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The risk of seizures is 10-fold higher in patients with Alzheimer’s disease than the general population, yet the
mechanisms underlying this susceptibility and the effects of these seizures are poorly understood. To elucidate
the proposed bidirectional relationship between Alzheimer’s disease and seizures, we studied human brain sam-
ples (n = 34) from patients with Alzheimer’s disease and found that those with a history of seizures (n = 14) had
increased amyloid-b and tau pathology, with upregulation of the mechanistic target of rapamycin (mTOR) path-
way, compared with patients without a known history of seizures (n = 20).
To establish whether seizures accelerate the progression of Alzheimer’s disease, we induced chronic hyperexcit-
ability in the five times familial Alzheimer’s disease mouse model by kindling with the chemoconvulsant pentyle-
netetrazol and observed that the mouse model exhibited more severe seizures than the wild-type. Furthermore,
kindled seizures exacerbated later cognitive impairment, Alzheimer’s disease neuropathology and mTOR complex
1 activation. Finally, we demonstrated that the administration of the mTOR inhibitor rapamycin following kindled
seizures rescued enhanced remote and long-term memory deficits associated with earlier kindling and prevented
seizure-induced increases in Alzheimer’s disease neuropathology.
These data demonstrated an important link between chronic hyperexcitability and progressive Alzheimer’s dis-
ease pathology and suggest a mechanism whereby rapamycin may serve as an adjunct therapy to attenuate pro-
gression of the disease.
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target of rapamycin complex 1; PTZ = pentylenetetrazol

Introduction
Alzheimer’s disease, the most common form of dementia and an
increasing source of morbidity, mortality and economic costs, is
associated with neuronal hyperactivity in both human patients
and animal models.1 In patients with Alzheimer’s disease, seizure
incidence can be increased even early in the disease course, with
further elevations in those with younger disease onset.2 Overall,
10–22% of patients with Alzheimer’s disease have unprovoked
seizures.3 Given the overlap of symptoms from these seizures
(amnestic spells, fluctuations in cognition and d!ejà vu) and cogni-
tive decline due to Alzheimer’s disease, the seizures may be
underdiagnosed.3 While the comorbid association of Alzheimer’s
disease with epilepsy is well-established,4–6 seizures in this setting
are often assumed to be a by-product or complication of
Alzheimer’s disease.3

However, current literature suggests a bidirectional relation-
ship between Alzheimer’s disease and epilepsy, with seizures
inducing Alzheimer’s disease pathology and vice versa.
Alzheimer’s disease pathology is characterized by the accumula-
tion of amyloid-b42 peptide, produced via the processing of the
amyloid precursor protein (APP), and an increase in hyperphos-
phorylated tau (pTau) protein.7 Patients with Alzheimer’s disease
and those with temporal lobe epilepsy exhibit learning and mem-
ory deficits, and human brain tissue from patients with temporal
lobe epilepsy displays increased amyloid-b plaques and tau path-
ology that correlate with cognitive decline.8–11 In addition, animal
models of Alzheimer’s disease or epilepsy demonstrate that both
APP and soluble amyloid-b42 can induce synaptic dysfunction and
epileptic activity, while tau pathology participates in neuronal
hyperexcitability and epileptogenesis.12–15 Consistent with these
observations, Alzheimer’s disease mice are more prone to seiz-
ures.16 The five times familial Alzheimer’s disease (5XFAD) mouse
model used in this study overexpresses human APP with three fa-
milial Alzheimer’s disease mutations (K670N/M671L, I716V and
V717I) and human presenilin 1 (PSEN1) with two familial
Alzheimer’s disease mutations (M146L and L286V).17 The five
mutations lead to aggressive amyloid pathology and the mice con-
sequently recapitulate the connection between hyperexcitability
and Alzheimer’s disease. The 5XFAD mice exhibit epileptiform
spikes at 4 months,18 impaired long-term potentiation at around
6 months (when extensive amyloid pathology is present and the
cognitive impairments begin) and non-convulsive spontaneous
seizures starting at 10 months of age.16,17,19–21 Indeed, clinical stud-
ies suggest that seizures can accelerate clinical progression to de-
mentia in the elderly22 and similarly in mice, pilocarpine-induced
epilepsy causes premature and enhanced plaque formation and
altered neuronal pTau expression in the triple transgenic model of
Alzhiemer’s disease (3xTg).23 Despite evidence for an interaction
between epilepsy and Alzheimer’s disease, there is still little
known concerning the underlying mechanisms.

In addition to the uncertainty regarding the effects of seizures
on Alzheimer’s disease progression, there is no clear consensus on
the treatment of seizures in patients with the disease.22 Trials of
conventional anti-epileptic drugs in patients with Alzheimer’s

disease have shown varied results, with the drugs resulting in
both the mitigation and exacerbation of mood and cognitive symp-
toms, highlighting the necessity to explore additional targets.24–26

One such target is the mechanistic target of rapamycin (mTOR),
given that Alzheimer’s disease and epilepsy share several molecu-
lar pathways upstream and downstream of mTOR complex 1
(mTORC1). Activation of mTORC1 has been implicated in epilepto-
genesis and its cognitive comorbidities27–30 and has been observed
in human epilepsy, including brain tissue from patients with tem-
poral lobe epilepsy31 and other epilepsy syndromes such as tuber-
ous sclerosis complex.32 In addition, mTORC1 has shown promise
as a target for epilepsy in humans, with benefits shown in several
mouse models, including those of temporal lobe epilepsy and tu-
berous sclerosis complex.27,31,33–36 Furthermore, Alzheimer’s dis-
ease pathology reveals an association of mTORC1 with increased
amyloid-b42 production, decreased amyloid-b42 clearance, tau
hyperphosphorylation and apoptosis.37–40 While previous studies
in Alzheimer’s disease have focused on rapamycin’s effects on
vascular and metabolic function, none to date have explored rapa-
mycin’s interactions with seizure-induced pathophysiology in
Alzheimer’s disease.

We hypothesized that seizure-induced neuronal hyperexcit-
ability contributes to Alzheimer’s disease pathology progression at
least in part through a mechanism involving mTORC1 pathway ac-
tivation, and that, similar to preclinical epilepsy models, anti-epi-
leptogenic treatment with the mTORC1 inhibitor rapamycin will
reverse these changes. To establish whether mTORC1 is altered by
seizures in human Alzheimer’s disease, we examined temporal
neocortex from patients with Alzheimer’s disease and a history of
seizures versus those without seizures for amyloid and tau burden
in conjunction with mTORC1 signalling. To investigate a more
causal relationship and complement these human studies, we
used the 5XFAD mouse model, which allowed us to manipulate ex-
citability along the course of the disease. We then determined
whether pentylenetetrazol (PTZ)-induced chronic hyperexcitability
directly affects mTORC1 activation, Alzheimer’s disease pathology
and cognition and examined whether long-term mTORC1 inhib-
ition with rapamycin could mitigate seizure-induced changes in
cognitive decline and Alzheimer’s disease pathology. We found
that seizures exacerbate neuropathology and mTORC1 activation
in patients with Alzheimer’s disease and 5XFAD mice, while rapa-
mycin slows disease progression in 5XFAD mice. Taken together,
these findings support our hypothesis of a bidirectional relation-
ship between seizures and Alzheimer’s disease, in part mediated
by mTORC1 signalling.

Materials and methods
Study design

The primary research objectives of this study were to assess the
effects of seizures on Alzheimer’s disease pathology, cognitive
function and mTORC1 activity in human Alzheimer’s disease brain
tissue and an established mouse model of Alzheimer’s disease,
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and to test whether mTORC1 inhibition by rapamycin could ameli-
orate the end points of disease progression in mice. These end
points were determined prospectively based on an extensive re-
view of the literature. In all experiments, animals were randomly
assigned to experimental or treatment groups and matched for
age, sex and littermate controls. All behavioural scorings and
histological analyses were carried out blind to genotype and treat-
ment groups. Sample sizes were calculated a priori by power ana-
lysis based on pilot data. In 5XFAD mice, 12 to 19 mice per group
were used to obtain statistical significance. In our human study, 11
to 19 cases per group were used to obtain statistical significance.
No animals were excluded as outliers from the reported dataset.
Detailed experimental procedures, including patient clinical infor-
mation, mouse kindling methods, behavioural testing and tissue
analysis protocols, are provided in the Supplementary material.

Statistics

For the human study, comparisons of normally distributed data
were performed using unpaired t-tests, and comparisons of data
with non-gaussian distributions were performed using Mann-
Whitney testing. For the mouse study, we performed either two-
way ANOVA to assess the contributions of both kindling and
genotype or three-way ANOVA, with PTZ kindling, treatment and
genotype as variables. All ANOVA analyses were followed by a
post hoc multiple comparison Tukey’s test when significant inter-
action or main effects were found. These results are presented as
box and whisker plots in the figures. Additional multiple linear
regression analysis was performed for all data to determine po-
tential sex effects. In cases where sex was a predictor or sex had
an interaction effect, scatter plots were used to enable the reader
to visualize the sex-related differences. Correlations were
calculated using Pearson correlation coefficients. All statistical
analyses and graphic representations were carried out using
GraphPad Prism 8 software (San Diego, CA). We considered
all results to be significant at P40.05. Statistical results obtained
in the human and mice cohorts are summarized in the
Supplementary Tables 2–4.

Study approval

The human study was approved by the Institutional Review Board
of the University of Pennsylvania and all procedures were per-
formed in accordance with the institutional ethical standards.
Animal studies were authorized and approved by the Institutional
Animal Care and Use Committee (IACUC) Office of Animal Welfare
of the University of Pennsylvania.

Data availability

The data that support the findings of this study are available from
the corresponding authors upon reasonable request.

Results
Seizures are associated with greater brain atrophy,
amyloid burden, tau pathology and mTORC1 activity
in patients with Alzheimer’s disease

Given the cognitive dysfunction seen in patients with temporal
lobe epilepsy, we hypothesized that a history of seizures would be
correlated with greater neuropathology in patients with
Alzheimer’s disease. We first analysed clinical data from
Alzheimer’s disease cases without a known seizure history (AD–
Sz) and patients with Alzheimer’s disease who had experienced at

least one seizure (AD+Sz), compared with neurologically normal
control cases (Supplementary Table 1).

As indicators of global brain atrophy, we compared brain
weight and ordinal ratings of gross ventricular enlargement at aut-
opsy between groups. Brain weight was decreased in patients with

a further decrease in patients with Alzheimer’s disease (–310 g, i.e.
–23.1%, P50.05; Fig. 1A). Additionally, as expected due to sexual
dimorphism,41 we observed a significant effect of sex by multiple
linear regression analysis: female sex [P50.0001, (–220.3, –90.3);
Fig. 1A]. Similarly, ventricular enlargement was greater in patients
with Alzheimer’s disease, with a frequency of severe pathology of
41.2% versus 0% in controls (P50.0001; Fig. 1B) and further en-
largement in the AD+Sz cases compared with the AD–Sz group
with a frequency of severe pathology of 64.3% versus 25%, respect-
ively (P50.05). None of these differences were related to age at
onset of Alzheimer’s disease or age at death, as there were no dis-
cernable differences in these variables between the patients with
seizures and those without (Supplementary Fig. 1A and B).

We next analysed the post-mortem temporal cortex tissue
from the same control and Alzheimer’s disease cases for markers
of Alzheimer’s disease neuropathology. Soluble amyloid-b42 ex-
pression, evaluated by ELISA, was increased in Alzheimer’s disease
temporal cortex compared with the controls ( + 5455%, P5 0.0001;
Fig. 1C) but did not vary between the AD+Sz and AD–Sz cases. To
account for insoluble amyloid-b in diffuse and cored plaques, we
also examined the extent of amyloid-b coverage by immunohisto-
chemistry. We found increased amyloid plaque pathology in all
Alzheimer’s disease cases compared with the controls, both in the
grey matter (+1723%, P5 0.0001; Fig. 1D) and subcortical white
matter (+1361%, P50.01; Fig. 1E), with a significant elevation of
amyloid-b coverage in the white matter of AD+Sz cases compared
with AD–Sz (+299%, P50.05) but no significant differences based
on seizure history in the grey matter. In parallel, we assessed tau
protein accumulation in Alzheimer’s disease and control cases by
western blot, including total tau (Tau 5) and phosphorylated tau at
[Thr212, Ser214] (AT100), [Ser202, Thr205] (AT8) and [Thr231]
(AT180) residues. We observed elevated expression of total tau
(+165%, P50.001; Supplementary Fig. 1C) and pTau (pTau:total tau
ratio) at all epitopes examined (+9399%, +2777% and +795%, re-
spectively, P5 0.0001; Fig. 1F and Supplementary Fig. 1D–E) in
Alzheimer’s disease temporal cortex relative to controls.
Additionally, there was a significant increase of pTau AT100 in the
AD+Sz group compared with the AD–Sz group (+62%, P50.05;
Fig. 1F). No sex differences were found when analysing markers of
Alzheimer’s disease pathology.

As mTORC1 is implicated in both epileptogenesis42 and
Alzheimer’s disease neuropathology,38 we subsequently measured
the level of phosphorylated S6 (pS6) [Ser235, Ser236], which is a
readout of mTORC1 activation.43 Western blot analysis demon-
strated increased pS6/S6 ratios in patients with Alzheimer’s dis-
ease compared with controls (+130%, P5 0.001; Fig. 1G), and this
marker of mTORC1 activity was higher in AD+Sz compared with
AD–Sz cases (+64%, P5 0.05). No change was observed for the
other mTORC1-targeted phosphorylation sites of S6 [Ser240,
Ser244] (Supplementary Fig. 1F).

Given that both mTORC1 activity and AT100 were increased in
AD+Sz cases, we next performed double label immunohistochem-
istry for pTau AT100 and pS6 [Ser235, Ser236]. We confirmed
strong pTau AT100 immunoreactivity in the temporal cortex of
Alzheimer’s disease cases, mostly in pathological inclusions such
as neurofibrillary tangles and found that 100% of pTau AT100
inclusions occurred in cells with intracellular pS6 in both control
and Alzheimer’s disease cases (Fig. 1J). Conversely, 31.6% of pS6
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Figure 1 Seizures are associated with increased brain atrophy, neuropathology and mTORC1 activity in patients with Alzheimer’s disease. Study
cohorts included control cases (Con, circles, n = 7–13), and patients with Alzheimer’s disease (AD, squares, n = 18–34), split into subgroups: those with-
out (AD–Sz, n = 9–20) or with (AD + Sz, n = 9–14) known seizure history. In these patients, we evaluated: (A) brain weight at the time of death in grams;
(B) ventricular enlargement pathology graded by severity (0 = none, 1 = mild, 2 = moderate, 3 = severe); (C) soluble human amyloid-b42 (Ab42) in pg/ml
in the temporal cortex; quantification of amyloid plaque deposition in the (D) grey matter (GM) of the temporal cortex and (E) subcortical white matter
(WM) from staining performed in I; (F) pTau [Thr212/Ser214] AT100/Tau in the temporal cortex; and (G) phosphorylated-S6 [Ser235/Ser236]/S6 in the
temporal cortex. (H) Representative western blot images of the temporal cortex for F and G showing non-adjacent bands originating from the same
blot. (I) Representative images of the temporal cortex from a control subject, an AD–Sz patient and an AD + Sz patient immunolabelled with amyloid-
b, showing increased amyloid plaques in cases of Alzheimer’s disease, with increased subcortical plaque deposition in the AD + Sz patient. Scale bar
= 500 lm. (J) Representative images of the temporal cortex from a control subject, an AD–Sz patient and an AD + Sz patient co-immunolabelled with
pTau AT100 (red) and pS6 (green), showing increased pTau AT100 accumulation in neurofibrillary tangles in cases of Alzheimer’s disease co-localiz-
ing with the mTORC1 activity marker pS6. (K) Quantification of the percentage of cells with pTau inclusions from staining performed in J. Scale bar =
50 lm. *P5 0.05, **P5 0.01, ***P5 0.001 and ****P5 0.0001. #Alzheimer’s disease effect, P5 0.0001; $Sex effect, P5 0.0001; †Seizure effect, P5 0.001. Box
and whisker plots display minimum, maximum and all quartiles. Scatter plots display all data-points, with mean ± standard error of the mean (SEM).
Closed symbols represent males and open symbols represent females.
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staining was found in pTau AT100-positive cells in Alzheimer’s
disease cases versus only 0.1% in control brains (P50.001; Fig. 1K).
Moreover, seizure history was associated with an increased per-
centage of pS6 reactivity in cells with pTau inclusions (51.4% in
AD+Sz and 5.8% in AD–Sz groups, respectively; P5 0.0001; Fig. 1K).
The strong co-localization of pTau and pS6 indicates a potential
mechanistic link between both mTORC1 activity and seizure
related increases in AT100 tau phosphorylation.44

In addition to mTORC1, we examined two other stress kinases
implicated in both Alzheimer’s disease and epilepsy8: (i) the extra-
cellular signal-regulated kinase (ERK) 1 and 2,45,46 an upstream ac-
tivator of mTORC147; and (ii) the c-Jun-N-terminal kinase (JNK),48,49

implicated in APP and tau phosphorylation and BACE1 (APP amy-
loidogenic processing enzyme) upregulation.50,51 We found ele-
vated phosphorylation of ERK at [Thr202, Tyr204] and JNK at
[Thr183, Tyr185] in Alzheimer’s disease cases when compared
with the controls (+262%, P5 0.001 and +118%, P5 0.0001, respect-
ively; Supplementary Fig. 1G and H) and additional increased
phosphorylation of JNK in AD+Sz patients compared with the AD–
Sz group (+38.8%, P50.05; Supplementary Fig. 1H). The elevations
of activated ERK and JNK in patients with Alzheimer’s disease may
provide a mechanism for the elevated mTORC1 activity and
Alzheimer’s disease pathology, respectively. No sex differences
were found when analysing the activities of mTORC1 and the
stress kinases. The statistical analyses of the Alzheimer’s disease
and control patients are reported in their entirety in
Supplementary Table 2.

5XFAD mice exhibit a hyperexcitable phenotype at
the presymptomatic age of 3 months

To determine how the seizures, increased Alzheimer’s disease
pathology and mTORC1 activation seen in our human tissue study
relate to one another during the progression of Alzheimer’s dis-
ease, we used the 5XFAD mouse model to examine the effects of
chronic hyperexcitability on Alzheimer’s disease progression. We
used a PTZ kindling seizure induction protocol, a well-established
epilepsy model in which sub-convulsive doses of the chemocon-
vulsant PTZ are given on alternating days over a period of
2 weeks.52 Mice were kindled at the presymptomatic age of 3–
3.5 months and evaluated for the effects of hyperexcitability on be-
haviour and Alzheimer’s disease neuropathology at 6.5–7 months
(Fig. 2A).

We found that even at 3 months of age, 5XFAD mice expressed
a subclinical hyperexcitable phenotype. Compared with PTZ-
kindled wild-type littermates, PTZ-kindled 5XFAD mice exhibited
increased seizure scores on each day of injection, with 5XFAD
mice reaching, after the eighth PTZ injection, an average Racine
seizure score53 of 4.4 compared with the wild-type mice score of
3.1 (overall P50.0001; Fig. 2B). In the hour after PTZ injection,
5XFAD mice also demonstrated increased seizure severity (max-
imal score reached) throughout the period (P50.0001; Fig. 2C),
increased total seizure burden (area under the curve, AUC) (+64%,
P50.001; Fig. 2C, inset) and decreased latency to first seizure (–
50%, P5 0.0001; Fig. 2D).

One month after the last PTZ injection (Day 45; Fig. 2B), mice
were challenged with the same sub-convulsive dose of PTZ or ve-
hicle to determine whether the overall network hyperexcitability
in kindled mice was long-lasting.52 The averaged Racine seizure
scores in both the wild-type and 5XFAD mice during this challenge
were comparable with the scores reached following the eighth PTZ
injection performed at 3.5 months (3.2 and 4.4 versus 3.1 and 4.4,
respectively), with scores significantly higher in the 5XFAD mice
(P50.05; Fig. 2B).

Pentylenetetrazol kindling exacerbates cognitive
impairment in both wild-type and 5XFAD mice

To determine if seizure activity in the early stages of amyloid path-
ology could worsen disease progression in 5XFAD mice, we first
analysed hippocampal-dependent memory at 3 months after com-
pletion of PTZ kindling, when mice were 6.5–7 months old. The fear
conditioning test was administered at 24 h and at 14 days to assess
long term memory and remote memory, respectively, as has been
previously shown to reveal deficits in 5XFAD mice.54 All fear condi-
tioning data were evaluated in relation to individual baseline freez-
ing time, which did not differ across subgroups (WT-vehicle 16%;
WT-PTZ 20%; 5XFAD-vehicle 18%; and 5XFAD-PTZ 20%; see
Supplementary Table 3 for relevant statistics). Long-term contextual
memory, evaluated by freezing behaviour 24 h post-stimuli, was
diminished in 5XFAD mice independent of kindling [genotype effect,
F(1,61) = 7.189, P50.01; Fig. 2E, left], as 5XFAD-vehicle mice per-
formed worse than WT-vehicle (–49%, P5 0.05), as expected.20 In re-
mote recall trials, 5XFAD mice again showed impaired recall
[genotype effect, F(1,61) = 11.35, P50.01; Fig. 2E, right]. Notably
5XFAD-PTZ mice performed significantly worse than 5XFAD-vehicle
mice (–30%, P50.05; Fig. 2E), demonstrating that seizures signifi-
cantly exacerbated the memory impairment [kindling effect, F(1,61)
= 4.577, P5 0.05]. Working memory, evaluated by spontaneous alter-
nation in the Y-maze, was diminished in kindled 5XFAD mice [kin-
dling effect, F(1,61) = 6.738, P50.05; Fig. 2F]. Mouse self-care,
evaluated by the nest building test, was also diminished in kindled
mice [kindling effect, F(1,61) = 18.28, P50.0001; Fig. 2G], as PTZ-
kindled wild-type mice had a decreased nesting score compared
with vehicle-treated wild-type mice (–30%, P5 0.001). Unlike wild-
type mice, we found no impaired nest building behaviour in the
5XFAD cohort. No significant effect of sex was found on any behav-
ioural or kindling metric by multiple linear regression. Results of
statistical analysis for this mouse cohort are reported in their entir-
ety in Supplementary Table 3. Taken together, seizures had a dele-
terious effect on behaviour, including working memory and mouse
self-care, regardless of genotype, with seizures worsening the defi-
cits in remote recall only in 5XFAD mice.

Pentylenetetrazol kindling worsens amyloid
pathology and neuronal death in 5XFAD mice

After behavioural assessment, 7 month old wild-type and 5XFAD
mice were sacrificed, and brains were subjected to biochemical
and immunohistochemical analysis, with a focus on the hippo-
campus, a site implicated in Alzheimer’s disease pathology, and
the aforementioned behavioural tests. We first analysed the effect
of PTZ kindling on hippocampal amyloid pathology. PTZ kindling
led to the increased accumulation of soluble human amyloid-b42

in the hippocampus of 5XFAD mice (+66%, P5 0.05; Fig. 3A), as
measured by ELISA. As wild-type mice do not express human
amyloid-b42, we found no soluble human amyloid-b42 in wild-type
mice. Amyloid-b42 levels in PTZ-kindled 5XFAD hippocampus were
positively correlated with seizure severity (r = 0.52, P50.05;
Fig. 3B). Additional ELISA analysis of soluble human amyloid-b42 in
the cortex of 5XFAD mice demonstrated increased amyloid in fe-
male mice [P50.0001, (+354.7 pg/ml, +181.0 pg/ml)] as previously
documented,17,55 with a trend towards an effect of kindling
(P = 0.09; Fig. 3C). Increases in soluble human amyloid-b42 were
accompanied by similar changes in amyloid plaque pathology,
evaluated by immunohistochemistry (Fig. 3D). For both the hippo-
campus and cortical layers IV–VI, significant predictors of
increased amyloid plaque load in 5XFAD mice included: female
sex [P50.0001, (51.1%, 130.6%) for hippocampus and P50.01,
(5.355%, 229.1%) for cortex] and PTZ kindling [P50.0001, (66.67%,
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146.9%) and P50.05 (24.79%, 202%)], respectively (Fig. 3E).
Consistent with human amyloid-b42 increases, the endogenous
mouse amyloid-b42, measured by ELISA, was also elevated in the
hippocampus of PTZ-kindled 5XFAD mice compared with 5XFAD-
vehicle (+18%, P50.05; Fig. 3F), with both groups having signifi-
cantly increased levels compared with their wild-type controls
(+123% and +158%, respectively, P5 0.0001). To determine whether
the increased expression of amyloid-b42 was associated with an in-
crease in its production, we quantified hippocampal APP levels by
western blot. The expression of APP was elevated in the hippocam-
pus of 5XFAD mice compared with the wild-type [+154% and
+233% in the vehicle and PTZ subgroups, respectively; genotype,
F(1,61) = 539.8, P50.001; Fig. 3G], with kindling further increasing
APP expression within the 5XFAD group (+26% versus 5XFAD-ve-
hicle, P5 0.0001). However, hippocampal APP did not vary after
kindling in wild-type mice. The changes in hippocampal APP ex-
pression were associated with similar increases in its phosphoryl-
ation level at [Thr668] (pAPP; Fig. 3H), a post-translational

modification leading to upregulation of its processing into amyl-
oid-b42.

56 Western blot quantification demonstrated increased ex-
pression of pAPP in the hippocampus of 5XFAD mice compared with
the wild-type [+88% and +164% in the vehicle and PTZ subgroups, re-
spectively; genotype, F(1,61) = 21.85, P5 0.001], with kindling further
elevating APP expression within the 5XFAD group (+27% versus
5XFAD-vehicle, P5 0.05; Fig. 3H). As with APP, kindling did not affect
pAPP levels in wild-type mice. These results demonstrated that seiz-
ures lead to increased human and endogenous amyloid pathology in
5XFAD mice, likely through increased APP production and processing.

We next used Fluoro-JadeVR B staining to examine ongoing neur-
onal death, as previously reported in 9-month-old 5XFAD mice.17

Analysis revealed no Fluoro-Jade B staining in wild-type mice, re-
gardless of kindling status (Fig. 4A). Significant predictors of
increased neuronal death in the hippocampus and cortical layers
IV–VI of 5XFAD mice included: female sex [P5 0.001, (1.67, 5.015)
and P50.05 (0.3391, 3.651)] and PTZ kindling [P5 0.001, (0.34, 3.65)
and P5 0.001 (1.67, 5.015); Fig. 4B]. Importantly, the number of

Figure 2 Hyperexcitability phenotype and seizure-induced effect on cognition in 5XFAD mice. (A) Experimental design in wild-type (WT) and 5XFAD
mice involving PTZ kindling starting from 3 months, cognitive assessment from 6.5–7 months and euthanasia for biochemical analyses of the hippo-
campus at 7 months. The schematic provides additional background on the 5XFAD mice: amyloid-b42 accumulation starting from 1.5 months of age,
epileptiform spikes and cognitive impairment starting from 4 months and neuronal and synaptic loss starting from 9 months. (B) Maximal Racine
score reached per day of PTZ injection. (C) Maximal Racine score reached per minute during the 1-h post-PTZ injection video recording (average of
eight PTZ injections). Inset represents evaluation of the area under the corresponding generated curves. (D) Latency to seizure in minutes. (E)
Associative long-term (tested at 24 h post-training) and remote memory (tested at 14 days post-training) assessed with contextual fear conditioning
test, measuring % of time freezing adjusted by individual baseline freezing on training day. (F) Spatial working memory evaluated by % spontaneous
alternation in the Y-maze. (G) Mice self-care assessed by nest building. Box and whisker plots display minimum, maximum and all quartiles. n = 19
WT-vehicle, 17 WT-PTZ, 12 5XFAD-vehicle and 17 5XFAD-PTZ. *P5 0.05, **P5 0.01, ***P5 0.001, ****P5 0.0001. #Genotype effect, P5 0.01; †Kindling ef-
fect, P5 0.05; ††Kindling effect, P5 0.0001.
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Fluoro-Jade B-positive cells in PTZ-kindled 5XFAD hippocampus
were positively correlated with seizure severity (r = 0.61, P5 0.05;
Fig. 4C). In addition to Fluoro-Jade B, we performed quantitative
immunohistochemistry for neuronal marker NeuN to determine
cumulative neuronal loss. In the hippocampus, we found that both
PTZ-kindled and vehicle-treated 5XFAD mice had lower neuronal
counts compared with their wild-type controls (–20% and –19%, re-
spectively, P50.05; Fig. 4D). In cortical layers IV–VI, the 5XFAD-ve-
hicle mice also had lower neuronal counts compared with their
wild-type controls (–23%, P5 0.05), which was also observed in the
PTZ-kindled 5XFAD mice compared with their wild-type controls,
but this did not reach statistical significance (–20%, P = 0.07). No
significant NeuN differences were found between vehicle and PTZ-
kindled 5XFAD mice in the hippocampus or cortical layers IV–VI.

Increased neuronal death in PTZ kindled 5XFAD mice may fur-
ther exacerbate hyperexcitability in these mice both globally
through the disruption of neuronal circuits, and locally through
the loss of specific inhibitory cell populations. Thus, we quantified

parvalbumin-expressing cells, accounting for the majority of
GABAergic interneurons,57 to determine if there was a loss of this
subpopulation. We found lower parvalbumin cell counts in the
hippocampus of 5XFAD mice compared with the wild-type mice
(P50.05, –22.5%; Supplementary Fig. 2A), with no effect of PTZ kin-
dling. However, when examining cortical layers IV–VI, there were
lower parvalbumin cell counts in 5XFAD mice compared with the
wild-type mice (P50.05, –15.82%), female mice compared with
male mice (P5 0.05, –14.51%) and PTZ-kindled mice compared with
saline-treated mice (P50.05, –18.96%, Supplementary Fig. 2B).

Deficits in contextual fear conditioning memory may not only be
due to neuronal death but also impaired neurogenesis;58,59 hence,
we stained for doublecortin to measure the neurogenesis in the
hippocampus of 5XFAD and wild-type mice. While there was
decreased neurogenesis in the hippocampus of 5XFAD mice com-
pared with the wild-type (P50.05, –29%; Supplementary Fig. 2C),
notably, there was no effect of PTZ kindling on doublecortin cell
counts in either group.

Figure 3 PTZ kindling worsens amyloid pathology in 5XFAD mice. (A) ELISA assessment of soluble human amyloid-b42 (Ab42) in the hippocampus of
5XFAD mice. (B) Pearson correlation between seizure severity and human amyloid-b42 concentration in pg/ml in the hippocampus of 5XFAD-PTZ
mice. Grey area indicates 95% confidence interval. (C) ELISA assessment of soluble human amyloid-b42 in the cortex of 5XFAD mice. (D)
Representative images of the hippocampus and cortex with insets of the dentate gyrus (DG) immunohistochemically (IHC) co-labelled with human
amyloid-b42 (red) and nuclear DAPI stain (blue). Images show no expression in the wild-type mice, amyloid plaque accumulation in 5XFAD mice and
increased amyloid deposition in the 5XFAD-PTZ group compared to 5XFAD-vehicle. Scale bars = 500 lm for entire images; and 20 lm for insets. (E)
Corresponding immunohistochemical quantification of amyloid load (% area amyloid-b42-positive) in the hippocampus (left) and cortical layers IV–VI
(right) of 5XFAD mice. (F) ELISA assessment of hippocampal soluble mouse amyloid-b42 levels. Western blot quantification of (G) total APP and (H)
phosphorylated APP [Thr668] in wild-type and 5XFAD hippocampus. (I) Representative western blot images for G and H showing non-adjacent bands
originating from the same blot. Box and whisker plots display minimum, maximum and all quartiles. Scatter plots display all data-points, with mean
± SEM. Closed symbols represent males and open symbols represent females. n = 12–19 WT-vehicle, 12–17 WT-PTZ, 12 5XFAD-vehicle and 17 5XFAD-
PTZ. *P5 0.05, ****P5 0.0001. $Sex effect, P5 0.0001; †Kindling effect, P5 0.0001 for hippocampus, P 5 0.05 for cortex; #Genotype effect, P5 0.001;
‡Genotype ! Kindling interaction, P5 0.05.
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Pentylenetetrazol kindling causes upregulation of
mTORC1 activity in 5XFAD mice

As mTORC1 activity was elevated in the human study, we per-
formed immunohistochemistry for NeuN and pS6 [Ser240, Ser244],
a more specific readout of mTORC1 activation.43 Phosphorylated
S6 was observed in all areas of 5XFAD hippocampus and cortical
layers IV–VI and almost exclusively in neurons (Fig. 4E).31 The per-
centage of S6-positive neurons (the number of pS6-positive/NeuN-
positive cells relative to the total number of NeuN-positive neu-
rons) revealed mTORC1 activity increases in the hippocampus and
cortical layers IV–VI in female mice (P50.05, +5.9% and P5 0.05,
+17.2%), 5XFAD mice (P50.0001, +71.6% and P50.0001, +69.5%)
and PTZ-kindled mice (P50.01, +36.4% and P5 0.0001, +80.06%;
Fig. 4F). This sex effect of mTORC1 corroborated with the findings
that female sex was an independent predictor of both neuronal

death and amyloid plaque load, suggesting that amyloid plaque
deposition in female 5XFAD mice may further upregulate mTORC1
activity. Again, the percentage of S6-activated hippocampal neu-
rons was positively correlated with seizure severity in the PTZ-
kindled 5XFAD mice (r = 0.62, P50.01; Fig. 4G), strengthening the
relationship between seizures and mTORC1 activity.

The hippocampal expression of stress kinases ERK and JNK, both
involved in the activated mTORC1 pathway,43,60 demonstrated
elevated ERK activity in 5XFAD-vehicle mice compared with WT-ve-
hicle mice (+112%, P50.05), further exacerbated by kindling (+105%
in 5XFAD-PTZ versus WT-PTZ, P5 0.001 and +60.5% in 5XFAD-PTZ
versus 5XFAD-vehicle, P50.05; Supplementary Fig. 3B), but no sig-
nificant changes in JNK activity in 5XFAD mice or with PTZ kindling
(Supplementary Fig. 3C). Hence, these increases in ERK activity may
contribute to mTORC1 activation in 5XFAD mice and with PTZ
kindling.

Figure 4 PTZ kindling worsens neuronal death and upregulates mTORC1 activity in 5XFAD mice. (A) Representative images of the hippocampus and
cortex with insets of the dentate gyrus (DG) stained with Fluoro-Jade B. Images show no neuronal death in the wild-type mice, moderate neuronal
death in 5XFAD mice and severe neuronal death in the 5XFAD-PTZ group compared with 5XFAD-vehicle. Scale bars = 500 lm for whole images; and
20 lm for insets. (B) Corresponding quantification of hippocampal (left) and cortical (right) Fluoro-Jade B staining, expressed as the number of positive
cells per 0.25 mm2. (C) Pearson correlation between seizure severity and the number of Fluoro-Jade B-positive cells in 5XFAD-PTZ hippocampus. (D)
Immunohistochemical quantification of the number of neurons (NeuN-positive cells) in wild-type and 5XFAD hippocampus (left) and cortical layers
IV–VI (right). (E) Representative images of the hippocampus and cortex with insets of the DG from wild-type and 5XFAD mice, co-labelled with NeuN
(red), pS6 [Ser240/Ser244] (green) and nuclear DAPI stain (blue), showing increased pS6 staining in neuronal cell bodies in 5XFAD mice compared with
the wild-type, as well as an increase in PTZ groups compared with the vehicle-treated mice in both genotypes. Scale bars = 500 lm for entire images;
and 20 lm for insets. (F) Corresponding quantitative analysis of phosphorylated S6, expressed as a % of phosphorylated S6-positive cells relative to
the number of NeuN-positive neurons per analysed area of the hippocampus (left) and cortical layers IV–VI (right). (G) Pearson correlation between
seizure severity and the percentage of pS6-positive cells in the hippocampus of the 5XFAD-PTZ group. Scatter plots display all data-points, with
mean ± SEM. Closed symbols represent males and open symbols represent females. Grey area in Pearson correlations indicates 95% confidence inter-
val. n = 12–19 WT-vehicle, 12–17 WT-PTZ, 12 5XFAD-vehicle and 17 5XFAD-PTZ. *P5 0.05, ****P5 0.0001. $Sex effect, P5 0.05; †Kindling effect, P5 0.05;
#Genotype effect, P5 0.001.
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Given that mTOR is implicated in the phosphorylation of tau,
we quantified hippocampal levels of the tau and phosphorylated
tau markers that were examined in our human cohort. We found
no genotype or kindling related differences in total tau, AT8/tau,
AT100/tau or AT180/tau ratios (Supplementary Fig. 3). These
results were unsurprising, as 5XFAD is a model of amyloid path-
ology and not sporadic Alzheimer’s disease, as in the human
cases.

Inhibition of mTORC1 rescues seizure-induced
deficits of associative long-term and remote
memory in 5XFAD mice

To investigate the relationship between mTORC1 activation, seizure
activity, Alzheimer’s disease neuropathology and cognition, we sub-
jected 3-month-old 5XFAD and wild-type mice to a modified PTZ
kindling protocol, followed by chronic low-dose rapamycin treat-
ment (2.24 mg/kg)61–64 or control feed treatment from 3.5 months to
7 months of age (Fig. 5A). In this cohort, the PTZ procedure was
altered to minimize kindling-related deaths. Mice were removed
from kindling once they reached a Racine score of 5 on three con-
secutive treatment days, and no PTZ challenge was given at 1
month post-kindling. This modified protocol confirmed our previ-
ous finding of hyperexcitability in 5XFAD mice, as demonstrated by
significant increases in daily kindling scores (overall P50.0001;
Supplementary Fig. 4A), increased seizure severity (P50.001;
Supplementary Fig. 4B), elevated cumulative seizure severity (AUC,
+53%, P5 0.0001; Supplementary Fig. 4C) and decreased seizure la-
tency (–36.8%, P50.0001; Supplementary Fig. 4D) in 5XFAD mice
compared with wild-type controls.

The chronic rapamycin treatment was well-tolerated as no mice
died prior to planned euthanasia at 7 months. Additionally, in
males, rapamycin attenuated the weight loss seen in transgenic
Alzheimer’s disease mice.63 Male control-fed 5XFAD mice had sig-
nificantly lower weights at time of death than both control-fed wild-
type mice and rapamycin-fed 5XFAD mice (–12.5% and –13.6%,
respectvely, P5 0.05), while control-fed wild-type mice and rapamy-
cin-fed 5XFAD mice exhibited no such differences (Supplementary
Fig. 4E). Meanwhile, the weights of female mice at time of death
showed no differences between groups, regardless of genotype
(5XFAD or wild-type) or treatment (rapamycin or control)
(Supplementary Fig. 4F).

Behavioural testing, started at 6.5 months of age, consisted of long
term and remote memory (fear conditioning testing at 24 h and
14 days, respectively), working memory (spontaneous alteration in Y-
maze) and nest building assessment, as described above. Rapamycin
treatment had its strongest rescue effect on long term memory in
5XFAD-PTZ-kindled mice, leading to a Genotype ! Kindling !
Treatment interaction [P50.01, (80.36, 335.9); Fig. 5B]. Similarly, kin-
dling led to significant deficits in remote memory in 5XFAD mice (–
47.5%, P50.05), which was rescued by rapamycin treatment
(+110.1%, P5 0.05 for remote memory; Fig. 5C). The Y-maze testing
also indicated negative effects of 5XFAD genotype [F(1,93) = 8.738,
P50.01] and kindling [F(1,93) = 6.882, P50.05] on working memory,
with no significant rapamycin effect (Fig. 5D). Similarly, nest building
assessment showed deleterious effects of genotype [F(1,93) = 38.62,
P50.0001] and kindling [F(1,93) = 27.41, P50.0001] but no rapamycin
rescue (Fig. 5E). Interestingly, female sex was associated with
decreased long term contextual memory only in 5XFAD mice, leading
to a Sex ! Genotype interaction [P50.01, (62.85, 281.4); Fig. 5B]. This

Figure 5 Inhibition of mTORC1 rescued long term and remote memory deficits in 5XFAD mice following PTZ kindling. (A) Experimental design in
wild-type (WT) and 5XFAD mice, involving PTZ kindling starting from 3 months, rapamycin treatment starting from 3.5 months, cognitive assess-
ment from 6.5–7 months and euthanasia for biochemical analyses at 7 months. (B) Associative long-term (test at 24 h post-training) and (C) remote
memory (test at 14 days post-training) assessed with contextual fear conditioning test measuring % of time freezing relative to freezing pre-stimuli
on training day. (D) Spatial working memory evaluated by % spontaneous alternation in the Y-maze. (E) Self-care assessed by nest building. Box and
whisker plots display minimum, maximum and all quartiles. Scatter plots display all data-points, with mean ± SEM. Closed symbols represent males
and open symbols represent females. n = 12–13 for each group. *P5 0.05, **P5 0.01, ***P5 0.001. !Treatment ! Kindling interaction, P5 0.01;
&Genotype ! Sex interaction, P5 0.01; XGenotype ! Kindling ! Treatment interaction, P5 0.01; †Kindling effect, P5 0.05; #Genotype effect, P5 0.01.
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was the only behavioural testing impacted by sex. Statistical analysis
is reported in its entirety in Supplementary Table 4 for the rapamycin
therapeutic cohort. Of note, the genotype effect for nest building and
Y-maze tests, as well as the sex effect to worsen long-term memory
in 5XFAD mice, were only seen in the second cohort, possibly due to
larger sample sizes.

Inhibition of mTORC1 protects against
seizure-induced amyloid pathology and neuronal
death in 5XFAD mice

After behavioural assessment, we performed western blot analysis
of the hippocampus for pS6 [Ser240, Ser244] in relation to total S6,
to evaluate the degree of mTORC1 inhibition (Fig. 6A and B). We
found that rapamycin treatment decreased mTORC1 activity [rapa-
mycin, P5 0.05, F(1,85) = 4.41], with its most robust effect on
mTORC1 activity in kindled mice [Rapamycin ! Kindling, P5 0.05,
F(1,85) = 5.517; Fig. 6B]. Western blot analysis of the hippocampus
for pS6 at [Ser235, Ser236] yielded similar results, rapamycin treat-
ment decreased mTORC1 activity (rapamycin, P50.0001, –22.94%),
with its most robust effect on mTORC1 activity in 5XFAD-kindled
mice (P5 0.05, –36.65%; Supplementary Fig. 4G). As chronic rapa-
mycin treatment has been known to also reduce mTORC2 activ-
ity,65 we next examined one of its readout, the phosphorylation of
glycogen synthase kinase-3b (GSK-3b) at Ser966 in the hippocam-
pus of rapamycin- and control-treated mice. Rapamycin did not
have an effect on hippocampal mTORC2 activity, however female
mice exhibited decreases in mTORC2 activity, possibly due to
negative regulation from mTORC1 (P50.05, –23.6%;
Supplementary Fig. 4H).

We next analysed the interaction between chronic hyperexcit-
ability induced by PTZ kindling and rapamycin on amyloid path-
ology and neurodegeneration in 5XFAD and wild-type mice. We
found that hippocampal soluble human amyloid-b42 levels, as
measured by ELISA, increased with PTZ kindling in control-fed
5XFAD mice (+94%, P5 0.05; Fig. 6C) but not in the rapamycin-
treated 5XFAD mice. Again, no human amyloid-b42 was detected in
wild-type mice, regardless of PTZ or rapamycin treatment.
Amyloid-b42 levels in PTZ-kindled 5XFAD hippocampus were posi-
tively correlated with seizure severity (r = 0.84, P50.001; Fig. 6D).
Amyloid load, assessed by immunohistochemistry (Fig. 6E), also
demonstrated an increase with PTZ kindling in the hippocampus
of control-fed 5XFAD mice (+134%, P50.05; Fig. 6F), in contrast to
rapamycin treated 5XFAD group, where kindling showed no sig-
nificant effect on amyloid load. Notably, rapamycin treatment did
not decrease hippocampal amyloid load in non-kindled 5XFAD
mice (Fig. 6F). In addition, rapamycin did not have an effect on the
amyloid load in cortical layers IV–VI of PTZ-kindled 5XFAD mice
(Supplementary Fig. 4I). Neuronal death, measured by quantifica-
tion of Fluoro-Jade B-positive cells, was increased by PTZ kindling
in control-fed 5XFAD mice (+106%, in the hippocampus, P5 0.05;
Fig. 6G) and attenuated by rapamycin treatment. This pattern was
particularly noticeable in the CA1 and CA2 regions where there
was an appreciable effect of rapamycin treatment [F(1,36) = 4.55,
P5 0.05] and kindling [F(1,36) = 9.46, P50.01]. We again confirmed
the absence of neuronal death in wild-type animals (Fig. 6I).
Mirroring the data presented in our non-therapeutic cohort, fe-
male sex in 5XFAD mice was a predictor of increased neuronal
death [P50.05, (0.1055, 4.596); Fig. 6G]. As in our measurements of
amyloid load, rapamycin did not have a noticeable effect on neur-
onal death in cortical layers IV–VI of PTZ-kindled 5XFAD mice
(Supplementary Fig. 4J).

Discussion
In this study, we sought to investigate the connection between
Alzheimer’s disease and epilepsy, with a special emphasis on
interdependent mechanisms, and to explore common therapeutic
targets. Our data from studies of brain samples from patients with
Alzheimer’s disease and 5XFAD mice support such a bidirectional
relationship between hyperexcitability and Alzheimer’s disease,
with each contributing to the development and progression of the
other. In addition, we show that mTORC1 represents an effective
target to disrupt this positive feedback loop.

While previous clinical observations have suggested that seiz-
ures can accelerate the progression of Alzheimer’s disease,2,22 this
relationship was not well-established and remains disputed.4–6,67

By examining tissue and clinical data from patients with
Alzheimer’s disease, we found that seizure history is associated
with more severe pathological features of Alzheimer’s disease,
specifically more severe brain atrophy and ventricular enlarge-
ment, and increased phosphorylated tau AT100 and amyloid pla-
que pathology in the subcortical white matter. The increased tau
hyperphosphorylation in Alzheimer’s disease cases due to seiz-
ures is consistent with the presence of tau pathology in patients
with temporal lobe epilepsy8,11 and the role of tau in promoting
neuronal excitability.12,13,68 Alzheimer’s disease-associated neuro-
degeneration is traditionally thought to preferentially target cor-
tical grey matter, but several studies focusing on white matter
deterioration69,70 have demonstrated the presence of amyloid-b in
this region.71 This study is the first to suggest that seizures exacer-
bate white matter amyloid-b load, providing a novel link between
hyperexcitability and Alzheimer’s disease-related white matter
degeneration. The lack of differences in soluble amyloid-b and
grey matter plaque pathology within the temporal cortex of
patients with Alzheimer’s disease with and without seizures is
likely because the patients with Alzheimer’s disease were end-
stage with advanced amyloid pathology. Amyloid-b42 deposition in
the temporal cortex reaches a plateau very early in the disease
progression,72 making it difficult to detect potential subtle differ-
ences at later stages. Indeed, this dissociation points to the need to
include seizure history in future longitudinal studies testing in vivo
biomarkers of Alzheimer’s disease progression such as CSF levels
of tau and amyloid-b. We avoided this potential confound in the
mouse model by performing experiments at earlier stages of dis-
ease progression.

In parallel, we demonstrated that 5XFAD mice present a hyper-
excitable phenotype (decreased seizure latency and a faster and
more severe kindling) during the period of onset and development
of Alzheimer’s disease pathology and that seizures during this crit-
ical time window have detrimental long-term effects on cognitive
behaviour, amyloid and plaque pathology and neuronal death but
not neurogenesis. However, these findings should be interpreted
with caution, acknowledging that the seizures induced in 5XFAD
mice were generalized tonic-clonic, while typically the seizures in
patients with Alzheimer’s disease are focal. As protocols for focal
seizures in mouse models become established, more directed
studies may be possible and may identify more subtle changes.

PTZ kindling at a pre-symptomatic stage resulted in the exacer-
bation of remote contextual memory, self-care and working mem-
ory deficits, despite the fact that, overall, our 5XFAD mice showed
only subtle behavioural deficits, consistent with previous stud-
ies.17,21 In line with the more severe atrophy observed in patients
with Alzheimer’s disease and seizures, kindled 5XFAD mice exhib-
ited higher levels of neuronal death. Additionally, we found a posi-
tive correlation between neuronal death and the seizure severity
in PTZ-kindled 5XFAD mice. Given that PTZ itself does not directly
induce cell death, as confirmed by the absence of Fluoro-Jade B
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Figure 6 Inhibition of mTORC1 protects against the effect of seizures on amyloid pathology and neuronal death in 5XFAD mice. (A) Representative
western blot images for B showing non-adjacent bands originating from the same blot. (B) Western blot quantification of phosphorylated S6S240/total
S6. (C) ELISA assessment of hippocampal soluble human amyloid-b42 in pg/ml. (D) Pearson correlation between seizure severity and hippocampal
amyloid-b42 concentration. (E) Representative images of the hippocampus and cortex with insets of the dentate gyrus (DG) immunohistochemically
(IHC) co-labelled with human amyloid-b42 (red) and DAPI stain (blue). (F) Corresponding quantification of hippocampal amyloid load. (G)
Quantification of Fluoro-Jade B-positive cells per 0.25 mm2 in the 5XFAD hippocampus (left) and the CA1/2 region (right). (H) Representative hippocam-
pal section labelled with nuclear DAPI stain showing various regions of interest. (I) Representative images of the hippocampus and cortex with insets
of the dentate gyrus stained with Fluoro-Jade B. Scale bars = 500 lm for entire images; and 20 lm for insets. Box and whisker plots display minimum,
maximum and all quartiles. Scatter plots display all data-points, with mean ± SEM. Closed symbols represent males and open symbols represent
females. n = 12–13 for each group. *P5 0.05, **P5 0.01, ***P5 0.001, ****P5 0.0001. $Sex effect, P5 0.05; &Genotype ! Sex interaction, P5 0.05;
XGenotype ! Kindling ! Treatment interaction, P5 0.05; †Kindling effect, P5 0.01; RTreatment effect, P5 0.05.
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staining in our PTZ-kindled wild-type cohort, the increased neur-
onal death observed in kindled 5XFAD mice suggested an acceler-
ation of Alzheimer’s disease neurodegeneration, without affecting
neurogenesis. These seizure-associated differences were accom-
panied by exacerbated markers of Alzheimer’s disease pathology,
consistent with a previous study of pilocarpine-induced seizures
in the 3xTg Alzheimer’s disease mice.23 The observed PTZ-induced
increases in amyloid-b42 in the 5XFAD mice may be due to
increased APP processing, given the increased APP expression and
phosphorylation. Amyloid-b42 is produced in response to synaptic
activity,73,74 and seizures are known to upregulate its production.75

This may explain the strong positive relationship we found be-
tween amyloid-b42 levels and seizure severity in 5XFAD mice. The
reverse is also true, as amyloid-b42 is known to induce epileptic
events.76 Further studies involving pretreatment of 5XFAD mice
with amyloid reducing therapies prior to kindling may elucidate
whether amyloid-b reductions are sufficient to reverse the hyper-
excitability seen in 5XFAD mice, lending support to amyloid reduc-
ing therapies to lower future seizure risk in familial patients with
Alzheimer’s disease, a population especially at risk of seizures.2

While we found increased levels of total and pathological phos-
phorylated tau in patients with Alzheimer’s disease and seizures,
we did not find similar changes in the 5XFAD mouse, and this may
in part be due to the fact that this is an amyloid mouse model.
Further studies using a tauopathy rodent model of Alzheimer’s
disease may help validate the patterns of expression and hyper-
phosphorylation of tau demonstrated in the patients with
Alzheimer’s disease included in this study. Overall, our mouse
data were similar in hippocampus and cortex but more pro-
nounced in hippocampus. This could be due to the progression of
amyloid pathology in 5XFAD, where it first appears, starting in
deep layers of the cortex and in the subiculum before spreading to
the superficial cortical layers and hippocampus until 10 months of
age in males and up to 14 months in females.17,77 The effects of
seizures may be more noticeable at a histopathological level in
brain structures that have not yet reached the amyloid plateau.

Given that hyperexcitability and epilepsy can lead to neurode-
generation and vice versa, it is a challenge to determine the initiat-
ing factor in Alzheimer’s disease. mTORC1 represents one of

possibly many shared downstream effectors of both Alzheimer’s
disease and epilepsy that may prove to be a novel therapeutic tar-
get. Alzheimer’s disease and seizures have additive effects on
mTORC1 activation, a pattern that we observed in both patients
with Alzheimer’s disease and 5XFAD mice, where seizure severity
was positively correlated with mTORC1 activity. Our human tem-
poral cortex dataset showed an increase in pS6 [Ser235, Ser236] but
not pS6 [Ser240, Ser244], both readouts of mTORC1 activation via
p70S6K activity. However, Ser235 and Ser236 sites can be phos-
phorylated by other activity dependent kinases such as p90 riboso-
mal S6 kinase (RSK) via ERK43 that we showed being activated in
Alzheimer’s disease temporal cortices. Therefore, the ERK/RSK
pathway might be another common factor in this Alzheimer’s dis-
ease-epilepsy bidirectional relationship and future human studies
should further assess the relative contribution of mTORC1/p70S6K
and ERK/RSK pathways.

Seizure-dependent increases in mTORC1 activity may be initi-
ated by neurotransmitters and cytokines released during seizures
that activate mTORC1 in an activity-dependent manner.78

Activated mTORC1 can in turn phosphorylate tau on AT100 epito-
pes, which we found to be specifically upregulated and localized
with pS6 in patients with Alzheimer’s disease and seizures.37,38,40

Activated mTORC1 can also cause amyloid-b42 accumulation via
the downregulation of autophagy79 or via BACE1 translational
upregulation.38 As upregulation of the mTORC1 pathway can lead
to cell proliferation,80 it is also possible that mTORC1 overactiva-
tion is a compensatory response to neuronal loss in Alzheimer’s
disease brains.

The protein complex mTORC1 is a potent therapeutic target in
epilepsy, and the FDA-approved drug rapamycin has shown bene-
fit in numerous studies in Alzheimer’s disease and epilepsy mouse
models.8,27,36,62,63,81–83 Rapamycin is not an anti-seizure medica-
tion, as it has no immediate effects on neuronal excitability. Its
actions are various and include restoration of autophagy-related
pathways, impaired in both epilepsy84 and Alzheimer’s disease,85

and suppression of neuroinflammation, known to be induced via
mTORC1 in both conditions.86,87 Here, we showed that the inhib-
ition of mTORC1 by rapamycin reversed the effects of seizures on
cognition and protected against the deleterious effects of seizures
on Alzheimer’s disease neuropathology in 5XFAD mice.
Rapamycin significantly improved long-term and remote memory
in kindled 5XFAD mice, while Alzheimer’s disease neuropathology
was already set. The ability of rapamycin to rescue memory defi-
cits in 5XFAD-kindled mice is likely due to the collective impact on
neuronal death, amyloid pathology and mTORC1 signalling itself.
In mouse models of Alzheimer’s disease, mTORC1 activity has
shown a strong correlation with cognitive performance88 and in a
model of tuberous sclerosis complex, rapamycin treatment was
able to rescue cognitive function independent of seizure suppres-
sion.89 Given the selective cognitive benefit of rapamycin in mice
with high elevations in mTORC1 activity (PTZ-kindled 5XFAD
mice), rapamycin or its analogues may selectively help patients
with Alzheimer’s disease and seizures, where mTORC1 activity
was demonstrated as the highest amongst our Alzheimer’s disease
cases. The use of rapamycin or its analogues in patients with
Alzheimer’s disease with subclinical and/or clinical seizures may
offer significant benefits, as the appearance of seizures often
occurs early in the disease course and, thus, may slow the progres-
sion of Alzheimer’s disease.90 The low-dose rapamycin regimen in
our study decreased mTORC1 activity in kindled mice sufficiently
to normalize mTORC1 activity heightened by both seizures and
Alzheimer’s disease, which may allow for lower dosing and fewer
of the side effects commonly associated with higher doses.34 It is
interesting to note that while we did find behavioural rescue, the
effects on Alzheimer’s disease pathology were rather modest. This

Figure 7 Proposed mechanism of the bidirectional relationship of seiz-
ures and Alzheimer’s disease with contributions of mTOR. A diagram
that summarizes and synthesizes the findings from our work in this
paper and previous work in models of Alzheimer’s disease and epi-
lepsy. In this paper, we demonstrated that epilepsy/seizures can result
in increased mTOR activity, amyloid-b (Ab) and tau pathology and
neuronal death. Previous work in epilepsy models has demonstrated
that mTOR is involved in epileptogenesis, and our work here shows
that mTOR is also increased by seizures. The mTOR pathway has been
implicated in amyloid-b deposition via autophagy, and in this paper

oid pathology, tau pathology, mTOR and neuronal death all contribute
to cognitive impairment in patients with Alzheimer’s disease and
seizures.
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may represent a limitation of low-dose rapamycin to alter
Alzheimer’s disease protein accumulation, but does, at the least,
suggest symptomatic relief. It is also possible that other kinases
that Alzheimer’s disease and epilepsy converge upon, such as ERK
and JNK, which also were elevated in this study, may provide add-
itional therapeutic targets.

While our study suggests a critical role for the mTORC1 path-
ways in the exacerbation of Alzheimer’s disease by seizures, it is
also well known that excitatory:inhibitory imbalances are opera-
tive in both diseases. In our study, naı̈ve 5XFAD mice showed a
decreased parvalbumin immunoreactivity, reflecting a deficit of
GABA inhibition.91–95 Similarly, decreased ratios of a1/a3 GABAAR
subunits and increased ratios of NKCC1:KCC2, resulting in depola-
rizing GABA, have been noted in both human cases and mouse
model studies of epilepsy91–94,96 as well as in Alzheimer’s disease
mouse models.97–101 The activity of mTORC1 was shown to be cor-

patients with tuberous sclerosis complex.93 GABAAR loss has been
linked to seizures and cognitive impairment in the human APP
mouse model of Alzheimer’s disease101 and could then also be re-
sponsible for such changes in our 5XFAD model. Thus, regulators
of excitatory:inhibitory imbalance may also represent a mechan-
ism by which rapamycin reversed certain neuropathological and
cognitive outcomes in our study (Fig. 7).

In summary, the connection between seizures and exacerba-
tion of Alzheimer’s disease described here, in conjunction with
our previous study demonstrating Alzheimer’s disease-like path-
ology in patients with temporal lobe epilepsy,8 suggests a bidirec-
tional nature of epilepsy and neurodegeneration. Our data also
underscore the potential deleterious effects of seizures in
Alzheimer’s disease and confirm the importance of further clinical
trials regarding the treatment of seizures in patients with
Alzheimer’s disease. Past studies have shown that traditional anti-
epileptic drugs have varied results,24,25 and a Cochrane review
found only one randomized control trial on the use of these drugs
in patients with Alzheimer’s disease, a study they deemed to show
‘very low quality’ evidence.26 In evaluating treatment candidates
for seizures in Alzheimer’s disease, adjunct therapies such as
rapamycin should be included. Chronic low dose rapamycin pro-
vided prevention against the effects of seizures on Alzheimer’s
disease pathology in the 5XFAD mice. Complementing our study,
rapamycin has attenuated other aspects of neuropathology in
other preclinical trials of Alzheimer’s disease8,62,63 and shows
promise as a clinical treatment for epilepsy, particularly in
patients with tuberous sclerosis complex.36 While clinical trials
have not been conducted on rapamycin for Alzheimer’s disease,
preliminary studies show that it is a safe option in the elderly
population.102 These in vivo preclinical and early clinical studies,
along with the data presented here, suggest that clinical trials
should be conducted to examine the use of rapamycin as an ad-
junct therapy in patients with Alzheimer’s disease who demon-
strate seizure activity, given its ability to mitigate the bidirectional
relationship between Alzheimer’s disease and seizures.

Acknowledgements
We thank Theresa Schuck and Claire Peterson for their help with
the human tissue collection, David Isaacs for his help with immu-
nohistochemistry, Sharon Xiangwen Xie for her help with plan-
ning the statistical analysis and Brianna Ciesielski for her help
with the mice behavioural tests. We thank the Center for
Neurodegenerative Disease Research (CNDR) at the University of
Pennsylvania for providing us with post-mortem Alzheimer’s dis-
ease and control tissue for the study. Additional control human
tissue was obtained from University of Maryland Brain and Tissue

Bank, which is a Brain and Tissue Repository of the NIH
NeuroBioBank.

Funding
This work was supported by the National Institutes of Health–
National Institute of Neurological Disorders and Stroke (NIH
NINDS) R21NS105437 (F.E.J.), R01NS080565 (F.E.J.), R37NS115439
(F.E.J.), R01NS101156 (D.M.T.), K23NS088341 (D.J.I.), National
Institute on Aging: Institutional National Research Service Award
T32AG000255-23 (A.B.), Brightfocus Foundation A2016244S (D.J.I.)
and the Penn Institute on Aging (D.J.I.). Assistance with behaviour
testing was provided by The Neurobehavior Testing Core at The
University of Pennsylvania, supported by the Institute for
Translational Medicine and Therapeutics (ITMAT) and The
Intellectual and Developmental Disabilities Research Center
(IDDRC) at Children’s Hospital of Phildadelphia and the University
of Pennsylvania, U54 HD086984. The CNDR has been supported by
the NIH/National Institute on Aging AG010124.

Competing interests
The authors have declared no conflicts of interest.

Supplementary material
Supplementary material is available at Brain online.

References
1. Zott B, Busche MA, Sperling RA, Konnerth A. What happens

with the circuit in Alzheimer’s disease in mice and humans?
Annu Rev Neurosci. 2018;41(1):277–297.

2. Amatniek JC, Hauser WA, DelCastillo-Castaneda C, et al.
Incidence and predictors of seizures in patients with
Alzheimer’s disease. Epilepsia. 2006;47(5):867–872.

3. Vossel KA, Tartaglia MC, Nygaard HB, Zeman AZ, Miller BL.
Epileptic activity in Alzheimer’s disease: Causes and clinical
relevance. Lancet Neurol. 2017;16(4):311–322.

4. Johnson EL, Krauss GL, Kucharska-Newton A, et al. Dementia
in late-onset epilepsy: The Atherosclerosis Risk in
Communities study. Neurology. 2020;95(24):e3248–e3256.

5. Lam AD, Sarkis RA, Pellerin KR, et al. Association of epilepti-
form abnormalities and seizures in Alzheimer disease.
Neurology. 2020;95(16):e2259–e2270.

6. Stefanidou M, Beiser AS, Himali JJ, et al. Bi-directional associ-
ation between epilepsy and dementia: The Framingham Heart
Study. Neurology. 2020;95(24):e3241–e3247.

7. Duyckaerts C, Delatour B, Potier MC. Classification and basic
pathology of Alzheimer disease. Acta Neuropathol. 2009;118(1):
5–36.

8. Gourmaud S, Shou H, Irwin DJ, et al. Alzheimer-like amyloid
and tau alterations associated with cognitive deficit in tem-
poral lobe epilepsy. Brain. 2020;143(1):191–209.

9. Mackenzie IR, Miller LA. Senile plaques in temporal lobe epi-
lepsy. Acta Neuropathol. 1994;87(5):504–510.

10. Tai XY, Koepp M, Duncan JS, et al. Hyperphosphorylated tau in
patients with refractory epilepsy correlates with cognitive de-
cline: A study of temporal lobe resections. Brain. 2016;139(9):
2441–2455.

11. Thom M, Liu JY, Thompson P, et al. Neurofibrillary tangle path-
ology and Braak staging in chronic epilepsy in relation to trau-
matic brain injury and hippocampal sclerosis: A post-mortem
study. Brain. 2011;134(10):2969–2981.

114 | BRAIN 2022: 145; 324–339 S. Gourmaud et al.

related and co-localized with elevated NKCC1:KCC2 ratios in

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/145/1/324/6321945 by U

niversity of Pennsylvania Library user on 10 M
ay 2022

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab268#supplementary-data


12. DeVos SL, Goncharoff DK, Chen G, et al. Antisense reduction of
tau in adult mice protects against seizures. J Neurosci. 2013;
33(31):12887–12897.

13. Holth JK, Bomben VC, Reed JG, et al. Tau loss attenuates neur-
onal network hyperexcitability in mouse and Drosophila gen-
etic models of epilepsy. J Neurosci. 2013;33(4):1651–1659.

14. Palop JJ, Mucke L. Epilepsy and cognitive impairments in
Alzheimer disease. Arch Neurol. 2009;66(4):435–440.

15. Westmark CJ, Westmark PR, Beard AM, Hildebrandt SM, Malter
JS. Seizure susceptibility and mortality in mice that over-ex-
press amyloid precursor protein. Int J Clin Exp Pathol. 2008;
1(2):157–168.

16. Born HA. Seizures in Alzheimer’s disease. Neuroscience. 2014;
286:251–263.

17. Oakley H, Cole SL, Logan S, et al. Intraneuronal beta-amyloid
aggregates, neurodegeneration, and neuron loss in transgenic
mice with five familial Alzheimer’s disease mutations:
Potential factors in amyloid plaque formation. J Neurosci. 2006;
26(40):10129–10140.

18. Abe Y, Ikegawa N, Yoshida K, et al. Behavioral and electro-
physiological evidence for a neuroprotective role of aqua-
porin-4 in the 5xFAD transgenic mice model. Acta Neuropathol
Commun. 2020;8(1):67.

19. Devi L, Ohno M. Genetic reductions of beta-site amyloid pre-
cursor protein-cleaving enzyme 1 and amyloid-beta amelior-
ate impairment of conditioned taste aversion memory in
5XFAD Alzheimer’s disease model mice. Eur J Neurosci. 2010;
31(1):110–118.

20. Kimura R, Ohno M. Impairments in remote memory stabiliza-
tion precede hippocampal synaptic and cognitive failures in
5XFAD Alzheimer mouse model. Neurobiol Dis. 2008;33(2):
229–235.

21. Schneider F, Baldauf K, Wetzel W, Reymann KG. Behavioral
and EEG changes in male 5xFAD mice. Physiol Behav. 2014;135:
25–33.

22. Volicer L, Smith S, Volicer BJ. Effect of seizures on progression
of dementia of the Alzheimer type. Dementia. 1995;6(5):
258–263.

23. Yan XX, Cai Y, Shelton J, et al. Chronic temporal lobe epilepsy
is associated with enhanced Alzheimer-like neuropathology
in 3!Tg-AD mice. PLoS One. 2012;7(11):e48782.

24. Cumbo E, Ligori LD. Levetiracetam, lamotrigine, and pheno-
barbital in patients with epileptic seizures and Alzheimer’s
disease. Epilepsy Behav. 2010;17(4):461–466.

25. Fleisher AS, Truran D, Mai JT, et al.; For the Alzheimer’s
Disease Cooperative Study. Chronic divalproex sodium use
and brain atrophy in Alzheimer disease. Neurology. 2011;77(13):
1263–1271.

26. Liu J, Wang L-N, Wu L-Y, Wang Y-P. Treatment of epilepsy for
people with Alzheimer’s disease. Cochrane Database Syst Rev.
2018;12(12):Cd011922.

27. Huang X, Zhang H, Yang J, et al. Pharmacological inhibition of
the mammalian target of rapamycin pathway suppresses
acquired epilepsy. Neurobiol Dis. 2010;40(1):193–199.

28. Zeng LH, Rensing NR, Wong M. The mammalian target of rapa-
mycin signaling pathway mediates epileptogenesis in a model
of temporal lobe epilepsy. J Neurosci. 2009;29(21):6964–6972.

29. Talos DM, Sun H, Zhou X, et al. The interaction between early
life epilepsy and autistic-like behavioral consequences: A role
for the mammalian target of rapamycin (mTOR) pathway. PLoS
One. 2012;7(5):e35885.

30. Lippman-Bell JJ, Rakhade SN, Klein PM, et al. AMPA receptor
antagonist NBQX attenuates later-life epileptic seizures and
autistic-like social deficits following neonatal seizures.
Epilepsia. 2013;54(11):1922–1932.

31. Talos DM, Jacobs LM, Gourmaud S, et al. Mechanistic target of
rapamycin complex 1 and 2 in human temporal lobe epilepsy.
Ann Neurol. 2018;83(2):311–327.

32. Crino PB. mTOR signaling in epilepsy: Insights from malforma-
tions of cortical development. Cold Spring Harb Perspect Med.
2015;5(4):a022442.

33. Buckmaster PS, Ingram EA, Wen X. Inhibition of the mamma-
lian target of rapamycin signaling pathway suppresses den-
tate granule cell axon sprouting in a rodent model of temporal
lobe epilepsy. J Neurosci. 2009;29(25):8259–8269.

34. Carosi JM, Sargeant TJ. Rapamycin and Alzheimer disease: A
double-edged sword? Autophagy. 2019;15(8):1460–1462.

35. Goto J, Talos DM, Klein P, et al. Regulable neural progenitor-
specific Tsc1 loss yields giant cells with organellar dysfunction
in a model of tuberous sclerosis complex. Proc Natl Acad Sci
USA. 2011;108(45):E1070–9.

36. Overwater IE, Rietman AB, Bindels-de Heus K, et al. Sirolimus
for epilepsy in children with tuberous sclerosis complex: A
randomized controlled trial. Neurology. 2016;87(10):1011–1018.

37. Caccamo A, Magrı̀ A, Medina DX, et al. mTOR regulates tau
phosphorylation and degradation: Implications for
Alzheimer’s disease and other tauopathies. Aging Cell. 2013;
12(3):370–380.

38. Cai Z, Chen G, He W, Xiao M, Yan LJ. Activation of mTOR: A cul-
prit of Alzheimer’s disease? Neuropsychiatr Dis Treat. 2015;11:
1015–1030.

39. Oddo S. The role of mTOR signaling in Alzheimer disease.
Front Biosci (Schol Ed). 2011;4:941–952.

40. Wang JZ, Xia YY, Grundke-Iqbal I, Iqbal K. Abnormal hyper-
phosphorylation of tau: Sites, regulation, and molecular
mechanism of neurofibrillary degeneration. J Alzheimers Dis.
2013;33(Suppl 1):S123–39.

41. Rabinowicz T, Dean DE, Petetot JM, de Courten-Myers GM.
Gender differences in the human cerebral cortex: more neu-
rons in Males; More processes in females. J Child Neurol. 1999;
14(2):98–107.

42. Griffith JL, Wong M. The mTOR pathway in treatment of epi-
lepsy: A clinical update. Future Neurol. 2018;13(2):49–58.

43. Biever A, Valjent E, Puighermanal E. Ribosomal protein S6
phosphorylation in the nervous system: From regulation to
function. Front Mol Neurosci. 2016;8:75.

44. Pei J-J, An W-L, Zhou X-W, et al. P70 S6 kinase mediates tau
phosphorylation and synthesis. FEBS Lett. 2005;580(1):107–114.

45. Kim EK, Choi E-J. Compromised MAPK signaling in human dis-
eases: An update. Arch Toxicol. 2015;89(6):867–882.

46. Nateri AS, Raivich G, Gebhardt C, et al. ERK activation causes
epilepsy by stimulating NMDA receptor activity. EMBO J. 2007;
26(23):4891–4901.

47. Winter JN, Jefferson LS, Kimball SR. ERK and Akt signaling
pathways function through parallel mechanisms to promote
mTORC1 signaling. Am J Physiol Cell Physiol. 2011;300(5):
C1172–C1180.

48. Busquets O, Ettcheto M, Cano A, et al. Role of c-Jun N-Terminal
Kinases (JNKs) in epilepsy and metabolic cognitive impair-
ment. Int J Mol Sci. 2019;21(1):255.

49. Yarza R, Vela S, Solas M, Ramirez MJ. c-Jun N-terminal Kinase
(JNK) signaling as a therapeutic target for Alzheimer’s Disease.
Rev Front Pharmacol. 2016;6(321):321–2016

50. Standen CL, Brownlees J, Grierson AJ, et al. Phosphorylation of
thr(668) in the cytoplasmic domain of the Alzheimer’s disease
amyloid precursor protein by stress-activated protein kinase
1b (Jun N-terminal kinase-3). J Neurochem. 2001;76(1):316–320.

51. Zeke A, Misheva M, Rem!enyi A, Bogoyevitch MA. JNK signaling:
Regulation and functions based on complex protein-protein
partnerships. Microbiol Mol Biol Rev. 2016;80(3):793–835.

115|BRAIN 2022: 145; 324–339Seizures exacerbate Alzheimer’s disease

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/145/1/324/6321945 by U

niversity of Pennsylvania Library user on 10 M
ay 2022



52. Dhir A. Pentylenetetrazol (PTZ) kindling model of epilepsy.
Curr Protoc Neurosci. 2012;Chapter 9:Unit9.37.

53. Racine RJ. Modification of seizure activity by electrical stimula-
tion. II. Motor seizure. Electroencephalogr Clin Neurophysiol. 1972;
32(3):281–294.

54. Puzzo D, Lee L, Palmeri A, Calabrese G, Arancio O. Behavioral
assays with mouse models of Alzheimer’s disease: Practical
considerations and guidelines. Biochem Pharmacol. 2014;88(4):
450–467.

55. Sadleir KR, Eimer WA, Cole SL, Vassar R. Abeta reduction in
BACE1 heterozygous null 5XFAD mice is associated with trans-
genic APP level. Mol Neurodegener. 2015;10:1.

56. Lee MS, Kao SC, Lemere CA, et al. APP processing is regulated
by cytoplasmic phosphorylation. J Cell Biol. 2003;163(1):83–95.

57. Rudy B, Fishell G, Lee S, Hjerling-Leffler J. Three groups of
interneurons account for nearly 100% of neocortical
GABAergic neurons. Dev Neurobiol. 2010;71(1):45–61.

58. Berdugo-Vega G, Arias-Gil G, López-Fernández A, et al.
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