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Abstract

Aims: Epilepsy is one of the most prevalent neurological diseases. A third of patients
with epilepsy remain drug-resistant. The exact aetiology of drug-resistant epilepsy (DRE)
is still unknown. Neuronal tetraploidy has been associated with neuropathology. The aim
of this study was to assess the presence of tetraploid neurons and astrocytes in DRE.
Methods: For that purpose, cortex, hippocampus and amygdala samples were obtained
from patients subjected to surgical resection of the epileptogenic zone. Post-mortem
brain tissue of subjects without previous records of neurological, neurodegenerative or
psychiatric diseases was used as control.

Results: The percentage of tetraploid cells was measured by immunostaining of neurons
(NeuN) or astrocytes (51008) followed by flow cytometry analysis. The results were con-
firmed by image cytometry (ImageStream X Amnis System Cytometer) and with an alter-
native astrocyte biomarker (NDRG2). Statistical comparison was performed using
univariate tests. A total of 22 patients and 10 controls were included. Tetraploid neurons
and astrocytes were found both in healthy individuals and DRE patients in the three
brain areas analysed: cortex, hippocampus and amygdala. DRE patients presented a
higher number of tetraploid neurons (p = 0.020) and astrocytes (p = 0.002) in the hippo-
campus than controls. These results were validated by image cytometry.

Conclusions: We demonstrated the presence of both tetraploid neurons and astrocytes
in healthy subjects as well as increased levels of both cell populations in DRE patients.
Herein, we describe for the first time the presence of tetraploid astrocytes in healthy
subjects. Furthermore, these results provide new insights into epilepsy, opening new

avenues for future treatment.

KEYWORDS
astrocytes, flow cytometry, neural cell cycle, polyploidy, refractory epilepsy, temporal lobe epilepsy,
tetraploidy
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INTRODUCTION

Epilepsy is one of the main neurological diseases affecting over 50 mil-
lion people worldwide. Despite the continuing emergence of new
anticonvulsant medications (ACMs), the percentage of drug-resistant
patients is difficult to reduce and remains approximately 25-30% [1].
The International League Against Epilepsy (ILAE) defined drug-
resistant epilepsy (DRE) as a failure of adequate trials of two tolerated,
appropriately chosen and used AC schedules (in monotherapies or in
combination) to achieve sustained seizure freedom [2]. Several
hypotheses could explain the processes occurring in the epileptogenic
zone of DRE patients, based on disease-related mechanisms, drug-
related mechanisms and genetic mechanisms, which may be inter-
linked [3].

Temporal lobe epilepsy (TLE) is one of the main types of epi-
lepsy associated with drug resistance [4]. TLE usually progresses
with hippocampal sclerosis (HS), which involves severe neuronal
loss, especially in the hilar, cornus ammonis 1 (CA1) and CA3
regions [5], although it is not completely clear whether this loss is a
cause or a consequence of this process [6]. In addition, HS is associ-
ated with gliosis, granule cell dispersion and mossy fibre sprouting
[1, 7, 8].

Tetraploid neurons (with a DNA content equivalent to 4C) can
be found in different regions of the healthy central nervous sys-
tem, such as the cortex and hippocampus [9, 10]. These neurons
have larger dendritic trees and somas than diploid neurons and
contribute to cell variability, playing specific roles as long-distance
projection neurons [9-12]. The process causing tetraploidy, cell
cycle re-activation, has been observed in different neurodegenera-
tive diseases such as Alzheimer’s disease [13]. In fact, polyploid
neurons are more prone to die [14-16], probably by progressing
through the G2/M cell cycle checkpoint [12, 13, 17]. This suggests
that in neurodegenerative diseases, where neurons become tetra-
ploid, G2/M transition blockade may act as a survival mechanism
for these neurons [13].

TLE is characterised by recurrent focal seizures originating from
a network located along the mesial aspect of the temporal lobe,
which is usually accompanied by temporal or HS [4]. HS is the main
diagnosis among patients undergoing surgical resection for focal
DRE [8]. Furthermore, neuronal death in the epileptogenic zone
associated with HS occurs in conjunction with electrophysiological
changes [1]. Thus, we hypothesised that tetraploid neurons may be
involved in epilepsy and, more precisely, in HS. These neurons may
be more prone to die, similar to tetraploid neurons in Alzheimer’s
patients [14, 15, 18]. Moreover, we hypothesised that astrocytes
could also become tetraploid thereby contributing to the gliosis
observed in HS.

Thus, the first objective of this study was to determine
whether tetraploid neurons are involved in TLE. Secondarily, we
analysed whether tetraploid astrocytes are present in the brain of
DRE patients and control subjects and if they are also involved
in TLE.

Key points

¢ We demonstrated the existence of tetraploid astrocytes
in the healthy human brain.

o Neuronal tetraploidy is increased in the hippocampi of
patients with drug-resistant epilepsy.

e Astrocytic tetraploidy is in the hippocampi of patients
with drug-resistant epilepsy.

MATERIALS AND METHODS
Study subjects and ethical approval

The protocol and the Informed Consent Form of this study were
approved by the Independent Clinical Research Ethics Committee of
the Hospital Universitario de La Princesa. The study followed the
STROBE guidelines and the Revised Declaration of Helsinki. Samples of
the epileptogenic zone and the surrounding cortical area from DRE
patients were collected and frozen in dry ice immediately after neuro-
surgical extraction. Brain tissue resection was defined intraoperatively,
according to the presence of interictal epileptogenic discharges, accord-
ing to acute electrocorticography. If the resection involved the amyg-
dala, this tissue was also analysed. An extensive analysis of the patients’
clinical records was performed. Inclusion criteria were resective neuro-
surgery of the epileptogenic zone and signing the informed consent.
The recruitment period lasted 2 years, starting on September 2018.

Post-mortem tissue from subjects without previous records of
neurological, neurodegenerative or psychiatric diseases, who had
signed informed consents, was provided by the biobank ‘Biobanco en
Red de la Regién de Murcia’, BIOBANC-MUR. Control samples were
processed following standard operating procedures with appropriate
approval of the Ethics and Scientific Committees. Post-mortem inter-
vals are detailed in Table S1. The control-to-case ratio was 1:2.3. The
samples used in each analysis were as follows depending on the ana-
tomical zone of seizure onset: hippocampal origin n = 16, cortical epi-
leptogenic zone n = 3. The amygdala was only resected in 3 patients
as this procedure was limited to those patients in whom the re-
section was justified to improve their outcome.

The region selection for both brain tissue types was standardised
to avoid a possible bias derived from the extraction, which was visu-
ally controlled, particularly for the hippocampus. All the possible sub-

regions represented in the sample were included.

Cell nuclei isolation and immunostaining

Samples consisting of 4-5 mm-edge cubes of human brain tissues

were placed in Dounce homogenizers containing 3.0 ml ice-cold,
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DNase-free PBS 0.1%Triton (PBT) with a protease inhibitor cocktail
(Roche, Switzerland). Cell nuclei isolation was carried out following a
modified form of a previously reported procedure [10, 19].
Immunostaining was performed by simultaneously adding primary
and secondary antibodies to isolated unfixed nuclei in a medium con-
taining 5% foetal calf serum (FCS) and 1.25 mg/ml bovine serum albu-
min (BSA). In control samples, the primary antibodies were excluded.
Finally, the reaction was incubated overnight at 4°C in the dark.
Immunostained nuclei were filtered through a 40 um nylon filter,
capable of retaining big aggregates but not nuclei. Then, the volume
was adjusted to 350-800 ul with DNase-free PTx containing

'JOURNAL OF THE BRITISH NEUROPATHOLOGICAL SOCIETY.

40 pg/ml propidium iodide (PI, Sigma, USA) and 25 pg/ml DNAse-free

RNAse | (Sigma, USA) and analysed in a Flow cytometer or an Image-

Applied Neurobiology

Stream X Amnis System Cytometer equipment.

Nuclear biomarkers of neurons and astrocytes were selected to
stain only mature cells to differentiate tetraploid neurons or astro-
cytes from neural stem cells undergoing DNA synthesis or mitosis. Ini-
tially, NeuN and S100p were used to identify neurons and astrocytes,
respectively. NeuN is a nuclear biomarker of adult neurons [10, 19].

Results were later validated with alternative biomarkers. CTIP2
was used as an alternative marker to detect neurons because it is

expressed in a subpopulation of long-range projection tetraploid
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neurons [19]. Similarly, NDRG2 [20] and S100B [21] are also
expressed in the nuclei of adult astrocytes.

The rabbit anti-NeuN polyclonal antibody (Merck, Germany) was
diluted 1/800 and detected with a donkey anti-rabbit Alexa Fluor
488 (Invitrogen, UK). The mouse S1008 monoclonal antibody [4C4.9]
(Thermo Fisher Scientific, USA) was used at 1/70 dilution and
detected with a goat anti-rabbit Alexa Fluor 647 (Invitrogen, USA).

The rat anti-CTIP2 monoclonal antibody [25B6] (Abcam, UK) was
used at 6 pg/ml. The rabbit polyclonal anti-NDRG2 Antibody
HPA002896 (Atlas antibodies) was used at 4 ug/ml. These antibodies
were detected with a goat anti-rabbit DyLight 405 (Invitrogen, USA)
and an anti-rat 647 (Atlas antibodies, Sweden) and used at 1/500.

Flow cytometry

NeuN and S100p analyses were carried out in the Flow Cytometry
Unit of Hospital de La Princesa using a FACSCanto Il Cytometer
(BD Biosciences, USA). NDRG2 and CTIP2 analyses were carried out
in an Attune™ NXxT Acoustic Focusing Cytometer (Thermo Fisher Sci-
entific Inc., USA) in the Flow Cytometry Unit of ‘Instituto de Medicina
Molecular Aplicada’ (IMMA, Universidad San Pablo CEU) (Figure 1).

Data were analysed with FACSDiva (BD Biosciences, USA),
Thermo Scientific™ Attune™ NxT Software, (Thermo Fisher Scien-
tific, USA) and FlowJo (Walter and Eliza Hall Institute of Medical
Research, Australia) and displayed using logarithmic scaling. Tetra-
ploidy was analysed as previously described focusing on the percent-
age of tetraploid neurons or astrocytes [10] (Figure S1). The total
number of NeuN+ or S1008+NeuN— nuclei per epileptogenic zone
analysed can be found in Table S3.

Tetraploid cells visualisation

An ImageStreamX Amnis System Cytometer (EMD Millipore, USA)
that combines confocal microscopy and flow cytometry was used to
visualise tetraploid neurons and astrocytes immunostained with NeuN
and S100p as described above (Figure S2).

Statistical analysis

Quantitative variables are expressed as mean and standard deviation.
Statistical comparison was performed by the Wilcoxon rank-sum test
or analysis of variance (ANOVA\) test as appropriate. The resulting com-
parison was represented by using boxplots combined with density
plots, which allow the representation of the distribution according to
the percentage of tetraploidy (wider densities imply a higher number of
patients for that percentage). For clarity, the density plot is not shown
for groups with low dispersion. The relation between clinical data and
tetraploidy results was assessed by using the Pearson correlation coef-
ficient. p < 0.05 was considered statistically significant. Statistical ana-

lyses were performed in R, version 4.0.3 (http://www.R-project.org).

RESULTS
Study population

Twenty-two DRE patients were subjected to neurosurgical re-
section of the epileptogenic zone and 10 controls were recruited
(Table 1). Patients were previously treated with anticonvulsant drugs.
Data on anticonvulsant treatment are summarised in Table S2. Nine-
teen patients were diagnosed with TLE, with an epileptogenic zone
located in the hippocampus, and 3 patients had extratemporal epi-
lepsy (EE). The anatomical findings observed in all samples from TLE
patients were compatible with HS. For the EE cases, there was no evi-
dence of cortical dysplasia in their samples. Subpial gliosis was
observed in all EE cases, and in one case, there were ectopic neurons
in the white matter, as the only significant alteration. Most of the
patients (81%) achieved Engel I/1l [22] 6 months after neurosurgery
and thus were considered responders (Table 1).

Neuronal tetraploidy

Initially, the percentage of tetraploid neurons present in the epilep-
togenic zone was estimated as the proportion of positive cells for
the neuronal marker NeuN using flow cytometry [10, 19]. The num-
ber of cytometry determinations varied among the different experi-
mental conditions due to experimental issues (see Methods,
Figure 1). Only mature NeuN+ S1008— neurons were considered.
TLE patients (n = 16) showed a significant increase in the percent-
age of tetraploid neurons in the epileptogenic zone of the hippo-
campus compared with controls (n =7, p = 0.020, Figure 2A). As

TABLE 1 Clinical and socio-demographic data of DRE patients
and controls included in this study

Patients Controls
Women (%) 9 (39%) 3 (30%)
Age (years) 46 £ 9 60+ 12
Age at onset (years) 18 + 14 NA
Seizures/month (n) 7+8
Anticonvulsant drugs (n) 5+3
Seizure aetiology Structural 5(23%)
Infectious 2 (9%)
Unknown 15 (68%)
% Engel 1/11 6 months 17 (81%)?
12 months 14 (88%)°
24 months 11 (85%)?

Note: Data are presented as mean * standard deviation or number (%).
The outcome of neurosurgical resection was evaluated using Engel’s
classification at 6, 12 and 24 months after surgery. Patients were
classified as responders to neurosurgery if they achieved Engel | and Il.
Abbreviations: DRE, drug-resistant epilepsy; NA, not applicable.
?Response was calculated for those patients whose clinical information
was available.
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FIGURE 2 Percentage of tetraploid neurons in different brain regions of temporal lobe epilepsy (TLE) patients and controls. Cells from
surgical samples were analysed for marker expression and tetraploidy by flow cytometry. The percentage of tetraploid neurons (NeuN+ S100p—
cells) is shown for (A) the hippocampus of healthy controls (n = 7) and the epileptogenic zone of TLE patients (n = 16). (B) Cortex of healthy
controls (n = 10) and epileptogenic zone of extratemporal epilepsy (EZ, n = 3). (C) Cortex of healthy controls (n = 10) and cortical surrounding
zone (CSZ, n = 14) to the epileptogenic zone. (D) Amygdala of healthy controls (n = 5) and TLE patients (n = 3). Data are represented as violin
box plots. Differences were analysed by the Wilcoxon rank sum exact test. *p < 0.05. Abbreviations: CSZ, cortical surrounding zone to the

epileptogenic zone; EZ, epileptogenic zone

can be observed in the density plot (Figure 2A), in the control
group, most subjects exhibited a percentage of tetraploid neurons
lower than 1, which was increased to 1.5 in the epilepsy group. To
determine whether the increase of neuronal tetraploidy was specific
to the hippocampus, the percentage of tetraploid neurons was also
analysed in EEs. An increase in the percentage of tetraploid neurons
was observed in the cortical epileptogenic zone (n = 3) compared
with the control cortex (n = 10). Although this difference was not
significant, its p value was very close to the significance threshold
(p = 0.052, Figure 2B). The percentage of tetraploidy in the amyg-
dala could be assessed in patients who were subjected to amygdalo-
hippocampectomy. No significant differences were observed
between the amygdala of controls (n=3) and patients (n =15,
p = 0.229, Figure 2D). Finally, to determine whether this increase in
neuronal tetraploidy was specific to the epileptogenic zone, the sur-
rounding region to the epileptogenic zone removed to access the
hippocampus was also analysed. No significant differences were

observed between the surrounding cortical regions of epileptic

patients (n = 14) and control subjects (n = 10, Figure 2C). Similarly,
the comparison between the epileptogenic cortical region (n = 3) of
those patients with EE and the surrounding cortical zone of TLE
patients (n = 14) showed no significant difference (p = 0.577,
Figure S3a). Results of the tetraploidy analysis in double-positive
(NeuN+ and S100B+) cells can be observed in Figure S4.

Moreover, to confirm the presence of tetraploid neurons in both
patients and controls, tetraploid neurons were visualised using an Ima-
geStream X Amnis System Cytometer equipment. This analysis reveals
that tetraploid neurons from both controls and patients had a rounded
morphology with only one nucleus with double DNA content
(Figure 3A).

The presence of tetraploid neurons was also analysed in a subset
of patients using a different biomarker of differentiated neurons
(CTIP2), which has been shown to be enriched in the tetraploid popu-
lation. Overall, no differences were found between controls and DRE
patients in any of the regions analysed (hippocampus and cortex)
(Figure S5).
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FIGURE 3 Visualisation of tetraploid neurons from temporal lobe
epilepsy (TLE) patients and controls. (A) Cells from surgical samples
were stained for NeuN and with PI, and images were acquired and
analysed with an ImageStream X Amnis System Cytometer. Bright-
field images (left panels) and NeuN (middle panels) and PI (right
panels) staining are shown for NeuN+- cells from healthy control
subjects (control) and TLE patients (epilepsy). (B) Cells from surgical
samples were stained for S1008 and with PI, and images were
acquired and analysed with an ImageStream X Amnis System
Cytometer. Bright-field images (left panels) and S1008 (middle panels)
and PI (right panels) staining are shown for S100p+ cells from healthy
control subjects (control) and TLE patients (epilepsy). Abbreviations:
2C, diploid neurons; 4C, tetraploid neurons; PI, propidium iodide

Astrocytic tetraploidy

Although neuronal abnormalities are one of the main hallmarks of HS,
glia also plays a key role in the epileptogenic zone. Thus, we won-
dered whether tetraploid astrocytes were present in DRE patients.
S100p-stained tetraploid astrocytes were found in the hippocam-
pus, cortex and amygdala of healthy controls (Figures 3B and 4).
Moreover, when the epileptogenic zone was the hippocampus
(n = 16), levels of tetraploid S1008+ astrocytes were significantly
increased compared with those of the control hippocampus
(p = 0.002, n = 7, Figure 4A). No differences were found in the corti-
cal epileptogenic zone (p = 0.926, Figure 4B). Although the mean of

tetraploid astrocytes was increased in the cortex surrounding the epi-
leptogenic zone and in the amygdala, this difference was not statisti-
cally significant (p = 0.144, Figure 4C; p = 0.114, Figure 4D). No
significant differences were observed between the epileptogenic zone
and the surrounding zone (Figure S3b).

S100B+ tetraploid astrocytes from the brain of epileptic
patients and controls were visualised using an ImageStream X
Amnis System Cytometer to confirm cytometry results. These
astrocytes showed rounded morphology and only one nucleus
(Figure 3B).

An alternative biomarker of differentiated astrocytes (NDRG2)
was also used for tetraploidy analysis (Figure Sé). The percentage of
tetraploid astrocytes was higher in the epileptogenic zone of epilepsy
patients (13.70 + 5.48, n = 12) than in the control hippocampus (7.42
+ 5.10, n = 5), with a p value very close to the significance threshold
(p = 0.051; Figure Séa). No significant differences were found in the
percentage of NDRG2+ tetraploid astrocytes between the cortical
epileptogenic zone and the control cortical tissue (p = 0.905,
Figure Séb). Moreover, non-significant differences were observed
between the control cortex and the surrounding zone, and in the
amygdala between epilepsy patients and controls (p = 0.152;
p = 0.133 respectively; Figure Séc,d).

Lastly, the relation between tetraploidy and clinical data is shown
in Figure S7. The correlation between the percentage of tetraploid
astrocytes and neurons was very strong for the amygdala (r = 0.83),
cortex (r = 0.98) and hippocampus (r = 0.99). Surprisingly, there was a
high correlation between the number of anti-convulsant drugs used
by the patients and tetraploidy levels in the amygdala (r = 0.83 for
astrocytes and r = 1 for neurons) but not in the other two areas.
Moreover, there was a strong negative correlation between the num-
ber of seizures and the percentage of tetraploid neurons in the hippo-
campus (r = —0.99) and the percentage of tetraploid astrocytes in the
hippocampus (r = —0.97) and the cortex (r = —0.71) (Figure S7b). As
expected, there was a high correlation between age and tetraploidy in
the cortex (r = 0.88 for astrocytes and r = 0.95 for neurons). An
inverse correlation with age (r = —0.99 for astrocytes and r = —0.86
for neurons) was found in the amygdala, whereas no correlation was
found in the hippocampus. Interestingly, there was a high inverse cor-
relation between onset age and tetraploidy in the hippocampus
(r = —0.95 for astrocytes and r = —0.97 for neurons) suggesting that
early onsets implied higher percentages of tetraploidy. In the other
two areas, no correlation with age of onset was found. Similarly, no
association was observed between the percentage of tetraploidy and
the Engel score 2 years after surgery (Table S4) or the history of
febrile crises (Table S5).

DISCUSSION

In this study, we demonstrated the presence of both tetraploid neu-
rons and astrocytes in TLE patients and control subjects. We also
found a higher number of tetraploid neurons and astrocytes in the

hippocampus of TLE patients.
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FIGURE 4 Percentage of tetraploid astrocytes in different brain regions of temporal lobe epilepsy (TLE) patients and controls. Cells from
surgical samples were analysed for marker expression and tetraploidy by flow cytometry. The percentage of tetraploid astrocytes (51008
+NeuN- cells) is shown for (A) the hippocampus of healthy controls (n = 7) and the epileptogenic zone of TLE patients (n = 16). (B) Cortex of
healthy controls (n = 10) and epileptogenic zone of extratemporal epilepsy (EZ, n = 3). (C) Cortex of healthy controls (n = 10) and cortical
surrounding zone (CSZ, n = 14) to the epileptogenic zone. (D) Amygdala of healthy controls (n = 5) and TLE patients (n = 3). Data are
represented as violin box plots. Differences were analysed by the Wilcoxon rank sum exact test. *p < 0.05. Abbreviations: CSZ, cortical

surrounding zone to the epileptogenic zone; EZ, epileptogenic zone

As expected, tetraploid neurons were found in the cortex, hippo-
campus [10, 19] and amygdala of healthy controls. A significant
increase in tetraploid neurons detected with NeuN was observed in
TLE. We perceived a non-significant increment of tetraploid neurons
in the surrounding region to the epileptogenic zone. The increase in
extratemporal tetraploidy was not significant, although the p value
was very close to the significance threshold (p = 0.051), probably due
to the limited number of samples available (n = 3). To analyse tetra-
ploidy, adult neurons were identified using the NeuN biomarker to
differentiate them from adult neurogenesis, which is also impaired
and abnormal in TLE [23, 24]. Unfortunately, we could not confirm
the increase of neuronal tetraploidy in the hippocampus of TLE
patients with an alternative biomarker (CTIP2). Perhaps, this is
because although CTIP2 levels in tetraploid neurons were higher than
those reported in previous publications, this marker is only expressed
in a subset of tetraploid neurons [10].

Cell cycle reactivation in neurons of epilepsy patients has been
proposed to modulate apoptosis [25-27]. Several factors are involved

in this process. For example, E2F1, which is implicated in neuronal cell

cycle reactivation and DNA synthesis [12], is found in an abnormal
location in the neuronal cytoplasm of TLE neurons [28]. Cyclin B,
involved in G2/M transition, has been observed in the hippocampus
of TLE patients [27]. In addition, BDNF, a blocker of G2/M transition
through Cdk1 inhibition in physiological tetraploid neurons [17], is
overexpressed during seizures [29, 30]. These tetraploid neurons may
be more prone to die, as previously described in Alzheimer's disease
[14, 15, 18], contributing to the massive apoptotic cell death observed
in the hippocampus of TLE patients [28, 31]. Although the association
between neuron tetraploidy and cell death could not be thoroughly
analysed, our data suggest a reduction in the number of neurons in
the hippocampus and the surrounding cortical region to the
epileptogenic zone.

Most DRE studies have focused on neurons [32]. However, astro-
cytes modulate synaptic plasticity and electrical properties in the brain
in physiological conditions [33-36]. Recent studies have revealed that
reactive astrocytes actively contribute to seizure activity in epilepto-
genesis [32]. During this process, astrocytes undergo morphological,

molecular and functional modifications that allow the development of
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astrogliosis, along with changes in the expression pattern of various
proteins, such as transporters, receptors and enzymes, some of which
are involved in astrocyte-neuron and astrocyte-astrocyte signalling
[32]. In the 60s, there was controversy regarding the existence of tet-
raploid astrocytes and neurons [37-40]. Due to the lack of reproduc-
ible methods of DNA quantification, different researchers stated that
it was impossible to reach a conclusion about this topic [41]. We have
observed the presence of tetraploid astrocytes in different regions
(cortex, hippocampus and amygdala) of the central nervous system of
healthy controls and TLE patients using two different biomarkers
(S100p and NDRG2) and two techniques (flow cytometry and image
cytometry). We have confirmed that tetraploid astrocytes are
increased in TLE. Tetraploid astrocytes may be bigger than diploid
astrocytes, thereby contributing to the hypertrophy/hyperplasia of
astrocytes found in the epileptogenic zone in TLE [42, 43]. Recently,
polyploid astrocytes with abnormal mitosis were described in animal
models of epilepsy [44] and Drosophila [45]. These studies found that
multinucleated astrocytes could survive long periods and even re-
enter mitosis [44]. These results suggest that possible complementary
mechanisms caused by insults generated by seizures could alter the
cell cycle.

Different processes suggesting cell cycle reactivation and prolifer-
ation in astrocytes have been observed in TLE patients [42, 43, 46]. In
accordance with this observation, we found an increase in the number
of astrocytes in all of the brain regions analysed. Surprisingly, unlike in
neurons, NGF and p75 promote cell cycle arrest in astrocytes in epi-
lepsy [47]. Moreover, in mouse models of TLE, BDNF and TrkB regu-
late severity and neuronal activity [48], which may contribute to
G2/M blockade in tetraploid astrocytes in a similar way to the modu-
lation in tetraploid neurons [17].

In accordance with previous results [10], we found a high correla-
tion between age and cortical tetraploidy (in neurons and astrocytes)
and between lower onset age and high levels of tetraploidy. Thus, if
patients show an early onset of epilepsy, they may accumulate higher
levels of tetraploidy. Moreover, an association between tetraploid
neurons and tetraploid astrocytes was detected. This fact may be
potentially explained because epilepsy may stimulate overexpression
of factors that induce cell cycle re-entry (such as neurotrophins)
[12, 19, 49] and tetraploidy in both cell populations. Similarly to
recent treatments proposed for Alzheimer's [50], we hypothesise
that the modulation of tetraploidy could be a potential treatment
for DRE.

Limitations

This work has several limitations. The first and most relevant is the
sample size. The number of patients, mainly DRE, is limited by the
number of neurosurgical resections. This limitation is balanced by the
exhaustive study of the patient clinical records and the fact that the
tissue sample was fresh thus precluding potential biases caused by
formalin fixation. Second, the control sample came from a brain tissue

biobank; therefore, the possible effect of death on post-mortem

tissue cannot be ruled out. The lack of availability of post-mortem
brain tissue from drug-sensitive epilepsy patients or epilepsy patients
not treated with anticonvulsant drugs hampered the analysis of the
effect of epilepsy on the percentage of tetraploidy. Third, our results
may have a bias regarding the tissue regions analysed. Despite all the
tissues being visually controlled and the extraction being standardised,
the selection of exactly the same anatomical structures in different
samples was challenging, in particular for surgical brain samples,
because clinical practice rules limited the amount of tissue extracted
to the minimum necessary to improve the patient’s condition. Fourth,
although astrocytes are the brain cell type with the highest S100p
expression [21], we observed that a subpopulation of neurons also
expressed this marker [51]. Thus, we had to focus on S1008+/NeuN—
astrocytes. Nevertheless, we validated our results with an alternative
biomarker, NDRG2, which is mainly expressed in the nuclei of adult
astrocytes [20]. Fifth, specific astrocyte states (e.g., reactive or non-
reactive) could not be analysed in this study, due to the limitations of
the current methodology for cell analysis. GFAP is one of the main
biomarkers of reactive astrocytes [52] but is also expressed in neural
stem cells [53]; accordingly, this biomarker does not allow for the dif-
ferentiation of tetraploid astrocytes from neural stem cells. Sixth, the
present study does not rule out the possible increase of tetraploid
neurons and astrocytes in drug-sensitive patients; the obvious limita-
tion of tissue samples from drug-sensitive patients hinders the com-
parison between drug-sensitive and DRE. Taking this all together,

further studies are needed to confirm our results.

Conclusions

The presence of tetraploid astrocytes in healthy subjects is a ground-
breaking discovery that could provide new insights into the study of
the brain. The role of these cells in the structure and function of the
brain remains unexplored and should be better studied in the future.
Furthermore, both tetraploid neurons and astrocytes are increased in
DRE. Accordingly, understanding their role in the pathogenesis of this
disease could pave the way to new treatment lines for these patients.
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