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Abstract
Patients suffering from Alzheimer’s disease (AD) exhibit an increased risk 

for developing seizures and epileptiform activity, especially at the later stages of 
the disease. At earlier stages of the disease, epileptiform activity is thought to be 
a manifestation of network hyperexcitability. Animal models of AD pathology 
have been suggested to exhibit similar epileptiform activity, but it remains 
unclear what the pathological correlates are. However, confounds associated 
with the presence of amyloid pathology in these animal models such as protein 
overexpression may influence the development of epileptiform activity. This study 
aimed to determine the pathological correlates of epileptiform activity in the 
APPKM670/671NL.PS1/L166P and APP-Knock in animal models, which do 
and do not exhibit protein overexpression respectively. These mice also underwent 
tau seeding using human-derived seeding material, and were followed across 
a period of 5 months after injection. We report that while APP.PS1 animals 
exhibit clear indications of epileptiform activity and network hyperexcitability 
in behavioural states of inactivity, APP-KI animals failed to show similar signs. 
APP.PS1 animals exhibited significantly more epileptiform activity that reduced 
with age, which appeared to be counteracted by tau seeding, compared to buffer 
and wild-type controls. Interestingly, tau seeding immediately elicited acute 
epileptiform activity in younger APP-KI animals, but not APP.PS1 animals or 
older APP-KI animals. Longitudinal effects of tau pathology were not associated 
with significantly increased epileptiform activity. These findings suggest that 
epileptiform activity in APP.PS1 animals may be associated with factors other 
than amyloid plaque pathology and that tau-seeding induces the development of 
epileptiform activity.
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Introduction
Patients suffering from Alzheimer’s Disease (AD) exhibit an increased risk 

for developing seizures and epileptiform activity over the course of the disease 
[1]. Previous studies have reported that unprovoked seizures may occur in 0.5-
64% of patients suffering from AD, and are more frequent in patients that exhibit 
the familial, early-onset form of AD. This also suggests that disease severity as re-
flected by the earlier onset, may be associated with the development of seizure-re-
lated activity. While certain forms of epileptiform seizures manifest physically 
as convulsions or episodes of absence (i.e., absence seizures), recent reports have 
suggested a host of other subtle epileptiform activity that accompany AD, but 
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may go undetected [2]. Furthermore, the presence of seizures 
have also been correlated with faster cognitive decline [1, 3], 
highlighting the functional and clinical relevance of epilepti-
form activity.

The concept of Network hyperexcitability (NH) is com-
monly associated with the presence and development of sei-
zures and hypersynchronous activity in neural networks [4], 
and has been suggested to be a prodromal indicator of AD 
[2, 5, 6] due to its early temporal onset. Several putative indi-
cations of hyperexcitability such as the presence of increased 
cortical excitability, hippocampal hyperactivity, aberrant de-
fault mode network activation, and development of seizures 
and epileptiform activity are thought to be present in the early 
stages of the disease [5]. Thus, the presence of NH in the form 
of seizures or others, may be a key tool in detecting patients at 
the early stages of the disease, where therapeutic intervention 
may be more efficacious.  

Animal models used to study AD that exhibit amyloid pa-
thology, generally showcase hyperexcitability-related behavior 
in the form of their propensity to exhibit unprovoked seizures 
[7], increased susceptibility to pharmacologically [8] and au-
diogenic seizures [9] as well as epileptiform-like activity [10, 
11]. This effect also does not appear to be limited to a single 
amyloid animal model but appears to be a common trait across 
multiple amyloid pathology models [8-10, 12], indicating that 
seizures may be strongly associated with amyloid pathology.

However, recent evidence has suggested that animal mod-
els of amyloid pathology may exhibit epileptiform-like and 
seizure-like activity that may not be directly associated with 
the presence of amyloid pathology. In one such study, Born 
and colleagues noted that the presence of epileptiform activity 
was linked to the expression levels of the APP protein, rather 
than the presence of amyloid plaque pathology [13]. Other re-
ports have indicated that even just the expression of wild-type 
human APP significantly alters the neurophysiology of the 
animal in the absence of amyloid plaque pathology [14]. An-
other study has demonstrated that the overexpression of wild-
type human APP is linked to the reduction of gamma-Am-
inobutyric acid (GABA) levels in a mouse model [15], a key 
player regulating the inhibition of neural networks. These re-
ports prompt a closer evaluation of the presence of seizure and 
epileptiform activity by controlling for the presence of overex-
pression-associated side effects by using newer animal models, 
such as the APP knock-in animal mouse model family [16].

Some of the seizure-like and epileptiform activity in an-
imal models of amyloid pathology have been reported to re-
semble spike-wave-discharges, interictal spikes, as well as un-
provoked electroencephalographic seizures [8, 10]. 

Thus, this study sought to quantify and compare the pres-
ence of epileptiform-like activity between APP.PS1 and APP-
KI animal models using an epileptiform detection workflow 
as seen in (Figure 1a). In this present study, some of the more 
prominently described epileptiform-like activity, such as single 
spikes (Figure 1b), poly spikes (Figure 1c), as well as electro-
encephalographic seizures (Figure 1d) were noted to occur in 
APP.PS1 and APP-KI animals and could be quantified, al-
lowing for a direct comparison. 

This present study investigated and compared three forms 
of NH activity present in the APP.PS1 and APP-KI animal 
models, as well as control groups from two studies that were 
previously carried out in terms of hisopathological and neu-
rophysiological characterization [17, 18]. These studies were 
previously carried out with a focus on understanding the 
neurophysiological effects of pathology, but did not focus on 
NH-related aspects. Thus in this present study, these datasets 
were used to investigated the presence of interictal-like single 
spikes and poly-spike phenomena, which are thought to re-
flect subclinical NH activity, as well as electroencephalograph-
ic seizure-like activity as described by [19, 20]. 

This was carried out in the presence of tau seeding, which 
resulted in prominent AT8-positive tau pathology, as observed 
in previous studies. We sought to understand if NH in the 
form of seizure-like and epileptiform-like activity could be at-
tributed to the presence and amount of pathology. In addition, 
we sought to understand if any of these phenomena could be 
attributable to APP protein overexpression, rather than pa-
thology. In this study, we used APP.PS1 animals, which are 
reported to express APP at approximated 3-fold higher than 
wild-type controls [21].

Materials and Methods
Animal cohorts and usage

Data were obtained from heterozygous APP 
KM670/671NL.PS1/L166P (B6.Cg-Tg(Thy1-
APPSwe,Thy1-PSEN1*L166P)21Jckr ) mice, line 21, on 
the C57BL/6 background [21] and Wild-type C57BL6 
littermates as well as homozygous APPNL-G-F/NL-G-F 
and APPNL/NL mice on the C57BL/6 background [16]. 
Animal housing conditions, diet, light-dark cycles, except 
for food restriction were identical to the conditions listed in 
Jacob et al. [22]. Animals were given ad libitum access to food 
(SAFE A05 diet, SAFE DIETS) and water. Animals were 
also equally balanced for sex as much as possible.

Animals used in the analysis of this study were previous-
ly used to study the histopathological and neurophysiological 
characteristics of the interaction between amyloid and tau pa-
thology. As such, the datasets used for epileptiform analysis in 
this study are exactly the same as those in Tok et al. [17, 18]. 
For representative histological images of the animals, please 
refer to supplementary figure 3. For the purposes of clarity in 
this study, APP.PS1 animals that received tau injections are 
referred to as APP.PS1-tau animals, and wild-type animals as 
WT-tau, along with their respective buffer-injected control 
groups (i.e., APP.PS1-Buffer and WT-Buffer). APP-KI ani-
mals will be referred to as NL-G-F and NL animals, with their 
respective injection conditions (i.e., NL-G-F-Tau, NL-G-F-
buffer, NL-Tau and NL-Buffer). For each genotype-treatment 
group (e.g. NL-G-F-Tau), 16 animals (8 male/8 female) were 
in each group at the start of the study, while it should be noted 
that limited attrition occurred across time points. 

All in vivo and in vitro studies were performed in strict 
accordance with the guidelines of the Association for Assess-
ment and Accreditation of Laboratory Animal Care Interna-
tional (AAALAC) and with the European Council Directive 
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of 24 November 1986 (86/609/EEC) and European Ethics 
Committee directive (2010/63/EU) for the protection of 
laboratory animals. In line with Belgian governmental direc-
tives all protocols were approved by the Animal Care and Use 
Committee of Janssen Pharmaceutica NV.

In vitro and ex vivo methods
AD-tau seed purification

Human brain samples were obtained from the University 
of Washington brain bank as a generous gift from Virginia 
M.Y. Lee and John Q. Trojanowski. The use of post-mortem 

Figure 1: Overview of seizure and epileptiform activity detection workflow, as well as representative examples of epileptiform activity. a) Workflow for 
detection of the single, poly spikes and seizure events. Seizure episodes were detected as ‘poly spikes’ using parameters optimized for long-lasting events. 
b) Representative example of a single spike detected from an APP.PS1 animal showing a positive to negative deflection lasting a short duration, with 
the blue dot indicating the point where the amplitude is maximally distant from the detection threshold. c) A representative example of a poly spike 
event detected from APP.PS1 animals, with closely-spaced spikes being detected as a contiguous event, highlighted in green and maxima and minima 
points highlighted with purple dots. d) Representative example of a generalized seizure episode detected from an APP-KI animal following injection 
of tau seeds. Top, middle and bottom traces are Hippocampal, Retrosplenial cortex and Medial entorhinal cortex recording traces respectively. The LFP 
evolves temporally from lower amplitude discharges that increase in amplitude and duration in between discharges, and terminates in a post-ictal-like 
suppression.
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brain tissues for research was approved by the University of 
Pennsylvania’s Institutional Review Board with informed 
consent from patients or their families. Purification methods 
for the preparation of AD-Tau seeds were followed according 
to the protocol listed in [23] and detailed below. All methods 
were performed in accordance with the relevant guidelines and 
regulations.

Patient brain samples stored at -80 were thawed and 
transferred to a precooled metal cooling block. Grey matter 
was separated using metal forceps and was kept for subsequent 
extraction of seeding material. Total grey matter weight was 
recorded and extraction buffer was added before homogeniza-
tion (QuickPrep, FastPrep-24, 4m/s, 30 s) and stored at -80.

Homogenates were thawed and centrifuged at 10,000 g 
for 10 mins at 4 ºC. The supernatant was separated and kept. 
The pellet was re-homogenized by adding 30 ml of extraction 
buffer per 180 ml of homogenate and re-homogenized 
(QuickPrep, FastPrep-24, 4m/s, 30s). This was subsequently 
centrifuged again at 10,000 g. 25% Sarkosyl was added to the 
supernatant from the first centrifugation step to a final con-
centration of 1% Sarkosyl in the mixture and stirred at 100 
rpm, room temperature. The supernatant from the second cen-
trifugation step was separated from the pellet and 25% Sarko-
syl was added to a final concentration of 1% Sarkosyl. The two 
volumes of supernatants containing Sarkosyl were combined 
and stirred for 1.5 h at 100 rpm, room temperature and subse-
quently referred to as the Sarkosyl mixture.

The Sarkosyl mixture was subsequently centrifuged at 
150,000 g for 75 mins at 4 ºC. The resulting supernatant was 
decanted, and the pellet gently rinsed with PBS 3 times. Pel-
lets were reconstituted with PBS and vortexed at 2000 rpm 
for 1 minute. Another 23 ml of PBS was added and another 
round of centrifugation at 250,000 g, for 30 mins, at 4 degrees 
Celsius was performed. The supernatant was decanted, and the 
pellet transferred to a 2 ml Eppendorf tube, which was subse-
quently filled with PBS and rocked for 12-16 hours (Hoola-
mixer, orbital 5rpm 15sec, reciprocal 45° 10sec, vibro 5° 5sec).

This was subsequently centrifuged at 1000 g for 1 minute 
at room temperature before using a 20-, 23- and 26-gauge nee-
dle and syringe consecutively to break the pellet into smaller 
pieces by passing the suspension through the syringes repeat-
edly. This mixture was sonicated (Sonotrode, Amplitude 100%, 
Cycle = 50% and Total watts of 200W). This was subsequently 
centrifuged in 1 ml ultracentrifuge tubes at 100,000 g for 30 
mins at 4 ºC. The supernatant was removed and reconstituted 
with PBS, before repeating the same process of breaking the 
pellet using a 23 and 26-gauge needle. This was subsequently 
centrifuged at 1000 g for 1 minute at room temperature and 
sonicated again at the same settings.

A final centrifugation at 10,000 g was carried out for 30 
mins at 4 ºC and the supernatant collected as AD-Tau seeding 
material, subsequently stored at -80 ºC. This was performed 
on brain samples from 6 different patients on different days 
and the purified seeds from each sample were pooled. Purified 
seeds from each purification, as well as the pooled sample were 
checked for seeding in mouse primary neurons. 

In vivo methods
Surgical procedures

Surgeries were carried out when mice were 2-2.5 months 
old and 5-5.5 months old. Anaesthesia was induced via 
isoflurane inhalation (O2, N2O and 5% isoflurane), followed 
by the shaving of the fur and disinfection with Isobetadine 
(Meda Pharma SA, Belgium) and 70% Ethanol. Analgesics 
(dipidolor, 0.025 mg/kg, Xylocaine, 10%), and eye ointment 
(Opticorn A, EcuPhar BV, Belgium) were applied to the 
animal prior to insertion into a stereotactic frame. The animal 
was maintained under isoflurane during surgery (O2, N2O and 
2-2.5% isoflurane), and kept at 37-38 °C using a heating pad. 
An incision was made on the skin along the sagittal plane 
to expose the skull, and sutures to hold the skin apart at the 
lateral edges of the opening. The tilt, yaw and roll of the head 
was adjusted for by measuring the DV differential between the 
bregma and lambda sutures. All differentials were corrected 
to within 0.05 mm prior to drilling. Drilling locations were 
measured relative to bregma and drilled by hand. Stainless 
steel screws were affixed over the left frontal and right occipital 
lobes to secure the implant.

Single polyamide-coated stainless-steel wire electrodes 
(100 μm diameter with a blunt-tip, Peira bvba, Belgium) were 
implanted. The dura was punctured by a hypodermic needle 
(PrecisionGlide, 25g, BD) at each location and implantation 
of electrodes were carried out with these coordinates: Medial 
entorhinal cortex (AP: -4.8, ML:3.25, DV:2.2), Hippocampal 
CA1 (AP: -2.2, ML:1.8, DV:-1.4), Retrosplenial cortex (AP: 
-1.75, ML: 0.5, DV: 1.0), Thalamus (AP: -0.83, ML:0.75, 
DV:2.75), and Reference (AP: -1.0, ML:1.2, DV:0.8), fol-
lowed by the cannula (AP: -2.5, ML:2.45, DV:1.4, lateral an-
gle of +24.5 degrees ,C315GAS-5/SPC, Plastics One). For a 
schematic overview of the electrode positions, please refer to 
supplementary figure 1a. Each electrode was fixed with den-
tal cement (Relyx Unicem 2 cement, 3M United States) and 
cured using a dental light. The ground screw electrode was im-
planted in the skull approximately 1mm posterior to lambda. 
Subsequently, a multichannel connector (Nano strip connec-
tor, Omnetics, Minneapolis, USA) was connected to the elec-
trodes and affixed using dental cement. 

The skin surrounding the surgical site was sealed using 
veterinary glue (Vetbond, 3M United States) after either sur-
gical procedure. Mice recovery was closely monitored until 
they were fully recovered (approximately ten to fourteen days).

Animal injections

Animals were injected with either AD-tau seeding 
material or sterile phosphate-buffered saline (PBS) buffer 
solution via the cannula at 3 or 6 months of age. Animals 
were anesthetized and mounted into the stereotactic frame as 
in the surgical procedure. The needle used for injections was 
a Hamilton 10 μl syringe mounted onto an injection robot 
(StereoDrive, Neurostar, Germany). The injection needle was 
fitted with a custom tube and locking needle adaptor for the 
cannula (C315IAS-5/SPCm, Plastics One Inc.). Injection 
speed was set as 0.2 μl per minute and a volume of 5 μl was 
injected, with a waiting time of 5 mins after injection. Needles 
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were tested for blockage by ejection of 0.1 μl of injectate 
before and after injection and changed once a blockage was 
noted. Animals were returned to home cage and monitored for 
2 hours after injection.

Animal euthanasia

Animals implanted with electrodes were electro-lesioned 
using a stimulator (STG4002-1.6 mA, MultiChannel Systems, 
GmbH) while under isoflurane anaesthesia (O2, N2O and 
2-2.5% isoflurane). A detailed description of the electro-
lesion settings can be found in supplementary methods M1. 
Representative histological images of the results of electrode 
burning can be seen in supplementary figure 1b. Animals were 
subsequently administered a dose of pentobarbital diluted 
in saline (120 mg/kg) and perfused with PBS mixed with 
heparin (10 U/mL), followed by 4% paraformaldehyde (PFA). 
Brains were kept overnight in 4% PFA and washed two times 
in PBS for 15 mins each before transferring to a solution of 
0.1% sodium azide and stored at 4 °C.

Electrophysiological recording procedures

Mice were recorded in customized plexiglass chambers 
(modified from Med Associates Inc. Fairfax, Vermont). 
These Perspex boxes were placed in opaque sound attenuated 
chambers fitted with a small ventilation fan and a house light. 
The entire home cage without the cover or food tray of the 
animal was placed above a plastic pedestal into the box. The 
house light was switched on during the entire recording 
duration. Each recording box was controlled by K-limbic 
software, (Med Associates Inc. Fairfax, Vermont, version 
1.20.2). A video camera (uEye CP, IDS imaging GmbH) was 
mounted on the top of the chamber to record animal behavior. 

Electrophysiological signals were acquired using a 4-chan-
nel wireless headstage (W2100-HS4, Multi-Channel Systems 
GmbH) and interface board (W2100-IFB system, Multi-
Channel Systems GmbH) at a sampling rate of 1000 Hz. The 
wireless head stages were powered by a 30 mAh battery (Wire-
less-B-30mAh, MultiChannel Systems GmbH). All signals 
recorded were referenced and grounded to the respective phys-
ical electrodes as described in the surgical procedures. Signals 
and battery levels (>80%) were checked prior to recording. The 
Multi-Channel Experimenter software (Multi-Channel Sys-
tems GmbH, version 2.14.0.19346) was used to acquire the 
recordings and synchronize the video acquisition, which was 
carried out on a separate computer running the Multi-Chan-
nel Video Control software (Multi-Channel Systems GmbH , 
version 2.2.0) at 25Hz. The duration of each recording session 
was 1 hour in length and carried out 2 hours after the start of 
the dark phase. Animals were returned to the home rack after 
each session. Animals were recorded on 3 consecutive days at 
the same time each day to control for circadian effects. APP.
PS1 animals were recorded at 5 time points after surgical im-
plantation: Pre-injection (4-6 hours before injection), post-in-
jection (1 day after injection), 1 month-post-injection (30 days) 
3 months-post-injection (90 days) and 5 months-post-injec-
tion (150 days). APP-KI Animals were recorded at 4 time 
points after surgical implantation: Pre-injection (4-6 hours 
before injection), post-injection (1 day after injection), 1 

month-post-injection (30 days) and 5 months-post-injection 
(150 days). Representative EEG traces from each animal co-
hort can be seen in supplementary figure 2.

Animal activity level estimation

In order to assess the activity state of the animal for 
subsequent analysis, the video files of each recording were 
processed to extract movement and activity information using 
DeepLabCut [24]. Once the model snapshot was finalized, the 
model was incorporated into a custom in-house software based 
on LabView (National Instruments, USA) for estimating the 
position of the animal and determining the activity level of 
the animal. A detailed protocol of the video pre-processing, 
tracking model, analysis, and activity level estimation can be 
found in supplementary methods M2.

The entire duration of each recording session was divid-
ed into 4s epochs and classified as active or inactive based on 
whether the activity data crossed the threshold for a sufficient 
duration during each epoch. The classification of animal ac-
tivity was a binary state of 0 (inactive) or 1 (active) with an 
activity threshold calculated from 30% of the peak motion 
displacement over the entire recording session. Epochs that 
crossed the activity detection threshold were considered as ac-
tive epochs, and inactive for epochs that were otherwise.

EEG data preprocessing and exclusion criteria

Local Field Potential (LFP) data was acquired from the 
electrophysiological recordings of the animal and divided 
into the same time-matched 4s epochs as used for activity 
detection, and subsequently processed to remove noise and 
artefacts using MATLAB 2016a. Animals were also excluded 
based on noise and artefacts that could not be removed by 
processing. For a detailed description of the artefact and noise 
detection processing algorithms, as well as specific exclusion 
criteria, please refer to supplementary methods M3.

Detection of seizure and epileptiform activity

Following the recommendations of Jin et al. for the scor-
ing of epileptiform activity in preclinical models of AD [25], 
we modelled our approach for the detection of single spikes, 
poly spikes and based on these recommendations. For the de-
tection of electroencephalographic seizures, parameters were 
derived from clinical guidelines for seizure definitions [19, 
20]. The detection of epileptiform activity was carried out us-
ing software developed in-house ( Janssen Pharmaceutica NV, 
Belgium) to detect spikes based on several key parameters. The 
key parameters used for the detection of epileptiform activity 
were: Bandpass filtering frequencies, Spike duration, Maxi-
mum interevent interval, second derivative value of the EEG, 
standard deviation amplitude threshold, maximum event du-
ration, minimum event duration, maximum number of spikes 
in a single event and normalization duration. For a detailed 
explanation of each of these parameters, please refer to supple-
mentary methods M5. An overview of the decision flowchart 
of detecting epileptiform activity can be seen in figure 1a. 

Poly spike events were defined as a train of single spikes 
occurring no more than 200 ms between the end of a single 
spike and the beginning of another single spike. 
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Due to the EEG heterogeneity across different types of 
epileptiform activity, a single detection algorithm would be 
insufficient to accurately capture the epileptiform activities of 
interest. As such, two detection models containing different 
values for key parameters were built to detect epileptiform 
activity: Model 1 for detecting single and poly spike activity 
and Model 2 for detecting electroencephalographic seizures. 
The settings for Model 1 are: Bandpass filtering of 10-48 Hz, 
80 ms maximum spike duration, 200ms maximum interevent 
interval, second derivative value of 20 μV/ms2, standard devi-
ation amplitude threshold of 8, maximum event duration of 
10000 ms, minimum event duration of 0, maximum number 
of spikes in cluster of 2000, DC voltage offset of 500μV and 
normalization duration of 50 mins.

Model 2’s settings are as follows: Bandpass filtering of 
8-30 Hz, 80 ms maximum spike duration, 2000 ms maximum 
interevent interval, second derivative value of 5μV/ms2, stan-
dard deviation amplitude threshold of 4, maximum event du-
ration of 10000000 ms, minimum event duration of 8000 ms, 
maximum number of spikes in cluster of 2000, DC voltage 
offset of 5000 μV and normalization duration of 50 mins. 

Single spikes and poly spikes were tallied for each record-
ing session based on the vigilance state in which the event oc-
curred in that particular recording from that animal. In order 
to normalize and control for unequal amounts of activity and 
inactivity between animals, the total number of spikes from 
each vigilance state was divided by the total duration of the 
vigilance state, represented as number of events per minute.

For electroencephalographic seizure detection, a list of 
potential seizure events was detected by Model 2 as described 
above, followed by manual inspection by a trained experiment-
er to evaluate if the seizure event was a true positive or false 
positive. The experimenter was blinded to the genotype and 
injection type of the animal. 

Statistical analysis

Statistical analysis was performed in R v.4.0.5 using 
RStudio as frontend for development of analysis scripts. A 
general linear mixed model (GLMM) was fit to the readouts 
of epileptiform activity. A detailed description of the GLMM 
can be found in supplementary methods M4.

To determine if the interaction effects were significant, a 
null model containing all other terms except for the interac-
tion term of interest was compared to the model via log-like-
lihood. Significant interactions were determined if the null 
model was significantly different from the threshold (alpha 
= 0.05). Subsequent post-hoc comparisons using Benjami-
ni-Hochberg FDR for multiple comparisons were generated. 
The threshold for determination of significance was set at q = 
0.05 for the multiple comparisons after correction using Ben-
jamini-Hochberg FDR. All data was plotted using ggplot2 as 
bar graphs and dots representing individual animal values and 
error bars representing standard errors. 

Results
Single and poly spike events are significantly influenced by 
the interaction between the Age of the animal, Vigilance 

state, Genotype-Treatment combination, and Time-post-
injection

In order to understand which independent factors may 
influence the development of single and poly spikes in the 
animals in this current study, we applied a GLMM to the de-
pendent variables of single and poly spikes as a function of the 
interaction of the independent variables of Age at which the 
animal was injected (simply referred to as Age in the mod-
el), Time-post-injection, Vigilance state (Active or Inactive), 
Genotype-treatment combination and Electrode position. 
Separate linear models were generated for analysis of single 
and poly spike data. In addition, APP.PS1 and relevant con-
trols were separately analysed from APP-KI animals and their 
respective controls due to software limitations.

A full model containing the interaction of factors of inter-
est (i.e. Electrode, Age, Vigilance state, Genotype-Treatment, 
as well as Time post injection, containing all lower-order in-
teractions as well) was constructed and tested against a model 
lacking the interaction term of interest using log-likelihood. 

We report that a significant interaction effect of Age x 
Vigilance state x Genotype-treatment, (i.e., χ2 (3), L-ratio = 
20.6596 p = 0.0001) for single spikes and an interaction be-
tween Age x Vigilance state x Genotype-Treatment x Time 
post-injection (χ2 (12), ratio = 29.03705, p-value = 0.0038) for 
poly spikes. 

We also tested the independent factor of the sex of the 
animal in relation to the epileptiform activity characterized in 
this study (i.e., single and poly spikes). We report that there 
was no significant main effect of the sex of the animal and 
thus, we did not proceed with subsequent analysis that includ-
ed sex. 

While assessing the presence of electroencephalographic 
seizure activity in this present study, results were inconclusive 
in determining whether pathology had any clear effect on 
this readout. This was primarily due to the lack of sufficient 
samples quantified from either animal cohort at any of the 
time points recorded. In order to rule out the possibility of 
having missed seizure events (i.e., false negatives), Model 2 
was validated against a separate study involving the adminis-
tration of Pentylenetetrazol (PTZ), a commonly used phar-
macological compound for inducing seizures [26]. This was 
tested in a separate cohort of 8 APP.PS1 animals and 5 wild-
type C576BL/6 animals, with a 30mg/kg dose of PTZ. APP.
PS1 animals exhibited seizures that included convulsions and 
tail-raising behavior, indicative of a seizure with motoric com-
ponents. Wild-type animals did not exhibit any convulsions 
or behavioral indications of seizures, and did not exhibit signs 
of seizures on EEG. A sensitivity and specificity analysis in-
dicated 100% sensitivity and 71.4% specificity, indicating no 
false negatives. These results suggest that Model 2 was indeed 
sensitive enough to reliably detect seizures with little to no 
false negatives. 

While we attempted to quantify the number of seizures 
during the analysis, there were only a few (<10) incidences 
of seizures aggregated across all time points, animals, geno-
types, treatments and ages. This suggests that very few occur-
rences of EEG seizures were detected across the study, and 
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thus a reliable estimation of significant differences cannot be 
determined. Due to the detection paradigm used, the small 
number of EEG seizures detected could have been detected 
as false positive ‘polyspike events’, but due to the extremely 
low number of seizures, it would be highly unlikely to affect 
the counts of true positive polyspike events. Due to the short 
daily recording timeframe, one possibility may be that EEG 
seizures are more prominent during other circadian periods, 
that could not be detected due to the duration limitations of 
wireless EEG recordings.

Thus, at the time points and ages used for seizure evalu-
ation, there were insufficient observations to conclude if sei-
zures are influenced by pathology. Other studies have also re-
ported the insufficiency of epileptic seizures in animal models 
as an obstacle to investigating anti-epileptic treatments [10].

APP.PS1 animals feature significantly elevated levels of sin-
gle and poly spike activity in states of inactivity compared to 
control animals at baseline recordings

When we assessed APP.PS1 animals for the presence of 
single and poly spike activity, we noted that the presence of 
both single and poly spike phenomena was significantly in-
creased in APP.PS1 animals relative to wild-type controls 
(Figure  2a).

Notably, single and poly spikes appear to exhibit a prefer-
ence for periods of inactivity, as seen by significant differences 
in APP.PS1 animals compared to wild-type animals during 
inactive states (Figure 2a, 2c) in either age group. When 
comparing the amount of single and poly spikes, aggregat-
ed over time points, electrodes (due to the interaction effect 

Figure 2: Overview and vigilance state comparison of single and poly spike activity detected in APP.PS1 animals. a) Longitudinal overview of the num-
ber of single spike events detected per minute in 3- and 6-month-old APP.PS1 animals in both vigilance states. Asterisks indicate significant differences 
in means across Genotype-Treatment groups. b) Comparison of single spikes events detected per minute in 3-month-old APP.PS1 animals between 
active and inactive states. Asterisks indicate significant pairwise comparisons. c) Longitudinal overview of the number of Poly spike events detected per 
minute in 3- and 6-month-old APP.PS1 animals in both vigilance states. Asterisks indicate significant differences in means across Genotype-Treatment 
groups. d) Comparison of poly spikes events detected per minute in 3-month-old APP.PS1 animals between active and inactive states. Asterisks indicate 
significant pairwise comparisons (p<0.05). Accompanying p-values for each significant comparison can be found in supplementary table 1.
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lacking these terms), APP.PS1 animals showcase significantly 
increased amounts of single spikes (Figure  2a, 2b) and poly 
spikes (Figure 2c, 2d) in inactive states compared to active 
states. For more details regarding the pairwise comparisons in 
figure 2b and 2d, please refer to supplementary table 1c. 

In addition, the factor of Genotype-Treatment was present 
in the interaction effects of single and poly spikes, suggesting 
that the number of single spikes differ across genotype-treat-
ment groups. Specifically, APP.PS1 animals exhibited signifi-
cantly more single and poly spike activity compared to their 
respective wild-type controls (Figure  2a, 2c). For a compre-
hensive list of all pairwise comparisons of between Geno-
type-Treatment groups across all recording time points, please 
refer to supplementary table 1a for single spike events and 
supplementary table 1b for poly spike events.

These findings indicate that APP.PS1 animals exhibit sig-
nificant amounts of epileptiform activity compared to wild-
type controls, more prominently seen in states of inactivity.

APP.PS1 animals feature an age-dependent decrease in 
epileptiform activity, which was counteracted by tau seeding

Additionally, the factor of age further complicated the 
interaction effect, indicating the development of single and 
poly spike counts differed depending on the age of the animal. 

Younger APP.PS1 animals demonstrated significantly more 
single spike activity compared to older animals (Figure 3a, 
Supplementary Table 2a). 

For poly spike activity, there was an interaction effect of 
time-post injection suggesting that the amount of time after 
injection also affected this relationship. Thus, we examined 
this relationship at each time point to understand this. APP.
PS1-buffer animals injected at 3 months of age exhibited sig-
nificant decreases in poly-spike activity between the pre-injec-
tion time points and other time points (Figure 3b, 3c, Supple-
mentary Table 2b). In contrast, APP.PS1-tau animals did not 
exhibit significant differences between pre-injection baselines 
and other time points, but exhibited a significant difference 
between post-injection and 1 m.p.i, and post-injection and 5 
m.p.i. (Figure  3c, Supplementary Table 2b). In animals in-
jected at 6 months of age, a significant difference was noted 
between pre-injection and 1 m.p.i, and between pre-injection 
(Figure 3d, Supplementary Table 2b). For a comprehensive list 
of all pairwise comparisons of between age groups across all 
recording time points, please refer to supplementary table 2b 
for poly spike events. 

The significant decline of poly spike activity seen in APP.
PS1-buffer animals injected at 3 months of age suggests that 
epileptiform activity decreases with age in younger animals. 

Figure 3: Comparisons across age and time-post-injection in APP.PS1 animals. a) Comparison of single spikes between 3-and 6-month-old animals 
indicating younger animals exhibit more single spike events compared to older animals. Asterisks indicate significant pairwise comparisons. b) Longitu-
dinal comparison of poly spikes in 3- and 6-month-old-animals demonstrating significant differences in poly spike events from Pre-injection. Asterisks 
indicate means were significantly different when comparing between respective timepoint and Pre-injection. Comparison of poly spike events illustrating 
significant pairwise comparisons by Genotype-Treatment groups in c) 3-month-old-animals and d) 6-month-old-animals. Asterisks indicate signifi-
cance pairwise comparisons (p<0.05). Accompanying p-values for each significant comparison can be found in supplementary table 2.
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However, the lack of this relationship in APP.PS1-tau animals 
indicates that tau seeding may prevent age-associated decline 
of poly spike activity in younger animals.

APP-KI animals exhibited similar interaction effects but 
completely different single and poly spike profiles

In order to sufficiently address whether the presence of 

Figure 4: Comparisons of single and poly spike events in APP-KI animals. a) Longitudinal overview of single spike events per minute detected in 
APP-KI animals across active and inactive states, in 3-and 6-month-old animals. Asterisks indicate means are significantly different at the respective 
timepoints. b) Single spike events detected across hippocampal (HPC), retrosplenial cortex (RSC) and medial entorhinal cortex (MEC) electrodes. As-
terisks denote significant pairwise comparisons. c) Longitudinal overview of poly spike counts per minute in APP-KI animals. Asterisks indicate means 
are significantly different at the respective timepoints. d) Poly spike counts across individual electrodes demonstrating significantly more poly spike 
events in the hippocampus compared to other electrodes. Epileptiform activity counts in 3-month old animals immediately after seeding, demonstrating 
significant increases in e) single spike and f ) poly spike counts.
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epileptiform activity could be directly attributed to amyloid 
or tau pathology, the same analysis was performed in APP-KI 
animals, using the same spike detection model applied to APP.
PS1 animals for single and poly spike detection. 

Similar to the previous section, the counts of single and 
poly were tallied for each animal and analysed using a GLMM 
for determining which factors may interact and contribute to 
the presence of single and poly spike activity.

We report that an interaction between Age x Geno-
type-Treatment x Time-post-injection (i.e., χ2 (12), L-ratio = 
29.3574 p-value = 0.0005), Electrode x Age x Time-post-in-
jection (i.e., χ2 (8), L-ratio = 18.8494 p-value = 0.0044) for 
single spikes and Age x Genotype-Treatment x Time-post-in-
jection (i.e., χ2 (12), L-ratio = 81.8132, p-value = 7.05e-14), 
and Electrode x Age x Time-post-injection (χ2 (8), L-ratio = 
18.06508 p-value = 0.0207 for poly spikes. The interaction ef-
fect of Age x Genotype-treatment and Time post injection is 
similar to the interaction effect in APP.PS1 animals. However, 
the presence of the Electrode x Age x Time-post-injection was 
not previously noted in APP.PS1 animals, suggesting that the 
amount of single and poly spikes differ according to the elec-
trode. These interactions are explored in further details below.

Tau seeding results in acute localized increases in 
epileptiform activity immediately following seeding 

At a cursory examination of single and poly spike counts 
across Genotype-Treatment groups and time aggregated 
across electrodes (Figure  4a, 4c), the most salient observation 
was the increased amount of single and poly spike counts at 
the post-injection timepoint. This was noted to be present 
significantly in 3-month-old animals but not 6-month-old 
animals, which is reflected by the Age factor in the interaction 
effect. However, apart from the post-injection time point, 
there are no clear indications of any differences in single or 
poly spike counts between treatment and genotype conditions.

Due to the factor of Electrode being present, a more de-
tailed investigation on the level of individual electrodes was 
carried out. This revealed that the hippocampal and retro-
splenial cortex electrodes exhibited significantly more single 
spikes detected compared to the medial entorhinal cortex elec-
trode (Figure 4b). In terms of poly spikes, the hippocampus 
exhibited significantly increased poly spikes compared to the 
retrosplenial cortex and entorhinal cortex electrodes (Figure 
4d). In addition, the retrosplenial cortex electrode exhibited 
significantly more poly spikes than the medial entorhinal cor-
tex electrode (Figure 4d). For a detailed list of pairwise com-
parisons, refer to supplementary table 2c. This suggests that 
the site of injection (i.e., the hippocampus) exhibited more 
epileptiform activity following seeding, indicating that tau 
seeding results in the localized development of epileptiform 
activity. 

The Genotype-Treatment factor also indicated an effect 
associated with either the Genotype or Treatment, and was 
further investigated. Both NL-G-F-tau and NL-Tau ani-
mals exhibited significantly more single (Figure 4e) and poly 
spikes (Figure 4f ) compared to their respective buffer controls. 
This result indicates that the injection of tau seeding increas-
es the amount of single and poly spike activity in APP-KI 

animals. For a detailed list of pairwise comparisons between  
Genotype-Treatment groups, refer to supplementary table 2d.

Lastly, NL-G-F-tau animals also exhibited more poly spike  
activity compared to NL-tau animals (Figure 4f ), indicating that  
seeding may be affecting NL-G-F and NL-tau mice differen-
tially, which could be related to the presence of amyloid plaque 
pathology in NL-G-F animals and not in NL-NL animals. 
This relationship was not noted for single spike activity, indi-
cating a mechanism related to poly spike activity.

Thus, these findings indicate that the immediate effects 
of tau seeding are associated with increased epileptiform dis-
charges in APP-KI animals, and is localized to the site of 
seeding. Furthermore, the effects of poly spike events were 
significantly higher in NL-G-F animals compared to NL-NL 
animals, suggesting that amyloid pathology may be slightly af-
fecting this relationship.

Discussion
In this present study, we aimed to answer 2 main questions 

associated with the presence of epileptiform activity in animal 
models of AD pathology. The first question pertains to whether 
the presence of epileptiform activity may be attributable to the 
presence of pathology in these animals. The investigation of 
single and poly spikes in APP.PS1 animals revealed that single 
and poly spikes were abundantly present in states of inactivity, 
and more so in younger APP.PS1 animals. However, the 
subsequent investigation in APP-KI animals using the same 
detection parameters, experimental conditions, ages, time 
points and treatment conditions revealed a lack of similar levels 
of single and poly spike activity in APP-KI animals. When 
comparing amyloid-positive (NL-G-F animals) and amyloid-
negative (NL animals) APP-KI animals, no significant 
differences in either single or poly spikes were noted, except 
immediately after seeding. This finding indicates that the 
presence of amyloid plaque pathology may not sufficiently 
explain the presence of single and poly spike pathology. Thus, 
this leads to the question of what may be contributing to the 
presence of epileptiform activity in APP.PS1 animals. 

Prior to exploring which factors could be contributing 
to the presence of increased power spectra and epileptiform 
activity, it bears noting that there is one crucial genotypic ele-
ment that distinguishes APP.PS1 animals from APP-KI ani-
mals, which is the presence of the presenilin mutation in APP.
PS1 animals. The presenilin protein, encoded by the PSEN1 
gene is part of the gamma-secretase catalytic complex that 
controls the cleavage of the APP protein, forming β-amyloid 
(Aβ) peptides of varying lengths [27]. Mutations in the PS1 
gene have been associated with neurophysiological changes in 
terms of LTP [28, 29]. In addition, numerous mutations on the 
PS1 gene have been associated with the presence of seizures 
[30]. Thus, it may also be possible that the presence of PS1 
mutations may be in part responsible for the NH phenom-
ena observed in APP.PS1 animals but not APP-KI animals. 
Recent developments in model development have resulted in 
APP-KI mouse models with the PSEN1 mutation, and could 
allow for disentangling the contribution of PSEN1 mutations 
on the generation of epileptiform activity [31].
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The other possibility lies in the fact that the overexpression 
of APP by itself may be a large factor influencing the pres-
ence of epileptiform activity in these animals. One particular 
study that provides evidence that supports the idea that pro-
tein overexpression is associated with aspects of NH, is a study 
characterizing the effects of overexpressing wild-type human 
APP [15]. This study noted resulted in several changes, such 
as cognitive impairment, neuronal loss, and neuronal overex-
citation and increased LTP, in the presence of low amounts of 
amyloid-beta. In addition, the presence of GABAergic deficits 
was suggested to underlie the presence of overexcitation in this 
animal models. GABA is a main player mediating the excit-
atory-inhibitory balance of neural circuits, with several types 
of epilepsies associated with GABAergic deficits [32, 33], and 
could explain the presence of the epileptiform activity seen 
in APP.PS1 animals. Another study also has reported several 
changes associated with synapse-associated proteins such as 
PSD95, and glutamate receptors that may render the neuronal 
network more prone to imbalances in excitation and inhibi-
tion [14].

Given that protein overexpression in APP.PS1 animals 
would also likely result in much higher levels of Aβ40 and 
Aβ42 fragments than APP-KI animals, it may be possible 
that these soluble fragments may contribute to epileptiform 
activity. However, this proposition is unlikely since the fact 
that NL-G-F animals and NL-NL animals fail to show any 
significant difference in terms of single and poly spike counts 
except after seeding, given the gene-dose-dependent increase 
in soluble species of Aβ40 and Aβ42 [16, 34]. The findings in 
this study also complement the work done by [13], which not-
ed that genetic suppression of APP was more effective at re-
ducing epileptiform activity instead of reducing soluble species 
of amyloid. Studies investigating the presence of epileptiform 
activity in APP-KI animals have reported differing results [4, 
11], whereas other studies have reported a lack of difference in 
other neurophysiological properties indirectly associated with 
epileptiform activity such as power spectra [22, 35, 36]. 

However, this also provokes a separate and perhaps, even 
more fundamental question: If the neurophysiological changes 
are unrelated to pathology, should they even be investigated 
further? While overexpression of APP in animal models is 
arguably not representative of sporadic cases or even familial 
cases of AD, it may still be of use in modelling patient popu-
lations that are associated with increased copies of APP [37, 
38], which also exhibit increased risks for seizures. In addition, 
cases of trisomy 21 or also known as Down’s Syndrome (DS) 
also features an additional copy of APP, as well as increased 
levels of seizures in DS patients with dementia [39]. Thus, 
while animal models with protein overexpression may be lim-
ited in terms of generalizing to the general AD population, 
they may still be of use in modeling a more specific population 
of patients.

The second question this study aimed to answer was if 
the act of tau seeding, and subsequent development of both 
amyloid and tau pathology would be associated with the pres-
ence of epileptiform activity. APP.PS1-tau animals showed an 
effect of the injection of tau seeding, which appeared to pre-
vent the age-related decline of epileptiform activity. However, 

a completely different effect was noted in APP-KI animals, 
with the injection only resulting in an acute increase in epilep-
tiform activity immediately following injection and no clear 
indication of any longitudinal effects. In addition, our findings 
are in line with reports of tau pathology (at least in the form 
of AT8-positive tau pathology) not significantly affecting the 
development of seizure activity [40, 41]. However, our present 
study did not investigate the relationship between tau seeding 
and PTZ-induced seizures as described in Van Erum et al. 
Nonetheless, it appears that the presence of tau pathology in 
the form of AT8-positive tau pathology does not appear to 
elicit any significant effect on the presence of single and poly 
spike epileptiform activity in APP-KI animals, even after 5 
months post-injection. 

One potentially interesting relationship resulting from tau 
seeding injections is that there may be hints of NH present, 
particularly in younger APP-KI animals. When comparing 
the presence of single and poly spikes in APP.PS1 and wild-
type animals, wild-type animals did not show any significant 
increase in single and poly spike activity in either age group 
after seeding. In contrast, both types of APP-KI animals ex-
hibited significant increases in single and poly spike activity 
following tau injections, in younger animals. This suggests that 
APP-KI animals may be nearer to an epileptiform activity 
threshold compared to wild-type animals for the development 
of subclinical epileptiform activity such as single and poly 
spikes. The mechanisms underlying why tau seeding elicits ep-
ileptiform activity is still unknown and further investigation 
needs to be performed, perhaps in the form of a seizurogen-
ic insult such as PTZ or pilocarpine. One possible candidate 
is neuroinflammation-driven seizures [42], which has been 
shown to be associated with increased seizure susceptibility 
following a neuroinflammatory challenge using lipopolysac-
charides in rats and mice [43, 44]. The process of seeding tau 
is likely to induce the activation of microglia, which may man-
ifest in a neuroinflammatory response following seeding [45]. 
Furthermore, the significantly increased levels of single and 
poly spikes in the hippocampal electrode, suggests a more fo-
cal nature associated with the location of the tau seeding. 

Furthermore, this relationship is further complicated by 
the differential effect of age, which showed that in both APP.
PS1 and APP-KI animals, older animals appear less suscep-
tible to epileptiform discharges, and highlights the additional 
level of complexity associated with determining factors that 
contribute to the presence of epileptiform activity. Younger 
APP.PS1 animals exhibited significantly more single spike 
activity and younger APP-KI animals feature significantly 
more single and poly spikes following tau seeding. While it is 
commonly reported that aged animals exhibit more common 
and severe seizures [46], few studies have focused on the age 
ranges used in our study, making it harder to understand the 
processes underlying epileptiform activity in this study. It is 
known that in clinical studies of epilepsy, children tend to ex-
hibit higher rates of seizure occurrence [47], and this may be 
similar in the case of younger animals at this range. Thus, the 
presence of single and poly spike activity being more prevalent 
in younger animals suggests that studies involving the use of 
animal models of AD pathology for evaluating epileptiform 
activity need to consider age as a factor in experimental design.



Journal of Neurology & Experimental Neuroscience   |   Volume 8 Issue 2, 2022 29

A Characterization of Epileptiform Activity Associated with TAU Seeding and  
Amyloid Pathology in the APPKM670/671NL.PS1/L166P and APP-KI Animal Models Tok et al.

Conclusions
In conclusion, this present study clearly indicates the 

disparity of epileptiform activity between APP.PS1 animals 
and APP-KI animals, which may be attributable to many 
possible factors, but suggests that APP overexpression may be 
a strong driver of hyperexcitability. While this suggests that 
single and poly spikes may be associated with the presence of 
APP overexpression, it does not preclude the possibility that 
other forms of epileptiform activity may be present, which 
were not investigated in this study or at different ages which 
could be pathology-related instead. In addition, the presence 
of significant epileptiform activity in APP-KI animals but 
not wild-type following tau seeding suggests some form of 
increased susceptibility associated with the amyloidogenic 
genotype. However, this study contributes to the increasing 
list of limitations associated with amyloid mouse models that 
exhibit APP overexpression, and potential confounding effects 
that could obscure otherwise subtle effects associated with 
pathology instead. 
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