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Highlights

e Cortical 8 — 60 Hz oscillations are augmented in APP/PS1 mice independent of age
e APP/PS1 mice but not wild-type mice display frequent spike-wave discharges
e Increased theta and beta oscillations precede spike-wave discharges

e Auditory EPs of APP/PS1 mice stay augmented but acoustic startles diminish with age
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Abstract

Amyloid plaque forming transgenic mice display neuronal hyperexcitability, epilepsy and sudden
deaths in early adulthood. However, it is unknown whether hyperexcitability persists until middle
ages when memory impairment manifests. We recorded multichannel video-EEG, local field
potentials and auditory evoked potentials in transgenic mice carrying mutated human APP and PS1
genes and wild-type littermates at 14-16 months and compared the results with data we have earlier
collected from 4-month-old mice. Further, we monitored acoustic startle responses in other
APP/PS1 and wild-type mice from 3 to 11 months of age. Independent of the age APP/PS1 mice
demonstrated increased cortical power at 8-60 Hz. They also displayed over 5-fold increase in the
occurrence of spike-wave discharges and augmented auditory evoked potentials compared to
nontransgenic littermates. In contrast to evoked potentials, APP/PS1 mice showed normalization of
acoustic startle responses with aging. Increased cortical power and spike-wave discharges provide
powerful new biomarkers to monitor progression of amyloid pathology in preclinical intervention

studies.
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AEP = auditory evoked potential
APP = amyloid precursor protein
dVC = deep visual cortex

LFP = local field potential

mFC = medial frontal cortex
PSD = power spectral density
PS1 = presenilin-1

sFC = superficial frontal cortex
sVC = superficial visual cortex

SWD = spike-wave discharge



1. Introduction

Alzheimer’s disease is often considered a slow degeneration process where the activity of neurons
gradually fades away. However, accumulating evidence suggests that the early stages of the disease
are actually characterized by neuronal hyperactivity. Functional magnetic resonance imaging
(fMRI) studies in humans have revealed increased activation of medial temporal lobe structures in
patients with mild cognitive impairment compared to elderly controls or patients with diagnosed
Alzheimer’s disease (Dickerson et al., 2005; Himaildinen et al., 2007). In extreme cases, the
neuronal hyperactivity (or hyperexcitability) may manifest as epileptic seizures. Overall, epileptic
seizures in Alzheimer patients are rare but still ~8 times more common than in general age-matched
population (Scarmeas et al., 2009). However, the occurrence of seizures and myoclonus is
particularly high in early-onset, autosomal dominant familial AD linked with amyloid precursor
protein (4APP) or presenilin-1 (PS7) mutations, with estimated seizure rates ranging between 1567
% and myoclonus rates between 9—31%, being highest in PS7 mutation carriers (Vossel et al.,
2017). Moreover, a recent prospective EEG study found subclinical epileptiform activity in more

than 40% of AD patients (Vossel et al., 2016).

Increased epileptic activity, including spontaneous seizures, have been documented in most
transgenic mice carrying mutated human amyloid precursor protein (APP) gene (Ittner et al., 2014;
Minkeviciene et al., 2009; Nygaard et al., 2015; Palop et al., 2007; Westmark et al., 2010;
Ziyatdinova et al., 2016). Further, these mice show decreased threshold for seizure induction (Palop
et al., 2007; Westmark et al., 2008; Ziyatdinova et al., 2016), and in vivo imaging of cortical
neurons in APP transgenic mice show spontaneous hyperactivity of neurons around amyloid
plaques (Busche et al., 2008). Indices of neuronal hyperexcitability can be also seen in in vivo EEG
recordings in freely moving APP transgenic mice. Most commonly reported findings are brain
region and state dependent changes in theta power (Gurevicius et al., 2013; Hazra et al., 2016; Jyoti
et al., 2010; Papazoglou et al., 2017, 2016; Wang et al., 2002), and consistent state-independent
increase in beta-power (Corbett et al., 2013; Gurevicius et al., 2013; Jyoti et al., 2010; Wang et al.,
2002) up to gamma-range, if recorded (Corbett et al., 2013; Gurevicius et al., 2013; Papazoglou et
al., 2016). Moreover, these mice display increased cortical spiking (Born et al., 2014; Sanchez et
al., 2012), and increased amplitude of auditory (Gurevicius et al., 2013; Wang et al., 2002) and
somatosensory (Maatuf et al., 2016) evoked potentials, which speak for increased cortical

excitability.



Notably, almost all EEG studies in AD model mice have been conducted in young adult animals
with moderate amyloid accumulation, and we do not know whether hyperexcitability continues
until ages above 12 months when both amyloid pathology and memory impairment have fully
developed. From the translational viewpoint it is important to make the distinction between
phenotypes that manifest mainly in young animals (suggesting developmental or transgene effect
independent of amyloid pathology) and phenotypes that show progression with age and amyloid
pathology.

We have earlier reported increased cortical and thalamic power between 6-70 Hz and augmented
auditory evoked potentials (Gurevicius et al., 2013) in 4-month-old APPgy/PS14r9 mice with well-
characterized epilepsy phenotype (Minkeviciene et al., 2009). To assess changes in cortical,
thalamic and hippocampal excitability in this mouse with aging we replicated the power spectral
and evoked potential analysis at the age of 14-16 months, when the amyloid pathology has fully
developed, and the mice, in contrast to 4-month-old ones, show robust memory impairment
(Minkeviciene et al., 2008). As a behavioral measure of brain excitability and to assess myoclonus
associated with some forms of familial AD (Vossel et al., 2017), we also followed-up acoustic and
spontaneous startles in a separate group of APPg/PS14p9 mice from 3 to 11 months of age. Here
we provide evidence for continued cortical hyperexcitability in APP/PS1 mice up to 16 months of
age compared to 4-month-old transgenic mice or middle-aged wild-type littermates. A novel finding
was frequent cortical spike-wave discharges in APP/PS1 mice at both ages and their co-occurrence

with increased oscillations at 6-12 Hz and 20-40 Hz.

2. Methods

2.1 Animals

The subjects were APPsye/PS14rg (APP/PS1) mice (Jankowsky et al., 2004) and their age-matched
wild-type littermates. The APP/PS1 colony was based on founders obtained from D. Borchelt and J.
Jankowsky (Johns Hopkins University, Baltimore, MD, USA). The mice were backcrossed to
C57BL/6J strain for 16 generations. The main EEG/LFP study comprised 14 male APP/PS1 mice
and 16 wild-type littermate controls between 14 and 16 months of age, while the experiment on
acoustic startle reflexes included 9 female APP/PS1 mice and 8 wild-type littermates. In addition,
we reanalyzed select data from 10 APP/PS1 and 7 WT female mice who were recorded at 4 months

of'age in our previous study (Gurevicius et al., 2013). The mice were kept in a controlled



environment (constant temperature, 22 + 1 °C, humidity 50 — 60 %, lights on 07:00-19:00), with
food and water available ad libitum. All animal procedures were carried out in accordance with the
guidelines of the European Community Council Directives 86/609/EEC and approved by the

Animal Experiment Board of Finland.

To obtain quantitative data on the occurrence of sudden deaths in our breeding colony of APP/PS1
mice, we took advance of an electronic animal data management system (Provet, Espoo, Finland)
that has been in use since mid-2010. We screened all APP/PS1 transgenic (genotype confirmed with
PCR) that were not sacrificed for sampling before the age of 12 months for recorded spontaneous
deaths or euthanasia due to impaired health condition after an eyewitness report of convulsions.
Mice with an operation requiring general anesthesia within three weeks from the reported sudden

death were excluded from the analysis.

2.2 Electrode implantation

Surgery was performed under isoflurane anesthesia (4.5% for induction, ~2% for maintenance).
Animals were chronically implanted with a double or triple wire electrodes (Formwar® insulated
stainless steel wire, diameter 50 pm, California Fine Wire Company Co, Grover Beach, CA, USA)
at the following locations: medial frontal cortex, two doublet electrodes in parallel with a vertical
tip separation of 400 um at AP +1.8 from bregma, ML + (right) 0.8 from midline and +0.2, and DV
1.9 (deeper tip) from dura; hippocampus, a triplet electrode with a vertical tip separation of 400 um
at AP -1.8, ML +1.0, and DV 2.2 (the deepest tip); lateral geniculate nucleus of thalamus, a doublet
electrode with a vertical tip separation of 400 pm at AP -2.3, ML — (left) 2.3, and DV 2.8 (deeper
tip); visual cortex, a triplet electrode with a vertical tip separation of 200 pm at AP -3.8, ML -2.3,
and DV 0.6 (the deepest tip). In addition, cortical screw electrodes were attached to the left frontal
bone (AP +1.0, ML -2.0) and right parietal bone (AP -1.0, ML +2.5). Further, two screws were
fixed on the occipital bone to serve as the ground and common reference. The screws served also as
the anchors for dental acrylic cement and the connector (Mill-Max, NY, USA). In addition,
stainless steel wire (Formwar® insulated, diameter 50 um, California Fine Wire Company Co,
Grover Beach, CA, USA) was inserted during surgery between the neck muscles of for
electromyogram (EMGQG) recording. After the surgery, the mouse received carprofen daily (5 mg/kg,
i.p., Rimadyl®, Vericore, Dundee, UK) for postoperative analgesia max 3 days and antibiotic
powder (bacitrasin 250 1U/ g and neomycinsulfate 5Smg/g, Bacibact®, Orion Finland) was applied

on the wound.



2.3 Video-EEG and AEP acquisition

After a recovery period of 7 days the animals were accustomed to the recording setup. The animal
was freely moving in a round metal arena (diameter = 18.5 cm), connected to a lightweight
recording cable with a counter-weight pulley system. The implanted connector (Mill-Max, NY,
USA) was attached to a preamplifier (Plexon HST/16050-G1-R11, Dallas, USA,) and the signal
was further amplified with an AC amplifier (A-M Systems 3600, Sequim, WA, USA; gain 1000,
band-pass 1 — 3000 Hz). At least three sessions of undisturbed 1.5 h daytime (light phase) recording
was collected and digitized at 2 kHz per channel (DT2821series A/D board; Data Translation,
Marlboro, MA, USA). The data were acquired by using Sciworks 5.0 program (DataWave
Technologies, Loveland, CO, USA). The behavior of the animals was recorded using a camera
(Live!Cam, Video IM Pro, Creative, Dublin, Ireland) that was positioned on top of the arena and
synchronized with electrophysiological signals. Auditory evoked potentials (AEPs) were evoked
using a pair of click tones (3 kHz, duration 10 ms, 70 dB, 500 ms between the pairs, interstimulus
interval 10 s). For AEP recordings the mouse was continuously observed and all records for further
analysis were obtained during immobility of the animal. A total of 30 responses at the parietal

screw electrode were sampled and averaged.

2.4 Histology

At the end of the experiment the animals were deeply anesthetized with Equithesin solution (0.1 ml
/ 10g) (chloral hydrate 425 mg + phenobarbital 60 mg/ml 1.75 ml + propylene glycol 3.3 ml +
ethanol 100 % 1.2 ml, filled till 10 ml volume with distilled water). The locations of electrodes were
marked by passing 50 pA DC current 8-10 s through all channels with wire electrodes. The mouse
was perfused with ice-cold saline for 5 min at 10 ml/min followed by 4 % paraformaldehyde (PFA)
solution for 9 min at 10 ml/min. The brain was removed and left for immersion postfixation for 4 h
in 4 % PFA and after that in 30 % sucrose solution for 24 h. The brains were stored in a
cryoprotectant at -20 °C until slicing. Coronal sections (thickness 35 pum) were cut with a freezing

slide microtome.

Every third hippocampal section was stained for GFAP (glial fibrillary acidic protein) to reveal the
gliosis around chronic wire electrodes. Mouse anti-GFAP was bought from Sigma-Aldrich (1:1000,
MO, USA) and goat anti-mouse with horseradish peroxidase from Pierce Biotechnology (1:500,
Rockford, IL, USA). In addition, select sections were stained for the N-terminal human A specific
antibody W02 (Genetics, Switzerland) to visualize amyloid plaques. The sections were examined

using an Olympus microscope at 25-40 x magnification. In addition to lesion marks and gliosis in



histology, we used well-known hippocampal electrophysiological markers to verify electrode
location. Polarity and amplitude of theta oscillation and presence of ripple oscillations defined
hippocampal layers, while reversal of the visual evoked potential (Leinonen et al., 2016) was used
to distinguish superficial (sVC) and deep (dVC) layers of the visual cortex.

All signals were normalized to amplification and analyzed offline in Matlab (Mathworks, Natick,
MA, USA; R2015b). In the beginning, all LFP/EEG recordings during spontaneous behaviors were
processed to artifact/noise estimation. Every channel in each recording was divided into 10-s
sweeps to facilitate artifact exclusion, behavioral state assignment and further analysis. To eliminate
occasional artifacts (e.g. bad contact, jerky movements, animal handling, etc.), we calculated the
averaged power spectrum distribution between 80 and 90 Hz for each sweep, and outlying sweeps
were excluded with iterative implementation of the Grubbs test for outliers (MATLAB routine
“deleteoutliers.m” by Brett Shoelson); besides, we visually checked recording quality and cut out
noisy sweeps manually from individual channels. All channels that had fewer than 60 noisy sweeps
(=10 min) were qualified into the database; however, only the first recording session that fulfilled

the criteria was processed for further analysis.

Next, we assigned each sweep to one of the four behavioral states: movement, waking immobility,
rapid eye movement (REM) sleep, or non-REM (NREM) sleep, based on a semi-automated
procedure as following: (1) the sweeps with EMG (1-100 Hz) amplitude above the mean were
assigned as movement; (2) an alpha (10-15 Hz)/ gamma (30—100 Hz) power ratio above the mean
characterized NREM sleep. If the ratio between two NREM sweeps remained 25% above the
smallest value, those sweeps were merged together; (3) a high-theta (7-9 Hz)/delta (1-4 Hz) power
ratio above the mean by 2 SDs characterized REM sleep, and two REM sweeps were merged
together if the ratio remained above the mean in between. In addition, the preceding sweep had to
be classified as NREM sleep; otherwise, sweeps with high theta/delta ratios were assigned as
waking immobility; (4) all remaining waking time was assigned as waking immobility. The
behavioral assignment was further verified by visual inspection on the resulting hypnogram, raw
LFP/EEG data, and video and was corrected if needed as done in our previous study (Gurevicius et
al., 2013). The power spectral density (PSD) was calculated on each sweep with Welch’s averaged
modified periodogram method of spectral estimation (default MATLAB parameters), and then
averaged within each behavioral state, brain region and genotype. To compare the PSD between the
genotypes, we ran multiple t-tests for each 1 Hz bin and applied false discovery rate correction
(Benjamini and Hochberg, 1995) for multiple comparisons. The statistical threshold was set at p <

0.05. To enable comparison across ages and across two studies done in the same laboratory but with
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a different amplifier (with possibly different calibration) we normalized the PSDs of the 4-month-
old mice so that the group means of WT mice of the two ages became equal. This approached may
have masked any age-related systematic effect. However, based on our earlier longitudinal study
from 6 to 13 months of age, there is no major age-related change in the cortical EEG power, as long
as the animals are in the same behavioral state (Wang et al., 2002). We divided the PSD into
conventional frequency bands, delta (1-4 Hz), theta (5-9 Hz), alpha (10-15 Hz), beta (16 — 29 Hz),
and gamma (30 — 100 Hz) and compared the power in these bands between the old dataset on young
mice and the present one on middle-aged mice. The data were analyzed by two-way ANOVA, with

genotype and age as factors.

Cortical spike-wave discharge (SWD) with a characteristic dominant frequency of 3-4 Hz is the
electrophysiological characteristics of absence epilepsy in humans (Timofeev and Steriade, 2004).
In many aspects identical SWD complex with alternating spikes and waves can be seen in genetic
rodent models of absence epilepsy but with different frequency characteristics. The basic frequency
of the wave component starts around 10-12 Hz and quickly stabilizes to 7 — 8 Hz. A second
harmonic peak can often be seen around 20 Hz (Liittjohann et al., 2013). We screened out the SWD
events from the cortical EEG with the help of these two frequency bands as follows. First, raw EEG
data were bandpass filtered between 7 — 23 Hz, and then an envelope was calculated by taking
absolute values of Hilbert-transformed filtered data. Second, a positive threshold was set above the
envelope mean. The two crossing points between the envelope and the threshold marked the range
of a candidate SWD event. If the time gap between consecutive candidate events (end of the first to
the beginning of the second) was smaller than 500 ms, these candidate events were merged.
Besides, events that were shorter than 400 ms or have fewer than three spike-wave cycles were
excluded from the SWD collection. First, raw EEG data were bandpass filtered between 7 — 23 Hz,
and then an envelope was calculated by taking absolute values of Hilbert-transformed filtered data.
Second, a positive threshold was set above the envelope mean. The two crossing points between the
envelope and the threshold marked the range of a candidate SWD event. If the time gap between
consecutive candidate events (end of the first to the beginning of the second) was smaller than 400
ms, these candidate events were merged. Besides, events that were shorter than 400 ms or have
fewer than three spike-wave cycles were excluded from the SWD collection. The threshold value
was adjusted by eye inspection for each mouse based on a sample file until no true positive events
were excluded and most false events rejected. Between individual mice this threshold varied
between 4.2 — 6.9 SD in WT and 2.7-5.0 SD in APP/PS1 mice. In the final step, we used a

customized user interface to help an experience human rater blinded to the mouse genotype decide



the acceptance vs. rejection of each candidate event based on the regularity of the spike-wave
pattern. The number of SWD events in each genotype and at two ages was counted and divided by
the total time of immobility (i.e. waking immobility+ NREM). The data were analyzed by two-way
ANOVA with genotype and age as factors.

Pre-SWD power at 2 - 4 Hz range (Liittjohann et al., 2013), 5 - 9/ 6 -12 Hz range (Liittjohann et al.,
2013; Pinault et al., 2001), and 20-40 Hz range (Sorokin et al., 2016) have been reported to
positively correlate with spontaneous SWD events in a genetic absence-epilepsy rat model. To test
if this is the case in our WT and APP/PS1 mice (middle-aged mice only), we screened out all SWD
events that occurred at least 60 s after the end of the previous SWD event, and then divided the
preceding 60-s epochs into 2-s bins. To test whether SWDs associate with slow fluctuations in
above mentioned frequencies, we compared the PSD in latter and earlier half of the 60-s epoch
preceding the SWDs with paired t-test. Besides, to determine the association between SWDs and
these power ranges in a smaller time scale, we compared the 2-4 Hz, 6-12 Hz or 20-40 Hz power

between adjacent 2-s bins across the 60 s preceding the SWD by using paired t-test.

To search for the amplitude modulation by oscillation phase in the middle-aged mice, we first
plotted the bispectrum of raw data, which indicates interacting frequency triplets (Kramer et al.,
2008). Based on the bispectrum, we chose to examine (1) delta (2-4 Hz) phase/gamma (40—100 Hz)
amplitude modulation and (2) theta (6—10 Hz) phase/gamma (40—100 Hz) amplitude modulation. In
order to quantify the extent of modulation, we estimated the modulation index (MI) based on a
normalized entropy measure, as described previously (Gurevicius et al., 2013; Tort et al., 2008).
The higher the MI value, the stronger is the cross-frequency coupling (amplitude-phase) between
two frequency ranges of interest. We estimated the mean power of gamma oscillation for each 1 Hz
bin. Statistical significance of MI was estimated by creating shuffled data of the time series (phase
of one sweep and amplitude of another) and generated 200 surrogate MI values, from which each
MI value was calculated from 20 random pairs. Assuming a normal distribution of the surrogate MI
values, a significance threshold was then calculated by using p < 0.01 as the threshold. All
comparisons were done using Friedman’s test due to the lack of normal distribution of MI values

and unpaired sizes of samples in each comparison group.

2.6 AEP data analysis



In the paired-pulse auditory stimulus experiment the AEPs in the frontal cortex showed constantly
two components at 20 (N1) and 30 (P1) ms after the click stimulus in all tested mice. First, the
baseline was corrected for each mouse by averaging background EEG between 0 and 100 ms before
the stimulus onset. The amplitude of each peak or trough was the difference between the absolute
maximum and the baseline level, while the peak latency was calculated from the stimulus onset.
When estimating habituation of the AEP (auditory gating), we first calculated the amplitude
difference between the N1 and P2 peaks as described previously (Bickford-Wimer et al., 1990).
Then paired-pulse ratios were calculated for the P2 — N1 difference by dividing the response
amplitude after the second stimulus (A2, test stimulus) by the response amplitude after the first
stimulus (A1, conditioning stimulus) and further converted the ratio into percentage (ratio = A2/A1
% 100%). Peak latency was defined as the time of peak (or trough) from the onset of sound stimuli.
The data from the two genotypes and two ages were compared using two-way ANOVA with the
genotype and age as factors. In all analyses, the threshold for significance was set to 0.05. The

results are presented as means £ SEM.

2.7 Acoustic startle response and pre-pulse inhibition

The acoustic startle response to the presentation of a sudden loud sound is a sensitive indicator of
the general reactivity of an animal. Pre-pulse inhibition, i.e., reduction of the startle response to the
sudden loud sound by a weak preceding sound pulse, is a sensitive measure of slow inhibitory
mechanisms and closely related to the auditor gating of AEPs. The startle response system (TSE-
Systems, Bad Hamburg, Germany) comprised a sound-attenuation chamber (39 cm x 38 cm x 58
cm) and a highly sensitive scale located between two loudspeakers. The mouse was placed in a
restrainer (4.5 cm x 9 cm x 4.5 cm) on top of the scale. The startle response was measured as an
apparent weight increase-decrease due to muscle contractions. The mouse was first exposed for 5
min to background white noise (65 dB) that remained on during the testing. A startle pulse (40 ms,
110 dB) was presented alone or preceded with a pre-pulse stimulus (20 ms) at three intensities (20,
35, 50 dB). The time between the pre-pulse and the startle pulse was 220 ms. The inter-trial interval
varied randomly between 20 and 25 s. Each condition was presented 12 times, and the median
response to each pre-pulse was taken into further analysis. To quantify spontaneous motor twitches
independent of external stimulation (as a proxy for myoclonus), we let the mice stay in the system
for 20 min and counted all startles with an ostensible weight exceeding 10.0 g. The study group (9
female APP/PS1 mice and 8 WT littermates) were recorded at 3, 7 and 11 months of age. The body

weight was taken at each age before the recording. The statistical analysis of the startle responses
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was done with ANOVA for repeated measures, with the age as within-subject and the genotype as

between-subject factor.

3. Theory

This work compares APP/PS1 transgenic mice to their wild-type (WT) controls at a ‘symptomatic’
age (14-16 months) of AD-like brain amyloidosis and uses our previously published data on 4-
month-old (‘pre-symptomatic’, pre-plaque) APP/PS1 and WT mice as reference. EEG parameters
that reflect general aging should not show up as difference between APP/PS1 and WT mice. Those
parameters that reflect the influence of soluble AP species or other APP breakdown products should
differentiate APP/PS1 and WT mice to the same extent at the two ages or less at middle ages than
young adult age. In contrast, parameters that reflect the effect of progressive brain amyloidosis with
plaque formation and plaque-associated inflammatory and degenerative changes should show up as

difference between the genotypes at 14-16 months of age but not at the younger age.

4. Results

4.1 Increased power spectral density over beta — gamma frequencies in middle-aged APP/PS1

mice

Using the same recording methods and protocol as in our previous study on 4-month-old APP/PS1
mice (Gurevicius et al., 2013) we collected data from 14 APP/PS1 and 16 wild-type littermate mice
at the age of 14-16 months. Figure 1 illustrates the histologically verified electrode locations and the
extent of amyloid plaque pathology in each site at the end of the recordings. Supplementary Table 1
summarizes the number of mice with given electrode location used in the final analysis. We
compared the EEG/LFP power spectral density between genotypes in seven brain regions, medial
and superficial frontal cortex (mFC/sFC), parietal cortex (PC), dentate gyrus (DG), lateral
geniculate nucleus of thalamus (TH), and superficial and deep visual cortex (sVC, dVC), under
movement, waking immobility and NREM sleep states (no REM was detected). Across all
behavioral states, the power spectral density of both genotypes revealed two peaks, one in theta-
band (5-9 Hz) and another in a narrow gamma band (40-80 Hz). However, mFC showed a peak in
the delta-band (1-4 Hz) during waking immobility and NREM sleep (Fig. 2). In addition, the
APP/PS1 mice showed a peak at 15-30 Hz window during waking immobility and NREM sleep,
most prominent at the sFC, PC and dVC electrodes (Fig. 2).
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To compare the power spectral densities between the genotypes, we separated the brain regions and
behavioral states and ran multiple t-tests for each 1 Hz bin using false discovery rate correction for
multiple comparisons (Benjamini and Hochberg, 1995). Except for movement in mFC and all
behavioral states in TH and sVC, APP/PS1 mice showed a significant power increase compared to
WT mice (Fig. 2). The power enhancement in sFC and PC ranged 8-110 Hz, in DG covered 7-25

Hz, whereas mFC and dVC showed a narrower power increase at 12-28 Hz.

4.2 Increased alpha-beta power in APP/PS1 mice during NREM sleep is age-independent

At first glance, the difference in cortical power spectral density between middle-aged APP/PS1 and
WT mice appears similar as what we earlier reported in young adult mice (Gurevicius et al., 2013).
However, to better compare the present results with the published ones, reanalyzed the previous
data together with the present data for the sSFC channel and NREM state where the genotype
difference was the largest. To this end, we divided the PSD into conventional frequency bands,
delta (1-4 Hz), theta (5-9 Hz), alpha (10-15 Hz), beta (16 — 29 Hz), and gamma (30 — 100 Hz) and
compared the power in these bands between the old dataset on young mice and the present one on
middle-aged mice. Since a different amplifier was used in these two studies, we normalized the total
power to be same in the WT mice of two ages. This comparison showed a significant increase in
theta (Fi 43 =11.5, p=0.001), alpha (p <0.001) and beta (p < 0.001) power in APP/PS1 mice
compared to WT littermates independent of age (Fig. 3). In contrast, there was a significant age-
related increase in gamma power in WT but not in APP/PS1 mice (Fig. 3), resulting in significant

age x genotype interaction (F; 43 = 12.0, p = 0.001), and no significant changes in the delta power.

4.3 Spike-wave discharge events associate with increased cortical beta power

Next, we explored more closely the contributing components to the extra peak at 12-25 Hz that was
present only in APP/PS1 mice during waking immobility and NREM sleep (Fig. 2) concentrating
on the sFC channel with the most prominent peak in this range. This investigation in APP/PS1 mice
revealed numerous discharge complexes that resembled classic spike-wave discharges (SWDs) in
genetic rat models of absence epilepsy (Coenen et al., 1991; Vergnes et al., 1987). These were short
(0.4 — 3s) bursts of activity, occurring symmetrically on the screw electrodes over the fronto-
parietal cortex, but being totally absent in medial frontal cortex and absent or less clearly structured

in the visual cortex (Fig. 4A). In the thalamus (Po nucleus), a synchronized oscillation of opposite
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polarity was observed (Fig. 4B). The basic frequency of these SWDs was between 7-10 Hz with
additional peaks in the 12-25 Hz range (Fig. 4B,D). As in rat models of absence seizures, the SWDs
were most frequent during quiet wakefulness and light NREM sleep, but absent during movement
or REM sleep (Coenen et al., 1991). Often the SWD event ended with a small head movement,
which showed up as a high-frequency EMG artifact on the cortical screw channel (Fig. 5A).

We further determined the frequency of occurrence of SWDs in APP/PS1 vs. WT littermates at 4-5
months and 14-16 months of age. Since SWDs occurred only during immobility, whereas the time
of movement varied between individual mice, we calculated the number of SWDs per hour of
immobility. Independent of age, we detected ~15 times more SWDs in middle-aged and ~5 time
more SWDs in young APP/PS1 mice than in their WT littermates (genotype: F; 39 =23.8, p <0.001;
Fig. 5B). The mean duration of SWDs decreased with age (F; 30 = 34.5, p <0.001), and was higher
in APP/PS1 mice (p <0.001). However, the genotype difference in SWD duration became smaller
with age (age x genotype interaction, p = 0.01).

Calculating the envelope covering most of the frequencies in the SWD events, from 7 to 23 Hz,
helped us to detect those events (Fig. 5SA). However, after cutting the SWD events off from the raw
EEG recordings, we found that the waking immobility and NREM associated PSD 12-25 Hz peak
of cortical screw channels in APP/PS1 mice was only marginally reduced (Fig. 5C). This implies
that the major proportion of increased beta power in APP/PS1 mice arises from more long-lasting

oscillations than SWD events.

4.4 SWDs are preceded by an increase in PSD in 6-12 Hz and 20 — 40 Hz ranges

Several papers have reported that SWDs in the genetic rat models of absence epilepsy are preceded
by an increased in the background EEG power. However, the specific frequency range of increases
varies between the studies, including delta (2-4 Hz; Liittjohann et al., 2013), theta (5-9/ 6-12 Hz)
range (Liittjohann et al., 2013; Pinault et al., 2001) and 20-40 Hz range (Sorokin et al., 2016). These
findings urged us to investigate if a similar relationship holds for increased delta-theta and 20-40 Hz
power vs. occurrence of SWDs in middle-aged APP/PS1 mice. To this end, we divided the 60-s
epochs preceding single SWDs in 2-s bins and compared 2-4 Hz + 6-12 Hz, 6- 12 Hz, and 20-40 Hz
power in each bin to the preceding one. In both APP/PS1 (240 epochs) and WT mice (56 epochs),
we found a significant increase in the bin immediately preceding the SWD for the 6-12 Hz range
alone or combined with 2-4 Hz (Fig. 6). Moreover, the averaged power during the latter half of the
60-s epoch preceding the SWD was significantly higher than in the earlier half for the 20 — 40 Hz in
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both APP/PS1 and WT mice, and for 6 — 12 Hz in the APP/PS1 mice (Fig. 6). These findings are
thus consistent with findings in genetic rat models of absence seizures. Further, they suggest that
the increase in 15 — 25 Hz power seen in the PSD spectrum may indeed arise from this ~ 30 s pre-

ictal pattern.

4.5 Nested theta-gamma and delta-gamma oscillations are intact in APP/PS1 mice

Our finding of increased cortical and hippocampal power within the gamma range led us to study
more closely the time of occurrence of gamma oscillation and especially their modulation by lower
frequency oscillations. Since nested hippocampal theta-gamma oscillations have been found to
associate with memory and decision making (Tort et al., 2009, 2008), these were of our particular
interest. In addition, we found a robust delta phase/ gamma amplitude coherence in mFC (Fig. 7
AB) that to our knowledge has not been reported in the mouse before. To this end, we first
calculated bicoherence (Kramer et al., 2008) in every brain region - behavioral state pair, and found
strong delta-gamma coherence in mFC and theta-gamma in DG (Fig. 7,8). To quantify the extent
the nested oscillations interact, we measured a Modulation Index (Gurevicius et al., 2013; Tort et
al., 2008). The index for delta (24 Hz) phase/gamma (40—100 Hz) amplitude co-modulation in
mFC was significantly higher than shuffled data during waking immobility and NREM sleep (Fig.
7C). Another, less prominent delta/gamma co-modulation was observed in DG during NREM (Fig.
7C). In mFC, the Modulation Index differed significantly only between the behavioral states (p <
0.01 and p <0.001, Friedman’s test; Fig. 7D), while in DG, a genotype-dependent difference was
additionally discovered during NREM sleep (p < 0.01; Fig. 7D). When applying the same analysis
to theta (5—9 Hz) phase/ gamma (40—100 Hz) amplitude, a strong co-modulation was revealed in
mFC, DG, TH and dVC (p <0.05, p <0.01 and p < 0.001, respectively; Fig. 8C). Co-modulation in
DG and dVC differed significantly between behavioral states (p < 0.05 and p < 0.01), while in mFC
and TH no difference was detected either between the behavioral states or the genotypes. Thus, the
finding of behavioral state dependent but genotype independent theta-gamma co-modulation in
middle-aged APP/PS1 mice corroborates findings in 4-month-old APP/PS1 mice (Gurevicius et al.,
2013).

4.6 Abnormal AEPs in middle-aged APP/PS1 mice

Besides increased cortical and thalamic PSD power over a broad frequency range, our previous
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study in young adult APP/PS1 mice revealed increased amplitude of auditory evoked potentials
(AEPs), which also speaks for increased neuronal excitability in these mice (Gurevicius et al.,
2013). We were interested in seeing whether this AEP enhancement persists until middle ages. In
addition, we employed the auditory gating paradigm with paired brief tones to assess long-latency
inhibition in the auditory cortex. Typically, the response to the second (test) stimulus is dramatically
attenuated compared to the first (conditioning) one, with a maximum reduction at 500 ms inter-
stimulus interval (Bickford-Wimer et al., 1990). Such a long interval likely involves sustained
GABA;-mediated mechanisms (Hershman et al., 1995). The cortical AEPs of both APP/PS1 and
WT mice had two main components, N1 and P2 (Fig. 9A). To better evaluate the aging-related
change in these AEPs parameter between APP/PS1 and WT mice, we reanalyzed the data from
young adult mice (Gurevicius et al., 2013) together with the present results. As the PSD was
normalized to be equal between young and aged WT mice, we took the square (amplitude vs.
power) of this correction factor to adjust the AEP amplitudes. Since this is only an estimate the
absolute power differences can be only considered suggestive. However, the latency and auditory
gating (P2-N1 habituation) are measures that are independent of the absolute power, and thus fully
comparable between to data sets. The N1 amplitude response to the conditioning tone did not show
a significant genotype difference (F; 42 = 3.2, p = 0.08), but the P2 amplitude triggered by the
conditional stimulus was significantly higher in APP/PS1 mice than in WT mice independent of age
(F142=10.4, p=0.002). The N1 latency increased with age in both WT and APP/PS1 mice (F; 4, =
25.7, p <0.001) but that of P2 remained unchanged (p = 0.14; Fig. 9B). In contrast, auditory gating
did not differ between the genotypes (all ps > 0.49; Fig. 9C).

4.7 Acoustic and spontaneous startles are more common in young adult APP/PSImice than in

wild-type littermates

As a behavioral manifestation of reactivity to paired brief tones we tested the acoustic startle
responses to a 110 dB white noise with prepulses of varying intensity at 3, 7 and 11 months of age
in a separate cohort of mice. At all ages, the startle amplitude decreased with an increasing sound
level of the prepulse (F345 =3.9 — 12.8, p < 0.01), and there was no prepulse sound level x genotype
interaction (p > 0.13). Importantly, the acoustic startle response was larger in APP/PS1 mice than in
wild-type littermates at 3 months of age (F3 ;7 =12.3, p =0.003; Fig. 10A) and at 7 months (F3 16 =
5.9, p=0.03; Fig. 10B), but no longer at 11 months (F; ;5= 1.0, p=0.33; Fig. 10C).
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To further assess whether APP/PS1 mice have signs of myoclonus, we recorded spontaneous
startles during 20 min in a sound-attenuated chamber. There was a general increase in the
suprathreshold startles (Fig. 10D) with age, but that can be largely ascribed to increase in body
weight (Fig. 10E). Importantly, there was a main effect of genotype (F; 15 =11.8, p=10.004) and a
significant age x genotype interaction (F2 39 = 8.4, p <0.001), such that APP/PS1 mice show more
spontaneous startles than wild-type littermates at 3 and 7 months of age but no longer at 11 months
of age. Collectively, these findings suggest that both the enhanced spontaneous muscle jerks and
sound provoked behavioral reactivity of APP/PS1 mice decline toward normal levels by 12 months

of age.

4.8 Sudden deaths of APP/PS1 mice show a peak in early adulthood

Finally, to see whether age-dependent decline in startle reactivity also reflects sudden deaths in
APP/PS1 mice, we went through the records of our breeding colony for 656 APPgy/PS1459 mice
that were not sacrificed for sampling before the age of 12 months (the usual age for cognitive
testing). We found 82 records (12.5 %) of spontaneous preterm deaths. As illustrated in
Supplementary Figure S1, the distribution of ages at death was strongly skewed, with a peak around
2 months and mean at 3.2 months of age. Very few sudden deaths were observed after 6 months of

age.

5. Discussion

The present study demonstrated that EEG/LFP signatures of increased cortical excitability found in
amyloid plaque producing APP/PS1 mice at 4 months of age persisted beyond middle age.
Increased cortical power in high-theta, alpha and beta frequencies were elevated in APP/PS1
independent of age, while the elevation in low-gamma band found in 4-month-old APP/PS1 mice
tended to subside by 14-16 months. In both young and middle-aged APP/PS1 this increase in

cortical power was accompanied by frequent spike-wave discharges (SWDs), which have been
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largely overlooked in earlier EEG studies on APP transgenic mice, including our own (Gurevicius
et al., 2013; Wang et al., 2002). In addition, the hippocampal LFPs showed significantly increased
power at 7-25 Hz in middle-aged APP/PS1 mice, which was not seen at 4 months of age. Further,
augmented auditory evoked potential seen in 4-month-old APP/PS1 mice were also present in
middle-age APP/PS1 mice. These electrophysiological signatures of maintained increased
excitability in forebrain structures with amyloid pathology in APP/PS1 mice are in striking contrast
with the normalization of acoustic and spontaneous startles, which are mainly dependent on

brainstem circuits (Swerdlow et al., 2001).

Essentially, increased cortical EEG power from 7 Hz up to ~60 Hz that we earlier reported in 4-
month-old APPgy/PS14g9 mice (Gurevicius et al., 2013) was still present at the age of 14-16
months. Only the high-gamma (70 — 100 Hz) tended to normalize in APP/PS1 mice with age. On
the other hand, increased power from 10 — 30 Hz in the hippocampus became significant in
APP/PS1 mice compared to WT mice only in the middle-aged mice. This would correspond to the
progression of amyloid plaque pathology that, as in the case of human disease, in more advanced in
the frontal and parietal cortex than in the hippocampus (Minkeviciene et al., 2008). Of note, there
was a specific augmentation of cortical power at 12 — 25 Hz in APP/PS1 mice at both 4 and 14-16
months of age. This increase in beta power appears to be the most consistent finding in APP
transgenic mice (Gurevicius et al., 2013; Jyoti et al., 2010; Wang et al., 2002), and one previous
study suggested that beta power (recorded up to 20 Hz) may increase with age (Jyoti et al., 2010). A
selective increase in cortical 20-30 Hz beta oscillation is a characteristic EEG change in
hemiparkinsonian 6-OHDA rats (Sharott et al., 2005) and raises the question whether APP
transgenic mice show striatal dopamine depletion with age. At least as far as the APPsye/PS14g9
mouse is concerned, middle-aged mice of this line have no reported decline in striatal dopamine
contents and only modest functional impairment in stimulated striatal dopamine release
(Kérkkainen et al., 2015; Perez et al., 2005). Further, the 6-OHDA model displays increased beta
power only in the motor cortex while we found it even in the visual cortex (Fig. 2). On the other
hand, a recent study employing optogenetics demonstrated that specific stimulation of striatal
cholinergic interneurons in young adult mice results in increased power of oscillations from 8 to
100 Hz but not of lower frequencies (Kondabolu et al., 2016). Despite striking similarity to
observed increase in cortical power in APP/PS1, this mechanisms is difficult to reconcile with
previous studies in APPgy/PS14ro mice revealing decreased ACh release in striatal slices already at
6 months of age (Machova et al., 2010). A third mechanism that has been described to increase

cortical beta-oscillations is manipulation of GABA receptors. GABA A antagonists increase cortical
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beta-gamma power (maximum 20-30 Hz) in freely moving rats (Van Lier et al., 2004). Indeed,
acute application of AP has been shown to inhibit GABA neurotransmission by downregulation of
GABA 4 receptors (Ulrich, 2015). In addition, diminished density of perisomatic GABAergic
(typically GABA 4 subtype) nets has been reported around cortical amyloid plaques in
APPg,e/PS14g9 mice (Garcia-Marin, 2009) and in vivo imaging revealed spontaneous hyperactivity
of neurons around amyloid plaques in another APP/PS1 mouse (Busche et al., 2008). No study so
far has specifically studied changes in GABAg receptors in amyloid plaque forming mice.
However, the present finding of intact auditory gating in middle-aged APP/PS1 mice despite
general augmentation of AEPs is consistent with the idea of preserved GABAp signaling

(Hershman et al., 1995) combined with impaired short-latency inhibition via GABA 4 receptors.

The present study revealed a high prevalence of SWDs in APP/PS1 mice independent of age. SWDs
have been well characterized in genetic rat models of absence seizure, such as Wistar-derived
inbred lines WAG/R1j (Russo et al., 2016) and GAERS (Depaulis et al., 2016). However, SWD
duration in the models is typically much longer, on average 7 s for WAG/Rjj (Liittjohann et al.,
2013) and 25 s for GAERS rats (Depaulis et al., 2016), than what we found in the APP/PS1 mice
(0.5 — 3 s). This raises the question whether these are after all comparable. Namely, 0.5 — 3 s short
bouts of medium amplitude 5-9 Hz activity have been reported to precede longer and more
prominent SWDs in GAERS rats (Pinault et al., 2001). Further, WAG/R1ij rats show two types
SWDs. Besides the about 7-s long typical SWDs that are recorded bilaterally over the entire cortex
with a maximum over the somotomotor cortex, they also show ~1.5-s long SWDs of lower basic
frequency (5.5 — 7 Hz) often restricted to only one hemisphere and parieto-occipital cortex

(Midzianovskaia et al., 2001).

Nevertheless, except for the shorter duration, the SWDs we have recorded in APP/PS1 mice well
correspond to typical SWDs in the rat models of absence epilepsy. The SWDs are preceded by
increased cortical power in theta and beta frequencies for about 30 s, they show the typical spike-
wave structure with a basic frequency at 7-10 Hz and surface negative spikes, and they are always
bilateral with a maximum over the frontal and parietal convexity and much less clear in the occipital
cortex and absent in the medial frontal cortex (Vergnes et al., 1987). Further, they are accompanied
by SWDs in the Po and RT (our unpublished observation) thalamic nuclei that are opposite in
polarity and synchronized to cortical SWDs. Moreover, the average duration of inbred mouse lines

considered models of absence seizures have an average duration of SWDs between 0.6 — 3 s (Letts
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et al., 2014). Collectively, these findings suggest that APP/PS1 mice with SWDs share a lot of

similarity to established rodent models of absence seizures.

Spontaneous seizures described in amyloid plaque forming transgenic mice are typically longer than
10 s, followed by post-ictal EEG suppression, and often associated with myoclonus or convulsions
(Minkeviciene et al., 2009; Palop et al., 2007; Westmark et al., 2010). In contrast, classic SWDs
have been quantified or even mentioned in few reports. Nevertheless, these cover four very different
mouse models carrying APP mutations, APPgy./PS14g9 (Nygaard et al., 2015; Zilberter et al., 2013),
APPgyemd (Hazra et al., 2016); APPa, (Ziyatdinova et al., 2016), and 3xTg (APPsye/PS1mia6v
(Nygaard et al., 2015), and therefore cannot be just manifestation of some mouse line specific

feature.

The finding of frequent SWDs specifically in amyloid plaque forming mice is intriguing because
the underlying circuitries and neurotransmission of SWDs has been intensively studied over the past
three decades and may provide a clue to the link between amyloid pathology and SWDs. Although
opinions about the trigger site of SWDs are still divided, the current consensus is that especially the
somatosensory cortex, VP, Po, and RT thalamic nuclei are intimately involved in these oscillations
(Meeren et al., 2005). Somatosensory cortex is among the sites of first amyloid accumulation in the
APPs,,o/PS14ro mouse (Garcia-Alloza et al., 2006), and GABAergic perisomatic nets are diminished
around neurons near amyloid plaques in these mice (Garcia-Marin et al., 2009), leading to reduced
GABA sergic inhibition as found in WAG/Rjj rats (Russo et al., 2016). On the other hand, a similar
heavy amyloid plaque load is seen in medial frontal cortex that did not show any SWDs in our
mice, suggesting that increased local cortical excitability is not sufficient to trigger an SWD.
Besides reduced GABA 4 activity in the cortex, an imbalance between GABA and GABAg
inhibition in the thalamus has been suggested to play a key role in the generation of SWDs
(Beenhakker and Huguenard, 2009; Russo et al., 2016). The thalamus is not the primary site for
amyloid plaque formation in amyloid plaque forming transgenic mice, but our APP/PS1 do express
scattered amyloid plaques in the thalamus from 5 months on (Minkeviciene et al., 2009).
Astrogliosis around the plaques likely release GABA extrasynaptically in the thalamus as shown for
hippocampus (Jo et al., 2014), and extrasynaptic GABA-receptors in the ventrobasal thalamus are
predominantly of the GABAp type (Kulik et al., 2002). Further, since GABAg receptor activation at
reticular neurons requires a stronger input than GABA 4 receptor activation (Beenhakker and
Huguenard, 2009), increased excitability of cortico-thalamic projection neurons due to advanced

amyloid plaque pathology in the cortex may translate to altered GABA A vs. GABAg balance at
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reticular nucleus. On the other hand, a recent study found in the APPgy. md mouse impaired cortical
input selectively to reticulate thalamic nucleus (Hazra et al., 2016), demonstrating another potential
source of imbalance in the cortico-thalamic and intrathalamic circuitry. SWDs in APP/PS1 mice
also closely resemble high-amplitude EEG bursts found in aged Wistar rats, known as high-voltage
spindles in earlier literature (Buzséki et al., 1988). These can be induced in young adult rats by
lesioning the cholinergic nucleus basalis (Riekkinen et al., 1990), and in aged rats treatment with
cholinesterase inhibitors reduce their occurrence (Riekkinen et al., 1991). The APPgy/PS14g9
mouse shows significantly blunted cortical cholinergic neurotransmission already at 7 months of
age and further progression of the impairment to 17 months (Machova et al., 2008), which suggest
that reduced cholinergic tone may be one of the underlying factor for SWDs. In addition, lesioning
the ascending noradrenergic pathways to the cortex induces SWDs in rats (Riekkinen et al., 1992),
and this can be reversed by a2-adrenoreceptor antagonists (Jakéla et al., 1992). Whether this effect
is direct on SWD generation or indirect through changing the overall state of vigilance to favor
SWD occurrence remains open, but interestingly APPswe/PS1dE9 mice show a dramatic age-
dependent decline in the cortical and hippocampal noradrenergic innervation, which may also
contribute to SWDs. Taken together, several changes associated with progressive amyloid
pathology and aging render the APP/PS1 susceptible for SWDs and await further studies to reveal

the exact underlying mechanisms.

Since the first attempts to generate amyloid plaque producing mice, sudden deaths of unknown
reasons have plagued the breeding colonies of APP transgenic mice (Carlson et al., 1997; Hsiao et
al., 1995; Roberson et al., 2007). It looks like AP formation plays a key role in early mortality, since
human wild-type APP overexpression is less lethal than overexpression of AP producing mutant
APP forms (Carlson et al., 1997). On the other hand, the early mortality is highly dependent on the
genetic background (Carlson et al., 1997; Hsiao et al., 1995), and can be alleviated by knocking out
microtubulus associated protein tau gene (Roberson et al., 2007). Our breeding colony statistics
clearly indicate that sudden deaths peak at 2-3 months of age in APPgy/PS14p9 mice. The only
other published colony statistics found a similar peak between 3.5 — 5.5 months in APPgsye ma (J20)
mice (Roberson et al., 2007) and no mortality between 6 and 12 months of age. Interestingly,
amyloid plaque formation begins around 4 months of age in APPg,,/PS1dE9 mice and at 5-6
months of age in APPgy 1nd (J20) mice (Mucke et al., 2000). Thus, the majority of sudden deaths
takes place before amyloid plaque formation. In parallel with decreasing risk of sudden death,

startle responses to loud sound or spontaneous startles tended to decrease in APP/PS1 mice to the
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levels of their wild-type littermates. It is possible that both sudden deaths and increased startles

responsiveness reflect a brainstem-level pathology associated with increased levels of soluble Ap.

To conclude, comparison of young adult and middle-aged APP/PS1 mice demonstrate that EEG
signs of cortical hyperexcitability, including increased cortical power over 8 — 60 Hz, frequent
SWDs and enhance auditory evoked potentials compared to wild-type littermates persist until
middle ages. In contrast, sudden deaths and enhanced startle reflexes gradually disappear with
aging. The different time course of these two phenomena related to neuronal hyperexcitability
speaks for different underlying mechanisms. Further, they are mediated by different circuitries,
thalamo-cortical vs. brainstem networks, with only the thalamo-cortical circuitry significantly
affected by amyloid pathology. Since the circuitry underlying SWDs is limited to certain thalamic
nuclei and neocortical areas and the generation of SWDs is relatively well characterized, SWDs in
APP transgenic mice present a promising new model to investigate molecular and cellular
mechanisms associated with amyloid pathology. In addition, since they are easily recorded with
only epidural electrodes and remain constant over months according to our experience, they provide
an outstanding biomarker for preclinical intervention studies. There is limited evidence that the high
number of SWDs in APP transgenic mice also associate with memory impairment (Nygaard et al.,
2015). More direct studies are needed to assess the relationship between SWDs and memory or
attentional impairment, but if this relationship holds true, SWDs are also interesting candidates for

rapidly fluctuating changes in cognition in patients with Alzheimer’s disease or Lewy body disease.
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Figure legends

Figure 1. Schematic drawings (modified from Paxinos & Franklin, 2004 (Paxinos and Franklin,
2004)) showing LFP recording sites in superficial (sFC) and medial (mFC) frontal cortex, parietal
cortex (PC), hippocampus (HC), thalamus (TH), superficial (sVC) and deep (dVC) visual cortex.
The sFC and PC depict skull screw electrodes, which in reality were located on the opposite side
from the corresponding wire electrodes. The histological sections of the corresponding brain
locations are projected to the opposite hemisphere for illustration purposed. Amyloid plaques show
up as dark spots throughout all cortical layers, more layer specifically in the hippocampus and only

as scattered spots in the thalamus (anti-human AP staining). Scale bars: 500 um.

Figure 2. Mean power spectral density of middle-aged APP/PS1 (TG, red lines, n = 14) and wild-
type (WT, black lines, n = 16) mice from 3 to 140 Hz in different brain regions under different
behavioral states. Artifacts at 48-52 and 99-101 Hz were removed by interpolating two neighboring
points. For better visualization the spectrum was whitened by multiplying with the square of
frequency (f). Light green shading indicates 1 Hz frequency bins where APP/PS1 mice
significantly (p < 0.05) differ from WT littermates (two-sample t-test with false discovery rate
correction). mFC = wire electrode in medial frontal cortex, sFC = screw electrode above the frontal
cortex, PC = screw electrode above the parietal cortex, DG = wire electrode in the dentate gyrus,
TH = wire electrode in the lateral geniculate nucleus of the thalamus, sVC and dVC = wire

electrode in superficial vs. deep layers of visual cortex.

Figure 3. Mean (£ SEM) power spectral density of 4-month-old wild-type (WT, Y, n =7) and
APP/PS1 mice (TG, Y, n = 10), and 14- to 16-month-old wild-type (WT, O, n = 16) and APP/PS1
(TG, O, n = 14) mice in conventional frequency bands: delta (1-4 Hz), theta (5-9 Hz), alpha (10-15
Hz), beta (16 — 29 Hz), and gamma (30 — 100 Hz). The y-axis values represent power without
whitening. However, to remove possible error due to different amplification, the values have been
normalized so that the group means of young and middle-aged WT mice are equal. **significant
genotype effect, p < 0.01; ***significant genotype effect, p < 0.001; ™ significant age x genotype
interaction, p < 0.01; two-way ANOVA.

Figure 4. Spatial distribution of SWD events in APP/PS1 mice. (A) A typical SWD recorded in the
frontal surface channel on the left hemisphere (sFC (L)) is highlighted with red color. The event

appears similar in the right parietal surface channel (sPC (R)) but is not detected in the superficial
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layers of visual cortex on the left (sVC (L)), right medial frontal cortex (mFC (R)) or right dentate
gyrus (DG (R)). (B) Another SWD over the left frontal cortex. The thalamic channel (Po nucleus)
on the same hemisphere shows synchronized spiking of opposite polarity, whereas the right DG
does not. (C, D) corresponding spectral distribution of power during the SWD events marked in red

color.

Figure 5. (A) Example of the custom-made user interface to augment detection of SWD events.
Recording from the frontal screw electrode (sFC channel). Top: raw EEG data (blue line); bottom:
data filtered between 7-23 Hz (black line), its envelope (red line) and threshold (dashed grey line, at
mean+2.7 SD in this mouse). Green and red filled triangles indicate the start and end of the SWD
event. Note the high-frequency EMG artefact on the raw EEG (red triangle) associated with a small
head movement right after the SWD. (B) Mean (+SEM) number of SWDs and their mean duration
in WT (gray-black) and APP/PS1 (pink-red) young (Y) and middle-aged (O) mice. *** significant
genotype effect, p < 0.001; * significant age effect, p < 0.001; two-way ANOVA. (C) Comparison
of mean PSDs between raw (solid lines) and SWD-depleted EEG (dashed lines) in middle-aged

mice of both genotypes. Removal of SWDs did not significantly impact the PSDs.

Figure 6. Temporal distribution of pre-SWD 20-40 Hz, 6-12 Hz and 2-4 + 6-12 Hz power in
APP/PS1 mice. The 60-s epoch before the onset of each SWD event was divided into 30 bins (2 s /
bin), and then power of frequency bands was calculated for each bin. Paired-samples t-test was
applied to compare PSD means between each pair of neighboring bins, and the 0-30s vs. 31-60s
preceding the SWDs. Power at 20-40 Hz during the second half of 60-s epoch preceding the SWD
was significantly higher than the first half both in WT (n=56) and APP/PS1 (n=240) groups, while
6-12Hz power increased only in APP/PS1 mice (*p < 0.05, paired-samples t-test). In addition, the
power in the 2-s bin immediately preceding the SWD was significantly higher than during the
preceding bin in 6-12 Hz and combined 2-4 + 6-12 Hz power bands (*p < 0.05, paired-samples t-
test).

Figure 7. Co-modulation between delta phase and high-gamma amplitude. (A) An example of
bicoherence plot reflecting interacting frequency bands in mFC of a WT mouse during NREM
sleep. The arrowhead points to 2.8 Hz that has the highest co-modulation with the high-gamma
band (70-100 Hz). (B) Top: an excerpt of EEG recorded from the mFC electrode in the same
mouse. Note the prominent gamma oscillations riding on the delta peaks; Bottom: filtered EEG to

show the synchronized delta (1-4 Hz) and gamma (70-100 Hz) oscillations. (C) Comparison
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between observed MI from original data and surrogate MI from shuffled data. During waking
immobility (WI) and NREM sleep mFC showed significantly higher observed MI than surrogate MI
(threshold set at p =0.01) in both WT and TG mice. Besides, significant co-modulation was
discovered in DG during NREM sleep. (D) MI comparison between WT and TG mice in mFC and
DG. In mFC, MI differed between behavioral states but not between genotypes; in DG, the
difference in MI was both behavior- and genotype-dependent. For all cases, Friedman’s test was
applied, (*)p=0.052, *p<0.05, **p<0.01, ***p<0.001; error bars show mean+SEM. Red asterisks
refer to state differences in TG mice, black to state differences in WT mice, and blue ones genotype

differences. Ns: WT 16, TG 14.

Figure 8. Co-modulation between theta phase and gamma amplitude. (A) An example of
bicoherence plot showing interacting frequency bands in DG of a TG mouse during movement
(Mov). The arrowhead points to 7.7 Hz that has highest interaction with gamma band (60 — 100
Hz). (B) Top: EEG excerpt from DG of the same mouse. Note the gamma oscillations riding on
theta troughs. Bottom: filtered EEG to show the synchronized theta (6-10 Hz) and gamma (60-100
Hz) oscillations. (C) Comparison between observed MI from original data and surrogate MI from
shuffled data. MIs in mFC, DG, TH and dVC were higher than the chance level (surrogate MI
threshold at p = 0.01). (D) MI comparison between the genotypes and behavioral states in mFC,
DG, TH and dVC. In DG and dVC, the MI was only behavior-dependent; in mFC and TH, neither
genotype nor behavioral states differentiated MI levels. For all cases, Friedman’s test was applied,
*p<0.05, **p<0.01, ***p<0.001; error bars show mean+=SEM. Red asterisks refer to state

differences in TG mice, black to state differences in WT mice. Ns: WT 16, TG 14.

Figure 9. Auditory evoked potentials (AEPs) in young and middle-aged APP/PS1 vs. WT mice in
the auditory gating paradigm. (A) Averaged cortical AEPs in WT and APP/PS1 (TG) mice
responding to conditioning stimulus (cond.) and test stimulus (test), showing a consistent surface-
negative trough (N1) followed by a surface-positive peak (P2). The red shadow shows SEM for the
response to the conditioning stimulus and the black shadow for the test stimulus. The tone onset
was at 100 ms (filled triangle) from the start of each sweep. (B1) Averaged peak N1 and P2
amplitudes and (B2) latencies for young (Y) and middle-aged (O) WT and APP/PS1 mice.
Significance levels: ** significant genotype difference, p < 0.01; ™ significant age difference (may
be due to different ampligication), p < 0.001; two-way ANOVA. (C) Auditory gating (habituation

of the P2-N1 difference between responses to conditioned and test tones) in young (Y) and middle-
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aged (O) WT and APP/PS1 mice. No genotype or age effect or their interaction was found. Ns:
WT(Y) 7, TG (Y) 10, WT(O) 16, TG (O) 14.

Figure 10. Acoustic and spontaneous startle reactivity of APP/PS1 and wild-type mice from 3 to 11
months of age. (A) Acoustic startle and pre-pulse inhibition with 0, 20, 35and 50 dB pre-pulse at 3
months, (B) 8 months, (C) 11 months. (D) Spontaneous startles as a proxy of myoclonus at 3-11
months of age. The y-axis denote observed startles that exceed the virtual body weight threshold of
10 g. (E) Development of mean body weight across ages. Error bars: mean+SEM. *p<0.05;
**p<0.01 in ANOVA for repeated measures. WT: wild type, TG: transgenic. Ns: WT 8, TG 9.
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Figure 10
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Table 1

Table 1. Number of recordings taken into analysis from different recording sites and genotypes. For
each mouse, only the earliest qualified recording was analyzed; if all recordings from the same
mouse were of bad quality, this mouse was excluded from the analysis. mFC: medial frontal cortex;
sFC: superficial frontal cortex; PC: parietal cortex; DG: dentate gyrus; TH: thalamus; sVC:

superficial visual cortex; dVC: deep visual cortex.

mFC sFC PC DG TH sVC dvC
WT 13 16 16 9 9 9 13
TG 13 14 14 9 11 7 12




