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Seizures are emerging as a common symptom in Alzheimer’s disease (AD) patients,
often attributed to high levels of amyloid B (AB). However, the extent that AD disease
risk factors modulate seizure activity in aging and AD-relevant contexts is unclear.
APOE4 is the greatest genetic risk factor for AD and has been linked to seizures
independent of AD and AB. The goal of the present study was to evaluate the role of
APOE genotype in modulating seizures in the absence and presence of high A levels
in vivo. To achieve this goal, we utilized EFAD mice, which express human APOE3 or
APOE4 in the absence (EFAD—) or presence (EFAD+) of familial AD mutations that result
in A overproduction. When quantified during cage change day, we found that unlike
APOE3, APOE4 is associated with tonic-clonic seizures. Interestingly, there were lower
tonic-clonic seizures in E4FAD+ mice compared to E4AFAD— mice. Restraint handing
and auditory stimuli failed to recapitulate the tonic-clonic phenotype in EFAD mice that
express APOE4. However, after chemical-induction with pentylenetetrazole, there was a
higher incidence of tonic-clonic seizures with APOE4 compared to APOES. Interestingly,
the distribution of seizures to the tonic-clonic phenotype was higher with FAD mutations.
These data support that APOE4 is associated with higher tonic-clonic seizures in vivo,
and that FAD mutations impact tonic-clonic seizures in a paradigm dependent manner.

Keywords: Alzheimer’s disease, apolipoprotein E, seizure, amyloid beta, sex

INTRODUCTION

Alzheimer disease (AD) is the most common form of dementia and is defined by cognitive decline,
extracellular plaques containing amyloid-B (Af) and intraneuronal tangles of tau. In addition,
accumulating evidence suggest that seizures are a common and important component of the AD
phenotype (reviewed in Palop and Mucke, 2009; Friedman et al., 2012; Pandis and Scarmeas,
2012; Lam and Noebels, 2020). For example, the risk of clinical unprovoked seizures of unknown
etiology is 6-10-fold higher in AD and between 1 and 60% of AD patients experience unprovoked
seizures (Hauser et al.,, 1986; Risse et al., 1990; Romanelli et al.,, 1990; McAreavey et al., 1992;
Mendez et al., 1994; Volicer et al., 1995; Hesdorfter et al., 1996; Amatniek et al., 2006; Lozsadi
and Larner, 2006; Rao et al.,, 2009; Scarmeas et al., 2009; Bernardi et al., 2010; Irizarry et al,,
2012; Imfeld et al., 2013; Vossel et al., 2013; Cheng et al., 2015; Sarkis et al., 2016). However, the
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incidence of seizures in AD is likely to be underestimated
because AD patients also experience non-convulsive seizures that
are often unrecognized due to their symptomatic overlap with
other behavioral changes such as memory loss, hallucinations,
anxiety, and confusion. In support of this concept, subclinical
epileptiform activity has been observed in up to 40% of AD
patients when assessed by electroencephalogram recordings
(Vossel et al., 2013, 2016; Brunetti et al., 2020; Lam et al., 2020).
Recent data also suggest that seizures occur in early, preclinical
stages of dementia and accelerate disease progression (Cretin
et al., 2016; DiFrancesco et al., 2017; Costa et al., 2019; Keret
et al., 2020). Therefore, evaluating the role of AD risk factors in
modulating seizure activity is a crucial step to establish whether
there is link with disease progression.

APOE genotype is the greatest genetic risk factor for sporadic
AD, with APOE4 increasing risk up to 12-fold compared to
APOES3 (reviewed in Mahley et al., 2007; Liu et al., 2013; Flowers
and Rebeck, 2020). The role of APOE in AD is extremely complex
and includes modulation of functions both independent and
dependent of AD pathology (particularly AB). For example,
APOE4 is associated with learning and memory dysfunction
during aging, independent of AD (reviewed in Tai et al., 2016),
which is recapitulated in APOE targeted replacement mice
(Grootendorst et al., 2005; Villasana et al., 2006; Bour et al.,
2008; Rodriguez et al., 2013; Tai et al., 2016; Thomas et al., 2017;
Zaldua et al., 2020). Critically, there is an association between
APOE genotype and seizures (Hirsch, 2007). With APOE4
there is higher epilepsy risk (Liang et al., 2019), particularly
post trauma (Diaz-Arrastia et al, 2003; Harden, 2004), an
earlier age of onset for intractable seizures (Briellmann et al,
2000; Gambardella et al., 2005; Kauffman et al., 2010) and
greater memory dysfunction in patients with chronic temporal
lobe epilepsy (Gouras et al., 1997; Gambardella et al., 2005;
Busch et al., 2007). Unfortunately, in vivo research on this
topic is limited, with only one report of higher seizures with
APOE4 in APOE-targeted replacement mice (Hunter et al,
2012). This study highlights the ability of APOE to modulate
brain function independent of AD pathology, but there is a
strong link between APOE4 and AP. In humans and mice
that overproduce AP, with APOE4 levels of all different types
of AP (soluble, soluble oligomeric, intraneuronal, extracellular)
are higher compared to APOE3. AP itself is also linked to
higher seizures as evidenced by the higher incidence of seizures
found in familial AD (FAD) patients (reviewed in Palop and
Mucke, 2009). FAD accounts for 5% of all cases and is caused
by mutations in proteins (the amyloid precursor protein, or
presenilins) that result in higher AP production; 40-80% of
FAD patients experience seizures (Palop and Mucke, 2009).
Mouse models of FAD mutations also develop epileptic spiking
consistent with partial seizures (Palop et al., 2007; Minkeviciene
et al., 2009; Siwek et al., 2015; Gureviciene et al., 2019), have
a lower seizure threshold to pentylenetetrazole (Del Vecchio
et al., 2004) and have higher audiogenic seizures (Westmark
et al, 2010; Kazim et al, 2017). However, it is currently
unknown whether APOE genotypes modulate seizures in the
presence of human AP (ie, APOE/FAD mice), and if the
combination of APOE4 and AP results in higher seizures

compared to APOE4 alone. Addressing these questions could
provide novel insight on the contribution of APOE genotype
to seizures in AD-relevant contexts, and therefore provide
the framework for future research focused on identifying the
underlying mechanisms.

The goal of the present study was to evaluate the role of
APOE genotype in modulating seizure incidence in the absence
and presence of high AB levels in vivo. To achieve this goal, we
utilized EFAD mice that express APOE3 or APOE4 in the absence
(EFAD—) or presence (EFAD+) of AP overproduction. We
recorded total seizure incidence during cage changes, evaluated
whether handling restraint or auditory cues precipitated seizures
and assessed seizure threshold to pentylenetetrazole.

METHODS

Animals

All experiments procedures were approved by the Institutional
Animal Care and Use Committee at the University of
Ilinois at Chicago. We used EFAD mice (Youmans et al,
2012), which were produced by crossing mice that express
5 Familial Alzheimer’s disease mutations (5xFAD; APP
K670N/M671L + 1716V + V7171 and PS1 M146L + L1286V,
C57BL6/B6xSJL) with APOE-targeted replacement mice (APOE-
TR, C57BL6). EFAD non-carrier mice are APOE™/+ 5xFAD ™/~
(E4FAD-) and carriers are APOE™/*/5xFAD* (EFAD+). All
EFAD mice were at least 8 months old at the start of the study.
Mice were group-housed in a 12-12-h light-dark cycle (lights off
at11a.m. and onat 11 p.m.).

Colony Observations of Seizures

Tonic-clonic seizures are relatively easy to identify in the mouse
colony as the noise during an episode is unique and loud and
were recorded in EFAD mice during routine once weekly cage
change by trained members of the animal husbandry staff. Cages
and the corresponding mouse (tail) were marked that displayed
seizure behavior during cage change at the end of the light cycle.
Tonic-clonic seizures were reported if they occurred when the
cage was removed from the housing rack, during cage changing
in the changing station, or once the cage was placed back on
the housing rack.

Acute Handling Restraint Stress-Induced

Seizures

The prevalence of acute handling restraint stress-induced seizure
behavior (tonic-clonic) was assessed in the same mice as those
evaluated for seizures during cage change day. Mice were
manually restrained for a maximum of 30 s using the scruffing
technique that involves grasping the loose skin located around
the dorsal aspect of the mouse’s neck. If a seizure began while
in restraint, the mouse was placed into an empty cage to assess
the duration of tonic-clonic seizure and recovery. If a seizure did
not begin while in restraint, the mouse was placed in a new cage
and observed for 1 min for seizure occurrence, prior to returning
to the home cage.
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Audiogenic-Induced Seizures

A subset of EFAD mice were subjected to an audiogenic seizure
protocol adapted from Yagi et al. (2005) to investigate seizure
susceptibility triggered by sound. Briefly, mice were allowed to
acclimate in the sound-attenuating cabinet (Ugo Basile) for 1 min
prior to the presentation of four 11 kHz tone at an intensity
of 105 dB for 20 s, with a 2 s interval. All behavioral changes
were recorded using a video camera affixed to the chamber and
evaluated off-line.

Pentylenetetrazole (PTZ)-Induced

Seizures

A single dose (60 mg/kg, s.c.) of pentylenetetrazole (PTZ, Sigma-
Aldrich™, St. Louis, United States; purity > 99%) was used to
evaluate seizure thresholds in the same cohort of mice exposed
to the audiogenic protocol. After injection, mice were placed
in acrylic boxes, and behavioral changes induced by PTZ were
recorded for 30 min using a video camera above the testing arena
and analyzed off-line by investigators blinded to APOE genotype
and sex. This dose of PTZ typically induces a range of seizure-like
behaviors from freezing and myoclonic twitches to tonic-clonic
seizures (Brault et al., 2011; Garcia-Cabrero et al., 2013; Bezzina
et al., 2015; Van Erum et al., 2020). Tonic-clonic seizures begin
with freezing behavior alternating with myoclonic twitching of
the forelimbs that progress to violent jumping and running.
Mice with tonic-clonic seizures lasting greater than 3 min were
euthanized. We also assigned a score to the types of seizures;
3 = tonic-clonic, 2 = freezing and 1 = no seizure.

Statistics

In Figures 1 and 2 comparisons were made using Chi-squared
test (GraphPad Prism version 8) to assess the incidence of seizure
behaviors. Fishers exact test was utilized when one variable
equaled zero. p < 0.05 was considered significant. We employed
sequential statistical analysis, by first focusing on our primary
research question of whether APOE genotype modulates seizure
behaviors (APOE3 vs. APOE4). We then evaluated the impact of
sex (male vs. female), and FAD mutations (EFAD + vs. EFAD-)

on seizures within each APOE genotype. In Figure 3 seizure score
was evaluated via two-way ANOVA.

RESULTS

To identify how APOE genotype modulates behavior and brain
function in aging and AD-relevant contexts, we utilize EFAD
mice, which express human APOE3 or APOE4 in the absence
(EFAD-) or presence (EFAD+) of FAD mutations that result in
AP overproduction. Over the last few years, we started to observe
seizures in mice expressing APOE4, especially after spending
more time in the mouse colony during the dark/active cycles.
Thus, the goal of this study was to systematically determine the
effect of APOE on seizure frequency and thresholds in EFAD—
and EFAD+ mice. Specifically, we utilized E3FAD—, E3FAD+,
E4FAD—, and E4FAD+ mice, both male and female that were
at least 8 months of age at the start of the study. The age cut-
off was selected as anecdotally we had had not observed seizures
in younger mice.

APOE4 but Not APOE3 Is Associated
With Tonic-Clonic Seizures During Cage

Change Day

The types of seizures we observe in E4AFAD— and E4FAD+ mice
are tonic-clonic, which typically begins with freezing behavior,
progresses to severe myoclonic twitching of the forelimbs with
violent movements (uncontrolled jumping, running), followed
by recumbency. Tonic-clonic seizures are readily identifiable,
and after discussions with the animal husbandry staff, it became
apparent that some EFAD mice had been seizing in response
to the stimuli produced during routine cage change. Therefore,
we sequentially evaluated the effect of APOE genotype, sex and
FAD/AP on seizure frequency during weekly cage change over
a 5-week period. All available mice of at least 8 months of age
in the colony were utilized for this study: 23 male E3FAD—,
25 female E3FAD—, 58 male E4FAD—, 34 female E4FAD—,
28 male E3FAD+, 29 female E3FAD+, 46 male E4FAD+, 37
female E4FAD+ mice.

A APOE3 APOE4 B
100
93 o
105 °
= 40
% — 20
non-seizure 0

== tonic-clonic

FIGURE 1 | APOE4 but not APOE3 is associated with tonic-clonic seizures during cage change day. The incidence of tonic-clonic seizures was evaluated during
cage change day over a 5-week period in mice that express APOE3 or APOE4 in the absence (E3FAD- and E4FAD-) and presence (E3FAD+ and E4FAD+) of five
familial AD mutations. (A) Tonic-clonic seizures manifested in mice that express APOE4, but not APOE3 (o < 0.00001, E4FAD- and E4FAD+ vs. ESFAD- and
E3FAD+ mice, Fisher Exact test). (B) There were similar seizure frequencies in male and female APOE4 mice (p = 0.70, male E4FAD- and E4FAD+ vs. female
E4FAD- and E4FAD+, Chi-square test). (C) Interestingly, there were higher seizures in the absence of FAD mutations in APOE4 mice (*p < 0.0001, E4FAD- vs.
E4FAD+ mice, Chi-square test). n = 23 male ESFAD—-, 25 female E3FAD-, 58 male E4FAD-, 34 female E4FAD-, 28 male ESFAD+, 29 female E3FAD+, 46 male

E4FAD+, 37 female E4FAD+ mice.

APOE4 c APOE4
100 B
80
o 60
IIIIIIII s
20
5 0
M F FAD- FAD+

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 656521


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lamoureux et al.

APOE4 and Seizures

non-seizure freezing == tonic-clonic
A APOE4 B APOE4 c APOE4
*
1 100 100 '
6 80 80
< 60 < 60
40 40
20 20
0 0
M F FAD- FAD+
APOE3 g APOE3 E APOE3
100 100
80 80
L < 60 < 60
40 40
20 20
0 0
M F FAD- FAD+
FIGURE 2 | Higher seizures with APOE4 for pentylenetetrazole-induced seizures. Seizure frequency was evaluated in EFAD mice after treatment with
pentylenetetrazole (PTZ, 60 mg/kg), which resulted in a range of seizure-like behaviors from freezing and myoclonic twitches to tonic-clonic seizures. (A) Seizure
behaviors were modulated by APOE genotype and were higher with APOE4 in EFAD mice (*p < 0.028, E4FAD- and E4FAD+ vs. EBFAD- and ESFAD+ mice,
Chi-square test). (B) With APOE4 expression, in male (12/16) and female (17/19) mice there was a similar distribution of seizures (tonic-clonic compared to total,
p =0.26, male EAFAD- and E4FAD + vs. female E4FAD- and E4FAD+, Chi-square test). (C) However, there was higher distribution of tonic-clonic seizures in
E4FAD+ (19/20) compared to E4FAD- (10/15) mice (*p = 0.028, E4FAD- vs. E4FAD+ mice, Chi-square test). With APOES3 expression (D) tonic-clonic seizure
frequency was also similar for each sex (p = 0.16, 9/13 male ESFAD- and E3FAD+ vs. 11/12 female E3FAD- and ESFAD+, Chi-square test). (E) Although not
statistically significant, there was trend of higher tonic-clonic seizure incidence with FAD mutations (p = 0.07, 7/11 E3FAD- vs. 13/14 E3FAD+ mice, Chi-square test).
n = 6 male E3FAD-, 11 female E3FAD-, 8 male E4FAD-, 8 female E4FAD-, 9 male ESFAD+, 8 female E3FAD+, 9 male E4FAD+, 11 female E4FAD+.

We first assessed whether APOE genotype was associated
with higher seizure frequency, though combining data for FAD-
and FAD+ mice for each genotype (Figure 1A). There were
tonic-clonic seizures in 46.9% of mice that express APOE4 (82
out of 175) compared to 0% that express APOE3 (0 out of
105). We next evaluated whether within the APOE4 genotype
group (E4FAD— and E4FAD+), biological sex affected seizure
frequency. We found that both male and female APOE4 mice
showed similar frequency of seizure occurrence (Figure 1B):
48.1% in males (50/104) vs. 45.1% in females (32/71). Thus,
unlike some other readouts found in this model (A levels,
neuroinflammation, cerebrovascular function) (reviewed in Tai
et al., 2017; Balu et al., 2019), there is no effect of sex on seizures
with APOE4 during cage changing. We next asked whether
APOE4 alone or APOE4 and FAD mutations/Ap levels contribute
to tonic-clonic seizures (Figure 1C). Our data demonstrate that
E4FAD— mice (67.4%, 62/92) are more likely to experience
seizure behaviors than E4FAD+ mice (24.1%, 20/93 E4FAD+).
This effect was found within each sex, as both male (60.3%,
35/58 EAFAD— vs. 32.6%, 15/46 EAFAD+, p < 0.01, Chi-square)
and female (79.4% 27/34 E4FAD— vs. 13.5%, 5/37 E4FAD+,
p < 0.0001, Chi-square) E4FAD— mice showed higher incidence
of seizures when compared to E4FAD+ mice. Collectively, these
data demonstrate that APOE4 is associated with tonic-clonic

seizures compared to APOE3, and that FAD mutations/Ap levels
are associated with a lower number of seizures in APOE4 mice.

Acute Handling Restraint and Auditory
Stimulus Do Not Trigger Seizures in

EFAD Mice

We next explored whether the effect of APOE genotype on tonic-
clonic seizures can be elicited by acute stress alone. To this end,
we conducted a standardized handling restraint test in all the
mice that were evaluated for seizures during cage change day.
During restraint handling, only 1.1% of mice that express APOE4
(2 out of 175; 1 male E4AFAD— and 1 female E4FAD—) showed
seizures, whereas none of the APOE3 mice (0/105) did. These data
indicate that acute stress associated with handling is insufficient
to induce seizures to the extent that we observed during cage
change day with APOE4 in EFAD mice.

An additional stressor that can induce seizures in mice,
inducing FAD mice, is auditory stimuli, which we next evaluated
in a subset of EFAD mice; 6 male E3FAD—, 11 female E3FAD—,
8 male E4FAD—, 8 female E4FAD—, 9 male E3FAD+, 8 female
E3FAD+, 9 male E4AFAD+, 11 female E4FAD+. We found that
auditory stimulus alone is insufficient to induce seizures in any of
the groups of EFAD mice tested. Together, these results suggest
that acute stress due to handling and auditory stimuli do not
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FIGURE 3 | APOE genotype and FAD mutations independently modulate
pentylenetetrazole-induced seizures. Seizure score was evaluated in EFAD
mice after pentylenetetrazole (PTZ, 60 mg/kg) treatment using a scale of 3
(tonic-clonic), 2 (freezing) and 1 (non-seizure). When assessed by two-way
ANOVA, APOE and FAD modulated seizure score, however there was no
interaction. Data is expressed as mean + S.E.M. Data evaluated by two-Way
ANOVA. F(1, 65) = APOE genotype: 5.59, *p = 0.021; FAD: 6.32 *p = 0.014;
APOE x FAD interaction: 0.331, p = 0.5670. n = 6 male E3FAD-, 11 female
E3FAD-, 8 male E4FAD-, 8 female E4FAD-, 9 male ESFAD+, 8 female
E3FAD+, 9 male E4FAD+, 11 female E4FAD.

mimic the number of seizures we observed with cage change
day in EFAD mice.

Higher Seizures With APOE4 for
Pentylenetetrazole (PTZ)-Induced

Seizures

As neither E3FAD— or E3FAD+ had seizures during cage change
day, our next goal was to characterize the effect of APOE genotype
on seizure susceptibility after chemical induction using PTZ
(60 mg/kg). For these experiments we used the same cohort of
mice subjected to auditory stimulus testing.

We paralleled our analysis of cage change day seizures,
through first evaluating the role of APOE genotype in modulating
seizure frequency after PTZ injection (i.e, E4FAD— and
E4FAD+ vs. E3FAD— and E3FAD+). As found in other studies
(Brault et al., 2011; Garcia-Cabrero et al., 2013; Bezzina et al.,
2015; Van Erum et al, 2020) PTZ administration resulted in
a range of seizure-like behaviors from freezing and myoclonic
twitches to tonic-clonic seizures. Overall, the incidence of the
combined seizure behaviors was higher with APOE4 compared
to APOE3 (97.2%, 35/36 EAFAD— and E4FAD+ mice vs. 73.5%,
25/34 E3FAD— and E3FAD+ mice, Figure 2A). In addition to
exhibiting a higher frequency of tonic-clonic seizures (80.5%,
29/36 APOE4 vs. 58.8%, 20/34 APOE3, p < 0.05, Chi-square test),
only 1 out of the remaining 7 APOE4 mice showed no seizures
compared to 9 out of the 14 APOE3 mice.

We next evaluated if sex or FAD genotype within the
APOE4 group (E4FAD— and E4FAD+) modulated PTZ-induced
seizures. There was similar frequency of total seizure occurrence
in both male (94.1%, 16/17) and female (100%, 19/19) APOE4
mice (p = 0.47, male E4FAD— and E4FAD+ vs. female
E4FAD— and E4FAD+, Fisher’s exact test). In addition, sex
did not alter the distribution of seizures (tonic-clonic seizures

compared to total seizures, 12/16 male, 17/19 female, Figure 2B).
E4FAD— (93.8%, 15/16) and E4FAD+ (100%, 20/20) mice
also exhibited comparable levels of total seizure occurrences
(p = 0.44, EAFAD— vs. E4FAD+ mice, Fisher’s exact test).
However, when evaluated as a distribution of total seizures, a
higher proportion of E4FAD+ mice (95%, 19/20) developed
tonic-clonic seizures when compared to the E4AFAD— group
(66.6%, 10/15) (Figure 2C).

As with APOE4, a similar frequency of total seizures was
observed between male (86.7%, 13/15 male) and female APOE3
mice (63.2%, 12/19 female) (p = 0.12, male E3FAD- and
E3FAD+ vs. female E3FAD— and E3FAD+-, Chi-square test) with
similar seizure distribution (9/13 male, 11/12 female, Figure 2D).
E3FAD— (64.7%, 11/17) and E3FAD+ (82.3% 14/17) mice also
exhibited comparable levels of total seizures (p = 0.24, E3FAD—
vs. E3FAD+ mice, Chi-square test). Although there was a higher
frequency of tonic-clonic seizures in E3FAD + mice (92.8%,
13/14) compared to the E3FAD— group (63.6%, 7/11), this was
not statistically significant (p = 0.07, Figure 2E). Our study may
have lacked power to detect differences in PTZ-induced tonic-
clonic seizures between E3FAD- and E3FAD + mice. Therefore,
we performed additional analysis by assigning a score (3 = tonic-
clonic, 2 = freezing and 1 = no seizure) to each mouse after
PTZ injection (Figure 3). When assessed by two-way ANOVA,
a significant main effect of APOE and FAD were detected,
indicating that both variables modulated the behavioral effects of
PTZ. However, there was no APOE x FAD interaction, supporting
our initial analysis that after PTZ treatment, the incidence of
seizures is higher with APOE4 and with FAD mutations.

Collectively, these results demonstrate that compared to
APOE3, APOE4 is associated with higher incidence of PTZ-
induced seizures. Further, in contrast to cage change day, our
data indicate that FAD mutations/Af levels are associated with
a higher distribution of tonic-clonic seizures in APOE4, and
potentially APOE3 mice.

DISCUSSION

Compared to APOE3, APOE4 is associated with tonic-clonic
seizures when assessed during cage change day and greater
seizure incidence after PTZ injection. Although sex did not
modulate seizure incidence in EFAD mice, there was an
important impact of FAD genotype. For tonic-clonic seizures
in APOE4 mice, FAD mutations were associated with lower
incidence when measured during cage change day, but a higher
distribution after PTZ injections. Collectively, our data support
that APOE4-associated seizures are an important component of
the behavioral phenotype in aging-and AD-relevant mice. Thus,
research focused on evaluating the cellular basis of these seizures
could provide mechanistic insight onto how APOE and FAD
mutations modulate neural circuit function and connectivity.

Higher Seizure Incidence With APOE4:

AD Relevance
Seizures have emerged as an important component of the
AD phenotype, with multiple groups reporting higher seizure
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incidence in patients with dementia and AD (reviewed in
Palop and Mucke, 2009; Friedman et al., 2012; Pandis and
Scarmeas, 2012; Lam and Noebels, 2020). Rather than a cause
of AD, seizures represent a manifestation of altered neuronal
function, which may exacerbate brain dysfunction and disease
progression caused by the complex repertoire of AD pathologies.
Although tonic-clonic seizures could be managed with anti-
epileptic medications, sub-clinical seizures may be overlooked
in AD patients and the underlying causes of the neuronal
hyperexcitability will remain. Thus, understanding the extent AD
risk factors modulate seizures could enable mechanistic research
on their underlying causes that in turn can be translated to
effective biomarker and therapeutic applications for AD patients
in the clinic. In a disease as complex as AD, the threshold for
neuronal dysfunction to produce seizures may be modified by
genetic and lifestyle risk factors. In this study, we report that
seizures are higher with one of the greatest genetic risk factors for
AD, APOE4, in both the absence and presence of FAD mutations
(see section “Seizure Incidence Is Modified by FAD Mutations
but Not Sex” for discussion on sex and FAD). These data are
consistent with reports suggesting that epilepsy risk is higher
with APOE4 (Liang et al., 2019), including after trauma (Diaz-
Arrastia et al., 2003; Harden, 2004). Further, APOE4 is associated
with an earlier age of onset for intractable seizures (Briellmann
et al., 2000; Gambardella et al., 2005; Kauffman et al., 2010),
greater memory dysfunction with chronic temporal lobe epilepsy
(Gouras et al., 1997; Gambardella et al., 2005; Busch et al.,
2007) and higher epileptiform activity after hyperventilation
(Ponomareva et al., 2008). Accordingly, targeted replacement
mice with APOE4, which are similar to the E4FAD— mice, also
showed higher seizures and a faster progression through PTZ-
induced seizures (Hunter et al., 2012). It is therefore conceivable
that compared to APOE3, APOE4 would increase the incidence
of seizures and the onset of epileptiform activity in AD patients,
however, there are currently no reports of such an association.
Thus, further pre-clinical and clinical studies are warranted
to clarify whether the neuronal changes that increase seizure
phenotypes with APOE4 is independent of AD or interact with
AD pathology to manifest as a different behavior in patients.

Seizure Incidence Is Modified by FAD
Mutations but Not Sex

Previous studies in APOE knock-in mice have demonstrated
that the effects of APOE4 on a number of functions are
particularly prominent in female mice. For example, detrimental
effects of APOE4 on learning and memory behaviors, Ap levels,
cerebrovascular function and neuroinflammation are typically
higher in female mice (Balu et al., 2019). Interestingly, we did
not observe an effect of sex for tonic-clonic seizures. Therefore,
the changes in neuronal circuits that result in the manifestation
of tonic-clonic seizures may be more proximal to the biological
effects of apoE4, rather than an interaction with sex hormones.
FAD mice are known to exhibit epileptiform activity and
lower threshold to seizure induction with auditory or PTZ
stimuli; however, reports of tonic-clonic seizures are lacking
(Palop and Mucke, 2009). 5xFAD mice were used to generate

EFAD mice and are therefore similar to EFAD + mice but
express mouse APOE and have an earlier onset of Ap deposition.
As for other FAD mice, to our knowledge there are no
reports of tonic-clonic seizures in 5xFAD mice. However, when
defined by electroencephalography recordings there are seizures
in 5xFAD mice, possibly as early as 4 months (Abe et al,
2020), but that become prevalent at older ages (>10 months)
(Paesler et al., 2015; Abe et al, 2020; Angel et al, 2020).
In addition, one proposal is that the abnormal epileptiform
activity predisposes 5XxFAD mice to convulsive seizures with
further stress, as has been demonstrated with genetic approaches
(Paesler et al., 2015; Angel et al, 2020). Our data that 0%
of E3FAD+ mice experience seizures are consistent with these
findings, however, E4FAD+ mice did undergo a tonic-clonic
seizures. These results indicate that in the presence of FAD
mutations, compared to APOE3 APOE4 may have lowered the
threshold for the onset of tonic-clonic seizures, as proposed for
additional stressors in 5XFAD mice.

Although our data support that compared to APOE3, APOE4
is associated with higher tonic-clonic seizures, the precise
interaction between APOE4 and FAD mutations remained poorly
understood. During cage change day, there were higher tonic-
clonic seizures in E4FAD— mice compared to E4FAD+ mice.
This result is somewhat surprising, since typically the assumption
is that the combination of APOE4 and FAD mutations would
result in higher dysfunction than APOE4 alone. One potential
explanation for lower seizures in E4FAD+ mice compared to
E4FAD— mice is that the FAD mutations have changed the
types of seizures that are occurring with APOE4 (e.g., to higher
epileptiform activity and partial seizures as in FAD mice). On
the other hand, it is possible that we have missed the detection
of seizures in FAD + mice during, before or after cage changes.
Alternatively, disruption of neuronal circuits involved in tonic-
clonic seizures (e.g., brain stem, amygdala) with FAD and APOE4
could also blunt or alter the response to stimuli produced during
routine cage change. Indeed, our data obtained following PTZ
injection suggest that there is higher neuronal dysfunction with
FAD mutations as revealed by E4FAD+ mice exhibiting higher
distribution of tonic-clonic seizures than E4FAD— mice, an effect
that was also trending in APOE3 mice.

It is also conceivable that distinct neural circuits are
recruited between seizures induced during cage changes
and elicited by PTZ. Stimuli produced during cage changes
(sounds, new environment, handling) results in stress and
anxiety in rodents, as evident from changes in behavior,
hormone levels and heart rates (Duke et al, 2001; Meller
et al, 2011; Rasmussen et al, 2011). In fact, placing a
mouse in a new environment in ways that are similar, if
not identical to the cage change procedure in our study
is used as an assay of tonic-clonic seizures susceptibility
(Todorova et al., 1999; Leussis and Heinrichs, 2006; Hunter
et al,, 2012; Qi et al., 2018). In this regard, tonic-clonic seizures
during cage changes are the result of stress/anxiety signals
inducing neuronal hyperexcitability. On the other hand,
PTZ induces seizures by directly impacting neuronal activity,
and although the precise mechanism of action is unknown
(Hansen et al, 2004), it is thought to involve antagonism
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of GABA-A receptors. Therefore, PTZ-induced tonic-clonic
seizures are a more direct maker of alterations in neuronal
functional connectivity (i.e., balance of GABAergic and
glutamatergic inputs). Due to the different ways that they
induce seizures, there are several potential explanations
for the seemingly opposite effect of FAD mutations on
APOE4 associated cage change and PTZ-induced tonic-
clonic For example, the combined effects of
APOE4 and FAD may have disrupted neuronal circuits to
an extent that stress cannot induce seizures, yet the remaining
neurons are more sensitive to chemical-induced seizures.
Alternatively, there are greater memory impairments in
E4FAD+ mice than E4FAD— mice, and so EFAD— mice may
anticipate what the stimuli of cage change represents. Finally,
E4FAD— and E4FAD+ mice may exhibit different levels of
susceptibility to stress-induced effects through aging as a
result of distinct mechanisms of adaptation occurring at the
neural circuit level.

seizures.

Potential Mechanisms Underlying
APOE4-Associated Seizures

Our data also point to potential cellular mechanisms underlying
the impact of APOE4 on tonic-clonic seizure incidence
in vivo. There are general and specific considerations for
discussing this concept, all of which continue to be the
focus of several research groups (reviewed in Mahley et al.,
2007; Liu et al, 2013; Flowers and Rebeck, 2020). The
question of how a single amino acid difference between
apolipoprotein E3 (apoE3, cysteine at 112) and apolipoprotein
E4 (apoE4, arginine at 112) results in modulation of such
a wide range of functions in the brain is proving extremely
complicated to answer and is likely context dependent.
Apolipoprotein E is produced by cells in the periphery and
in the brain. Within the central nervous system apoE is
produced primarily by glia (astrocytes and microglia), but
also by pericytes and neurons and all apoE is found on
lipoprotein particles in the interstitial fluid. Therefore, one
initial question surrounds the levels and lipidation state of
apoE-containing lipoproteins. One suggestion is that apoE4-
containing lipoproteins are lower in levels, less lipidated and/or
smaller than apoE3-containing lipoproteins, which could have
a profound impact on neural circuit connectivity and function.
For example, changes in apoE levels and lipidation could
disrupt lipoprotein functions in the interstitial fluid such as
homeostasis of cholesterol and lipids, binding to debris and
other substrates, and as an adaptor molecule. In addition,
the structural properties of apoE4 are thought to result in
altered activation and recycling of the apoE receptors in
all cell types, and/or the generation of intracellular toxic
apoE4 fragments in neurons. Thus, through these fundamental
processes, apoE can alter neuronal network excitability directly,
or indirectly through effects on inflammation, cerebrovascular
function, and general homeostatic functions. Intertwined are
an equally complex set of research questions that include
but not limited to whether APOE4 is a toxic gain or
loss of function and whether APOE4 imparts advantages on
brain function during specific developmental windows that

are detrimental in the context of aging and in response to
stressors (Mahley et al., 2007; Liu et al., 2013; Flowers and
Rebeck, 2020). That apoE impacts such a myriad of cell
types and functions in normal and stress conditions is at
the heart of why dissecting role of apoE in brain function
is extremely complex. Specifically, in the context of seizures,
all these changes during aging between APOE3 and APOE4
will likely converge to cause hyperexcitable neuronal networks
in different brain regions that are important for tonic-clonic
seizure manifestation.

APOE4 has been linked to changes in neuron structure
and activity in multiple brain regions including the amydagala,
cortex, and the hippocampus. Of particular interest is the
emerging concept that apoE4 disrupts inhibitory network
function (reviewed in Najm et al, 2019). For example, in
APOE-targeted replacement mice, compared to APOE3, with
APOE4 there are lower levels of GABAergic somatostatin-
positive interneurons in the hippocampus, an effect that appears
driven by apoE production by neurons (Najm et al, 2019).
Thus, the loss of GABAergic interneurons could contribute
to network hyperexcitability and higher pyramidal cell firing
(Nuriel et al., 2017). In humans, there is reduced deactivation
of the default mode network with APOE4 in task-based
assays (Pihlajamaki and Sperling, 2009) in association with
higher hippocampal (Dickerson et al., 2005) and entorhinal
activation (Bondi et al., 2005). Collectively, these observations
suggest that lower GABAergic activity with APOE4 could
reduce the threshold for seizures even though APOE4 is
known to disrupt excitatory neuronal activity as well (Mahley
et al., 2007; Liu et al., 2013; Flowers and Rebeck, 2020).
Overall, future studies are needed to establish the extent by
which APOE4 associated seizures are directly or indirectly
dependent on neuronal excitability in different cortical and
subcortical brain regions.

Limitations and Future Directions

Although we provided data on seizure incidence, an important
question that remains unclear is the underlying neuronal
mechanisms that are disrupted with APOE4 to contribute to the
development of seizures. Addressing this question is ultimately
critical from mechanistic standpoint as well for testing in human
patients. Future detailed experiments could focus on tracking
epileptiform activity and seizure incidence in EFAD mice across
the lifespan. We focused on older mice as we had not observed
seizures during cage change day in younger mice, however
there are some complications with utilizing older FAD mice
(discussed in Tai et al., 2021), particularly for E4AFAD+ mice. In
E4FAD+ mice, AP pathology (soluble and extracellular) initiates
around 4 months and so there is advanced pathology (e.g., AP,
neuroinflammation, blood-brain barrier deficits) by 8 months of
age. The high pathology may have altered brain function in ways
that are too advanced to detect changes that are more relevant for
early stages of AR deposition and evaluate the impact of APOE4
and FAD on PTZ-induced seizure induction, which require
younger mice. Ultimately, however, to provide more detailed
mechanistic insight, pharmacological or genetic manipulations
targeting either apoE, functions modulated by apoE or defined
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cell types and circuits could be conducted to reveal a connection
with seizure activity. A discussion on the limitations of mouse
models is beyond the scope of this manuscript (reviewed in
Tai et al., 2021), however, it will be important to evaluate
whether a seizure phenotype also manifests in APP-knock in
APOE4 mice, to validate that findings are not due to the
FAD mutations.

CONCLUSION

Our data demonstrate that unlike APOE3, APOE4 is
associated with tonic seizures, when evaluated during
cage changes. There is also a higher incidence of tonic-
clonic seizures with APOE4 compared to APOE3 following
PTZ injection. However, in contrast to cage changes, the
distribution of seizures to the tonic-clonic phenotype is
higher with FAD mutations. These data support that APOE4
is associated with higher tonic-clonic seizures, and that
FAD mutations impact tonic-clonic seizures in a paradigm
dependent manner.
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