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Alzheimer-like amyloid and tau alterations
associated with cognitive deficit in temporal
lobe epilepsy

Sarah Gour‘maud,I Haochang Shou,2 David ). Ir'win,"3 Kimberly Sansalone,I
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Temporal lobe epilepsy represents a major cause of drug-resistant epilepsy. Cognitive impairment is a frequent comorbidity, but the
mechanisms are not fully elucidated. We hypothesized that the cognitive impairment in drug-resistant temporal lobe epilepsy could be
due to perturbations of amyloid and tau signalling pathways related to activation of stress kinases, similar to those observed in
Alzheimer’s disease. We examined these pathways, as well as amyloid-p and tau pathologies in the hippocampus and temporal lobe
cortex of drug-resistant temporal lobe epilepsy patients who underwent temporal lobe resection (z = 19), in comparison with age- and
region-matched samples from neurologically normal autopsy cases (7 = 22). Post-mortem temporal cortex samples from Alzheimer’s
disease patients (7 = 9) were used as positive controls to validate many of the neurodegeneration-related antibodies. Western blot and
immunohistochemical analysis of tissue from temporal lobe epilepsy cases revealed increased phosphorylation of full-length amyloid
precursor protein and its associated neurotoxic cleavage product amyloid-p*56. Pathological phosphorylation of two distinct tau
species was also increased in both regions, but increases in amyloid-B; 4> peptide, the main component of amyloid plaques, were
restricted to the hippocampus. Furthermore, several major stress kinases involved in the development of Alzheimer’s disease pathology
were significantly activated in temporal lobe epilepsy brain samples, including the c-Jun N-terminal kinase and the protein kinase R-like
endoplasmic reticulum kinase. In temporal lobe epilepsy cases, hippocampal levels of phosphorylated amyloid precursor protein, its
pro-amyloidogenic processing enzyme beta-site amyloid precursor protein cleaving enzyme 1, and both total and hyperphosphorylated
tau expression, correlated with impaired preoperative executive function. Our study suggests that neurodegenerative and stress-related
processes common to those observed in Alzheimer’s disease may contribute to cognitive impairment in drug-resistant temporal lobe
epilepsy. In particular, we identified several stress pathways that may represent potential novel therapeutic targets.
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Introduction

Temporal lobe epilepsy (TLE) is one of the most common
forms of focal epilepsy in adolescents and adults (Tellez-
Zenteno and Hernandez-Ronquillo, 2012). Approximately
one-third of patients are drug-resistant, for which surgical re-
section is a potentially curative treatment (Hernandez-
Ronquillo et al, 2016; Asadi-Pooya et al, 2017).
Hippocampal sclerosis is the most common histopathological
finding in surgical tissue from patients with TLE (Blumcke
et al., 2017). Cognitive comorbidities in TLE can be significant
and not only limited to memory deficits, but can also encom-
pass a wide range of cognitive domains including language,
executive function, attention and processing speed (Jensen,
2011; Elverman et al., 2019). Cognitive disability is greater
in patients with drug-resistant epilepsy and frequent interictal
spikes, suggesting direct effects of the epileptogenic process
(Kleen et al., 2013; Gelinas et al., 2016; Ung et al., 2017).
Alternatively, cognitive impairment may already be present at
disease onset or even before seizures manifest (Taylor et al.,
20105 Osler et al., 2018), implying shared underlying mechan-
isms. Given that mechanisms for cognitive impairment in TLE
are unknown, treatment options for cognitive dysfunction in
epilepsy are limited.

Several lines of evidence suggest that the same mechan-
isms associated with pathological brain ageing and neuro-
degeneration might also be responsible for cognitive
dysfunction in patients with epilepsy. Strikingly, patients
with therapy-resistant chronic epilepsy show imaging char-
acteristics of advanced brain ageing (Pardoe et al., 2017),
increased amyloid-B4, burden (Joutsa et al., 2017) and
accelerated ventricular expansion (Dabbs et al., 2012),
similar to characteristics seen in neurodegenerative cogni-
tive disorders such as Alzheimer’s disease.

The cellular and molecular basis for cognitive decline in
Alzheimer’s disease is the progressive accumulation of
hyperphosphorylated tau (p-tau) protein in neurofibrillary
tangles, the production of neurotoxic amyloid-Bg4, species,
including soluble amyloid-B*56, and the extracellular amyl-
oid-B4, accumulation into insoluble amyloid plaques
(Cleary et al., 2005; Di et al., 2016). Amyloid-B4, is pro-
duced via amyloidogenic processing of the amyloid precur-
sor protein (APP) by B-site amyloid precursor protein
cleaving enzyme 1 (BACE1) and y-secretase (O’Brien and

Wong, 2011) (Fig. 1). Tau phosphorylation, a prerequisite
for tau aggregation and toxicity, is regulated by several
protein kinases and phosphatases, including c-Jun N-ter-
minal kinase (JNK), p70 ribosomal protein S6 kinase
(p70S6K), glycogen synthase kinase 3 (GSK-3B), cyclin-
dependent kinase 5 (CDKS5) and protein phosphatase 2A
(PP2A) (Martin et al., 2013; Wang et al., 2013).

Neurodegenerative processes including increased expres-
sion of APP and occasional presence of amyloid plaques
and neurofibrillary tangles have been observed in brain spe-
cimens from drug-resistant epilepsy cases, including patients
with TLE, tuberous sclerosis complex, focal cortical dyspla-
sia and glioneuronal tumours (Mackenzie and Miller, 1994;
Sheng et al., 1994; Thom et al., 2011; Iyer et al., 2014; Sima
et al., 2014; Prabowo et al., 2015; Puvenna et al., 2016; Tai
et al., 2016). APP and amyloid-B4, increases have also been
found in other diseases associated with seizures and cogni-
tive impairment, such as Down syndrome and fragile X syn-
drome (Westmark et al., 2016; Perez et al., 2019).

These associations raise the possibility that hyperexcitable
networks may trigger neurodegenerative changes and that ac-
tivity-dependent signalling may play a role. One such link
may be the mechanistic target of rapamycin (mTOR), which
has been implicated in epileptogenesis and its cognitive
comorbidities (Zeng et al., 2009; Huang et al., 2010; Talos
et al., 2012; Lippman-Bell et al., 2013). The mTOR pathway
is profoundly dysregulated in human TLE (Talos et al., 2018)
and Alzheimer’s disease (Sun et al., 2014). mTOR is involved
in amyloid-B4, generation and clearance, tau protein synthesis
and tau phosphorylation (Pei et al., 2006; Caccamo et al.,
2010, 2013, 2015; Tang et al., 2015) (Fig. 1). The mTOR
pathway is also linked to endoplasmic reticulum stress (Di
Nardo et al., 2009; Appenzeller-Herzog and Hall, 2012),
which has been implicated in early stages of Alzheimer’s dis-
ease pathology (O’Connor et al., 2008; Hoozemans et al.,
2012; Devi and Ohno, 2014) and observed in several acute
seizure models (Carnevalli et al., 2006; Torres-Peraza et al.,
2013; Chen et al., 2014), but less studied in human TLE.

The goal of the present study was to build upon existing
evidence for a relationship between amyloid and tau pathol-
ogies, cognitive dysfunction and epileptogenesis in drug-re-
sistant TLE and to further elucidate specific signalling
elements involved. We hypothesized that uncontrolled seiz-
ures, mTOR activation and cellular stress may synergize to
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Figure | Hypotheses for the accumulation of amyloid-f4; and tau pathology linked to cognitive impairment and epileptogenesis
in TLE. Following seizures, activation of surface receptors, including excitatory neurotransmitter receptors, activates the mTOR pathway leading to
an increase in endoplasmic reticulum (ER) stress and oxidative stress. Chronic activation of cell stress pathways leads to neuronal death and
subsequent cognitive impairment. ER stress activates PERK, which in turn phosphorylates and activates elF2w, causing a general inhibition of protein
synthesis leading to neuronal death. At the same time, phosphorylated (circled P) elF2« de-represses the translation of BACEI mRNA, increasing the
amyloidogenic processing of APP, a process further augmented following APP phosphorylation (circled P). The amyloidogenic processing of APP
(represented by large scissors) by [3-secretase BACEI results in the release of soluble APPJ (sAPPB), while the subsequent cleavage of the remaining
transmembrane APP portion (represented by small scissors) by y-secretase generates the amyloid-f4, peptide. In a similar fashion, the non-
amyloidogenic processing of APP by a-secretase ADAMI0 and y-secretase results in the release of soluble APP« (sAPP) and the p3 peptide. While
also further inducing mTOR activity, ER stress, and oxidative stress, amyloid-4, peptides increase the expression of neprilysin (NEP), a major
amyloid-B4,-degrading enzyme participating in amyloid-f4, clearance. The ribosomal protein kinase p70S6K, a downstream target of activated
mTOR, induces the synthesis of tau and BACEI proteins and directly phosphorylates tau (circled P). Cellular stress also leads to activation of pro-
apoptotic JNK, in addition to inhibiting PP2A activity. PP2A is a major tau phosphatase and its activation leads to decreased tau phosphorylation. JNK

phosphorylates APP and tau protein (circled P), and induces BACE! transcription (not shown).

increase APP, tau, and BACE1 levels to accelerate amyloid-
B42 production and tau pathology, and thus cause neuronal
dysfunction and cognitive impairment in the setting of TLE
(Fig. 1). These links have not yet been established, and if
identified could reveal potential novel therapeutic targets for
management of seizures and their cognitive consequences.

Materials and methods

Study population

The TLE group consisted of 19 patients (9 males/10 females)
with drug-resistant epilepsy who underwent anterior temporal
lobe resections at the Hospital of the University of Pennsylvania,
Philadelphia, PA (z = 14), the Children’s Hospital of
Philadelphia (z = 2) and the Boston Children’s Hospital, MA
(n = 3), as part of their epilepsy treatment. Written informed
consent for the use of brain tissue and review of medical records
was obtained from all patients before surgery according to the
Declaration of Helsinki. The study was approved by the
Institutional Review Board at each institution. The mean age
at surgery was 29 years (range 10-56). The majority of cases

(63.2%; n = 12) presented with hippocampal sclerosis (Blumcke
et al., 2013). A subset of patients (26.3%; n = 5) were diag-
nosed with dual pathology, defined by the presence of a primary
lesion within the ipsilateral temporal lobe or hemisphere
(Blumcke et al., 2011), and consisting of focal cortical dysplasia
type Ila (n = 2), dysembryoplastic neuroepithelial tumour (n =
1), periventricular heterotopia (z = 1) and leptomeningeal vas-
cular malformation (#z = 1) (Supplementary Table 1).

The control cases (n = 22; 16 males/6 females) were ob-
tained from the NIH NeuroBioBank and the Institute on
Aging, Center for Neurodegenerative Disease Research (IOA-
CNDR) of the University of Pennsylvania (Supplementary
Table 2). All samples were collected post-mortem. The mean
age at death was 37.7 years (range 4-67). All control cases
were diagnosed as histologically normal and none of the cases
had a known history of epilepsy, dementia, or any other
neurological or psychiatric illness. All control patients died
of non-neurological causes. In addition, post-mortem temporal
lobe specimens from Alzheimer’s disease patients (# = 9; four
males/five females) were included as a positive control group.
Samples were obtained from the IOA-CNDR. The mean age at
death was 77.9 years (range 64-91) (Supplementary Table 2).
Alzheimer’s disease diagnosis was established based on clinical
history, neurological and neuropsychological assessment, and
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neuropathological staging of related changes (amyloid-p pla-
ques, Braak stage, neuritic plaques) (McKhann et al., 2011).
All patients had sporadic Alzheimer’s disease and presented
advanced pathology (Braak 5-6 and Thal 5), but no reported
seizure history.

Research involving human participants

All procedures performed in studies involving human partici-
pants were in accordance with the ethical standards of the
institutional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or com-
parable ethical standards. This report does not contain any
studies with animals performed by any of the authors.
Informed consent was obtained from all individual participants
included in the study.

Neuropsychological assessment

All TLE patients underwent routine pre-surgical neuropsycho-
logical examination, including IQ measurements and assess-
ment of memory (episodic verbal memory and episodic
visuospatial memory), language and executive function. We
only used the adult cognitive data for correlation studies (n
= 14), given the lack of equivalence between the adult and
paediatric cognitive datasets. No correlative analyses were per-
formed in Alzheimer’s disease, as cognitive assessment was not
uniform and performed over variable periods prior to death.
Test percentile scores, based on their respective demographic
norms (age, gender, etc.), were converted into z-scores.
Detailed cognitive data for adult TLE cases are presented in
Supplementary Table 3 and the Supplementary material, meth-
ods section.

Protein analysis and
immunohistochemistry

Frozen samples from anatomically comparable regions con-
taining similar amounts of white and grey matter in all sub-
jects, were homogenized and used for western blot analysis.
Formalin-fixed paraffin-embedded tissue blocks were sectioned
at 6 pm and subjected to either diaminobenzidine or fluores-
cence immunohistochemistry procedures. Additional immuno-
histochemistry was carried out on 4% paraformaldehyde-fixed
(20—pum sections) or isotonic 70% ethanol (6—um sections) to
confirm antigen preservation and rule out potential artefacts
due to formalin fixation. All samples were processed using
standard protocols and solutions (Gourmaud et al., 2015;
Talos et al., 2018). Primary antibody characterization, includ-
ing previous studies demonstrating their specificity, can be
found in the Supplementary material, methods section.
Specificity was further determined by western blotting
(Supplementary Fig. 1).

Statistical analysis

Western blot data were expressed as fold-change or percentage
relative to age-adjusted controls. Markers were first screened by
comparing group means using two-tailed Student #-test (normal
distribution) or Mann-Whitney test (skewed distribution) with
GraphPad Prism 7 (San Diego, CA). The D’Agostino-Pearson
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test was used to assess the normality of each distribution (Prism
7). Detailed statistical data, with unadjusted P-values, group
sizes, distribution normality, and confidence intervals are pre-
sented in Supplementary Table 4. Merged group data are illu-
strated as box-and-whisker plots indicating minimum and
maximum, first and third quartile, and median values.
Relative protein levels for individual markers in TLE and con-
trol groups were further analysed via multivariate linear regres-
sion models adjusting for age at surgery and gender: Model 1
comparing epilepsy with controls, Model 2 stratifying epilepsy
cases by the presence or absence of hippocampal sclerosis, and
Model 3 stratifying by seizure focus location (R Core Team,
Vienna, Austria). Wald tests of the regression coefficients were
used to determine significance and multiple comparisons were
corrected with Benjamini and Hochberg false discovery rate
method for multiple testing (22 markers and three models) (R
software). Adjusted and corrected P-values, with beta coeffi-
cients, are presented in Supplementary Table 5. Partial correl-
ation analyses of pairwise western blot markers were adjusted
for the effect of gender, age at surgery and disease duration
(Partial correlation, R software). As cognitive test results were
already expressed as z-scores following age and gender correc-
tion, we did not further adjust for covariates and used Pearson
correlation coefficients (Prism 7) to examine potential associ-
ations between cognitive function and protein markers.
Regression analyses were also performed to determine the
effect of post-mortem interval on individual protein expression
levels. Test results were considered significant at P < 0.05.

Data availability

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

Results

Increased APP expression and
phosphorylation in human
temporal lobe epilepsy

Western blot analysis using an antibody that specifically
recognizes amino acids 66-81 of APP (clone 22C11;
Supplementary Fig. 1A, top) (Hilbich et al., 1993), demon-
strated a significant increase in full-length APP expression
in TLE hippocampus (172% of controls, P < 0.01), but no
change in TLE cortex (Fig. 2A). As the phosphorylation of
APP at threonine 668 (Thr668) facilitates APP amyloido-
genic processing and Alzheimer’s disease pathology
(Lee et al., 2003), we next analysed the expression of phos-
phorylated APP (Thr668) (pAPP; antibody clone D90BS;
Supplementary Fig. 1A, bottom) and found increased
levels in both TLE hippocampus (249% of controls, P <
0.01) and temporal cortex (237% of controls, P < 0.0001)
(Fig. 2B). The observed group differences for APP and pAPP
(Supplementary Table 4) remained statistically significant in
both brain regions after adjusting for age at surgery and
gender, and correcting for the number of analysed markers
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Figure 2 Increased expression and phosphorylation of APP in human drug-resistant TLE. (A and B) Western blot quantification of
(A) total APP and (B) phospho-APP [Thr668] in the hippocampus and temporal cortex from TLE, Alzheimer’s disease and control patients. Data
are represented as box-and-whisker plots showing the minimum value, the first quartile, the median, the third quartile, and the maximum value.
Each group is compared to its respective age-matched control group using two-tailed Student t-test (normal distribution) or Mann-Whitney test
(skewed distribution). *P < 0.05, **P < 0.01, ****P < 0.0001. Detailed statistical data are provided in Supplementary Table 4. (C) Representative
western blot images showing non-adjacent bands originating from the same blot. (D) Representative hippocampal section from a 37-year-old
control subject (Ctrl | 1) stained with haematoxylin and eosin (H&E) indicating the subfields imaged for staining illustrations: subiculum (SUB),
Cornu Ammonis (CAI to CA4), and dentate gyrus (DG) with its discernible granule cell layer. (E) Photomicrographs showing the hippocampal
CA| pyramidal cell layer from (E1) a 37-year-old control subject (Ctrl I 1); (E2) a 29-year-old TLE patient with hippocampal sclerosis type Il (TLE
12), (E3) the CAI pyramidal cell layer, and (E4) the molecular layer of the SUB region from a 20-year-old TLE patient with hippocampal sclerosis
type | (TLE 6); each immunolabelled with APP antibody (clone 22C1 |) or co-immunolabelled with APP (red), astrocytic marker GFAP (green), and
nuclear stain DAPI (blue). Images show enhanced intra-neuronal APP labelling in the TLE hippocampus (E2) relative to control (El), no detectable
APP expression in the astrocytes (E3), and the presence of occasional extracellular APP depositions suggestive of diffuse amyloid plaques (E4).
Note the similarities between the diaminobenzidine (E2) and the immunofluorescence (E3) APP signal. (F) Representative images of the temporal
cortex from (F1) a 55-year-old control subject (Ctrl 15), (F2) a 29-year-old, (F3) a 24-year-old, and (F4) a 38-year-old TLE patient (TLE 12, TLE 7
and TLE 14, respectively), alongside with temporal cortex images from (F5) a 65-year-old Alzheimer’s disease patient (AD 8); each labelled with
APP (22C1 1) or co-immunolabelled with APP (red), GFAP (green), and DAPI (blue). Images demonstrate no apparent differences in neuronal APP
expression between TLE (F2) and control cortex (F1), despite the presence of occasional amyloid plaque-like extracellular deposits (F3 and F4),
similar to what is observed in the Alzheimer’s disease case (F5). Diaminobenzidine (F3) and immunofluorescence (F4) APP labelling showing
comparable signal patterns and the lack of APP co-localization with GFAP in the TLE cases (F4). Scale bars = 1000 pm in D, 100 pm in E1-3, FI1—
5; 10 um in E4; insets = 10 pum.
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(Supplementary Table 5). Alzheimer’s disease temporal
cortex showed a similar increase in pAPP expression
(204% of controls, P < 0.001), as expected, but no
change in full-length APP levels (Kirouac et al., 2017).

Immunohistochemistry  for APP  protein  revealed
increased intraneuronal staining in TLE samples compared
to controls [Fig. 2E(1-2) and F(1-2)], as previously
described (Sheng et al., 1994; Sima et al., 2014). In the
TLE hippocampus, APP was mostly expressed in the sub-
iculum and CA1-CA4 pyramidal cell layer [Fig. 2E(2-4)
and Supplementary Fig. 2A]. Double labelling with GFAP
demonstrated little to no APP expression in astrocytes
[Fig. 2E(3)]. APP was occasionally seen in endothelial
cells (data not shown). In the temporal cortex, neuronal
APP staining was observed throughout all layers
[Fig. 2F(2)]. In 3 of 11 TLE cases (27%), we detected
extracellular APP depositions with morphological charac-
teristics suggestive of diffuse amyloid plaques [Fig. 2E(4)
and F(3-4)], distinct from the fibrillar plaques seen in
Alzheimer’s disease cases [Fig. 2F(5)]. The plaque-like de-
posits in TLE samples were rather rare (n = 1-3 plaques/
section) and occurred in the hippocampus, predominantly
in the subiculum, as well as in the temporal cortex, mostly
in the upper layers (Supplementary Fig. 2A).

Upregulation of amyloidogenic
APP cleavage products in temporal
lobe epilepsy

Given the elevated APP levels, we next assessed the expres-
sion of several APP cleavage products resulting from non-
amyloidogenic [soluble (s)APPa| or amyloidogenic (sAPPB
and amyloid-B4, peptide) processing (Supplementary Fig.
1B) (O’Brien and Wong, 2011). SAPPa expression
was increased in TLE hippocampus (147% of controls,
P < 0.05), but not in temporal cortex (Fig. 3A).
However, the adjustment for covariates and the correction
for multiple testing rendered hippocampal sAPPa expres-
sion not significant. SAPPB protein was not significantly
changed in TLE (Fig. 3B), most likely due to rapid degrad-
ation (Morales-Corraliza et al., 2009). Western blot ana-
lysis for amyloid-B4, (antibody clone MOAB-2; Fig. 3C-E
and Supplementary Fig. 1C) (Youmans et al., 2012) re-
vealed three main species: a band at 56 kDa (dodecameric
non-fibrillar amyloid-f*56), a band at 25 kDa (amyloid-
B4y fibrillar hexamers), and a smear ranging from 2 to
15 kDa (amyloid-B4>, monomers and fibrillar dimers).
The expression of amyloid-B*56 (Fig. 3C) was significantly
upregulated in TLE hippocampus (253% of controls, P <
0.0001) and temporal cortex (270% of controls, P <
0.001), while amyloid-B4, (merged data obtained for hex-
amers, dimers and monomers) was upregulated exclusively
in the hippocampus (239% of controls, P < 0.01)
(Fig. 3D). Both amyloid-B*56 and amyloid-B4, remained
statistically significant after adjusting for covariates and
correcting for the number of markers (Supplementary
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Tables 4 and 5). Similarly, in Alzheimer’s disease temporal
cortex, sSAPPa and sAPPB expression was not significantly
altered, while both amyloid-*56 and amyloid-B4, levels
were significantly increased (211% of controls, P < 0.01
and 341% of controls, P < 0.01, respectively).

Immunohistochemistry for amyloid-B4, revealed punctate
amyloid-B4, immunoreactivity in both neurons and endothe-
lial cells in the TLE hippocampus (Fig. 3G) and temporal
cortex (Fig. 3H), as opposed to controls where the expres-
sion was low or undetectable. In the hippocampus, intra-
neuronal amyloid-B4, was found mostly in the CA
pyramidal cells, while intra-endothelial amyloid-B4, was
found in all regions, including the CA1 stratum lacunosum
moleculare, as illustrated in Fig. 3G. In the TLE temporal
cortex, amyloid-B4, expression was observed throughout all
layers, presenting as intraneuronal, intra-endothelial and
extracellular granular labelling, but was much less robust
compared to Alzheimer’s disease tissue showing strong
extracellular amyloid-B4, immunoreactivity consistent with
fibrillar, compact, and cored amyloid plaques (Fig. 3H).

To assess whether upregulation of amyloid-B4; in TLE
could be related to an impairment of amyloid clearance, as
previously observed in Alzheimer’s disease (Kurz and
Perneczky, 2011), we quantified the expression of neprilysin,
the main amyloid-B4, degrading enzyme. Neprilysin was sig-
nificantly increased in TLE hippocampus (330% of controls,
P < 0.01), but not in temporal cortex (Supplementary Fig.
3), although the difference was no longer significant after
adjustment and correction (Supplementary Tables 4 and
5). Neprilysin expression was unchanged in Alzheimer’s dis-
ease temporal cortex.

Differential expression of APP
processing enzymes ADAMI0 and
BACEI in temporal lobe epilepsy

Since we found an upregulation of amyloidogenic APP
cleavage products in TLE, we then analysed the expression
of the main APP processing enzymes ADAM10 (non-amy-
loidogenic processing) and BACE1 (amyloidogenic process-
ing) (O’Brien and Wong, 2011). By western blotting, we
found no change in ADAM10 expression in TLE hippo-
campus and temporal cortex (Fig. 4A), in contrast to
BACE1 expression, which was significantly increased in
both brain regions (159% of controls, P < 0.05 in the
hippocampus and 189% of controls, P < 0.0001 in the
temporal cortex). After adjustment and correction, BACE1
expression remained significantly increased only in the tem-
poral cortex (Supplementary Tables 4 and 5). A similar
pattern was observed in Alzheimer’s disease cases, where
there was no change in ADAM10, but a significant increase
in BACE1 expression (181% of controls, P < 0.01)
(Fig. 4B).

Immunohistochemistry analysis for ADAM10 and BACE1
revealed a predominant intraneuronal expression pattern in
both brain regions, most prominent in the large pyramidal
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Figure 3 Increased expression of sAPPg amyloid-p*56 and amyloid-4; in human drug-resistant TLE. (A-D) Western blot
quantification of (A) sAPPg, (B) sAPPf} (C) amyloid-B*56, and (D) amyloid-Ba, (average of amyloid-B4, hexamers, dimers and monomers) in the
hippocampus and temporal cortex of TLE, Alzheimer’s disease (AD) and control patients. Box-and-whisker plots display the minimum value, the
first quartile, the median, the third quartile, and the maximum value. Each group is compared to its respective age-matched control group using
two-tailed Student t-test (normal distribution) or Mann-Whitney test (skewed distribution). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Detailed statistical data are provided in Supplementary Table 4. (E) Representative western blot bands for the box-and-whisker plot graphs shown
in A-D. Each lane shows non-adjacent bands from the same hippocampus or cortex blot. (F) Representative hippocampal section from a 38-year-
old TLE patient without hippocampal sclerosis (TLE 14) stained for neurofilaments (NF) indicating the cellular layers for individual regions: stratum
oriens (So), stratum pyramidale (Sp), stratum radiatum (Sr), and stratum lacunosum moleculare (SIm) for subiclulm (SUB) and CA|—4, and stratum
moleculare (Sm), stratum granulare (Sg) and hilus (not shown) for dentate gyrus (DG). (G) Representative images of the hippocampal CAl from a
55-year-old control subject (Ctrl 15) and from a 38-year-old TLE patient without hippocampal sclerosis (TLE 14) labelled with amyloid-B4,
antibody (clone MOAB-2), showing more frequent intracellular amyloid-B4, accumulation in neuronal cell bodies and endothelial cells of blood
vessels (asterisks) in the TLE case versus control. (H, middle left) Temporal lobe cortex from the same cases shown in G immunohistochemically
labelled with amyloid-B4, (MOAB-2), demonstrating occasional intracellular amyloid-f4, expression in endothelial cells (asterisks), as well as
granular extracellular amyloid-B4, immunoreactivity (arrows) in TLE patient samples, but not in the control case. (H, right) Representative images
of temporal lobe cortex from a 70-year-old Alzheimer’s disease patient (AD 3) labelled with the same anti-amyloid-4;, monoclonal antibody as in
G and H showing robust accumulation of amyloid-f4; in fibrillar, compact and cored amyloid plaques. Scale bars = 200 pm in F, 100 um in G and
H; insets = 10 pm. dim. = dimers; hexam. = hexamers; mono. = monomers.
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neurons of the subiculum and CA1-4 and in the granule cells
of the dentate gyrus. ADAM10 immunoreactivity in TLE was
comparable to controls both in the hippocampus (Fig. 4D, top)
and in the temporal cortex (not shown). BACE1 immunoreac-
tivity appeared stronger in both TLE hippocampus (Fig. 4D,
bottom) and temporal cortex (not shown) compared to con-
disease temporal cortex showed low
ADAMI10 expression (Fig. 4E, top), but robust BACE1 label-
ling around fibrillar amyloid plaques (Fig. 4E, bottom).

trols.

Alzheimer’s
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Alzheimer’s

disease
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Increased expression of tau and
hyperphosphorylated tau in human
temporal lobe epilepsy

patients (Braak et al.,

As we found evidence for enhanced amyloidogenic APP
processing in TLE, we next investigated whether this was
accompanied by significant tau pathology, as seen in

2006).

Therefore, we first performed western blots to analyse the
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Figure 4 Differential expression of APP processing enzymes ADAMI0 and BACEI in human drug-resistant TLE. (A and B)
Western blot quantification of (A) ADAMI0 and (B) BACEI in the hippocampus and temporal cortex of TLE, Alzheimer’s disease (AD) and
control patients. (C) Representative western blot images of non-adjacent bands from the same hippocampus or cortex blot. Box-and-whisker
plots display the minimum value, the first quartile, the median, the third quartile, and the maximum value. Each group is compared to its respective
age-matched control group using two-tailed Student t-test (normal distribution) or Mann-Whitney test (skewed distribution). *P < 0.05, **P <
0.01, *™P < 0.0001. Detailed statistical data are provided in the Supplementary Table 4. (D) Representative images of the hippocampal CA3
pyramidal cell layer from a 55-year-old control subject (Ctrl 15) and a 38-year-old TLE patient with no hippocampal sclerosis (TLE 14)
immunohistochemically labelled with ADAMIO0 (top row) showing comparable expression patterns in pyramidal neuron cell bodies of control and
TLE cases. Photomicrographs of the hippocampal CA3 pyramidal cell layer from the same control subject (Ctrl 15) and of a 55-year-old TLE
patient with hippocampal sclerosis type Il (TLE 18) immunohistochemically labelled with BACEI (bottom row) demonstrating increased BACE|I
labelling in pyramidal cell bodies and processes in the TLE case relative to control, and occasional BACE| accumulation in granular-like structures
surrounding the nucleus. (E) Temporal lobe cortex from a 72-year-old Alzheimer’s disease patient immunolabelled with ADAMIO0 (top) and
BACE]! (bottom) showing faint ADAMI0 labelling in neuronal cell bodies and accumulation of BACE| mostly in fibrillar amyloid plaques. Scale bars
= 100 um in D and E; insets = 10 pum. Insets show higher magnification images of the same areas. SI = stratum lucidum; Sp = stratum pyramidale.



Amyloid and tau pathology in TLE

expression of total tau, including specific tau isoforms. We
used a well-described tau antibody (clone Tau 5), which
recognizes all six tau isoforms irrespective of the phosphor-
ylation status (Supplementary Fig. 1D) (Binder et al.,
19835), hereafter referred to as tau 5. We found a significant
increase in tau 5 expression in TLE hippocampus (297% of
controls, P < 0.01), but not in the temporal cortex
(Fig. 5A). We then analysed the expression of tau isoforms
containing either 3 (3R) or 4 (4R) microtubule binding re-
peats, as in Alzheimer’s disease, tau 4R is predominantly
expressed in pretangles and tau 3R in neurofibrillary tangles

>
w
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(Hara et al., 2013). Western blot analysis using established
isoform-specific antibodies (3R, clone 8E6/C11 and 4R,
clone 1E1/A6; Supplementary Fig. 1E and F) (Croft et al.,
2018) revealed that tau 3R expression was not altered in
TLE relative to controls (Fig. 5B), in contrast to tau 4R
levels, which were significantly increased in TLE hippocampus
(198% of controls, P < 0.05), but not in temporal cortex
(Fig. 5C). Neither elevated tau 5 nor tau 4R remained statis-
tically significant after adjustment and correction. As ex-
pected, both tau 5 and tau 3R levels were significantly
increased in Alzheimer’s disease temporal cortex (282% of
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Figure 5 Increased expression of total tau protein in human drug-resistant TLE. (A—C) Western blot quantification of (A) total tau
(antibody clone Tau 5), (B) tau 3-repeat (Tau 3R), and (C) tau 4-repeat (Tau 4R) isoforms in the hippocampus and temporal cortex of TLE,
Alzheimer’s disease (AD) and control patients. Box-and-whisker plots display the minimum value, the first quartile, the median, the third quartile,
and the maximum value. Each group is compared to its respective age-matched control group using two-tailed Student t-test (normal distribution)
or Mann-Whitney test (skewed distribution). *P < 0.05, **P < 0.01. Detailed statistical data are provided in Supplementary Table 4. (D)
Representative images of the hippocampal CAl pyramidal cell layer (top row) from a 55-year-old control subject (Ctrl 15) and a 20-year-old TLE
patient with hippocampal sclerosis type | (TLE 6) and of the dentate gyrus (bottom row) from a 37-year-old control subject (Ctrl 1 1) and a 49-year-
old TLE patient with hippocampal sclerosis type Il (TLE 17), each immunohistochemically labelled with Tau 5 antibody. Images show stronger
labelling of neuronal cell bodies and processes in TLE cases compared to controls within both hippocampal regions. (E) Temporal lobe cortex
from a 65-year-old Alzheimer’s disease patient (AD 2) showing typical tau accumulation in neurofibrillary tangles and neuropil threads surrounding
amyloid plaques. Scale bars = 100 pm in D and E; insets = 10 pm. Insets show higher magnification images of the same areas. (F) Representative
western blot images for the box-and-whisker plot graphs shown in A—C representing non-adjacent bands from the same hippocampus or cortex
blot. Images show up to four bands, corresponding to tau isoforms ON3R (55 kDa), ON4R or IN3R (64 kDa), IN4R or 2N3R (69 kDa), and 2N4R
(74 kDa). Sg = stratum granulare; Sm = stratum moleculare; Sp = stratum pyramidale.
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controls, P < 0.05 for tau 5, and 203% of controls, P <
0.05 for tau 3R) (Sjogren et al., 2001; Hara et al., 2013), but
tau 4R expression was unchanged.

Compared to controls, TLE cases exhibited stronger tau
5 immunoreactivity in CA1-4 regions of the hippocampus
(Fig. 5D, top) and the subiculum (not shown), predomin-
antly within the pyramidal neuron cell bodies.
Occasionally, prominent nuclear localization of tau 5§ was
observed, mainly in the hippocampal CA1 (data not
shown). Modest staining was seen in the granule cell
layer and minimally in the molecular layer of the dentate
gyrus (Fig. 5D, bottom). Consistent with the western blot
results, TLE cortex did not show these differences relative
to controls (data not shown). None of the TLE cases pre-
sented tau 5-positive pathological inclusions (neurofibrillary
tangles, neuropil threads, neuritic plaques and extracellular
‘ghost tangles’), as seen in Alzheimer’s disease (Fig. SE)
(Braak et al., 2006).

P-tau was next evaluated using two different antibodies
(Supplementary Fig. 1G and H) recognizing well-established
serine and threonine epitopes: p-tau AT8 (Ser202/Thr205),
found in Alzheimer’s disease neurofibrillary tangles and
ghost tangles, and p-tau AT180 (Thr231), associated
mostly with pretangles (Augustinack et al., 2002). Western
blot analysis demonstrated that p-tau AT8 expression was
significantly increased in both TLE hippocampus (230% of
controls, P < 0.001) and temporal cortex (261% of con-
trols, P < 0.0001) (Fig. 6A), consistent with the previously
observed increased AT8 immunoreactivity in TLE patients
(Thom et al, 2011; Tai et al., 2016). Similarly, p-tau
AT180 showed a significant increase in TLE hippocampus
(292% of controls, P < 0.0001) and temporal cortex
(180% of controls, P < 0.001) (Fig. 6B). Both p-tau AT8
and AT180 results remained significant after adjustment for
co-variables and correction for the number of markers.
When comparing p-tau to tau § ratios, only p-tau AT180/
tau 5 was significantly increased in TLE hippocampus
(244% of controls, P < 0.01) and cortex (454% of con-
trols, P < 0.05, Supplementary Fig. 3). As anticipated, the
Alzheimer’s disease cases showed a more robust increase in
both p-tau AT8 (18 700% of controls, P < 0.001) and p-
tau AT180 (1859% of controls, P < 0.0001) (Fig. 6A and
B), and significantly higher p-tau AT8/tau 5 (5524% of con-
trols, P < 0.0001) and p-tau AT180/tau 5 (860% of con-
trols, P < 0.01) ratios (Supplementary Fig. 4).

As p-tau AT8 immunostaining has already been described
in human chronic epilepsy (Thom ez al., 2011; Iyer et al.,
2014; Puvenna et al., 2016; Tai et al., 2016), we focused
on the early pretangle marker p-tau AT180. TLE cases
demonstrated stronger somatic p-tau AT180 immunoreactiv-
ity in all hippocampal subfields, including CA1-4 (Fig. 6D,
top) and dentate gyrus (Fig. 6D, bottom), when compared to
controls. The reactivity in epilepsy patient samples was diffuse
across layers, but most obvious in large pyramidal neurons
and granule cells (Supplementary Fig. 2B). Most AT180-
labelled neurons presented diffuse cytoplasmic staining, with
no evident intracellular inclusions, resembling the typical

S. Gourmaud et al.

Alzheimer’s disease pre-neurofibrillary tangles (Augustinack
et al., 2002). Co-immunofluorescence of AT180 with GFAP
demonstrated no expression in astrocytes (Fig. 6E, top), while
co-labelling with the neuronal marker MAP2 confirmed
increased p-tau AT180 labelling in the neuronal cell bodies
and processes (Fig. 6E, bottom). A similar pattern was
observed in the temporal cortex (Fig. 6F). As expected, p-
tau AT180 immunoreactivity was stronger in
Alzheimer’s disease cases, where it mostly stained pathological
inclusions (Fig. 6G and Supplementary Fig. 2).

much

Selective dysregulation of
stress-response pathways in
human temporal lobe epilepsy

To determine potential mechanisms for the observed amyloid
and tau-related neurodegenerative changes in human TLE, we
next assessed the activation status of several known cell-stress
pathways involved in Alzheimer’s disease pathogenesis by
promoting pathological forms of amyloid and tau through
transcriptional, translational and post-translational mechan-
isms (Aplin et al., 1996; lijima et al., 2000; Standen et al.,
2001; O’Connor et al., 2008; Tamagno et al., 2012; Martin
et al., 2013; Wang et al., 2013) (Fig. 1).

The activation status of JNK, p70S6K, GSK-3B, PERK and
elF2o kinases was assessed by western blot quantification of
known activating phosphorylation sites (p): Thr183/Tyr18S5 for
JNK (Ip and Davis, 1998), Thr389 for p70S6K (Hornberger
et al., 2007), Tyr216 for GSK-3f (Bhat ef al., 2000), Ser713
for PERK (Devi and Ohno, 2014), and Ser51 for elF2«
(O’Connor et al., 2008). CDKS5 activity was determined indir-
ectly by quantifying the relative abundance of its activator p35
protein versus its cleavage product p25 (Patrick et al., 1999),
while PP2A activation was assessed by quantification of its
inhibitory phosphorylation at Tyr307 (Chen et al., 1992).

Phospho-JNK/JNK and p-p70S6K/p70S6K ratios were both
significantly increased in TLE hippocampus (1896% of con-
trols, P < 0.0001 and 429%, P < 0.0001, respectively) and
temporal cortex (839% of controls, P < 0.0001 and 347% of
controls, P < 0.001, respectively) (Fig. 7A and B). In contrast,
pGSK-3B/GSK-3B and p25/p35 ratios were significantly
decreased in TLE hippocampus (30% of controls, P <
0.001 and 36% of controls, P < 0.01, respectively) and tem-
poral cortex (39% of controls, P < 0.001 and 44% of con-
trols, P < 0.01, respectively) (Fig. 7C and D). Phospho-PERK/
PERK and pelF2a/elF2a ratios were significantly increased in
both TLE hippocampus (389% of controls, P < 0.001 and
163% of controls, P < 0.05, respectively) and temporal cortex
(1020% of controls, P < 0.0001 and 157% of controls, P <
0.01) (Fig. 7E and F). Phospho-]NK/JNK, p-p70S6K/p70S6K
and pGSK-3B/GSK-3p ratios remained significant in both brain
regions after adjustment and correction, while pPERK/PERK
ratios remained significant only in the hippocampus and
pelF2a/elF2a only in the temporal cortex (Supplementary
Tables 4 and 5). The Alzheimer’s disease temporal cortex
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Figure 6 Increased phosphorylation of tau in human drug-resistant TLE. (A and B) Western blot quantification of (A) phospho-tau
[Ser202/Thr205] (antibody clone AT8) and (B) phospho-tau [Thr231] (antibody clone AT 180) in the hippocampus and temporal cortex of TLE,
Alzheimer’s disease (AD) and control patients. Box-and-whisker plots display the minimum value, the first quartile, the median, the third quartile,
and the maximum value. Each group is compared to its respective age-matched control group using two-tailed Student t-test (normal distribution)
or Mann-Whitney test (skewed distribution). ***P < 0.001, ****P < 0.0001. Detailed statistical data are provided in Supplementary Table 4. (C)
Representative western blot images of individual proteins depicting non-adjacent bands originating from the same blot. (D) Photomicrographs of
hippocampal CAl pyramidal cell layer (top row) and of granular layer of the dentate gyrus (bottom row) from a 37-year-old control subject (Ctrl | I)
and a 49-year-old TLE patient with hippocampal sclerosis type Il (TLE 17) immunohistochemically labelled with p-tau AT 180. Images show greater
accumulation of p-tau AT 180 in neuronal cell bodies and processes within the hippocampal CAl pyramidal cell layer and DG granular layer in the
TLE case compared to control. (E, top) Hippocampal CAl pyramidal cell layer of a 49-year-old TLE patient with hippocampal sclerosis type Il (TLE
17), co-immunolabelled with p-tau AT 180 (green), astrocytic marker GFAP (red), and nuclear stain DAPI (blue) showing no colocalization of p-tau
AT 180 with GFAP. (E, bottom) Representative section of the dentate gyrus (DG) region from a |2-year-old TLE patient with hippocampal sclerosis
type Il (TLE 3), co-immunolabelled with p-tau AT 180 (green), MAP2 (red) and nuclear stain DAPI (blue) demonstrating co-localization of p-tau
AT 180 with neuronal cell bodies and processes. A similar p-tau AT180 expression pattern is evident with both diaminobenzidine (D) and
immunofluorescence (E) labelling. (F) Representative temporal cortex sections from a 20-year-old control subject (Ctrl 6) and a 49-year-old TLE
patient (TLE |17) immunohistochemically labelled with p-tau AT 180 show more robust labelling of neuronal cell bodies and processes in the TLE
case compared to the control subject. (G) Temporal lobe cortex images from a 65-year-old Alzheimer’s disease patient (AD 2) showing
accumulation of p-tau AT 180 in neurofibrillary tangles and neuropil threads surrounding amyloid plaques. Scale bars = 100 um in D-G; insets = 10
pum. Insets show higher magnification images of the same areas. Sg = stratum granulare; Sm = stratum moleculare; So = stratum oriens; Sp =
stratum pyramidale; Sr = stratum radiatum.
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showed both increased pJNK/JNK (145% of controls, P <
0.05) and pelF2a/elF2a (151% of controls, P < 0.05) ratios.

Phospho-PP2A/PP2A  ratios showed no significant
changes in TLE brain samples, but total PP2A was signifi-
cantly decreased in TLE temporal cortex (71% of controls,
P < 0.001), and this remained significant after adjustment
for covariates and correction for multiple comparisons
(Supplementary Fig. 4 and Supplementary Tables 4 and
5). Phospho-PP2A/PP2A and PP2A showed no significant
changes in Alzheimer’s disease brain samples.

Correlation analysis between
biochemical variables in
temporal lobe epilepsy

Correlation analysis between individual biochemical markers
adjusted for age at surgery, gender, and disease duration re-
vealed a positive correlation between BACE1 and full-length
APP in both TLE hippocampus (P < 0.05, r = 0.77) and
temporal cortex (P < 0.05, r = 0.55) (Fig. 8A). In TLE hippo-
campus, amyloid-B4;-degrading enzyme neprilysin expression
was positively correlated with amyloid-B4, oligomers (P <
0.05, r = 0.89) and total PP2A expression was negatively cor-
related with p-tau AT8 (P < 0.05, r = -0.72) (Fig. 8A). In
TLE temporal cortex, activated JNK was positively correlated
with BACE1 (P < 0.001, r = 0.81), activated PERK levels
were positively correlated with both p-tau AT8 (P < 0.01, r
= 0.65) and AT180 levels (P < 0.05, r = 0.6), while amyloid-
B4, was positively correlated with tau 4R (P < 0.05, r = 0.52)
(Fig. 8A). In addition, we observed a correlation between the
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two p-tau species, which was negative in the hippocampus (P
< 0.05, r = =0.72), but positive in the cortex (P < 0.05, r =
0.61) (Fig. 8A). We also found a few unexpected negative cor-
relations: between amyloid-B4, and tau 5 (P < 0.05, r = -
0.75) and between amyloid-*56 and activated JNK (P <
0.01, r = —0.82) in the hippocampus, and between APP and
p-tau AT8 (P < 0.05, r = -0.52), between amyloid-B*56 and
the two p-tau species (P < 0.05, r = =0.57 and -0.53 with
AT8 and AT180, respectively), as well as between amyloid-B4,
and activated p70S6K (P < 0.05, r = -0.56) in the cortex
(Fig. 8A).

Correlation analysis with
hippocampal pathology, epilepsy
characteristics and cognitive decline

Hippocampal APP, pAPP, tau 5, p-tau AT180 and pGSK-3p/
GSK-3B levels were specifically associated with hippocampal
sclerosis, while p70S6K activation was associated with non-
sclerotic hippocampal pathology. Amyloid-p*56, p-tau AT180
and pJNK/JNK levels were independent of hippocampal path-
ology. Hippocampal pathology had no impact on cortical bio-
chemical markers analysed, except for p-p70S6K/p70S6K and
pelF20/elF2a ratios, which were individually associated with
either hippocampal sclerosis or with non-sclerotic pathology,
respectively (Supplementary Table 5). We also examined poten-
tial associations between biochemical markers and seizure focus
location. Hippocampal pAPP, p-tau AT180 and pGSK-3p/
GSK-3B ratios were associated with a hippocampal seizure
onset, while amyloid-B4,, neprilysin and pPERK/PERK ratios
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Figure 7 Dysregulation of JNK, p70S6K, GSK-3p, p25/p35 and PERK/elF2a signalling in human drug-resistant TLE. (A-F)
Western blot quantification of (A) phospho-JNK [Thr183/Tyr185]/JNK, (B) phospho-p70S6K [Thr389]/p70S6K, (C) phospho-GSK-3f [Tyr216]/
GSK-38, (D) p25/p35, (E) phospho-PERK [Ser713]/PERK, and (F) phospho-elF2c [Ser51]/elF2« ratios in the hippocampus and temporal cortex
of TLE, Alzheimer’s disease (AD) and control (Ctrl) patients. Box-and-whisker plots display the minimum value, the first quartile, the median, the
third quartile, and the maximum value. Each group is compared to its respective age-matched control group using two-tailed Student t test
(normal distribution) or Mann-Whitney test (skewed distribution). *P < 0.05, **P < 0.01, *™**P < 0.001, ****P < 0.0001. Detailed statistical data
are provided in the Supplementary Table 4. (G) Representative western blot images of individual proteins depicting non-adjacent bands originating

from the same blot.
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Figure 8 Correlations between Alzheimer’s disease-like pathology markers, age at surgery and cognitive scores from pre-op-
erative assessment in human drug-resistant TLE. (A) Heat map showing the Pearson correlation matrix between the biological markers
analysed by western blot in the hippocampus (top) and cortex (bottom) from TLE cases adjusted for gender, age at surgery and disease duration (n = |-
18). (B and C) Pearson correlations in TLE hippocampus show positive relationships between age at surgery and unadjusted hippocampal (B) amyloid-
B*56 (n = 12) and (C) tau 4-repeat isoforms (Tau 4R, n = | 1) expression. (D-F) Pearson correlations in adult TLE hippocampus showing negative
relationships between executive function assessed by the processing speed efficiency test, expressed as z-scores, and unadjusted hippocampal (D) pAPP
(n = 8), (E) BACEI (n = 8), and (F) total tau (Tau 5, n = 8) protein expression. (G) Pearson correlation in adult TLE hippocampus showing negative
relationships between executive function assessed by the digit span backward test, expressed as z-scores, and unadjusted hippocampal p-tau AT 180
(n = 6) expression. Grey area indicates 95% confidence interval for the two means for each graph.

were associated with an extra-hippocampal seizure focus.
Amyloid-B*56, p-tau AT8 and pJNK/JNK ratios were inde-
pendent of seizure focus location. In temporal cortex, most of
the markers were independent of seizure focus location, except
for p25/p35, p-p70S6K/p70S6K and pelF2a/elF2« ratios, which
were found to be associated with a hippocampal seizure onset
(Supplementary Table 5).

Age at surgery correlated strongly with hippocampal amyl-
0id-p*56 (P < 0.05, r = 0.65) and tau 4R levels (P < 0.01,
r = 0.76) (Fig. 8B and C), as reported in Alzheimer’s disease
patients (Braak e al., 2013), while age at seizure onset and
epilepsy duration did not correlate with any of the biochemical
measures. Correlations with pre-operative cognitive z-scores
demonstrated negative correlations between executive function,
assessed by the processing speed efficiency, and hippocampal
pAPP (P < 0.05, r = -0.77), BACE1 (P = 0.001, r = -0.92)
and tau 5 (P < 0.05, r = -0.78) (Fig. 8D-F). P-tau AT180

expression was negatively correlated with another test

measuring impaired executive function (digit span backward
test, P < 0.05, r = —0.89) (Fig. 8G).

Discussion

Interictal cognitive impairment is a major issue in TLE and
can be progressive over time (Hermann et al., 2006; Berg
et al., 2012). Chronic epilepsy has been associated with
accelerated brain ageing (Dabbs et al., 2012; Joutsa et al.,
2017; Pardoe et al., 2017), suggesting that degenerative
mechanisms may be at least in part responsible for these
changes, especially in the hippocampus, a key area involved
in cognitive function and significantly engaged in TLE.
Both amyloid expression and tau hyperphosphorylation
have been previously reported to be increased in drug-resistant
TLE tissue via immunohistochemistry (Mackenzie and Miller,
1994; Sheng et al., 1994; Thom et al., 2011; Sima et al.,
2014; Tai et al., 2016). The present study builds upon these
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observations to examine multiple steps in the amyloid and tau
pathogenic cascades to identify candidate mechanisms that
may underlie an interaction between hyperexcitability,
Alzheimer-like neuropathology and cognition. Our overall hy-
pothesis was that network hyperexcitability in TLE activates
signalling pathways known to upregulate pathological forms
of amyloid and tau, which, in turn, could cause neuronal
dysfunction and cognitive impairment (Fig. 1).

Our novel results show that human drug-resistant TLE
tissue exhibits several molecular changes resembling those
seen in patients with Alzheimer’s disease, some of which
were strongly correlated with impaired preoperative execu-
tive function. In addition, we found strong correlations be-
tween two degeneration markers and age at surgery,
implying that ageing might be a risk factor for the devel-
opment of Alzheimer-like pathology in TLE. We also found
alterations in a wide range of molecular pathways known
to be upstream and downstream of amyloid and tau pro-
duction, and because of the large number of parameters
included, we were able to test novel relationships between
these pathway components.

There is compelling evidence that uncontrolled seizures
have negative effects on cognition over time (Taylor
et al., 2010; Berg er al,, 2012). Epilepsy more broadly
may contribute to cognitive deterioration, as in addition
to seizures, interictal spikes located either inside or outside
of the seizure onset zone are associated with altered learn-
ing and memory (Kleen et al., 2013; Gelinas et al., 2016;
Ung et al., 2017). However, other studies show that in
nearly half of patients, cognitive impairments are present
at the time of first diagnosis (Taylor et al., 2010; Witt and
Helmstaedter, 2012), raising the possibility of common
pathophysiological mechanisms.

Another disorder in which there is cognitive dysfunction
involving the temporal lobe is Alzheimer’s disease, although
cognitive symptoms in Alzheimer’s disease are distinguishable
in TLE (Tellechea et al., 2018).
Hippocampal hyperexcitability and epileptiform discharges
(Vossel et al., 2016; Lam et al., 2017) are common occur-
rences in patients with Alzheimer’s disease, which can lead to
accelerated cognitive decline (Yan et al., 2012). Alzheimer’s
disease patients, in particular those with the genetic early-
onset familial disease, have a 10-fold increased risk of de-
veloping seizures (Vossel et al., 2017). Together, these data
highlight a potential bidirectional relationship between hyper-
excitability, Alzheimer’s disease pathology and cognition.

from those seen

APP and its amyloidogenic processing
in human temporal lobe epilepsy

Here we show that APP expression is elevated in hippocam-
pal tissue from drug-resistant TLE. The implications of this
finding are potentially broad. Full length APP is normally
expressed at both pre- and postsynaptic sites, functioning
as an adhesion molecule to stabilize synapses and increase
synaptic transmission (Hoe et al., 2009; Lee et al., 2010).
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Hence, APP upregulation in TLE hippocampus seen here
may contribute to seizure-induced synaptogenesis, axonal
sprouting and neurite outgrowth (Westmark, 2013) and pro-
mote network hyperexcitability. Indeed, mice overexpressing
APP (Moechars et al., 1999; Mucke et al., 2000; Lalonde
et al., 2005; Palop et al., 2007; Westmark and Malter,
2007; Roberson et al., 2011; Ziyatdinova et al., 2011;
Chin and Scharfman, 2013; Born et al., 2014; Born, 20135;
Pasciuto et al., 2015) show increased excitability and epilepti-
form discharges, which can be rescued by restoring normal
APP levels.

Further, our data show that in drug-resistant TLE, elevated
APP is preferentially processed through the amyloidogenic
pathway, similar to Alzheimer’s disease, as demonstrated by
increased pAPP, amyloid-f*56 and amyloid-B4, expression,
and the strong positive correlation between APP and
BACE1 levels, but not ADAM10. As NMDA receptor activity
favours APP trafficking and PB-cleavage by BACE1 over o-
cleavage by ADAM10 (Hoe et al., 2009), it is possible that
chronic seizures may be responsible for such changes (Yan
et al., 2012; Jang et al., 2016; Kodam et al., 2019). In add-
ition, neprilysin expression was not downregulated in TLE
tissue and was correlated with amyloid-B4,, suggesting a
strong compensatory response, in stark contrast with
Alzheimer’s disease where this pathway is highly downregu-
lated (Miners et al., 2006).

The amyloidogenic APP cleavage product amyloid-B*56
accumulates before amyloid-B4, dimers and is associated
with memory impairment (Lesne et al, 2006).
Furthermore, amyloid-B*56 interacts with NMDA receptors
and promotes tau hyperphosphorylation (Amar et al., 2017).
Amyloid-B4, accumulation, in addition to being linked with
cognitive dysfunction, can trigger abnormal network syn-
chronization (Noebels, 2011) and ultimately epileptic activ-
ity (Westmark et al, 2008; Palop and Mucke, 2009).
Neither amyloid-B*56 nor amyloid-B4, were associated
with decreased cognitive performance in our adult TLE
cases, consistent with a recent imaging study showing no
correlation between increased amyloid accumulation and
reduced cognitive performance in adults with chronic epi-
lepsy (Joutsa et al., 2017). In contrast, pAPP and BACE1
were both negatively correlated with executive function,
which is intriguing and deserves further investigation.
BACE1 cleaves many other proteins and it is possible that
biological functions independent of APP processing may also
lead to cognitive impairment in TLE (Yan, 2017). Future
genome-wide association studies in TLE patients, as per-
formed in Alzheimer’s disease (Kunkle et al., 2019), are war-
ranted and may uncover novel genetic variants affecting APP
and amyloid-B processing and cognitive function.

Tau 5, hyperphosphorylated tau and
temporal lobe epileptogenesis

While this study provides evidence for enhanced amyloido-
genic APP processing in TLE, we also demonstrate complex
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changes involving the microtubule-associated protein tau.
Tau 5 is predominantly expressed in axons and participates
in axonal transport and outgrowth; however, tau 5 over-
expression in dendrites and spines can impair synaptic
function causing memory deficits in mice (Zhao et al.,
2016). Tau 5 protein has been associated with cognitive
decline in several neurodegenerative diseases, including
Alzheimer’s disease, which is consistent with our study
demonstrating a negative correlation between hippocampal
tau S expression and executive function in TLE. In rodent
Alzheimer’s disease and epilepsy models, tau 5 was also
shown to promote neuronal excitability (Roberson et al.,
2011; DeVos et al., 2013; Holth et al., 2013), while in
epilepsy patients, elevated tau 5 levels in the CSF have
been correlated with seizure type and duration (Tumani
et al., 2015). Altered tau 4R/tau 3R isoform ratios, as we
found in TLE hippocampus can trigger neurodegeneration,
and there is evidence that tau 4R has a great impact on tau
pathology, neuronal hyperexcitability and cognitive dys-
function in animal models (Schoch et al., 2016; Espindola
et al., 2018).

Pathological phosphorylation of tau leads to its dissoci-
ation from the microtubules and its aggregation into neuro-
fibrillary tangles, the hallmark of several neurodegenerative
cognitive disorders, including Alzheimer’s disease (Igbal
et al., 2005). Several studies have demonstrated that seiz-
ures can promote abnormal tau phosphorylation (Crespo-
Biel et al., 2007; Liang et al., 2009; Tian et al., 2010; Jones
et al., 2012; Liu et al., 2016). Most importantly, pharma-
cological interventions reducing p-tau levels have been
shown to have both anti-seizure and anti-epileptogenic ef-
fects in animal models (Jones et al., 2012; Gheyara et al.,
2014; Li et al., 2014, Liu et al., 2016).

Targeting cell-stress pathways as
novel therapeutic strategies for
temporal lobe epilepsy with
cognitive dysfunction

Finally, our study raises the possibility of novel specific
molecular mechanisms underlying Alzheimer-like neurode-
generative processes in drug-resistant TLE that may be tar-
geted for disease modification. Of the main stress kinases
involved in APP and/or tau 5 phosphorylation in
Alzheimer’s disease (Aplin et al, 1996; lijima et al.,
20005 Standen et al., 2001; Wang et al., 2013), only JNK
and mTOR/p70S6K appeared to be activated in TLE in
agreement with previous reports (Liu et al., 2011; Talos
et al., 2018). JNK activation was positively correlated
with BACE1 protein expression in TLE cortex, consistent
with its role in BACEI transcriptional upregulation
(Tamagno et al., 2012). However, its phosphorylation
level did not correlate with pAPP or p-tau expression, sug-
gesting the involvement of other activity-dependent kinases,
such as ERK or cyclic AMP-dependent protein kinase
(Rakhade et al., 2008; Talos et al., 2018) in these events.
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Nevertheless, JNK inhibition in TLE may be a therapeutic
strategy to improve both cognition and seizure outcomes,
given its effects on BACE1, and its proven antiepileptic and
neuroprotective properties in rodent epilepsy models (Chen
et al., 2010; Spigolon et al., 2010; Tai et al., 2017).
Relevant to our finding of increased mTOR/p70S6K signal-
ling, multiple animal models of TLE have shown that
mTOR inhibitor rapamycin prevents epilepsy and the cel-
lular alterations involved in epileptogenesis, including neur-
onal death and mossy fibre sprouting (Buckmaster et al.,
2009; Zeng et al., 2009; Huang et al., 2010; Goto et al.,
2011; van Vliet et al., 2012). The present study suggests
other mechanisms upstream and downstream of mTOR are
involved, making this target exceptionally promising.

Besides JNK and mTOR/p70S6K, we found that the
PERK/elF2a pathway is also activated in drug-resistant
TLE, as observed in neurodegenerative cognitive diseases
(O’Connor et al., 2008; Hoozemans et al., 2012), extend-
ing our understanding of the pathways leading to increased
endoplasmic reticulum stress in sclerotic hippocampus from
TLE patients (Yamamoto et al., 2006; Liu et al., 2011). In
response to endoplasmic reticulum stress, PERK/elF2« acti-
vation induces a chronic inhibition of protein translation
that can lead to neuronal degeneration and loss (Moreno
et al., 2012). In addition, the activated PERK/elF2« path-
way also paradoxically favours the translation of particular
mRNAs, including BACE1 (O’Connor et al., 2008). In
Alzheimer’s disease mouse models, inhibition of PERK/
elF2a activity decreases the translation of BACE1T mRNA
and improves synaptic plasticity and memory decline, and
therefore a similar molecular strategy could be used for
drug-resistant TLE treatment. A more direct BACE1 inhib-
ition, with the same inhibitory agents currently tested in
Alzheimer’s disease (Cummings et al., 2018), may thus be
of potential benefit in TLE patients with cognitive deficits.

We acknowledge that our study has limitations, as the
patients studied here represent a particular subgroup of
TLE cases with severe, drug-resistant epilepsy, and by the
exclusive examination of the hippocampus and temporal
lobe region, we have likely not captured the full spectrum
of degenerative changes present in the TLE brain. Inherent
for most studies conducted in human specimens, we were
also limited by the relative small number of cases available
to us, especially in the paediatric age range, which pre-
cluded us to perform further subgroup analyses.

Conclusion

The present data supports an interaction between hyperexcit-
ability in epilepsy and amyloid and tau-related neurodegen-
eration that may underlie cognitive impairment in drug-
resistant TLE. The detailed and novel observations here sug-
gest that therapeutic interventions targeting these pathways
may be beneficial for treating cognitive decline in TLE. This
study also suggests that particular proteins could be useful
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biomarkers in accurately identify drug-resistant TLE patients
at risk of developing cognitive disabilities.
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