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a b s t r a c t

Resting state electroencephalographic (EEG) rhythms reflect the fluctuation of cortical arousal and
vigilance in a typical clinical setting, namely the EEG recording for few minutes with eyes closed
(i.e., passive condition) and eyes open (i.e., active condition). Can this procedure be back-translated
to C57 (wild type) mice for aging studies? On-going EEG rhythms were recorded from a frontopar-
ietal bipolar channel in 85 (19 females) C57 mice. Male mice were subdivided into 3 groups: 25 young
(4.5e6 months), 18 middle-aged (12e15 months), and 23 old (20e24 months) mice to test the effect of
aging. EEG power density was compared between short periods (about 5 minutes) of awake quiet
behavior (passive) and dynamic exploration of the cage (active). Compared with the passive condition,
the active condition induced decreased EEG power at 1e2 Hz and increased EEG power at 6e10 Hz
in the group of 85 mice. Concerning the aging effects, the passive condition showed higher EEG power at
1e2 Hz in the old group than that in the others. Furthermore, the active condition exhibited a maximum
EEG power at 6e8 Hz in the former group and 8e10 Hz in the latter. In the present conditions, delta and
theta EEG rhythms reflected changes in cortical arousal and vigilance in freely behaving C57 mice across
aging. These changes resemble the so-called slowing of resting state EEG rhythms observed in humans
across physiological and pathological aging. The present EEG procedures may be used to enhance
preclinical phases of drug discovery in mice for understanding the neurophysiological effects of new
compounds against brain aging.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is the most prevalent progressive
neurodegenerative disorder across aging (Bastos Leite et al., 2004;
Braak and Braak, 1995; Glodzik-Sobanska et al., 2005). Recent
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guidelines propose a diagnostic algorithm using physiopathological
and topographical biomarkers of AD (Dubois et al., 2014). The
physiopathological markers would be mandatory to confirm the
diagnosis of dementia of AD type. These physiopathological
biomarkers include amyloid beta (Ab)-42 and tau in the cerebro-
spinal fluid or map them in the brain by ligand positron emission
tomography (PET; Förstl and Kurz, 1999). Topographic markers are
suggested to track the disease progression. These topographic
markers included maps of brain hypometabolism obtained by
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Table 1
Features of the C57 mice (for the sake of simplicity, wild type [WT]) for the following
electroencephalographic (EEG) recording centers: Janssen Research and Develop-
ment (Belgium), H. Lundbeck A/S (Denmark), Mario Negri Institute (MNI, Italy), and
University of Verona (UNIVR, Italy)

Center N Sex (F/M) Age

Janssen 12 5F/7M 12 mo
Lundbeck 34 14F/20M 4.5, 15, and 24 mo
MNI 23 23M 6, 12, 14, and 24 mo
UNIVR 16 16M 5, 12, and 20 mo

Key: F, female; M, male.
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fluorodeoxyglucose-PET and maps of brain atrophy or abnormal
structural connectivity obtained by magnetic resonance imaging.

Unfortunately, these PET and magnetic resonance imaging
methodologies are not easily translated into preclinical research
using mouse models of AD for fundamental and applied research
(i.e., drug discovery). For this reason, other kinds of biomarkers are
being developed. Among them, a promising biomarker is derived
from on-going electroencephalographic (EEG) rhythms (Babiloni
et al., 2013; Schroeter et al., 2009). These rhythms are an
emerging feature of the mammalian brain. They are mainly
generated by the synaptic currents associated with the synchroni-
zation or desynchronization of the activity of many cortical pyra-
midal neurons, due to cortical and subcortical signals (Pfurtscheller
and Lopes da Silva, 1999). Twomain conditions are typically used to
probe these neurophysiological synchronization and desynchroni-
zation mechanisms in a clinical setting. In a “passive” behavioral
condition, the subject remains in relaxed wakefulness (resting
state) with eyes closed for few minutes. This mode is contrasted
with a more “active” behavioral condition in which the subject
remains in relaxed wakefulness with eyes open for 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 cortical areas, the
so-called dominant alpha rhythms (Pfurtscheller and Lopes da Silva,
1999). The higher the alpha power, the lower the cortical arousal,
the lower the vigilance. After eyes opening, alpha rhythms exhibit a
power reduction (i.e., desynchronization) as a reflection of
increased cortical arousal related to higher vigilance (Pfurtscheller
and Lopes da Silva, 1999).

EEG power exhibited a different reactivity to eyes opening in
normal elderly subjects (Nold) compared with AD subjects. It has
been repeatedly reported a lower reduction (reactivity) of the
posterior alpha power in AD and MCI patients than that in Nold
subjects (Babiloni et al., 2010; Jeong, 2004; Stam et al., 1996;
Stevens and Kircher, 1998; van der Hiele et al., 2007). This poor
reactivity of alpha power predicted a deterioration of higher func-
tions in subjects with cognitive decline (van der Hiele et al., 2008).
These results were confirmed by the analysis of magneto-
encephalographic rhythms in the same resting state conditions
(Berendse et al., 2000; Kurimoto et al., 2008).

Can these EEG topographic markers be translated to preclinical
AD research in rodents? A logical premise for the back-translation
of EEG topographic markers from human to rodents is the exis-
tence of common neurophysiological mechanisms. Active brain
state was associated with high cholinergic activity and hippocam-
pal theta (6e9 Hz) rhythms both in humans and rodents (Buzsáki
et al., 2003; Moruzzi and Magoun, 1949; Vanderwolf, 1969; Zhang
et al., 2010). In both species, alertness was associated with
enhanced power of low-voltage fast frequencies in EEG rhythms
(i.e., beta rhythms spanning about 14e30 Hz), whereas nonrapid
eye movement sleep and drowsiness were characterized by the
enhanced power of high-voltage slow frequencies in EEG rhythms
(i.e., delta and theta rhythms spanning about 1e7 Hz; Marshall and
Born, 2002; Vyazovskiy et al., 2005). Anxiety has been shown to
increase the power of low-voltage high frequencies in the resting-
state EEG rhythms in both humans and rodents (Oathes et al.,
2008; Sviderskaia et al., 2001). Finally, cholinergic and mono-
aminergic drugs caused similar effects on spontaneous ongoing
EEG rhythms in humans and rodents (Coenen and Van Luijtelaar,
2003; Dimpfel, 2005; Dimpfel et al., 1992).

A limitation of the mentioned EEG studies in rodent models is
that across prolonged EEG recordings, spontaneous ongoing EEG
rhythms included several behavioral states of the animals. These
studies are characterized by the continuous EEG recording for long
periods (several days), including active mode (i.e., gross
movements, exploratory movements, or locomotor activity), awake
passive mode (immobility or small movements of trunk, head, and
forelimbs), sleep, and instinctual activity (i.e., drinking, eating,
mating, and so forth). Extended EEG recording of this experimental
procedure (i.e., tens of hours) presents another disadvantage. It is
quite different with respect to the EEG recording in the typical
clinical setting in humans. In that setting, EEG recording lasts few
minutes in humans in a relaxed wakefulness. This limitation was
dealt with in the IMI PharmaCog project, a European academia-
industry partnership (Innovative Medicine Initiative, http://www.
imi.europa.eu/content/pharma-cog). As a solution to this problem,
we identified 2 convenient and translational conditions of EEG
recordings for mice. The “passive” condition was defined as a mode
of relaxed wakefulness with no or minimal animal movements in
the cage (no sleep), whereas, the “active” conditionwas defined as a
mode characterized by spontaneous exploratory movements in the
cage. In principle, this methodology is cost-effective and time-
saving. If validated, it will imply relatively short EEG recordings
for few hours to collect few minutes of artifact-free data for any
animal behavioral condition of interest. In the present exploratory
study, standard EEG recordings and 2 behavioral conditions were
used to test the hypothesis that on-going EEG rhythms reflect
changes in cortical arousal and vigilance in freely behaving mice,
and are sensitive to aging stages.
2. Methods

2.1. Animals

Eighty-five (19 female; range of age: 4.5e24 months) wild-type
(WT) (C57BL6) mice were used in the present study. WT mice were
subdivided in 3 groups: young (N ¼ 25; age: 4.5e6 months),
middle-aged (N ¼ 37; 19 female; age: 12e15 months), and old
(N ¼ 23; age: 20e24 months) mice. The data were collected from 1
Belgian center (Janssen Research and Development, Pharmaceutical
Companies of J&J), 1 Danish center (H. Lundbeck A/S), and 2 Italian
centers (Mario Negri Institute for Pharmacological Research of
Milan, MNI; University of Verona, UNIVR). Table 1 reports the
amount, age, and sex of the WT mice for each center. Procedures
involving mice and their care were conducted in line with the
institutions’ guidelines that were in strict conformity with national
and international laws and policies (EEC Council Directive 86/609,
OJ L 358,1, December 12,1987; U.S. National Research Council, 1996,
Guide for the Care and Use of Laboratory Animals). The respect of
these guidelines was carefully controlled by themembers of the IMI
PharmaCog project, devoted to ethics of research.
2.2. Presurgery phase (3 weeks)

For 3 weeks before surgery, mice were acclimated to the
respective institution for habituation of light switched oneoff. Mice
were housed at a constant temperature (18 �Ce22 �C) and relative
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Table 3
Time flow of the experimental procedures (including EEG recordings) before and
after the surgery

Time flow of the treatments and procedure before and after the surgery

Period Days Treatments and procedures

Presurgery �21 to �1 UHabituation to light switched oneoff
UGentle handling for about 5e10 min a day

Surgery 0 UAnesthetic procedure
UTherapy with systemic analgesics and antibiotics
UElectrode placement

Quiet
postsurgery

þ1 to þ7 UTherapy with systemic analgesics and antibiotics
UNo gentle handling
UNo EEG experiment

Postsurgery þ8 to þ14 UFacilitating the adaptation by plugging and
unplugging several times the animal
UGentle handling for about 5e10 min a day
UNo EEG experiment

Experimental
day

From þ15 UNo gentle handling
UEEG recording

Table 2
Stereotaxic coordinates for the implantation of EEG electrodes in the mouse brain
according to a standard atlas

Electrode Stereotaxic coordinates

Reference AP:�6, ML:þ2
Ground AP:�2, ML:þ2.5
Frontal AP:þ2.8, ML:�0.5
Parietal AP:�2, ML:þ2

AP, anterior-posterior; ML, mid-line. The Mouse Brain coordinates by Franklin and
Paxinos, 1997.
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humidity (55%e65%). They were maintained in a standard 12-hour
lightedark cycle (light hemi-cycle typically spanning from 6 AM to
6 PM) with free access to food and water. Gentle handling for about
5e10 minutes a day was applied to reduce the general stress. Such
stress was evaluated continuously along all the duration of the
experiments by veterinary experts of each center. These experts
evaluated standard behavioral and physiological indices such as
animal muscle relaxation, abnormal respiration, grooming and hair
coat (piloerection or greasy, possibly reflecting reduced grooming),
motor postures (hunching or cowering in the corner of the cage,
lying on one’s side, lack of movement with loss of muscle tone),
absence of alertness or quiescence (inattention to ongoing stimuli),
changes in bodyweight, preservation of regular drinking and eating
activities, presence of vomit, and intense or frequent vocalizations.

2.3. Surgery

The mice were anaesthetized (i.e., inhalation of isoflurane 5% or
equithesin; 1% pentobarbital þ 4% chloral hydrate, 3.5 mL/kg) and
treated with the systemic analgesics and antibiotics (surgical care
according to local guidelines). Stainless steel or nichrome-insulated
monopolar depth electrodes were used for electrophysiological
recordings. A reference electrode was placed in the cerebellum. A
ground electrode was put in the left temporal bone. EEG electrodes
were implanted in the frontal and parietal cortex. These electrodes
were wired with a multipin socket. Alternatively, wireless trans-
mitters were used. The animals were placed inside the cage
and connected to a recording apparatus either through a swivel
allowing animals to move freely or through a wireless
device. Table 2 reports stereotaxic coordinates in a standard brain
atlas for the electrode implantation (The Mouse Brain coordinates
by Franklin and Paxinos, 1997).

2.4. Quiet postsurgery period (1 week)

After the surgery, the animals were single-housed for a contin-
uous period of at least 2 weeks until the experimental day, at the
same temperature and humidity conditions. The period of 2 weeks
elapsing between the surgery and experimental day was selected
by the veterinary and ethology experts of each preclinical recording
center preliminarily to the beginning of the present study. The
experts also evaluated whether animals showed unnatural
behavior, abnormal anxiety or stress, and symptoms of illness
(by the means of the standard behavioral and physiological indices
adopted by each center) during the 2-week elapsing between the
surgery and experimental day. Typical cage size of the single-house
was 45 cm (length) � 24 cm (width) � 20 cm (height). Light
intensity was 90e110 lx in the room, 60 lx in the cage during the
light period, and less than 1 lx during the dark period. The mice
were treated with the systemic analgesics and antibiotics, during a
standard postsurgical period of 1week. Theweek immediately after
the surgery, animals underwent a period of recovery with no
handling treatment nor EEG recordings.

2.5. Handling postsurgery period (1 week)

In theweek after the quiet postsurgery period, themice received
no EEG recordings. Gentle handling for about 5e10 minutes a day
was applied to reduce the general stress induced by the housing
and experimenters. Such stress was controlled by the evaluation of
the animal muscle relaxation and standard behavioral indices of
stress in freely behaving mice. Furthermore, the animals were
gently plugged and unplugged several times (for wired systems
only) to familiarize with the procedure of EEG recording and reduce
the global stress.
2.6. Experimental day

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
thebeginningof the light (dark)period.Recordingsampling frequency
wasat least 250Hzwith anti-aliasingbandpass analogfilters (Janssen:
250 Hz, Lundbeck: 1000 Hz, MNI: 1600 Hz, and UNIVR: 500 Hz;
0.16e100 Hz passband filter). No notch filter was used.

Table 3 summarizes the time flow of the treatments and
procedures adopted in the experimental sessions. Days are referred
to the surgical event.

2.7. Determination of the behavioral mode of the mice

An important step of the data analysis procedure was the
classification of the behavioral mode of the animal during the EEG
recordings in terms of the mentioned passive condition and active
condition. Specifically, 2 experimenters of the recording center used
visual inspection (i.e., video of the animal), instrumental markers of
the movement (actigraphy and so forth), and/or EMG activity to
classify recording epochs lasting 10 seconds into behavioral classes.
The discrepancy between the 2 raters was less than 5% of the total
classified epochs in a control test with 2 raters (Angelisa Frasca and
Susanna Lopez). The recording epochs with different behavioral
classification from the 2 raters were not considered in the subse-
quent spectral and statistical analyses. Of note, the low value of the
discrepancy between the 2 raters was because the procedure for
the behavioral classification was accurately established before the
beginning of the experimental phase within the PharmaCog
Consortium. The behavioral classes were as follows:

1 Active condition: Each epoch of the active condition showed
overt exploratory movements for most of the period. These
movements were characterized by ample displacements of
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the trunk, head, and/or forelimbs. They should not be
confounded with movements associated with instinctual
activities (vide infra).

2 Passive condition: Each epoch of the passive condition showed
a substantial immobility of the animals for most of the period
(no sleep). This condition could include small movements of
the trunk, head, and/or forelimbs. Noteworthy, the experi-
menter did not consider the epochs in which animals stayed
continuously immobile for 20 seconds or more as a passive
condition. This was to avoid the risk of “passive condition”
being misclassified during a period in which the animal was
sleeping.

3 Sleep state: Each epoch of the sleep state showed immobility of
the animals for the whole period (no sleep). Furthermore, the
epoch should be part of longer periods of immobility lasting
several minutes with signs of muscle relaxation. As previously
mentioned, a particular attention was devoted to avoiding the
misclassification of the passive condition and sleep state.

4 State of instinctual activities: Each epoch of the state of
instinctual activities showed movements such as cleaning,
drinking, eating, mating, and so forth for most of the period. As
previously mentioned, a particular attention was devoted to
avoiding the misclassification of this state and active condition.

5 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.

Noteworthy, the experiment did not use EEG data to classify the
epochs to avoid circular logic. Based on the analysis of the behav-
ioral states, the first 5 minutes of artifact-free EEG epochs classified
as active condition were selected for the EEG data analysis. The
same procedure of selection was followed by the epochs of the
passive condition. The final data analysis was performed on the EEG
epochs of the dark phase of the wake-sleep cycle in which the
distinction between the passive condition and sleep state was more
reliable than in the light phase was. The advantage of this option
was not surprising as mice are nocturnal animals and showed few
drowsiness or sleep periods in the dark phase.

2.8. EEG data analysis

The behavioral epochs of the active and passive state were
segmented off-line in consecutive epochs lasting 2 seconds each.
The 2-second EEG epochswithmuscular, EEG, electrocardiographic,
instrumental, or other artifacts were detected by 2 independent
experimenters of the center for the centralized EEG data analysis
and were discarded. As previously mentioned, EEG data were
recorded by a monopolar montage with 2 exploring electrodes
implanted in the frontal and parietal cortex and a reference elec-
trode placed in the cerebellum. To reduce the head volume
conductor effects, we re-referenced the EEG data to a frontoparietal
bipolar channel. To this aim, we subtracted the EEG signal recorded
at the parietal electrode from that recorded at the frontal electrode.
The subsequent spectral analysis was performed on EEG epochs
re-referenced to that frontoparietal bipolar montage.

2.9. Spectral analysis of the EEG data

The artifact-free EEG epochs of the active and passive state were
used as an input for the analysis of EEG power (density). This
analysis was performed by a standard (Matlab; MathWorks, Natick,
MA, USA) FFT algorithm using Welch technique and Hanning win-
dowing function with 1-Hz frequency resolution. A normalization
of the results of FFT analysis was obtained by computing the ratio
between EEG power at each frequency bin with the EEG power
value averaged across all frequency bins (0e100 Hz). After this
normalization, the EEG power lost the original physical dimension
and was represented by an arbitrary unit scale. According to this
scale, the value of “1”was equal to the power value averaged across
all frequency bins. The following EEG frequency bands were
selected for the statistical comparisons: 1e2 Hz, 2e4 Hz, 4e6 Hz,
6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and 20e30 Hz. These nar-
row bands were selected to avoid any a priori assumption on the
composition of EEG frequency bands in mice. In the same line,
sharing of a frequency bin by 2 contiguous frequency bands is a
widely accepted procedure to avoid any assumption about the
physiological distinction of 2 contiguous ones.

2.10. Statistical analysis

Two sessions of statistical analysis were performed by Statistical
10.0 package to test the primary hypotheses of the present study.
The first session tested whether the WT mice as a whole group
showed differences in EEG power between active and passive
conditions, thus reflecting changes in cortical arousal and vigilance.
To test this hypothesis, an analysis of variance (ANOVA) used the
normalized EEG power as a dependent variable. The ANOVA factors
were condition (passive, active) and band (1e2 Hz, 2e4 Hz, 4e6 Hz,
6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and 20e30 Hz). The center
recording the EEG activity was used as a covariate. The hypothesis
would be confirmed by the following 2 statistical results: (1) a
statistical main effect of the factor condition or a statistical inter-
action effect between the factors condition and band (p < 0.05);
and (2) a post hoc test indicating statistically significant differences
in the normalized EEG power between the active and the passive
condition (Duncan test, p < 0.05, 2-tailed).

The second session examined whether the WT mouse groups
showed differences in EEG power, thus reflecting changes due to
the effect of aging. To test this hypothesis, we computed the
difference in the normalized EEG power between the active and the
passive condition (active minus passive). An ANOVA used this
difference as a dependent variable. The ANOVA factors were group
(young, middle-aged, old; independent variable) and band (1e2 Hz,
2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and
20e30 Hz). The center recording the EEG activity was used as a
covariate. The hypothesis would be confirmed by the following 2
statistical results: (1) a statistical main effect of the factor group or a
statistical interaction effect between the factors group and band
(p < 0.05); and (2) a post hoc test indicating statistically significant
differences in the normalized EEG power (active minus passive) in
the old group with respect to the others (Duncan test, p < 0.05,
2-tailed). In this statistical session, only male mice were considered
(N ¼ 66; 25 young, 18 middle-aged, and 23 old), to avoid the
confounding effects of the sex.

The following other 2 sessions of statistical analysis tested
(secondary) control hypotheses.

A third statistical session tested the effect of sex on the previ-
ously mentioned spectral EEG marker. In this statistical session, the
variable age was paired including only 37 middle-aged mice (i.e., 19
females and 18 males). Indeed, this age group had a sufficient
amount of mice to perform the statistical comparison of interest. To
test this hypothesis, an ANOVA used the difference of the normal-
ized EEG power (active minus passive) as a dependent variable. The
ANOVA factors were group (female, male; independent variable)
and band (1e2 Hz, 2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz,
12e20 Hz, and 20e30 Hz). The center recording the EEG activity
was used as a covariate. The hypothesis would be confirmed by the
following 2 statistical results: (1) a statistical main effect of the
factor group or a statistical interaction effect between the factors
group and band (p < 0.05); and (2) a post hoc test indicating



Fig. 1. (Top): Grand average of the normalized electroencephalographic (EEG) power
density spectra relative to a bipolar cortical frontoparietal channel in 85 C57 adult mice
(for the sake of simplicity wild type [WT]). The EEG power density spectra range between
0 and 30 Hz. The EEG recordings were performed in a passive (i.e., awake quiet wake-
fulness with immobility or small movements) or active (i.e., exploratory movements)
condition. These recordings refer to the dark phase of the wake-sleep cycle (i.e., the phase
of animal activity). In the figure, the difference in the EEG power density between the
active and passive conditions (active minus passive) is also reported. (Bottom): Individual
values of the normalized EEG power density for all WT mice for the 2 conditions (active,
passive) and the 8 frequency bands (1e2 Hz, 2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz,
10e12 Hz, 12e20 Hz, and 20e30 Hz). A statistically significant analysis of variance
interaction (F[7, 581] ¼ 13.39, p ¼ 0.0001) between the factors condition (passive, active)
and band (1e2 Hz, 2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and
20e30 Hz) was found. The asterisks indicate the EEG frequency bands at which the
normalized EEG power density presented statistically significant differences between the
passive and active conditions (Duncan post hoc testing, p < 0.05).
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statistically significant differences in the normalized EEG power
(active minus passive) in the female group with respect to the male
group (Duncan test, p < 0.05, 2-tailed).

A fourth statistical session tested the sensitivity of the
previouslymentioned spectral EEGmarker to the passive and active
conditions in the 4 recording centers separately (i.e., Janssen,
Lundbeck, MNI, and UNIVR). To test this hypothesis, 4 ANOVAs (1
for any recording center) used the normalized EEG power as a
dependent variable. The ANOVA factors were condition (passive,
active) and band (1e2 Hz, 2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz,
10e12 Hz, 12e20 Hz, and 20e30 Hz). For any ANOVA, the
hypothesis would be confirmed by the following 2 statistical
results: (1) a statistical main effect of the factor condition or a
statistical interaction effect between the factors condition and band
(p < 0.05); and (2) a post hoc test indicating statistically significant
differences in the normalized EEG power between the active and
the passive condition (Duncan test, p < 0.05, 2-tailed).

3. Results

3.1. Normalized EEG power during active and passive conditions

Fig. 1 (top) shows the grand average (N ¼ 85) of the normalized
EEG power spectra for the active and passive conditions in all WT
mice as awhole group. These spectra showed an EEG power peak at
2e4 Hz (i.e., delta range) that was higher in the passive condition
compared with the active one. Furthermore, there was another EEG
power peak at 6e8 Hz (i.e., theta range) that was higher in the
active condition compared with the passive one. In the figure, the
difference in the EEG power between the active and passive con-
ditions (i.e., active minus passive) is also reported. It is observed a
negative peak of the EEG power difference at 2e4 Hz, reflecting the
maximum EEG power peak in the passive condition. Furthermore,
there was a positive peak of the EEG power difference at 6e8 Hz,
reflecting the maximum EEG power peak in the active condition.

Fig. 1 (bottom) reports the individual values of the normalized
EEG power for all WT mice. The values refer to the 2 behavioral
conditions (i.e., active, passive) and 8 frequency bands (i.e., 1e2 Hz,
2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and
20e30 Hz). The distributions of these individual values showed no
remarkable outliers. Fig. 1 (bottom) also illustrates the results of a
statistically significant ANOVA interaction (F[7, 581] ¼ 13.39,
p ¼ 0.0001) between the factors condition (passive, active) and
band (1e2 Hz, 2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz,
12e20 Hz, and 20e30 Hz). All WTmice were considered as a whole
group. Duncan-planned post hoc testing showed that the EEG
power was significantly higher in the passive compared with the
active condition at 1e2 Hz (p ¼ 0.000004), 2e4 Hz (p ¼ 0.000005),
and 4e6 Hz (p ¼ 0.000005). In contrast, this power was signifi-
cantly higher in the active compared with the passive condition at
6e8 Hz (p ¼ 0.00001) and 8e10 Hz (p ¼ 0.000004). The present
results showed statistically significant differences in the EEG power
between the passive and active conditions in the WT mice as a
whole group (p < 0.05).

3.2. Effect of age on the normalized EEG power

Fig. 2 (top) shows the grand average of the difference of the
normalized EEG power spectra between the active and passive
conditions (i.e., active minus passive) in the 3 mouse groups clas-
sified based on the age (i.e., the young, middle-aged, and old ones).
Of note, the group of the old mice exhibited a dominant negative
peak of the EEG power difference at 1e2 Hz.

Fig. 2 (bottom) shows the mean values (�standard error) of the
difference in the normalized EEG power between the active and
passive conditions (i.e., active minus passive) illustrating a statis-
tically significant ANOVA interaction (F[14, 434] ¼ 2.034, p ¼ 0.014)
between the factors group (young, middle-aged, and old) and band
(1e2 Hz, 2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz,
and 20e30 Hz). Duncan-planned post hoc testing unveiled the
specific statistical differences among the groups of male mice.
Compared to the young and middle-aged mice, the old mice were
characterized by a dominant EEG power difference (i.e., active
minus passive) at 1e2 Hz in the low-frequency delta band
(p < 0.05). Also, the old mice showed a dominant EEG power dif-
ference at 6e8 Hz (p < 0.05), whereas the other groups displayed
this effect at 8e10 Hz (p > 0.05).
3.3. Effect of sex on the normalized EEG power

Fig. 3 (top) shows the grand average of the difference in the
normalized EEG power spectra between the active and passive



Fig. 2. (Top): Grand average of the difference of the normalized EEG power density
spectra between the active and passive conditions (active minus passive) obtained
averaging the spectral values in the young (N ¼ 25), middle-aged (N ¼ 18), and old
(N ¼ 23) male wild-type (WT) mice considered separately. The normalized EEG power
density (active minus passive) refers to the frequency range between 0 and 30 Hz.
(Bottom): Mean values (�standard error) of the difference of the normalized EEG power
density between the active and passive conditions (active minus passive) illustrating a
statistically significant analysis of variance interaction (F[14, 434] ¼ 2.034, p ¼ 0.014)
between the factors group (young, middle-aged, and old) and band (1e2 Hz, 2e4 Hz,
4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and 20e30 Hz). The asterisks indicate
the EEG frequency bands at which this difference of the normalized EEG power density
presented statistically significant differences between the old mice compared with the
young and middle-aged male mice (Duncan post hoc testing, p < 0.05).

Fig. 3. (Top): Grand average of the difference of the normalized EEG power density
spectra between the active and passive conditions (active minus passive) obtained
averaging the spectral values of the female (N ¼ 19) and male (N ¼ 18) middle-aged
wild-type (WT) mice. This difference of the normalized EEG power (active minus
passive) refers to the frequency range between 0 and 30 Hz. (Bottom): Mean values
(�standard error) of the difference of the normalized EEG power density between the
active and passive conditions (active minus passive) illustrating a statistically signifi-
cant analysis of variance interaction (F[7, 238] ¼ 2.386, p ¼ 0.022) between the factors
group (male, female) and band (1e2 Hz, 2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz,
12e20 Hz, and 20e30 Hz). The asterisks indicate the EEG frequency bands at which the
difference of the normalized EEG power density (active minus passive) presented
statistically significant differences between the female and male mice (Duncan post
hoc testing, p < 0.05).
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conditions (i.e., active minus passive) in a subgroup of female mice
and in a subgroup of male mice. Compared with the male mice, the
female mice exhibited the greatest negative values of the EEG
power difference in the delta range (i.e., 1e2 Hz). Also, these female
mice showed the greatest positive values of the EEG power differ-
ence in the theta and alpha range (i.e., 8e10 Hz).

Fig. 3 (bottom) illustrates the mean values (�standard error) of
the difference in the normalized EEG power between the active and
passive conditions (i.e., active minus passive) illustrating a statis-
tically significant ANOVA interaction (F[7, 238] ¼ 2.386, p ¼ 0.022)
between the factors group (male, female) and band (1e2 Hz,
2e4 Hz, 4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and
20e30 Hz). Duncan-planned post hoc testing unveiled the specific
statistical differences among these mouse groups. Compared with
the male mice, the female mice showed a dominant EEG power
difference (i.e., active minus passive) at 1e2 Hz in the low-
frequency delta band (p ¼ 0.02). Compared with the male mice,
the female mice also showed a dominant EEG power difference at
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8e10 Hz (p ¼ 0.002). These results suggest a general greater EEG
reactivity in the female mice compared with the male mice in both
passive and active conditions.

3.4. Reliability of the spectral EEG markers among the recording
centers

Fig. 4 (top) shows the grand average of the normalized EEG
power spectra for the active and passive conditions in the WT mice
of any recording center considered separately (i.e., Janssen, Lund-
beck, MNI, and UNIVR). In all recording centers, these spectra
showed a clear EEG power peak at 2e4 Hz (i.e., delta range) that
was higher in the passive condition compared with the active one.
Furthermore, there was another clear EEG power peak at 6e8 Hz
(i.e., theta range) that was higher in the active condition compared
with the passive one in Janssen, Lundbeck, and MNI recording
centers. On the contrary, this peak at 6e8 Hz was slight in UNIVR
recording center. In the figure, the difference in the EEG power
between the active and passive conditions (i.e., active minus pas-
sive) is also reported for all recording centers. As in the grand
average of all WTmice as awhole group, a negative peak of the EEG
power difference at 2e4 Hz reflected the maximum EEG power
peak in the passive condition in all recording centers. In all
recording centers but one (i.e., UNIVR), there was also a clear pos-
itive peak of the EEG power difference at 6e8 Hz, reflecting the
maximum EEG power peak in the active condition.

Fig. 4 (bottom) shows the mean values (�standard error) of the
difference in the normalized EEG power between the active and
passive conditions (i.e., active minus passive) illustrating the results
of the 4 ANOVAs, 1 for any recording center considered separately
(i.e., Janssen, Lundbeck, MNI, and UNIVR). In all ANOVAs, there was
a statistically significant ANOVA interaction (p < 0.00001) between
the factors condition (passive, active) and band (1e2 Hz, 2e4 Hz,
4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and 20e30 Hz).
Duncan-planned post hoc testing confirmed in all the single
ANOVAs the statistical differences among the passive and active
conditions observed in the main analysis in all WT mice considered
as a whole group. Compared with the passive condition, the active
condition showed a statistically significant dominant negative EEG
power difference (i.e., active minus passive) at 1e2 Hz and 2e4 Hz
in all recording centers (p < 0.005). Also, the active condition
showed a statistically significant dominant positive EEG power
difference at 6e8 Hz in all recording centers but UNIVR (p < 0.05)
and the 8e10 Hz in all recording centers (p < 0.01). More details on
the results of this statistical session are reported in Table 4. The
reduced differences of the EEG power density between the
behavioral active and passive states in UNIVR mice, mainly due to a
very slight increase of theta rhythms during the behavioral active
state of the UNIVR mice, was probably due to the relative high
amount of the old mice (20-month old) of UNIVR recording
center (7 old mice for a total amount of 16). As the on-going cortical
EEG rhythms differed across aging (see Fig. 2), the averaging
between the young, middle-age, and old mice may have caused
the reduced theta increase during the behavioral active state in
the UNIVR mice.

4. Discussion

In humans, resting state EEG rhythms reflect the fluctuation of
cortical arousal and vigilance in a typical clinical recording setting,
namely the EEG recordings for few minutes of subjects in the state
of eyes closed (i.e., passive condition) and eyes open (i.e., active
condition). The higher the cortical EEG power at a given frequency,
the higher is the synchronization of cortical pyramidal neurons at
that frequency (Pfurtscheller and Lopes da Silva, 1999). Can this
basic procedure be back-translated to C57BL6 (WT) mice for aging
studies, this strain being the genetic basis for the mouse mutants
modeling AD processes?

Here, we report that the WT mice showed substantial differ-
ences in the EEG power between passive and active conditions
mimicking those of the mentioned clinical setting for humans.
Compared with the passive condition, the active condition exhibi-
ted a decrease of the EEG power at 1e2 Hz in the so-called delta
range. Also, there was an increase in the EEG power at 6e10 Hz in
the so-called extended theta range. This difference was more
pronounced in female than male mice.

4.1. On-going cortical EEG rhythms in WT mice differ between the
passive and active conditions

The present results indicate that theta power of on-going EEG
rhythms is sensitive to an increased cortical arousal and vigilance in
WT mice during exploratory movements. These findings lead
support to previous evidence showing that on-going theta rhythms
(6e9 Hz) were correlated with the amount of motor activity in mice
and rats (Buzsáki et al., 2003; Kelemen et al., 2005; Pickenhain and
Klingberg, 1967; Vanderwolf, 1969). Furthermore, these rhythms
increased in power in awake states associated with attentive or
motor activities in rats (Maloney et al., 1997). In the same vein,
amphetamine did induce both increased theta power and hyper-
locomotion in rats (Pálení�cek et al., 2013).

The present results also suggest that delta power of on-going
EEG rhythms reflects low cortical arousal and vigilance in WT
mice in awake quiet wakefulness. These findings challenge the
traditional view that on-going delta rhythms are negligible in
awake (healthy) rodents, and primates, whereas they are dominant
in nonrapid eye movement stages of the sleep (Crunelli et al., 2015;
Lörincz et al., 2009a, 2009b; Steriade, 1993, 2000, 2003; Steriade
and Amzica, 1998; Steriade et al., 1993). In this regard, the present
results extend the following pieces of previous evidence chal-
lenging that traditional view. In rodents, a state of quiet wakeful-
ness (i.e., similar to the current passive condition) induced
dominant low-frequency (<5 Hz) and large voltage fluctuations in
the membrane potential of cortical neurons and in cortical EEG and
local field potentials (Crochet and Petersen, 2006; Petersen et al.,
2003; Timofeev et al., 2000; Vyazovskiy et al., 2011; Zagha et al.,
2013). These fluctuations interacted with incoming signals from
visual, auditory, and somatosensory cortex in behaving animals
(Bennett et al., 2013; Haider et al., 2013; Hromádka et al., 2013;
Okun et al., 2010; Polack et al., 2013; Zhou et al., 2014). Further-
more, cortical delta rhythms exhibited increased power when rats
were in quiet wakefulness with respect to states associated with
attentive or motor activities (Maloney et al., 1997). Moreover,
on-going delta rhythms and low-frequency/large voltage fluctua-
tions were reported inmembrane potentials, multiunit activity, and
local field potentials in the cerebral cortex of awake nonhuman
primates (Lakatos et al., 2005, 2008; Tan et al., 2014). In human
primates, widespread on-going delta rhythms were recorded from
the scalp in relation to physiological sleep (Simon and Emmons,
1956), consciousness disorders (Simon and Emmons, 1956), and
pathological aging with cognitive impairment (Babiloni et al., 2007,
2009, 2014, 2016). In awake epilepsy patients, intracerebral EEG
recordings showed ample on-going delta rhythms in circumscribed
regions of the intact cerebral cortex during quiet wakefulness
(Sachdev et al., 2015).

4.2. On-going cortical EEG rhythms in WT mice differ across aging

In the present study, the population of WT male mice was
subdivided into 3 groups based on age: young (25 mice of



Fig. 4. (Top): Grand average of the normalized EEG power density spectra for the 4 recording centers considered separately. Specifically, these centers were the following: Janssen
Research and Development (Belgium), H. Lundbeck A/S (Denmark), Mario Negri Institute (MNI, Italy), and University of Verona (UNIVR, Italy). The EEG power density spectra range
between 0 and 30 Hz for the active and passive state. The difference between the active and the passive state (active minus passive) is also reported. (Bottom): Mean values
(�standard error) of the normalized EEG power density illustrating a statistically significant analysis of variance interaction effect (Janssen: F[7, 77] ¼ 32.28, p ¼ 0.00001; Lundbeck:
F[7, 231] ¼ 88.65; MNI: F[7, 154] ¼ 21.64, p ¼ 0.00001; UNIVR: F[7, 105] ¼ 5.80, p ¼ 0.00001) between the factors condition (passive, active) and band (1e2 Hz, 2e4 Hz, 4e6 Hz,
6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and 20e30 Hz). Asterisks indicate the EEG bands at which the normalized EEG power density presented statistically significant differences
between the passive and active conditions (Duncan post hoc testing, p < 0.05).
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Table 4
Results of the statistically significant interaction (p < 0.05) between the factors
condition (i.e., passive, active; independent variable) and band (1e2 Hz, 2e4 Hz,
4e6 Hz, 6e8 Hz, 8e10 Hz, 10e12 Hz, 12e20 Hz, and 20e30 Hz) of 4 ANOVAs using
EEG power (density) as a dependent variable

Center ANOVA interaction between the factors condition and band
Duncan post hoc results

Janssen F(7, 77) ¼ 32.28, p ¼ 0.00001
1e2 Hz (p ¼ 0.0003), 2e4 Hz (p ¼ 0.00002), 4e6 Hz
(p ¼ 0.00002), 6e8 Hz (p ¼ 0.04), and 8e10 Hz (p ¼ 0.0002)

Lundbeck F(7, 231) ¼ 88.65, p ¼ 0.00001
1e2 Hz (p ¼ 0.00001), 2e4 Hz (p ¼ 0.00004), 4e6 Hz
(p ¼ 0.00004), 6e8 Hz (p ¼ 0.00003), and 8e10 Hz (p ¼ 0.00001)

MNI F(7, 154) ¼ 21.64, p ¼ 0.00001
1e2 Hz (p ¼ 0.002), 2e4 Hz (p ¼ 0.00004), 4e6 Hz
(p ¼ 0.00004), 6e8 Hz (p ¼ 0.03), and 8e10 Hz (p ¼ 0.005)

UNIVR F(7, 105) ¼ 5.80, p ¼ 0.00001
2e4 Hz (p ¼ 0.00001), 4e6 Hz (p ¼ 0.00003),
and 8e10 Hz (p ¼ 0.01)

ANOVA-dependent variable was the normalized EEG power density. The ANOVAs
refer to the following 4 EEG recording centers: Janssen Research and Development
(Belgium), H. Lundbeck A/S (Denmark), Mario Negri Institute (MNI, Italy), and
University of Verona (UNIVR, Italy). In the table, the results of a post hoc Duncan
testing are also reported (p < 0.05).
Key: ANOVA, analysis of variance.
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4.5e6 months), middle-aged (37 mice of 12e15 months), and old
(23 mice of 20e24 months). EEG results showed some peculiar
features in the former group. In the passive condition, EEG power in
the delta band (i.e., 1e2 Hz) was higher in the old group than that
in the young andmiddle-aged groups, whereas the EEG power peak
in the active condition was slower as frequency in the Nold group
(i.e., 6e8 Hz) than that in the other groups (i.e., 8e10 Hz). These
results suggest a general “slowing” of the delta and theta rhythms
in the old mice. In this line, they extend previous evidence showing
a slowing of the frequency peak of on-going theta rhythms in awake
C57 mice along physiological aging (Wimmer et al., 2013). In that
previous study, there was no distinction of behavioral passive and
active states during wakefulness, so it can be hypothesized that the
overlapping of these states hides the aging effects on delta band.
4.3. Translational value of the present results

What is the translational value of the present results for the
research on both physiological and pathological aging?

First, the present study unveiled the interspecies differences of
on-going EEG rhythms in wakefulness between WT mice and
humans. It is well known that in awake healthy humans, alpha
rhythms (8e12 Hz) dominate in posterior areas of cerebral cortex in
relaxed wakefulness, as a reflection of low cortical arousal and
vigilance (Klimesch, 1999; Klimesch et al., 1997; Pfurtscheller and
Klimesch, 1992). Power of these rhythms is dramatically reduced
during perceptual, memory, and motor demands, as a reflection of
increased cortical arousal and vigilance (Babiloni et al., 1999;
Klimesch, 1999; Klimesch et al., 1997; Pfurtscheller and Klimesch,
1992; Sergeant et al., 1987; Van Winsum et al., 1984). The same
dynamic of on-going alpha rhythms is reproduced in a convenient
clinical setting as the conditions of resting state eyes closed
(i.e., passive condition) and eyes open (i.e., open condition), lasting
few minutes each (Babiloni et al., 2010). In the present study, the
pattern of the EEG activity was quite different inWTmice. The mice
showed neither a power peak in the alpha range (8e12 Hz) during
the passive condition nor the reduction of this power peak during
the active condition. Rather, changes in the cortical arousal and
vigilance were reflected by on-going delta and theta rhythms
recorded for few minutes. Despite these interspecies differences,
we posit that the present passive and active conditions are a useful
translational paradigm for the neurophysiological study of the
fluctuation of cortical arousal and vigilance in mice across aging.

Second, this translational paradigm can be used in multicenter
studies on physiological aging in mice. Indeed, the present experi-
mental procedures for the classification of the animal behavior and
the EEG recordings provided results quite repeatable across 4
qualified recording centers. These procedures were defined in the
IMI PharmaCog project (www.pharmacog.org) by researchers
coming from academia and the pharmaceutical industry. Therefore,
these procedures have incorporated needs and views of both
perspectives. Overall, the present study represents the first cross-
validation of the mentioned behavioral and EEG procedures in a
public-private research network.

Third, the mentioned translational paradigm can be used in
multi-centric studies on a mouse model of AD. Indeed, the present
spectral EEG markers of cortical arousal in WT mice can been
considered a promising back-translation of abnormal spectral EEG
markers observed in AD patients placed in resting state condition
(Babiloni et al., 2010; Bennys et al., 2001; Bonanni et al., 2008; Claus
et al., 1999; Huang et al., 2000; Lehmann et al., 2007; Ommundsen
et al., 2011). Compared with groups of normal elderly subjects,
groups of AD patients with dementia were characterized by the
following EEG markers: (1) higher power of widespread delta
(<3 Hz) and theta rhythms (4e7 Hz); (2) lower power of posterior
alpha rhythms (8e12 Hz) with a slowing of the alpha peak fre-
quency; (3) lower power of high-frequency beta (14e30 Hz) and
gamma (around 40 Hz) rhythms (Adeli et al., 2005; Babiloni et al.,
2007, 2009, 2013, 2014, 2016; Dierks et al., 2000; Huang et al.,
2000; Jeong, 2004; Ponomareva et al., 2003; Prichep et al., 1994;
Wolf et al., 2003); and (4) lower reduction of power of posterior
alpha rhythms (Babiloni et al., 2010). In the framework of the
PharmaCog project, we evaluated whether the present spectral EEG
markers, reflecting changes in cortical arousal, were altered in
single and double mutant transgenic mouse model of AD
(i.e., PDAPP and TASTPM mice) compared with WT mice. Future
studies will report the outcomes of these EEG comparisons as first
positive impact of the present study (WT vs. PDAPP mice; WT vs.
TASTPM mice).
5. Conclusions

Resting state EEG rhythms reflect the fluctuation of cortical
arousal and vigilance in a typical clinical setting in humans, namely
the recording of EEG rhythms for few minutes in the states of
eyes closed (i.e., passive condition) and eyes open (i.e., active con-
dition). Can this basic procedure be back-translated to WT (C57)
mice for aging studies? On-going EEG data were recorded in
young (4.5e6 months), middle-aged (12e15 months), and old
(20e24 months) mice in passive state (no sleep) and exploratory
movements. A few minutes of artifact-free EEG rhythms related to
the 2 conditions were considered for the spectral EEG analysis.
Compared with the passive condition, the active condition induced
a decrease of EEG power at 1e6 Hz and its increase at 6e10 Hz in all
mice as a group.

Concerning the aging effects, the passive condition showed
higher EEG power at 1e2 Hz in the old group than that in the young
and middle-aged groups. Furthermore, the active condition
exhibited a maximum EEG power at 6e8 Hz in the former group
and 8e10 Hz in the latter groups.

In the present conditions, delta and theta EEG rhythms reflected
changes in cortical arousal and vigilance in freely behaving WT
mice across aging. These changes resemble the so-called slowing of
resting state EEG rhythms observed in humans across physiological
and pathological aging.

http://www.pharmacog.org
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In perspective, after some further cross-validation, shorter EEG
recording sessions could be systematically planned and performed.
Furthermore, the selection of the short EEG segments of interest
and the determination of animal behavior could be done by semi-
automatic procedures. As a result, there will be beneficial effects
not only for the translational validity of the new preclinical EEG
procedures but also for the experimental costs and the experi-
menter and animal wellness.
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