power in the passive than the active con-
dition. Finally, there was a peak of the EEG power
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Fig. 1. Grand average of the normalized electroencephalographic (EEG) power (density) in the WT (N = 58, left) and TASTPM (N = 29, right)
mice. The graph represents the normalized EEG power (density) to the frequency range between 0 and 30 Hz at the bipolar fronto-parietal
electrode for the passive and active condition during the dark phase of the day (note that mouse is a nocturnal animal). The difference of the
normalized EEG power between the active and the passive condition (active minus passive) is also reported (dotted EEG power spectra).

difference at 6.5–10 Hz, which reflected the higher
values of the theta power in the active than in the
passive condition.

Figure 2 reports the grand average of the EEG
power in the WT and TASTPM groups at any
recording unit considered separately. Concerning
inter-center differences, we observed that the WT
mice were characterized by similar EEG power
waveforms in all recording units. Furthermore, the
TASTPM mice were characterized by similar EEG
power waveforms in all recording units: but one (i.e.,
UNIVR).

Comparison of the frequency and normalized
EEG power between the WT and TASTPM group

Figure 3 (top) plots the distribution of the fre-
quency bin (Hz) of the IDF and ITF of the
frontoparietal EEG activity recorded in the individ-
ual WT and TASTPM mice. Figure 3 (bottom) shows
that distribution in the individual WT and TASTPM
mice of any recording unit considered separately. No
outlier was found (Grubbs test, p < 0.05). The 3-way
(Group, Recording Unit, and Frequency) ANOVA
showed no statistically significant results (p > 0.05),
thus suggesting similar IDF and ITF values in the WT
and TASTPM mice.

Figure 4 (top) illustrates the individual values of
the frontoparietal normalized EEG power (density)
for the WT (left) and TASTPM (right) mice at the two
frequency peaks (IDF and ITF) and the two behav-
ioral conditions (active, passive). Figure 4 (bottom)
shows those individual values for the WT (left) and
TASTPM (right) mice of any recording unit consid-
ered separately. Only one outlier was found in the WT
group (Grubbs test, p < 0.05).

The 3-way ANOVAs (Group, Recording Unit, and
Frequency) in both groups (WT, TASTPM) showed
a significant interaction Condition X Frequency
(F = 214.1, p < 0.00001 and F = 74.2, p < 0.00001,
respectively). Duncan post-hoc test indicated that this
effect was due to the following significant differ-
ences: 1) IDF EEG power greater during the passive
than the active condition (p < 0.000005 in the WT
group and p < 0.0001 in the TASTPM group) and 2)
ITF EEG power greater during the active than the
passive condition (p < 0.00005 in the WT group and
p < 0.0001 in the TASTPM group).

In the WT mice, the ANOVA showed a non-
significant second-order interaction (Condition X
Recording Unit X Frequency interaction, p > 0.05),
indicating similar effects in the four recording units.
In those units, we computed the effect sizes (Cohen’s
d) with the following results: 3.32 (IDF power) and
–1.29 (ITF power) for the Janssen unit, 2.33 (IDF
power) and –1.77 (ITF power) for the Lundbeck unit,
2.65 (IDF power) and –1.33 (ITF power) for the MNI
unit, and 1.56 (IDF power) and –1.32 (ITF power) for
the UNIVR unit, namely all ranging between large
(1.20) and very large (2.0) effect sizes [42].

In the TASTPM mice, the ANOVA showed a
significant second-order interaction Condition X
Recording Unit X Frequency (F = 11.8, p < 0.0001).
Duncan post-hoc test indicated that the TASTPM
group was characterized by (1) IDF EEG power
greater during the passive than the active condition
in 3 out of 4 units (Janssen: p < 0.001; Lundbeck:
p < 0.001; MNI: p < 0.005) and (2) ITF EEG power
greater during the active than the passive condition
in only one unit (Lundbeck: p < 0.001). These results
may indicate a moderate reliability across the four
units of the above effects in the TASTPM mice, since
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Fig. 2. Grand average of the normalized EEG power (density) in the WT and TASTPM mice of any recording unit considered separately
(i.e., Janssen, Lundbeck, MNI, and UNIVR). The graph represents the normalized EEG power density to the frequency range between 0
and 30 Hz at the bipolar fronto-parietal electrode for the passive and active condition during the dark phase of the day. The difference of the
normalized EEG power between the active and the passive condition (active minus passive) is also reported.

the UNIVR unit showed no statistical significance
post-hoc differences in the IDF EEG power between
the active and passive conditions. In the four units, we
computed the effect sizes (Cohen’s d) with the follow-
ing results: 1.53 (IDF power) and –0.32 (ITF power)
for the Janssen unit, 3.45 (IDF power) and –5.34 (ITF
power) for the Lundbeck unit, 1.27 (IDF power) and
–1.51 (ITF power) for the MNI unit, and 0.37 (IDF
power) and –0.44 (ITF power) for the UNIVR unit,
thus ranging between a small (0.2, Cohen, 1988) and
very large (2.0) effect sizes [42].

Figure 5 (top) displays the individual difference
of the frontoparietal normalized EEG power (den-
sity) between the active and the passive condition
(active minus passive) at the two frequency peaks
(IDF, ITF) for the WT and TASTPM mice. Fig-
ure 5 (bottom) illustrates those individual differences
for the WT and TASTPM mice of any recording
unit considered separately. In the figure, IDF and
ITF EEG power values at zero in those differences
indicated the same frontoparietal normalized EEG
power in the active and passive conditions, namely
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Fig. 3. (Top): Individual values of delta and theta frequency (IDF
and ITF, respectively) for the WT and TASTPM mice. The graph
represents the individual frequency peaks within the delta (1–6 Hz;
individual delta frequency, IDF) and the theta (6–10 Hz; individual
theta frequency, ITF) frequency bands corresponding to the highest
amplitude of the normalized EEG power (density) at the bipolar
frontoparietal electrodes. (Bottom): IDF and ITF for the WT and
TASTPM mice of any recording unit considered separately (i.e.,
Janssen, Lundbeck, MNI, and UNIVR).

showing no condition-dependent EEG reactivity.
Positive (negative) IDF and ITF values in those
differences indicated that that the EEG power
was greater (lower) in the active than the passive
condition, namely showing a condition-dependent
EEG reactivity. No outlier was found (Grubbs test,
p < 0.05).

As reported in the Methods section, a 3-way
(Group, Recording Unit, and Frequency) ANOVA
design compared the difference of the normalized
EEG power in the two conditions (active minus
passive) between the TASTPM versus WT groups
(p < 0.05). This ANOVA showed a significant inter-
action Group X Frequency (F = 13.2, p < 0.0005).
Duncan post-hoc test unveiled less negative values in
the active minus passive EEG power at the IDF in the
TASTPM over the WT group (p < 0.0005), indicat-
ing a less condition-dependent reactivity of that EEG
variable in the former than the latter group. Further-
more, the ANOVA showed a significant second-order
interaction Group X Recording Unit X Frequency
(F = 4.3, p < 0.01). Duncan post-hoc test indicated
that such an effect at the IDF was observed in 3 out
of 4 EEG recording units (Janssen: p < 0.0005; MNI:
p < 0.05; UNIVR: p < 0.0005), pointing to a moder-

ate reliability across the units of the mentioned EEG
results at delta frequencies.

Table 2 reports the results of all main statistical
analyses.

DISCUSSION

Here we tested whether changes (reactivity) in
ongoing cortical EEG rhythms accompanying the
cage exploration (active condition) benchmarked
with quiet wakefulness (passive condition) may be
altered in TASTPM mice, characterized by AD-like
accumulation in the cerebral A�1–42 and cognitive
deficits over aging [35, 36]. We also tested the repro-
ducibility of the present findings in 4 research centers
of the PharmaCog study.

In this study, both TASTPM and control WT
groups exhibited a significant reactivity in the fron-
toparietal normalized EEG power (density) during
the mentioned active over the passive condition.
Specifically, the active condition induced a reduc-
tion in delta power and an increase in theta power.
This reactivity in ongoing delta and theta EEG
rhythms may reflect neurophysiological oscillatory
mechanisms underlying increased cortical arousal,
vigilance, and maybe cognitive processes during the
cage exploration. These results extend previous EEG
evidence in rodents showing increased brain theta
power during overt animal movements as compared
to quiet wakefulness [22, 43–48].

As a main result of the present study, as com-
pared to the WT mice, the TASTPM mice showed
less reduction (condition-dependent EEG reactivity)
in the frontoparietal normalized delta power during
the cage exploration using the passive condition as
a reference. This condition-dependent effect on cor-
tical EEG rhythms was more evident using delta
frequencies selected on an individual basis, but it was
observed even with the use of fixed delta frequencies
(<4 Hz) in all mice.

Concerning the reliability of this finding, 3 out of
4 PharmaCog recording units produced data show-
ing the mentioned poor reactivity in frontoparietal
delta rhythms in the TASTPM mice. This moder-
ate variability of the EEG biomarker may be due
to some intrinsic differences among centers such
as animal colonies, animal management and han-
dling during developmental age, electrodes (i.e., kind,
material), electrode implantation procedures, EEG
machines and electric contacts during recordings,
cage features and general recording environments
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Fig. 4. (Top): Individual values of the normalized EEG power for the WT (left) and TASTPM (right) mice. The frontoparietal normalized
EEG power is represented for the two conditions (active and passive) and the two frequency peaks (IDF and ITF). (Bottom): Individual
values of the normalized EEG power (density) for the WT (left) and TASTPM (right) mice of any recording unit considered separately
(i.e., Janssen, Lundbeck, MNI, and UNIVR). The frontoparietal normalized EEG power is represented for the two conditions (active and
passive) and the two frequency peaks (IDF and ITF). Asterisks indicate statistically significant differences between the active and the passive
conditions at p < 0.05.

(i.e., environmental noise), experimenters managing
animals, animal healthiness and behavior during EEG
recordings, etc. To mitigate at least some sources of
variability (i.e., electrode materials, EEG machines,
and environmental noise across the four recording
units), we implemented the following procedures: 1)
the computation of EEG power (density) in a fron-
toparietal electrode montage; 2) the normalization in
frontoparietal EEG power across all frequencies from
1 to 100 Hz in any EEG individual dataset; and 3) the
use of standard open-field cages with no toys, run-
ning wheels for motor activity, or other uncontrolled
sources of external stimuli. However, the results of
the present study indicate that other sources of vari-
ability (e.g., materials, procedures, and animals) may
affect the present EEG biomarkers at the level of sin-
gle recording units. Therefore, a reasonable option to
counteract this variability may be the use of designs
with multiple (N = 3 or 4) EEG recording units.

In TASTPM mice, the poor condition-dependent
EEG reactivity in the frontoparietal normalized delta

power may be related to some AD-like abnormali-
ties in the brain and behavior. Previous studies have
shown that at the age of 6–24 months, TASTPM
mice are characterized by relevant AD manifesta-
tions such as cognitive deficits and A� deposition
with dystrophic neurites in the cerebral cortex, hip-
pocampus, and thalamus [35, 36]. Furthermore, in
TASTPM mice, brain amyloidosis was related to
hypometabolism, neuroinflammation, and neurode-
generation across the cerebral cortex, hippocampus,
basal ganglia, and thalamus [49]. Of note, these
regions are important nodes of neural networks reg-
ulating ongoing EEG rhythms and brain arousal
in wakefulness [50–54]. Taking together the pre-
vious and the present data, we speculate that in
TASTPM mice, the poor reactivity in frontopari-
etal normalized delta power (<4 Hz) during the cage
exploration may reflect the effects of AD neu-
ropathology on thalamus-cortical neurophysiological
mechanisms underpinning cortical arousal, vigilance,
and maybe cognitive-motor functions.
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Fig. 5. (Top): Individual values of the difference of the normal-
ized EEG power between the active and the passive condition
(active minus passive) at the two frequency peaks (IDF and ITF)
for the WT and TASTPM mice. (Bottom): Individual values of
the difference of the normalized EEG power (density) between the
active and the passive condition (active minus passive) at the two
frequency peaks (IDF and ITF) for the WT and TASTPM mice
of any recording unit considered separately (i.e., Janssen, Lund-
beck, MNI, and UNIVR). Asterisks indicate statistically significant
differences between the WT and the TASTPM groups at p < 0.05.

In the present study, we reported a negative out-
come, namely the lack of significant abnormalities
at frontoparietal theta rhythms in the TASTPM mice
in contrast to those reported in the PDAPP mice in
the study by [40]. TASTPM mice have a Swedish
double mutation in human APP, tangles are absent,
and neural loss is relatively mild, appearing only
at 10 months of age [35, 36]. In the present study,
the TASTPM mice were 13-month old on aver-
age. In contrast, PDAPP mice overexpress human
APP Indiana V717F. They typically develop not
only cortical, corpus callosum, and hippocampus A�
deposits/plaques from about 6–9 months of age [55,
56] but also phosphorylated tau immunoreactivity
in dystrophic neurites from 14 months of age [57].
In a previous study [40], the PDAPP mice were
23 months old on average. Keeping in mind these
data, it can be speculated that as compared to the
PDAPP mice of the previous study [40], the present
TASTPM mice might not show EEG abnormalities
in theta rhythms due to a younger age and the kind
of APP mutation. Future experiments should inves-
tigate the correlation between age-related changes

in condition-dependent EEG reactivity and relevant
neuropathological, metabolic, and behavioral effects
of APP and PS1 mutations in those AD mouse mod-
els. Results may support the preference of one over
the other mouse model of AD for multicentric EEG
studies.

The present results also complement and extend
those of the following bulk of previous studies in
mice: 1) mice with mutations in the APP gene showed
abnormal ongoing brain EEG rhythms [44]; 2) mice
carrying mutated human APP Swedish and PS1 genes
showing fibrillogenic A�1–42 and amyloid plaques
exhibited reduced cortical theta (absolute) power
and enhanced beta and gamma (absolute) power in
wakefulness, but these changes did not dependent
on A�1–42 deposits as they did not progress over
aging from 9 months of age [58]. These mice also
showed reduced cortical theta (absolute) power and
enhanced beta and gamma (absolute) power in wake-
fulness, but these changes did not dependent on
A�1–42 deposits as they did not progress over aging
[58]. Furthermore, APP but not PS1 single mutant
mice had similar alterations in theta, beta, and gamma
power, while APP/PS1 (but not APP single-mutant)
mice had high insoluble A�1–42/40 levels and core
brain amyloid plaques at 13 months of age [58]; 3)
APP Swedish and PS1 mutant mice showed increased
brain EEG (absolute) power at a large frequency
band beyond delta rhythms [45, 46]; 4) the second
generation of AD mouse models as triple transgenic
mice (i.e., triple transgenic mice express low levels
of mutant human APP, tau, and presenilin-1) pre-
sented abnormal ongoing EEG rhythms [59–61]; 5)
the same was true in humanized mice (i.e., human-
ized mice contain functional human cells or tissues
[62–65]; 6) triple transgenic mice (i.e., 3×Tg and
PLB1 triple) over controls were characterized by a
decrease of theta power during wakefulness or cog-
nitive tasks [60, 61] and an increase of delta power
during wakefulness and REM sleep [59]; 7) triple-
transgenic AD mice challenged with the potassium
channel blocker 4-aminopyridine had reduced theta
amplitude compared with 4-aminopyridine-treated
control mice [61]; 8) in rodents, abnormalities of
delta power were related to impairments in long-term
and short-term hippocampal plasticity and cognitive
deficits in recognition memory and spatial learning
[59]; 9) compared to mice humanized to apolipopro-
tein APOE3, mice humanized to APOE4 showed
abnormal beta activity during olfactory tasks [64]; 9)
in transgenic mice, the activation of basal forebrain
cholinergic neurons, traced by humanized Renilla
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green fluorescent protein (hrGFP), significantly and
lastingly decreased the EEG delta power spectrum,
produced low-delta non-rapid eye movement sleep,
and slightly increased wakefulness, whereas the
inhibition of basal forebrain cholinergic neurons sig-
nificantly increased EEG delta power spectrum and
slightly decreased wakefulness [65].

Keeping in mind these previous data (including
those in PDAPP mice), it can be speculated that in
TASTPM mice, mutations in APP and relative circu-
lating A� species may play a major role in inducing
the present condition-dependent poor reactivity in
frontoparietal normalized delta power and a general
increase in absolute EEG power at theta, alpha, and
beta frequencies. This effect may be possibly related
to an over-excitability induced by these A� species
in hippocampal and thalamus-cortical functional net-
works regulating cortical arousal in wakefulness.

A significant effect of cerebral amyloid plaques
on the present EEG markers cannot be excluded.
In TASTPM mice, object recognition deficits can
be observed when the amyloid deposits with fib-
rillar plaques become evident at the hippocampal
and cortical level, which occurs at approximately
six months of age [36, 37]. However, it should be
remarked that in PDAPP mice, cognitive deficits can
be observed before brain plaque deposition, which
occurs at approximately six months of age [55, 66].
Future studies in behaving TASTPM mice may test
the hypothesis about relationships among brain amy-
loid plaque deposition, the manifestation of cortical
and thalamic epileptiform EEG activity, and the poor
behavioral condition-dependent reactivity in fron-
toparietal normalized delta power.

At the present early stage of the research, a neu-
ropathophysiological interpretation of similarities
and differences in ongoing EEG rhythms recorded
in AD patients and TASTPM mice is premature.
Therefore, we just summarize emerging features of
those EEG activities in the following. In healthy
cognitively unimpaired adults, resting state eyes-
closed condition is associated with alpha rhythms
(8–12 Hz) dominating in posterior areas of cere-
bral cortex, as a reflection of sensory deprivation,
muscle relaxation, and low cortical arousal and vig-
ilance [66–68]. These rhythms decrease in power
during perceptual, memory, and motor demands, as
a reflection of increased cortical arousal, vigilance,
and higher cognitive processes [67–72]. As compared
to Nold subjects, AD patients were characterized
by lower power in posterior alpha rhythms in the
resting state eyes-closed condition and lower reac-

tivity in these rhythms after the eyes opening [11, 18,
73–77], possibly reflecting poor cholinergic modu-
lation of related to changes in vigilance [23, 72]. In
relation to those literature data, the TASTPM mice
of the present study showed different features of
condition-dependent ongoing cortical EEG rhythms.
In the EEG power density spectra, they exhibited
neither a power peak in the alpha range (8–12 Hz)
during the quiet wakefulness (i.e., passive condi-
tion) nor the reduction in this power peak during the
cage exploration (i.e., active condition). In the exper-
imental condition with freely behaving TASTPM
mice, poor reactivity in cortical delta rhythms during
exploratory movements might reflect not only poor
changes in vigilance but also abnormal visuospatial
navigation, memory, and sensorimotor integration
[55].

Methodological limitations of the study

The present results should be just considered as an
exploratory study due to the following methodologi-
cal limitations of the study.

Firstly, the small number (N = 3) of TASTPM mice
of the UNIVR unit was a significant limitation of
the present study and did not permit conclusive and
definitive EEG results of that unit.

Secondly, the present experimental procedures
did not permit a translational understanding of the
neurophysiological mechanisms modulating cortical
arousal in physiological and pathological (e.g., AD
neuropathology) conditions. In physiological con-
ditions, human resting state EEG rhythms reflect
the cortical arousal due to visual processes induced
by the eyes opening (i.e., active condition) and
the effects on vigilance. In contrast, those of the
present experiments reflected visuo-spatial, memory,
and somatomotor integrating processes related to the
exploration of the cage (i.e., active condition). In AD
patients, the brain is affected not only by the accu-
mulation of A�1–42 but also by tauopathy and often
a certain degree of cerebrovascular disease.

Thirdly, the different dominant frequencies of cor-
tical EEG rhythms between mice and humans might
be partially provoked by the head as a volume con-
ductor. Mice are typically characterized by prominent
theta rhythms mainly generated in the hippocampus
and surrounding structures about exploratory behav-
iors. In the small mouse brain, hippocampal theta
activity might propagate to near electrodes located
in the parietal cortex. As a consequence, changes
in ongoing theta rhythms at those cortical electrodes
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(especially in the parietal cortex) might be partially
affected by hippocampal oscillatory neural currents
produced at theta frequencies during exploratory
movements [78, 79].

Fourthly, the mouse behavior was qualitatively
rated as active versus passive based on a harmo-
nized visual rating protocol in the four research units
of this study. In that protocol, movement velocity
and extension were not considered. Therefore, the
reported EEG differences in the two mouse groups
(i.e., WT and TASTPM) might partially depend on
different quantitative motor features in the active con-
dition. This limitation is relevant as hippocampal
theta rhythms might reflect some features of move-
ments [49, 80, 81].

Fifthly, it can be argued that confounding
microsleeps may affect one the main results of the
present study, namely the decreased difference in
the normalized EEG power (active minus passive
behavioral mode) at the individual delta frequency
(IDF) in the TASTPM as compared to the control
(WT group). Indeed, the use of 10 s epochs for the
determination of the behavioral mode could not pre-
vent that short microsleeps (i.e., lasting few s) might
be erroneously included in the passive-mode con-
dition, especially in TASTPM mice suffering from
AD neuropathology. In this regard, we do not think
that the present results are substantially affected by
microsleeps occurring during passive-mode periods.
During these periods, microsleeps are expected to
increase EEG power at delta frequencies. There-
fore, results would have shown greater differences
in IDF power between active minus passive modes
in TASTPM over WT mice, exactly the opposite of
the present findings. To exclude this confounding
effect experimentally, future studies should cross-
validate the present results by a fine analysis of
EEG, electrooculographic, and electromyographic
data collected in passive-mode periods to iden-
tify and investigate microsleeps. Indeed, to our
knowledge, the presence and EEG characteris-
tics of microsleeps in mice were not previously
explored.

Sixthly, we reported a moderate reliability of the
present EEG markers across the four preclinical units
and unveiled pros and cons useful for planning future
academic and industrial EEG studies in TASTPM
mice. This moderate reliability gave rise to the fol-
lowing questions. What (i.e., multisectoral or just
industrial or academic?) and how many preclinical
units should future consortia involve in multicenter
EEG studies carried out in TASTPM mice to test

inter-laboratory reliability of the results? What opti-
mal reliability threshold should they use to accept
or reject experimental results? The same questions
may be relevant in other mouse models of AD,
and more research is needed to find out answers
supporting future decision making, research, and
applications.

Seventhly, the present study used ANOVAs to test
the working hypotheses, in methodological line with
previous EEG studies in WT and PDAPP mice carried
out in the PharmaCog project [39, 40]. This choice
allowed the full comparability of the results across
those previous studies and the present one. Notewor-
thy, the results of the present study motivate a future
investigation including more WT and TASTPM mice
and more than one EEG recording for each mouse
to use linear mixed models and give more robust-
ness to the observed 2- and 3-way interactions among
the Group (WT and TASTPM), Frequency (IDF and
ITF), and Recording Unit (the preclinical recording
units in a multicentric study) factors.

As a final consideration, the current methodology
cannot substitute other classical neurophysiological
methodologies applied in mice, namely long EEG
recordings investigating wake-cycle sleep, the exper-
imental inoculation of stress or anxiety, and new
technologies of virtual reality to simulate spatial nav-
igation in animals during EEG recordings.

Conclusions

In the present study of the PharmaCog project
(http://www.pharmacog.org), we tested the novel
hypothesis of an abnormal behavioral condition-
dependent reactivity in cortical EEG rhythms
recorded in TASTPM mice. Furthermore, we evalu-
ated the reliability of the experimental results in four
recording units of the PharmaCog study.

As compared to the WT group, the TASTPM
group showed lower reduction (reactivity) in the fron-
toparietal normalized delta power during the cage
exploration over the quiet wakefulness. This effect
was observed in 3 out of 4 PharmaCog recording
units, so unveiling a moderate reliability of this EEG
biomarker.

The present results cross-validate the same EEG
effect observed in PDAPP mice in a previous study
of the PharmaCog project [40]. Keeping in mind those
previous and the present results, it can be specu-
lated that the poor behavioral condition-dependent
reactivity in cortical delta rhythms may be related to
the effects of APP mutation and may reflect relevant
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aspects of AD-like neuropathology and cognitive
deficits.

Concerning the moderate reliability of the EEG
biomarker, the present results unveiled pros and cons
of multicenter EEG preclinical trials in TASTPM
mice for future applications.

Future studies will have to cross-validate the
present findings improving the classification of
behavioral states (modes) of mice with quantitative
approaches based on fine physiological and kinematic
control parameters and learning machine classifiers.
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Hartikainen J, Fülöp L, Penke B, Zilberter Y, Harkany
T, Pitkänen A, Tanila H (2009) Amyloid beta-induced
neuronal hyperexcitability triggers progressive epilepsy. J
Neurosci 29, 3453-3462.

[27] Ziyatdinova S, Gurevicius K, Kutchiashvili N, Bolkvadze T,
Nissinen J, Tanila H, Pitkänen A (2011) Spontaneous epilep-
tiform discharges in a mouse model of Alzheimer’s disease
are suppressed by antiepileptic drugs that block sodium
channels. Epilepsy Res 94, 75-85.

[28] Sanchez A, Tripathy D, Yin X, Desobry K, Martinez J, Riley
J, Gay D, Luo J, Grammas P (2012) p38 MAPK: A medi-
ator of hypoxia-induced cerebrovascular inflammation. J
Alzheimers Dis 32, 587-597.

[29] Verret L, Krezymon A, Halley H, Trouche S, Zerwas M,
Lazouret M, Lassalle JM, Rampon C (2013) Transient
enriched housing before amyloidosis onset sustains cog-
nitive improvement in Tg2576 mice. Neurobiol Aging 34,
211-225.

[30] Corbett BF, Leiser SC, Ling HP, Nagy R, Breysse N, Zhang
X, Hazra A, Brown JT, Randall AD, Wood A, Pangalos
MN, Reinhart PH, Chin J (2013) Sodium channel cleavage
is associated with aberrant neuronal activity and cognitive
deficits in a mouse model of Alzheimer’s disease. J Neurosci
33, 7020-7026.

[31] Schneider F, Baldauf K, Wetzel W, Reymann KG (2014)
Behavioral and EEG changes in male 5xFAD mice. Physiol
Behav 135, 25-33.

[32] Born HA, Kim JY, Savjani RR, Das P, Dabaghian YA, Guo
Q, Yoo JW, Schuler DR, Cirrito JR, Zheng H, Golde TE,
Noebels JL, Jankowsky JL (2014) Genetic suppression of
transgenic APP rescues. Hypersynchronous network activ-
ity in a mouse model of Alzheimer’s disease. J Neurosci 34,
3826-3840.

[33] Rabinowicz AL, Starkstein SE, Leiguarda RC, Coleman AE
(2000) Transient epileptic amnesia in dementia: A treat-
able unrecognized cause of episodic amnestic wandering.
Alzheimer Dis Assoc Disord 14, 231-233.

[34] Palop JJ, Mucke L (2009) Epilepsy and cognitive impair-
ments in Alzheimer disease. Arch Neurol 66, 435-440.

[35] Howlett DR, Richardson JC, Austin A, Parsons AA, Bate
ST, Davies DC, Gonzalez MI (2004) Cognitive correlates of
Abeta deposition in male and female mice bearing amyloid
precursor protein and presenilin-1 mutant transgenes. Brain
Res 1017, 130-136.

[36] Howlett DR, Bowler K, Soden PE, Riddell D, Davis JB,
Richardson JC, Burbidge SA, Gonzalez MI, Irving EA,
Lawman A, Miglio G, Dawson EL, Howlett ER, Hussain I
(2008) Abeta deposition and related pathology in an APP x
PS1 transgenic mouse model of Alzheimer’s disease. Histol
Histopathol 23, 67-76.

[37] Galluzzi S, Marizzoni M, Babiloni C, Albani D, Antelmi
L, Bagnoli C, Bartres-Faz D, Cordone S, Didic M, Farotti
L, Fiedler U, Forloni G, Girtler N, Hensch T, Jovicich J,
Leeuwis A, Marra C, Molinuevo JL, Nobili F, Pariente J,
Parnetti L, Payoux P, Del Percio C, Ranjeva JP, Rolandi E,
Rossini PM, Schönknecht P, Soricelli A, Tsolaki M, Visser
PJ, Wiltfang J, Richardson JC, Bordet R, Blin O, Frisoni
GB; PharmaCog Consortium (2016) Clinical and biomarker
profiling of prodromal Alzheimer’s disease in workpackage
5 of the Innovative Medicines Initiative PharmaCog project:
A ‘European ADNI study’. J Intern Med 279, 576-591.

[38] Jovicich J, Babiloni C, Ferrari C, Marizzoni M, Moretti DV,
Del Percio C, Lizio R, Lopez S, Galluzzi S, Albani D, Cav-
aliere L, Minati L, Didic M, Fiedler U, Forloni G, Hensch
T, Molinuevo JL, Bartrés Faz D, Nobili F, Orlandi D, Par-
netti L, Farotti L, Costa C, Payoux P, Rossini PM, Marra C,
Schönknecht P, Soricelli A, Noce G, Salvatore M, Tsolaki
M, Visser PJ, Richardson JC, Wiltfang J, Bordet R, Blin
O, Frisoni GB (2018) Two-year longitudinal monitoring of
amnestic mild cognitive impairment patients with prodro-
mal Alzheimer’s disease using topographical biomarkers
derived from functional magnetic resonance imaging and
electroencephalographic activity. J Alzheimers Dis 69, 15-
35.

[39] Del Percio C, Drinkenburg W, Lopez S, Infarinato F,
Bastlund JF, Laursen B, Pedersen JT, Christensen DZ, For-
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