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Abstract

Objective: Epileptic spikes and seizures seem present early in the disease process
of Alzheimer's disease (AD). However, it is unclear how soluble and insoluble
amyloid beta (Af) and tau proteins affect seizure development in vivo. We aim
to contribute to this field by assessing the vulnerability to 6 Hz corneal kindling
of young female mice from two well-characterized transgenic AD models and by
testing their responsiveness to selected antiseizure drugs (ASDs).

Methods: We used 7-week-old triple transgenic (3xTg) mice that have both amy-
loid and tau mutations, and amyloid precursor protein Swedish/presenillin 1 dE9
(APP/PS1) mice, bearing only amyloid-related mutations. We assessed the ab-
sence of plaques via immunohistochemistry and analyzed the concentrations of
both soluble and insoluble forms of Ap,;_,, and total tau (t-tau) in brain hippocam-
pal and prefrontal cortical tissue. Seven-week-old mice of the different genotypes
were subjected to the 6 Hz corneal kindling model. After kindling acquisition, we
tested the anticonvulsant effects of three marketed ASDs (levetiracetam, brivar-
acetam, and lamotrigine) in fully kindled mice.

Results: No AP plaques were present in either genotype. Soluble AB;_4, levels
were increased in both AD genotypes, whereas insoluble Ap;_,, concentrations
were only elevated in APP/PS1 mice compared with their respective controls.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Epilepsia published by Wiley Periodicals LLC on behalf of International League Against Epilepsy.

Epilepsia. 2022;63:2703-2715.

wileyonlinelibrary.com/journal/epi 2703


www.wileyonlinelibrary.com/journal/epi
https://orcid.org/0000-0002-1104-5509
https://orcid.org/0000-0002-8175-0553
https://orcid.org/0000-0002-4148-051X
https://orcid.org/0000-0002-2597-0383
https://orcid.org/0000-0003-0304-9785
https://orcid.org/0000-0002-6234-9908
mailto:﻿
https://orcid.org/0000-0003-2140-0751
http://creativecommons.org/licenses/by-nc/4.0/
mailto:ilse.smolders@vub.be

VANDE VYVER ET AL.

™ | Epilepsia

KEYWORDS

1 | INTRODUCTION

Alzheimer's disease (AD) is the leading cause of dementia
and brain accumulation of amyloid beta (Af) plaques, and
hyperphosphorylated tau tangles are the main pathologic
hallmarks." Epilepsy is more prevalent in patients with
AD, and the connection between both diseases is further
supported by increased Ap plaque and hyperphosphoryl-
ated tau load in patients with epilepsy and by the find-
ing that seizures worsen AD neuropathology in mice.>™
Seizures seem already present in an early stage of AD and
are more frequent in patients with familial AD.> Before
AD symptoms occur, Af and tau aggregation have had the
chance to affect molecular brain mechanisms for years.
Much attention has recently been paid to early changes in
the soluble, most toxic forms of Ap;_,, and tau biomarkers
and how these may alter brain excitability.

Soluble Ap,_4, is found consistently to increase neu-
ronal activity, but the effect of increased soluble total tau
(t-tau) is subject to debate, with both neuronal hypoac-
tivity and hyperactivity described.®” A calcium imaging
study in mice demonstrated that increasing tau reduced
neuronal activity and that by increasing both Af,_,, and
tau, the effect of the second dominated the first, result-
ing in reduced neuronal firing rates.® Seizures are more
complex than “just” neuronal hyperexcitability: they are
a symptom of increased neuronal synchronization, and
the contribution of glial cells is crucial.”*° It thus remains
to be unveiled how seizure susceptibility and epilepsy are
affected in vivo in mouse models exhibiting elevations in
both Af,_4, and t-tau.

A handful of studies assessed the effect of only amy-
loid or only tau mutations on seizure susceptibility in
AD mice, and just one study was conducted in a model
combining both mutations."'*® The latter found increased
susceptibility to an acutely evoked audiogenic seizure in

Soluble and insoluble forms of t-tau were increased in 3xTg mice only. 3xTg and
APP/PS1 mice displayed more severe seizures induced by 6 Hz corneal kindling
from the first stimulation onward and were more rapidly kindled compared with
control mice. In fully kindled AD mice, ASDs had less-pronounced anticonvul-
sive effects compared with controls.

Significance: Mutations increasing Af only or both Af and tau in the brain en-
hance susceptibility for seizures and kindling in mice. The effect of ASDs on sei-
zures measured by the Racine scale is less pronounced in both investigated AD
models and suggests that seizures of young AD mice are more difficult to treat.

3xTg, amyloid beta, APP/PS1, epilepsy, tau

Key Points

+ Soluble amyloid beta 1-42 (Af;_,,) is already in-
creased in the brains of 7-week-old triple trans-
genic (3xTg) and amyloid precursor protein
Swedish/presenillin 1 dE9 (APP/PS1) mice.

 t-tau levels are increased in the brains of
7-week-old 3xTg mice.

 Seven-week-old 3xTg and APP/PS1 mice are
more susceptible to 6 Hz corneal kindling.

« The anticonvulsant effects of several antiseizure
drugs (ASDs) are less pronounced in 6 Hz cor-
neally kindled Alzheimer's disease mice than in
control mice.

3-week-old triple transgenic (3xTg) mice.”> However,
whether tau biomarkers are increased at this young age
and how the combination of soluble Af and tau affect sei-
zure susceptibility remains unknown.

Our first aim of the present study was therefore to use a
genetic mouse model with aberrant changes in both solu-
ble ApB,_4, and t-tau, and to subject these presymptomatic
mice to a chronic kindling paradigm to assess seizure sus-
ceptibility and kindling. We chose the triple transgenic (or
3xTg) mouse model that expresses amyloid precursor pro-
tein (APP) with the Swedish mutation, presenilin 1 (PS1)
with the M146V mutation and microtubule-associated
protein tau (MAPT) with the P301L mutation, in which
both Ap,_,, and t-tau biomarker levels are expected to be
increased. For comparison we repeated the experiment
in amyloid precursor protein Swedish/presenillin 1 dE9
(APP/PS1) mice, a model overexpressing APPg,, and
PS14p mutations, that presumably lead to an increase in
AP,_4, concentrations only.
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Finding an adequate treatment for seizures in patients
with AD is complicated by the side effects of antiseizure
drugs (ASDs) exacerbating certain AD symptoms.”“19
Little evidence exists on the optimal ASD for these specific
patients: a small randomized-controlled trial compared
phenobarbital, levetiracetam (LEV), and lamotrigine
(LTG) in epileptic patients with AD and found no differ-
ence in efficac:y.19 Recently, brivaracetam (BRV), a more
potent analogue of LEV, was approved.20 Because certain
ASD targets are less expressed in the brain of AD patients
and their neuronal networks have manifest abnormal-
ities, the efficacy of some ASDs might be affected.*
Therefore, our second aim was to assess how seizures in
fully kindled AD and control mice will respond to this
aforementioned selection of ASDs.

2 | MATERIALS AND METHODS

2.1 | Mice

Seven-week-old female 3xTg, APP/PS1 mice and their re-
spective age- and sex-matched wild-type controls were ac-
quired from the Jackson Laboratory (Bar Harbor, USA).
The 3xTg mice (MMRRC stock #34830) are homozygous
for a PS1y 46y knock-in and an APPg,. and a MAPTpsyy,
transgene on a mixed C57BL/6J - 129Sv background. Their
controls are B6129SF2/J mice (stock #101045). The APP/
PS1 mice (MMRRC stock #34832) are heterozygous for
APPg,. and PSlgp, transgenes on a C57BL/6] congenic
background, and wild-type mice with the same background
(MMRRC stock #34832) were used as controls. Mice were
group-housed (4-5 mice per cage), maintained on a 12-12-h
light-dark cycle, and had access to water and food ad libi-
tum. The experiments were approved by the ethical com-
mittee of the Vrije Universiteit Brussel (project 19-213-4).
Animal Research: Reporting of In Vivo Experiments guide-
lines and the Basel declaration were considered when de-
signing the experiments. The mice's genotype was verified
with polymerase chain reaction performed on ear-punched
tissue by Transnetyx (Cordiva, USA).

2.2 | (Immuno)histochemistry

We stained brain sections of three experimentally naive
7-week-old female mice of all four genotypes with thiofla-
vin S (ThS) to detect cored amyloid plaques; used an anti-
amyloid p 1-16 (6E10) antibody to detect amyloid plaques,
APP, or its metabolites; anti-human tau (HT7) antibody
to detect human t-tau; and anti-neuronal nuclear protein
(NeuN) antibody to detect neuronal nuclei. Experimental
details can be found in Appendix S1.

Epilepsia ™

2.3 | Biomarker analysis in prefrontal
cortex and hippocampal homogenates

For protein analysis, 7-week-old experimentally naive fe-
male mice of all four genotypes were killed with cervical
dislocation, after which the prefrontal cortex (PFC) and
hippocampus (HC) were dissected bilaterally and ho-
mogenized. The homogenates were analyzed for human
AP,_4, and t-tau with enzyme-linked immunosorbent as-
says (ELISAs). Details can be found in Appendix S1.

2.4 | 6 Hzcorneal kindling

Corneal kindling (6 Hz) was performed as described pre-
viously.”»** Briefly, 7-week-old mice were stimulated
(10 mA, direct current, 3 s duration, 0.2 ms pulse width)
with corneal electrodes connected to a stimulator (ECT
Unit 57800, Ugo-Basile, Italy) for 5weeks twice daily (first
stimulation between 8 and 10 AM, second stimulation
between 2 and 4 PM) 5days per week (Monday-Friday;
details in Appendix S1). Seizure severity was scored by
researchers blinded to genotype using a modified Racine
scale. Once a mouse exhibited 10 sequential generalized
seizures (modified Racine score >3), it was considered
fully kindled and kept on a maintenance protocol (two
stimuli per day, 2days per week) until the start of the ASD
testing.

2.5 | Antiseizure drugs

All fully kindled mice were assigned randomly to se-
quential treatments with different ASDs at different dos-
ages using a Latin square design.”® For BRV these were
0.3, 3, 10, 30, and 100mg/kg; for LEV they were 2, 6, 20,
60, 200, and 600mg/kg; and for LTG they were 3, 10, 30,
and 60mg/kg. Dosages were based on the median effec-
tive dose (EDs,) reported previously in corneal kindling
experiments and in-house experience.® Considering
time-to-peak effect, LTG and BRV were administered in-
traperitoneally (i.p.) 30 min and LEV 60 min before stimu-
lation.”>*” Drug wash-out of at least 3days was ensured
between different treatments. LTG was purchased from
Tocris Bioscience (#1611/10); BRV and LEV were kindly
provided by UCB (Belgium).

2.6 | Statistical analysis

Statistical analysis was performed using RStudio (version
1.2.1335). Normal distribution of data was verified with a
Shapiro test and a qqgplot, and variance with a fitted plot.
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Repeated measures from kindling acquisition and ASD
treatment were assessed with a linear mixed-effects model
and speed of full kindling with a Cox proportional hazard
model. For ELISA, differences between the AD mice and
their respective controls were evaluated with a Mann-
Whitney U (MWU) test. Linear correlations were evalu-
ated with Pearson's product. a was set at 0.05. Additional
details can be found in Appendix S1.

3 | RESULTS
3.1 | AD biomarkers in the brains of
7-week-old APP/PS1 and 3xTg mice

We first used ThS staining to detect amyloid plaques.
As expected, no fluorescent signal was present in any
of the slices indicating the absence of cored Ap plaques
at 7weeks (Figure 1A1-A4). As a positive control, we
used a 15-month-old APP/PS1 mouse, the brain slices
of which exhibited numerous areas of ThS fluorescence
(Figure 1A5). In slices of all three 3xTg mice incubated
with the anti-6E10 antibody, we saw an intense fluores-
cent signal that coincided with NeuN, thus localized in
neuronal cell bodies (Figure 1Bla—c). No signal was pre-
sent in the 7-week-old APP/PS1 or either of the control
genotypes (Figure 1B2-B4). As a positive control, wide-
spread extracellular plaque-like deposition was found in
15-month-old APP/PS1 mice (Figure 1B5). In 7-week-old
3xTg mice, weak anti-HT7 signal was found in the hip-
pocampus, with a pattern corresponding to neuronal dis-
tribution (Figure 1C1). As expected, no signal was present
in the other genotypes (Figure 1C2-C4). As a positive con-
trol for this t-tau staining, we used a 15-month-old 3xTg
mouse, in which an intense signal spread throughout hip-
pocampal neurons was found (Figure 1C5).

In addition to the morphologic and qualitative infor-
mation obtained from immunohistochemistry (IHC), we
quantified levels of Af,_,, and t-tau in PFC and HC homog-
enates with ELISA. We chose to separate a tris-buffered sa-
line (TBS) soluble fraction, corresponding to soluble forms,
and a TBS-insoluble fraction, corresponding to membrane-
bound or insoluble plaques or tangles of the proteins.

TBS-soluble AB,_,, levels were higher in 3xTg (MWU,
W = 81, p <.001) and APP/PS1 (W = 16, p =.03) mice
compared with their respective controls (Figure 2A). In
the insoluble fraction, APP/PS1 mice show an increased
concentration of Af,_,, (W = 16, p =.03) compared with
their control mice, whereas for 3xTg there was a strong
trend toward an increase (W = 63, p =.05) compared with
their controls (Figure 2B).

In 3xTg mice, TBS-soluble t-tau levels in PFC and HC
are ~10 times higher compared with levels in the respective

brain areas of control mice (W = 16, p =.029 and W = 42,
p =.026, respectively), and TBS-insoluble t-tau concentra-
tions are 25 times higher than in control mice, both in HC
(W=49, p=.002) and PFC (W = 42, p =.001) (Figure 2C,D).
We found no difference between APP/PS1 mice and controls
in TBS-soluble or TBS-insoluble fractions of the t-tau protein
in HC (W =25,p=.3and W =21, p =.4) or PFC (W = 27,
p =.2and W = 20, p =.8) homogenates (Figure 2C,D).

3.2 | Seven-week-old 3xTg and APP/PS1
mice are more prone to 6 Hz corneal
kindling and reach the kindled state faster

We assessed whether increased soluble AB,_,, or t-tau lev-
els were associated with increased seizure susceptibility
and kindling in young mice, before amyloid plaques or neu-
rofibrillary tangles were present. 3xTg, APP/PS1, and their
control mice were subjected to identical corneal stimuli
during the entire kindling acquisition phase. Seizure sever-
ity worsened over time (linear mixed effects model, 3xTg:
F11560) =871, p <.001; APP/PS1: F{; 1349y =564, p <.001) as
expected during kindling acquisition (Figure 3A). 3xTg and
APP/PS1 mice exhibited more severe seizures from the first
stimulation onward, with an estimated seizure score that
is, respectively, 1.89 and 2.71 points higher on day 1 (3xTg:
F(y.53=89, p <.001; APP/PS1: F{; 54 =50, p <.001). The dif-
ference in evoked seizure severity between AD and control
mice decreased over time (3xTg: F(; 1550) =30, p <.001; APP/
PS1: Fy 1360) =42, p <.001).

From the eighth day of stimulation onward, APP/PS1
mice were found dead in their home cage. All had previously
attained a seizure severity of 6, and by the end of the kindling
acquisition, 11 of 19 APP/PS1 mice died (58%; Figure 3B).
There was no mortality in the 3xTg or control lines.

The odds of developing a fully kindled state were higher
for 3xTg (Cox proportional hazard model, odds ratio 3.7,
p <.001) and APP/PS1 mice (odds ratio: 1.4, p =.002)
compared with their respective controls (Figure 3C).
Seventeen of 19 (89.5%) of the 3xTg mice and seven of 19
(36.8%) of the 3xTg control mice reached a fully kindled
state (Figure 3D) after 5weeks of stimulations. Of the sur-
viving APP/PS1 mice, all but one (7/8) reached a fully kin-
dled state. In the APP/PS1 control group, 13 of 19 (68.4%)
was fully kindled by the end of acquisition.

3.3 | Tested ASDs are less effective
in 6 Hz fully kindled Alzheimer's
disease mice

Next, we tested the efficacy of BRV, LEV, and LTG against
6 Hz corneally evoked seizures in fully kindled mice. An
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FIGURE 1 Seven-week-old 3xTg and APP/PS1 mice have no amyloid plaques. We performed immunohistochemical analysis on

brains of 7-week-old female 3xTg, APP/PS1, and their respective control mice (n = 3 per group). 6 coronal slices were selected per mouse

for analysis (at +2, 0, —1, —2, —3mm AP of bregma). For every staining, we show part of a —2mm AP slice of one 7-week-old mouse per
genotype and one positive control as a representative example. We first stained for cored amyloid plaques with ThS and counterstained with
DAPI. (A1-A4) We did not detect amyloid plaques in any of these mice at 7weeks of age in any selected slice. (A5) As a positive control,

we stained slices from a 15-month-old APP/PS1 mouse during the same staining procedure. ThS-stained plaques were abundant in all the
stained slices of this mouse. We also stained with the 6E10 antibody, which detects both amyloid plaques and soluble forms of Ap and APP.
(B1) intense fluorescence was present in the 7-week-old 3xTg mice. (Bla-Blc) the 6E10 fluorescence co-stained with NeuN antibody and
was thus restricted to neuronal cell bodies. (B2-B4) No fluorescent signal was present in the other genotypes. (B5) As a positive control, we
used a 15-month-old APP/PS1 mouse, in which we found a fluorescence pattern that does not correspond to a neuronal distribution and is
compatible with amyloid plaques. We also evaluated the presence of human tau with the HT7 antibody. (C1) Fluorescent signal was present
in some hippocampal neurons in 7-week-old 3xTg mice. (C2-C4) As expected, no human tau was detected in the three other genotypes. (C5)
A 15-month-old 3xTg mouse revealed abundant staining of HT7 in hippocampal neurons (3xTg, triple transgenic; 6E10, anti-amyloid p 1-16;

AP, amyloid beta; AP, anteroposterior; APP, amyloid precursor protein; APP/PS1, amyloid precursor protein Swedish/presenillin 1 dE9;
DAPI, 4',6-diamidino-2-fenylindool; HT7, human tau; NeuN, neuronal nuclear protein; ThS, thioflavin S).

identical electrical current as during kindling acquisition
phase was administered. Mice were stimulated 30 min after
vehicle injection, and the next stimulation was done at the
same time the following day after ASD injection. As ex-
pected, seizure severity reduced with escalating ASD dose
(linear mixed-effects model, 3xTg: F; 144y =16, p <.001;
APP/PS1: F( 55y =43, p <.001), except for plateauing of
BRYV in the 3xTg control mice (Figure 4A,B). Seizures re-
mained more severe in both AD strains compared to con-
trols after ASD administration (3xTg: F(; 55y =5, p =.04;
APP/PS1: F(y 5, =23, p <.001) (Figure 4A,B). LTG was
less effective than LEV and BRV (3xTg: F(, 163 =5, p =.01;
APP/PS1: F, ;) =17, p <.001) (Figure 4A,B). We were
not able to further increase the LTG dose because 60 mg/
kg exceeds this molecule's median toxic dose in mice.”’
Given that seizures after vehicle injection were on aver-
age less severe in wild-type mice compared with AD mice
(AD = 5.36, control = 5.11), we introduced the “difference

score” to further differentiate the effect of the ASDs. Here
we subtract the seizure score after ASD injection from the
seizure score after vehicle in the same mouse on the pre-
vious day. A positive difference score means the ASD re-
duced seizure severity, zero indicates a lack of ASD effect,
and a negative value represents a more severe seizure after
ASD than after vehicle. As expected, the difference score
increased with escalating ASD dose (3xTg: F(; 157y =16,
p <.001; APP/PS1: F( 505 =38, p =.006) and LTG was
less effective than LEV and BRV (3xTg: F(; 165) = 5, p =.01;
APP/PS1: F(; 517y =16, p <.001) (Figure 4C,D). Finally, by
using the difference score we can confidently state that
the tested ASDs reduce the seizure severity to a smaller
extent in 3xTg and APP/PS1 mice compared with their
respective controls (Figure 4C,D) (linear mixed-effects
model estimate for 3xTg genotype = 1.1, Fy 3 =7,
p =.016; linear mixed-effects model estimate for APP/PS1
genotype = 1.5, F(; 55y =7, p =.014).
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Increased AD biomarkers in brain homogenates of 7-week-old female AD mice. We bilaterally dissected PFC and HC of

experimentally naive 7-week-old 3xTg, APP/PS1, and their respective controls mice. The tissue was homogenized and a TBS-soluble and

a TBS-insoluble fraction were separated. An ELISA for Ap,_,, and t-tau was performed on each fraction. For Af,_,, analysis, we pooled
PFC and HC of mice prior to homogenization to obtain values above the detection limit of the ELISA assay. (A) Soluble Ap,_,, is increased
in 3xTg (n =9, p <.001) and APP/PS1 (n = 4, p =.03) mice compared with their respective controls. (B) Insoluble Af;_,, is increased in
APP/PS1 (n = 4, p =.03), and only a trend exists in 3xTg mice compared with their respective controls (n = 9, p =.05). (C, D) Soluble and
insoluble t-tau are increased in 3xTg mice in HC (n = 7, p =.026 and n = 6-7, p =.002, respectively) and PFC (n =4,p =.029and n =7,

p =.001, respectively), but not in APP/PS1 HC (n =6,p =.3and n =6, p =.4) or PFC (n = 6, p =.2 and n = 6, p =.8). Data represent means
+ standard error of the mean. *p <.05, **p <.01 and ***p <.001. AD mice and their respective controls were compared using Mann-Whitney
U test. (3xTg, triple transgenic; AP, amyloid beta; AD, Alzheimer's disease; APP/PS1, amyloid precursor protein Swedish/presenillin 1 dE9;

ELISA, enzyme-linked immunosorbent assay; HC, hippocampus; PFC, prefrontal cortex; t-tau, total tau; TBS, tris-buffered saline).

Frequent and severe seizures are one of hypothesized
mechanisms of ASD resistance in patients and because
evoked seizures were more severe in AD mice vs controls
(3.35 vs 2.21) during the acquisition phase, we investi-
gated whether the reduced efficacy of ASDs in AD mice
was linked to seizure severity during acquisition.”® We
assessed the correlation between mean seizure severity
during acquisition in each mouse and their mean differ-
ence score after ASD treatment. No correlation was pres-
ent (Pearson’s product, Figure 5A,R = —0.088, p =.07),
excluding that the significantly smaller anticonvulsive

effect in AD mice is due to a higher seizure severity score
during acquisition.

Because the mean seizure severity after vehicle was higher
in AD mice, we needed to verify whether ASDs had less effect
against more severe seizures. This would be represented by
an inverse correlation between seizure severity after vehicle
and its associated difference score. We found a very weak, al-
beit not inversed, correlation (Figure 5B,R = 0.18, p =.01).
This indicates that more severe seizures are, on the contrary,
more reduced by ASDs, and thus do not explain the reduced
effect of ASDs in AD mice.
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FIGURE 3 AD mouse models are more susceptible to 6 Hz corneal kindling. Seven-week-old female 3xTg, APP/PS1 and their respective
control mice (n = 19 per group) were subjected to a 6 Hz corneal kindling protocol. (A) Both 3xTg and APP/PS1 have more severe seizures
(p <.001) than their controls, and the difference in seizure severity between the AD mice and their controls reduces over time (p <.001).

(B) Fifty-eight percent of the APP/PS1 mice died by the end of the kindling acquisition; no mice died in the other groups. (C) 3xTg and
APP/PS1 mice were fully kindled more rapidly compared with their respective controls (p <.001 and p =.002). (D) Of the 3xTg mice, 89.5%
(17/19) and all but one of the surviving APP/PS1 mice (7/8) were fully kindled at the end of the experiment. Only 7 of 19 and 13 of 19 of their
respective controls reached a fully kindled state. Data represent means + standard error of the mean. **p <.01 and ***p <.001 (3xTg, triple
transgenic; AD, Alzheimer's disease; APP/PS1, amyloid precursor protein Swedish/presenillin 1 dE9).

4 | DISCUSSION

We subjected young (7-week-old) 3xTg and APP/PS1 mice
to a 6 Hz corneal kindling paradigm.”® We are the first
to show enhanced seizure susceptibility and more rapid
6 Hz corneal kindling in AD mice at an age when both sol-
uble Af,_4, and t-tau brain levels are increased. Moreover,
we showed that selected ASDs have a less pronounced an-
ticonvulsive effect in the fully kindled AD mice of both
strains compared to control mice.

41 | Amyloid beta 1-42 and t-tau
biomarkers in homogenates of PFC and
HC of AD mice

At 7weeks of age, both AD models have increased soluble
AP,_4, concentrations, neither has plaques yet, and only
3xTg mice have increased t-tau brain levels. In APP/PS1
mice, we demonstrated increased levels of TBS-soluble

and TBS-insoluble Af,_,,. Because neither the ThS nor the
6E10 antibody THC showed any signal, the TBS-insoluble
AP;_4, seems not to correspond to AP fibrils from plaques
but rather stems from membrane-bound Af oligomers
that are characterized as part of this TBS-insoluble frac-
tion.*® Moreover, the earliest report of Ap plaques in APP/
PS1 mice is at only 12weeks.’’ As reported by others,
t-tau levels were not different between APP/PS1 mice and
controls at this age.** In 3xTg mice, the increase in TBS-
soluble, but not TBS-insoluble, Ap,_,, aligns with previous
findings.33 There is, however, a trend toward increased in-
soluble Ap,_,, compared with controls and an increased
variability. A possibility is that membrane-bound oligom-
ers start to develop around this age in 3xTg mice and that
they were present in only some of our mice. The 6E10 sig-
nal has a neuronal distribution and does not correspond
to AP plaques, as is further supported by the absence of
ThS staining and because AP plaques are expected at only
6-15months in this strain.** The 6E10 antibody staining
was vastly more abundant in 3xTg than in APP/PS1 mice,
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FIGURE 4 The anticonvulsant effect of ASDs is less pronounced in AD mice compared to control mice. All fully kindled mice were
treated with BRV, LEV, or LTG at several dosages using a Latin square design. A 3-day drug washout was ensured between each ASD
treatment. (A) Seizures of 3xTg mice remained more severe after ASD treatment compared with their controls (p =.04), (B) as were seizures
of APP/PS1 mice compared with their control mice (p <.001). To correct for the higher seizure severity after vehicle in the AD group, seizure
severity after ASD treatment was compared with the seizure severity of the previous stimulation after injection with vehicle. This resulted
in the difference in seizure score: the seizure severity score after vehicle injection minus the seizure severity score after ASD treatment

in the same mouse. (C-D) The difference score of 3xTg and APP/PS1 mice was smaller compared with their respective controls (3xTg:

p =.016; APP/PS1: p =.014) confirming that ASDs resulted in a smaller reduction of seizure severity in both AD genotypes. (A-D) LTG was
less effective compared with BRV and LEV (3xTg p =.01; APP/PS1 p <.001). (A-D) A dose-dependent effect is present for all treatments

in every group, except for BRV in 3xTg mice. Data represent means + standard error of the mean. *p <.05, *p <.05, and **p <.001. (3xTg,
triple transgenic; AD, Alzheimer's disease; ASD, antiseizure drug; APP/PS1, amyloid precursor protein Swedish/presenillin 1 dE9; BRV,
brivaracetam; LEV, levetiracetam; LTG, lamotrigine).

despite 3xTg mice not having higher levels of AB,_,,. This  hypoactivity have been described.”** Spontaneous epilep-
detected signal might come partly from other forms of  tiform activity is detected in several rodent models with
AP (predominantly A, ), but a large amount probably established Ap or tau deposition in the brain.***’ Whereas
arises from full-length or partly processed APP.>* Both  APP and AP models almost invariably lead to increased
soluble and insoluble t-tau levels are markedly elevated = neuronal excitability and seizures in different models,
in different brain regions of 3xTg compared with control the effects of tau diverge between studies.”***° The pres-
mice and our IHC approach detected t-tau in the HC. ence of soluble Ap,_,, and t-tau, key AD biomarkers, in

the mice in this study may allow for the interpretation of

potential mechanisms underlying the increased suscep-

4.2 | Susceptibility to seizures and tibility to seizures and kindling presently observed. The
seizure development in the 6 Hz corneal clinical stage of AD and the aggregation forms of Ap,_,,
kindling model and t-tau play a crucial role: there is compelling evidence

that, especially in its soluble form, Af,_,, leads to neu-
There is an increased incidence of seizures in patients ronal hyperactivation in vivo, whereas t-tau is proposed
with AD, but it is notable that also measures of brain to have both pro-convulsive and anti-convulsive effects.’
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FIGURE 5 There is no correlation between seizure severity during acquisition and difference score and a very weak correlation exists

between seizure severity after vehicle and difference score. (A) Seizure severity correlates with ASD resistance in patients, so we verified

if the mean seizure severity score of a mouse during acquisition correlated with its difference scores, but there was no such correlation

(R =-.088, p =.074). (B) Because more severe seizures can be more difficult to inhibit, we verified whether a more severe seizure after

vehicle was inversely correlated with the difference score the next day. There was a very weak correlation, albeit not inversed (R =.18,

p =.013). (ASD = antiseizure drug).

A calcium-imaging study demonstrated that a mutation
increasing soluble Ap leads to hyperactivity of cortical
neurons in mice, whereas increasing soluble tau leads to
hypoactivity of these neurons.® When both are increased,
the effect of tau dominates AP and neurons become
hypoactive.

Despite calcium imaging being a magnificent window
into a mouse's brain, it is crucial to acknowledge that sei-
zures are more than neuronal hyperexcitability. First,
synchronization of neuronal depolarization is at least as im-
portant as the activity level of the neurons per se.” Second,
astrocytes play a central role in seizures by regulating neu-
rotransmitter reuptake, cytokine release, neural network
reorganization, and blood-brain barrier function.'® All
these astrocytic processes are dysfunctional in AD t0o.*’
Activated microglia and microgliosis are also key features
of AD and epilepsy.*"** Of interest, the connection between
AD-related microglial abnormalities and seizures was re-
cently underscored. Hypofunction of triggering receptor on
myeloid cells 2 (TREM2), a protein highly expressed in mi-
croglia, is a strong genetic risk factor for AD. A haploinsuffi-
cient TREM2 mouse model had prolonged and more severe
epileptic activity after kainic acid injection compared with
wild-type controls.* With respect to AD and epilepsy, look-
ing at neurons thus shows only part of the story, whereas an
in vivo model of seizures and kindling in AD mice allowed
us to study the “net effect” on brain excitability.

Different groups looked at the effect of tau reduction
on seizure susceptibility, with or without the presence of

amyloid alterations and most found that tau reduction led
to less-severe seizures.'>**

One report of a study of seizures in an AD model with
both amyloid and tau mutations showed that 3xTg mice
were more susceptible to audiogenic seizures at the age
of 3weeks.'® Biomarker analysis was limited to THC with
the 6E10 antibody, which demonstrated the presence of
AP or APP in HC neurons. It is important to note that the
presence of tau was not assessed. Drawing conclusions on
the mechanisms underlying this increased seizure sus-
ceptibility and whether it is amyloid or tau related is thus
impossible. We show here for the first time that young
AD mice, in which both Ap,_,, and t-tau are increased,
are more susceptible to kindling. In this regard, it is in-
teresting that neuronal activity and seizures promote APP
processing and Ap generation.*> More severe seizures, as a
result of AP accumulation, would in turn lead to increased
AP accumulation, generating a vicious circle.*®

With respect to seizure susceptibility or kindling in
exclusively “amyloid” mouse models, APP/PS1 mice are
more susceptible to pentylenetetrazol-induced acute sei-
zures at 4-9 months and 12-month-old Tg2576 mice are
more susceptible to amygdala kindling.*”** A correlation
between AP plaque load and seizure susceptibility was
proposed.*” However, our present data and those of others
suggest that plaques are not required to increase seizure
susceptibility in AD mice.'® Conversely, 2-month-old PS2
knockout mice are less susceptible to 60 Hz corneal kin-
dling compared with controls. This difference is no longer



VANDE VYVER ET AL.

7 | Epilepsia

present at 8 months, suggesting potential age-related
changes in kindling susceptibility in AD-associated mod-
els.'! On the other hand, 4-month-old mice with a MAPT
P301L mutation are more susceptible to amygdala kin-
dling, which is fully in line with our data.'?

Genetic background differences not only influence
susceptibility to the first seizure, but also alter the rate of
kindling over time.*’ For this reason, it is inappropriate
to compare seizure susceptibility or kindling acquisition
data between our two transgenic mouse lines in this study.

4.3 | Mortality

Even without experimental manipulation, about 15% of
APP/PS1 mice die prematurely from the age of 4 months
and a sudden unexpected death in epilepsy (SUDEP)-like
mechanism is one of the proposed causes.”’ Because the
corneal kindling procedure induces seizure development,
it probably expedited mortality and increased its per-
centage in this predisposed genotype. Contrary to many
50 or 60 Hz corneal kindling experiments in which even
non-transgenic mice occasionally die over the course of
the experiment, 3xTg and wild-type mice all survived the
6 Hz corneal kindling acquisition in our study.""*>*° This
seems to make the 3xTg genotype very suitable for this
type of experiment, especially if a therapeutic intervention
is to be assessed afterwards.

4.4 | Antiseizure drug response
Once mice were fully kindled, we assessed the effect of
ASDs. ASD resistance in our AD mice versus controls is
not explained by differences in kindling acquisition or
seizure severity. Possible mechanisms underlying the less-
pronounced anticonvulsive effect are changes in the drug
targetitself. Indeed, synaptic vesicle 2A (SV2A), the protein
on which LEV and BRV exert their effect, is less expressed
in the brains of AD mice and patients, already before
reaching the dementia stage.”>>" Similarly, voltage-gated
sodium channels (Navl.1) are less expressed in mouse
models and patients with AD, which could impact the so-
dium channel blocker LTG.****? Alterations in neuronal
networks are another mechanism postulated to underlie
ASD resistance, and as AP;_4, and tau have a profound
impact on neuronal activity, they could be involved.*® In
addition, neuroinflammation and blood-brain barrier dys-
function may also play a role in the less-pronounced anti-
convulsive effect.?®

Several ASDs are successful at reducing (to some ex-
tent) spontaneous epileptiform activity in AD mouse
models.”® Besides reducing these network abnormalities

in mice, LEV, BRV, LTG and valproic acid even rescued
cognitive deficits.'*3*>*

One previous study assessed the effect of ASDs on sei-
zures in an AD mouse model. They found that LEV—but
not sodium-channel blocking ASDs—was less effective
against seizures in a fully kindled PS2 knockout mouse
model.'! In this regard, further studies are needed to bet-
ter define whether there are seizure protocol-specific dif-
ferences in the anticonvulsive effect of ASDs in various
AD-associated mouse models.

The modest effect of LTG in all genotypes was also
surprising, as previous kindling experiments in wild-type
mice report an EDs, well below 60 mg/kg.'"*” Because ef-
ficacy of ASDs varies between epilepsy models and rodent
strains, a possible explanation is that our corneal kindling
was performed with 6 Hz, a model of pharmacoresistant
epilepsy, and not 50 or 60 Hz stimulations.?>*

The dose-response curve is least clear for BRV, as we
saw an effect that quickly plateaued in the 3xTg control
line. To obtain pharmacologically equivalent dosages, we
based the BRV dose on SV2A affinity, EDs, in seizures
models, and dosage used in patients with epilepsy com-
pared with LEV (ratio of 1/20).*> A more classic dose-
response curve might have been present if even lower
doses of BRV had been pursued in our present studies.

The 6 Hz corneal kindling model is a clinically relevant
model that reflects pharmacoresistant limbic seizures, as
well as a variety of neurobehavioral epilepsy comorbidities
in fully kindled mice.** As these young AD mice express
different key AD brain biomarkers, have increased seizure
susceptibility, and are more rapidly kindled, 6 Hz corneal
kindling seems an interesting way to assess the proconvul-
sive effects of different aspects of AD pathology and to test
multiple ASDs sequentially, without the need to age mice,
or use resource-intensive post-status epilepticus models.>

Our study comes with limitations that are worth con-
sidering for future studies. We used only female mice, as
studies showed a more consistent biochemical and behav-
ioral profile in female 3xTg mice. Because hormonal fac-
tors influence both AD and epilepsy, our findings should
be confirmed in male mice. In addition, our study does
not pinpoint an exact cause of increased susceptibility to
seizures in either AD-associated genotype. More direct ev-
idence could arise from inducible transgenes, by treating
transgenic mice with Ap,_,, or tau-neutralizing antibod-
ies, or by injecting specific forms of AB,_4, or tau proteins
in the naive mouse brain. Although the corneal kindling
model and its behavioral score are a well-established
and important model in ASD discovery and validation, it
comes with limitations. The seizure severity after vehicle
differed between AD and control mice, which is a con-
found to interpret the ASD effect via the behavioral score.
We tried to correct for this by using the difference score,
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but it is important to note that an identical difference
score can represent different ASD effects (e.g., a difference
score of 3 can be a seizure severity of 6 becoming 3, or a 3
becoming a 0). ASDs reduced seizures a little over 1 point
less on the modified Racine scale in AD mice compared to
control mice, and it is unclear if this difference is biologi-
cally relevant.

Although the behavioral score we use has the advan-
tage of comprehensively staging the clinical severity of
a seizure, EEG would provide an additional numerical
evaluation of the brain's seizure activity. However, it is not
traditionally employed in corneal-kindled mouse stud-
ies due to the fit-for-purpose application of this model to
moderate-throughput ASD screening. The smaller effect
of ASDs on the behavioral score in AD mice thus could
benefit confirmation in (EEG-measured) seizure models.
In addition, it is unknown whether our findings hold true
for ASDs other than those tested in these experiments.

In conclusion, our results show that young female
transgenic AD mice with increased soluble Af,_,, levels
or both increased soluble Ap,_,, and soluble t-tau levels,
are more susceptible to 6 Hz kindled seizures and are
more rapidly kindled. The anticonvulsive effects of the
tested ASDs were less pronounced in the fully kindled AD
mice, pointing to a possible pharmacoresistance of both
AD mouse strains.
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