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As a complement and directly related to the scientific publication that forms the
core of my thesis and its indication of quality, | have developed two interactive
web applications that allows to explore the results of the transcriptomic analyses,
and | have also contributed a step-by-step method that favors reproducibility of
the computational analysis to extract cell-specific signatures from bulk-tissue

RNA-seq reported in the main manuscript (Cid, Marquez-Galera, et al., 2021):

e Transcriptional profiling along the radial axis of normal and epileptic CA1:
http://lopezatalayalab.in.umh-csic.es/CA1_Sublayers & Epilepsy

e Single-nuclei transcriptional profiling of normal and epileptic CA1:

http://lopezatalayalab.in.umh-csic.es/CA1 SingleNuclei & Epilepsy

¢ Angel Marquez-Galera, Liset M. de la Prida, Jose P. Lopez-Atalaya (2022).
A protocol to extract cell-type-specific gene expression signatures from
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Summary

Summary

Temporal lobe epilepsy (TLE), the most common form of focal epilepsy, is a chronic
disorder of the nervous system which is characterized by recurrent, unprovoked focal
seizures that originate in the temporal lobe of the brain. Hippocampal sclerosis (HS), the
major neuropathological hallmark of temporal lobe epilepsy, is characterized by different
patterns of neuronal loss and is associated with cognitive impairment and drug
resistance. One of the areas most affected by hippocampal sclerosis is the CA1 subfield,
a layered structure consisting of a superficial and a deep sublayer. However, the
mechanisms leading to CA1 hippocampal sclerosis are unknown. Using single-cell
electrophysiology invivo and immediate-early gene expression, we reveal that
superficial CA1 pyramidal neurons are overactive in epileptic rodents. Bulk tissue and
single-nucleus expression profiling disclose sublayer-specific transcriptomic signatures.
These analyses reveal that superficial sublayer is more severely affected by epilepsy,
showing a prominent neurodegeneration-associated transcriptomic signature that was
characterized by upregulation of microglia reactive response and cell cycle genes, and
downregulation of neuronal plasticity genes. Pseudotime analysis of gene expression in
single nuclei and in situ validation reveal separated trajectories from health to epilepsy
across cell types and identify a subset of superficial cells undergoing a later stage in
neurodegeneration. Our findings indicate that sublayer- and cell-type-specific changes
associated with selective neuronal damage in CA1 contribute to progression of
hippocampal sclerosis, with neurons populating the superficial CA1 sublayer being much
more vulnerable than those in the deep sublayer. In addition, we have introduced a
protocol that leverages existing single-cell expression data to deconvolve lists of
differentially expressed genes from highly heterogeneous tissues into cell-type-specific
gene expression patterns. We have made all the data from this study accessible as
public resources through interactive websites that facilitate exploration of analysis

results.
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Resumen

Resumen

La epilepsia del I6bulo temporal (TLE), la forma mas comun de epilepsia focal, es un
trastorno crénico del sistema nervioso que se caracteriza por convulsiones focales
recurrentes y no provocadas que se originan en el lI6bulo temporal del cerebro. La
esclerosis del hipocampo (HS) es el principal signo neuropatoldgico de la epilepsia del
I6bulo temporal y se caracteriza por diferentes patrones de pérdida neuronal que estan
asociados a deterioro cognitivo. Una de las zonas mas afectadas por la esclerosis del
hipocampo es la capa CA1, formada por una subcapa superficial y otra profunda. Sin
embargo, se desconocen los mecanismos que subyacen a la esclerosis de la capa CA1
del hipocampo. Utilizando electrofisiologia unicelular in vivo y la expresion génica
inmediata y temprana, revelamos que las neuronas piramidales superficiales de CA1
son hiperactivas en roedores epilépticos. Los perfiles de expresion a nivel de tejido y de
nucleo unico revelan firmas transcriptomicas especificas de subcapa y respuestas
microgliales proinflamatorias robustas asociadas a epilepsia afectando a la subcapa
superficial. Los transcritos que regulan los procesos neuronales como los canales de
voltaje, la sefalizacion sinaptica y la adhesion celular se desregulan de manera diferente
por la epilepsia en las subcapas, mientras que las firmas neurodegenerativas involucran
principalmente células superficiales. El analisis de pseudotiempo de la expresién génica
de nucleo unico y la validaciéon in situ revelan trayectorias separadas desde la salud
hasta la epilepsia a través de los tipos celulares e identifican un subconjunto de células
superficiales que atraviesan una etapa posterior de neurodegeneracion. Nuestros
hallazgos indican que los cambios especificos de subcapa y tipo celular asociados con
el dafo neuronal selectivo en CA1 contribuyen a la progresion de la esclerosis del
hipocampo, siendo las neuronas que pueblan la subcapa superficial de CA1 mucho mas
vulnerables que las de la subcapa profunda. Ademas, hemos introducido un protocolo
que aprovecha los datos de expresion unicelular existentes para deconvolucionar
patrones de expresion génica especificos de tipo celular a partir de listas de genes
expresados diferencialmente en tejidos altamente heterogéneos. Finalmente hemos
hecho accesibles los datos de este estudio como recursos publicos a través de sitios

web interactivos que facilitan la exploracion de los resultados de los analisis.

11
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Introduction

Introduction

1. Epilepsy

Epilepsies are chronic brain disorders characterized by an enduring predisposition to
generate seizures, triggered by abnormal electrical activity at neuronal level. Epilepsies
have a broad spectrum of symptoms and clinical signs — from unusual sensations to

seizures with loss of awareness with emotional and cognitive associated comorbidities.

Epilepsies are the common clinical manifestation of different diseases with very diverse
etiology including structural, metabolic, immune, infectious, genetic, neurodegenerative

and idiopathic causes, which are not mutually exclusive (Balestrini et al., 2021; Scheffer

et al., 2017). The International League Against Epilepsy (ILAE) classifies seizure types
by their onset, that can be focal, generalized or unknown, and with or without motor onset

(Eisher et al., 2017). Diagnosis of the seizure type is followed by diagnosis of epilepsy

type, which includes focal epilepsy, generalized epilepsy, combined generalized and

focal epilepsy, and also unknown epilepsy type (Scheffer et al., 2017).

In 2016 epilepsies were the fifth largest contributor to global neurological disability-
adjusted life-years (GBD 2016 Neurology Collaborators, 2019) and responsible for more
than 0.5% of the global burden of disease (GBD 2016 Epilepsy Collaborators, 2019),

with a socio-economic burden that in 2004 was estimated in 15.5 billion euros per year

in Europe alone (Pugliatti et al., 2007). Epilepsies affect around 50 million people of all

ages, sexes and income levels worldwide (WHO, 2019), although their onset are more
frequent in childhood and late adulthood (England et al., 2012). With a combined

incidence rate of 61.44 per 100,000 person-years, that is higher in low- and middle-
income countries, 7.6 out of every 1,000 people suffer from epilepsy at some point during

their lives (Fiest et al., 2017). Furthermore, recent evidence shows that epilepsy,

commonly involving the temporal lobe, constitutes a pathophysiological element present

in prodromal stages of the most common neurodegenerative diseases (Sen et al., 2020;

Beagle et al., 2017; Cretin et al., 2017; Rao et al., 2009) including Alzheimer's disease
(Palop _and Mucke, 2009; Born, 2015), Lewy body disease (Marawar et al., 2020),

vascular cognitive impairment (Imfeld et al., 2013), and fronto-temporal lobar

degeneration (Beagle et al., 2017).

Despite significant therapeutic advances that have led to the availability of more than 20

anticonvulsant drugs (Kwan et al., 2011; Léscher et al., 2020), recent studies show that

up to one third of affected individuals remain resistant to pharmacotherapy (Chen et al.
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2018; Kalilani et al., 2018). As such, there is a real clinical need to better understand the

underlying biological processes in order to develop new treatments and to provide quality

of life improvements to epileptic patients.

1.1. Temporal lobe epilepsy

Temporal lobe epilepsy (TLE) is the most common form of epilepsy with focal seizures

and the most prevalent form of drug-resistant epilepsy (Abarratequi et al., 2021). A

hallmark feature of TLE is hippocampal sclerosis (HS), a neuropathological condition
characterized by neuronal loss and neuroinflammatory processes affecting the

hippocampus (Blimcke et al., 2013; Blimcke et al., 2017) causing a strong cognitive,

episodic and spatial memory alteration that dramatically impairs the quality of life of

patients with drug-resistant TLE.

The only therapeutic alternative for these patients is an early resective surgery of the

affected hippocampal formation (Riban et al., 2002; Kwan et al., 2011). In addition,

prospective studies indicate that, although in the early postoperative years between 60
and 80% of patients are seizure-free, long-term outcomes are less favorable (Janszky et

al., 2005; Blumcke et al., 2013) making the therapeutic management an unmet clinical

need.

1.2. Experimental models of temporal lobe epilepsy

Distinct experimental models have been proposed to study epilepsy, such as chemical,

electrical, hypoxic-ischemic and genetic models (Pitkénen et al., 2017).

To study the molecular, cellular and pharmacological mechanisms underlying TLE with
HS, two experimental models have been widely used in rodents during the last decades
due to their high level of similarity to human TLE (Sharma et al., 2007; Leite et al., 2002;

Pitkénen et al., 2017). These experimental models are based on the activation of the two

major excitatory neurotransmitter systems: the kainic acid model, which activates the

glutamatergic system (Nadler et al., 1978; Ben-Ari et al., 1979; Rusina et al., 2021) and

the pilocarpine or lithium-pilocarpine model, which activates the cholinergic system
(Turski et al., 1983; Curia et al., 2008; Lévesque et al., 2021). These drugs are

administered locally by intrahippocampal or intracerebroventricular injection, or

systemically by intravenous, subcutaneous or intraperitoneal injection (Rusina et al.

2021; Lévesque et al., 2021). Epileptogenic drugs are administered with a single high

dose or with repeated low doses until the development of status epilepticus, after which
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the animals are usually treated with a single dose of diazepam, an anxiolytic with
antiepileptic effects that prevents further seizures and increases their survival rate (Leite
et al., 1995; Riban et al., 2002).

The aforementioned models develop chronic epilepsy in 3 phases, starting with status
epilepticus followed by a latent period phase and chronifying in the recurrent phase

(Riban et al., 2002; Pitkdnen et al., 2015), mimicking the development observed in

humans. The chronic epilepsy is characterized by recurrent paroxystic activity patterns

in form of sharp-wave ripple and fast-ripple events (Valero et al., 2017) that appears after

a latent period of two weeks (Riban et al., 2002; Pitkénen et al., 2015).

Although there are histopathological, seizure susceptibility and mortality differences at

the species and strain level in rodents (McKhann et al., 2003; Loscher et al., 2017), both

models induce very similar cytopathology that reproduces the neuroinflammation,
neuronal loss and hippocampal sclerosis following status epilepticus — as seen in human
patients with drug-resistant TLE. However, there are differences in the patterns of
affectation in these models. Taking the glutamatergic model as a reference, the
cholinergic model is characterized by a broader pattern of activated brain regions with
slightly less damage to the hippocampus but more damage to the neocortex (Clifford et
al., 1987; Covolan and Mello, 2000).

2. Hippocampus

The hippocampus is a temporal lobe structure that plays a key role in multiple cognitive
functions, including learning and episodic and declarative memory (Scoville and Milner,
1957; Milner, 1972; Squire, 1992; Jarrard, 1993; Tulving and Markowitsch, 1998; Bird

and Burgess, 2008). Its structure consists of two fields: the hippocampus proper and the

dentate gyrus (DG). The hippocampus proper is composed of different layers, including
CA1, CA2 and CA3, which are named after the acronym cornu Ammonis (CA), a name
formerly used to refer to the hippocampus. In humans, the hippocampus proper also
includes other layer termed CA4. Moreover, the hippocampal structure, function and
connectivity is preserved across human and rodent brains (Clark and Squire, 2013;
Bienkowski et al., 2021) (Figure 11).
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Human brain Rodent brain

Figure 1. Schematic of the hippocampal structure in humans and rodents.

Maijor local connectivity within the hippocampus was first described in a publication by

Santiago Ramén y Cajal in 1911. In this work he predicted the intrinsic connectivity of

the hippocampus and even correctly inferred the directionality of neuronal impulses
solely from histological data (Figure 12A). The hippocampus is mainly connected to the
rest of the temporal lobe through connections with the subiculum and entorhinal cortex.
Using the simplified schematic in Figure I12B as a reference, the circuit that connects
hippocampal layers to each other and to adjacent structures is termed the trisynaptic

circuit (Ramoén y Cajal, 1911) and consists of the perforant pathway, which connects the

entorhinal cortex to the DG, the mossy fibers, which connect the DG to the CAS3 layer,
and the Schaffer collaterals, which connect the CA3 layer to CA1 layer. Additionally,

Ramén y Cajal (1911) also described the synapses and circuits in form of recurrent

connections within the CA3 layer. More recent evidence has proposed a specific
connectivity between the entorhinal cortex and the CA1 layer via the temporoammonic
pathway (Steward and Scoville, 1976; Maccaferri and McBain, 1995).
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Figure 12. The hippocampal structure and major local connectivity in rodents.

A. lllustration by Ramén y Cajal (1911) of the main cells, connections and directionality

of neuronal impulses in hippocampal formation. B. Schematic of the hippocampal

structure and trisynaptic circuit connectivity in rodents.

3. Hippocampal sclerosis

Historically, hippocampal sclerosis (HS) was coined by Sommer in 1880 in the autopsied

brain of a patient with TLE as “Ammon's horn sclerosis”. However, the presence of HS

in the brains of epileptic patients had been observed earlier by Bouchet and Cazauvielh

in_ 1825. HS is a hallmark feature of drug-resistant TLE and is a neuropathological
condition characterized by loss of hippocampal volume, neuronal loss and

neuroinflammatory processes affecting the hippocampus (Bliimcke et al., 2013; Blimcke

et al., 2017), causing severe cognitive, episodic and spatial memory impairment that

dramatically deteriorates patients' quality of life.

HS is characterized by specific patterns of neuronal loss affecting different hippocampal
subfields (Figure 13) from the CA1 to CA3/4 layers, the hilus of the DG and superficial

layers of the entorhinal cortex (Blimcke et al., 2009; Du et al., 1995; de Lanerolle et al.,

2003). Factors such as epilepsy history, age of onset, and the relationship with early
precipitating events may all influence the degree and severity of HS (Davies et al., 1996;
Janszky et al., 2005).

Figure 13. Resected hippocampal tissue from patients with TLE, showing a normal (left)
and atrophic hippocampus (right). Note the strong neuronal loss affecting the CA1 layer

of the hippocampus. Images adapted from Blimcke et al. (2013).
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HS is also characterized by inflammatory processes leading to reactive gliosis, edema

and glial scarring in the hippocampus (Blimcke et al., 2013; Pernot et al., 2011). This

processes involve different cell types, including microglia and astrocytes (Blumcke et al.,

2013; Devinsky et al., 2013; Morin-Brureau et al., 2018), that triggers the synthesis of

cytokines, enzymes and trophic factors capable of worsening neurodegeneration

(Crespel et al., 2002; McKenzie et al., 2020). Chronic neuroinflammation is a common

feature of TLE in patients and in animal models, in which inflammatory processes are

chronically active and can be reinduced by recurrent seizures (Pernot et al., 2011;

Crespel et al., 2002; Gales et al., 2017). The role of chronic neuroinflammation and the

contribution of the different glial populations to HS is not fully understood, but
experimental and clinical evidence suggests that blockade of proinflammatory pathways

reduces seizure duration and frequency (Radu et al., 2017; Maroso et al., 2010; lori et

al., 2017), and thus may protect against the development and progression of HS in TLE.

The most common form of HS (type 1; 60-80% of TLE cases) shows severe neuronal
loss of CA1, CA3, and CA4 pyramidal neurons and milder loss in CA2 layer, with
variability along the septotemporal or anteroposterior axis (Blumcke et al., 2013; Wyler
etal., 1992). In contrast, type 2 HS (10-20% of TLE cases) is associated with

predominant CA1 neurodegeneration and minimal loss in other layers (Blumcke et al.,

2013). Given the disparities between clinical series, there is no consensus on neuronal

loss progression over time (Blimcke et al., 2009; Davies et al., 1996). In addition,

individual variabilities and anatomical inhomogeneities complicate classification (Coras

et al., 2014; Rodrigues et al., 2015; Saghafi et al., 2018). For instance, patchy neuronal

loss has been described in the CA1 layer in some cases, whereas in others, it seems to

adopt a more laminar profile (Prada Jardim et al., 2018). In some affected individuals cell

loss concentrates in the CA4 layer and the dentate gyrus, and is frequently integrated in
dual pathologies — e.g., TLE and malformations of cortical development — classified as
type 3 HS (3-7% of TLE cases) (Mathern et al., 1997). However, the mechanisms

underlying specific vulnerability of diverse cells and their role in the histopathological

landscape and clinical significance of TLE-HS remain unknown.

4. Laminar organization of the Hippocampal CA1 subfield

The CA1 layer of the hippocampus has a compact laminar structure whose layers are

generated at different stages of development (Lorente de N6, 1934). Recent techniques

and methods operating at single-cell resolution point to an exquisite cell-type-specific

organization that is instrumental for brain function (Habib et al., 2016; Zeisel et al., 2015).
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Previous studies have shown that the CA1 layer of the rat and mouse hippocampus is
populated by at least two distinct types of pyramidal cells that are different at molecular,
neuroanatomical, morphological and functional levels, with characteristic gene
expression gradients along the dorso-ventral and proximo-distal axes (Cembrowski
etal., 2016a; Cembrowski and Spruston, 2019; Dong etal., 2009; Bannister and

Larkman 1995; Slomianka et al., 2011). This pyramidal cells are also segregated along

the CA1 radial axis, with one population expressing the cell marker Calbindin (Calb)
located at the superficial sublayer of CA1 (closer to stratum radiatum (SR)), and cells at
the deep sublayer (closer to stratum oriens (SO)) that are negative for this marker (Valero
et al., 2015; Dong et al., 2009; Cembrowski et al., 2016a; Habib et al., 2016) (Figure 14).
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Figure 14. Schematic of the hippocampal CA1 superficial and deep sublayers (left),
superficial and deep pyramidal cells segregation along the CA1 radial axis with Calbindin
(Calb) staining, showing cell distribution along different strata, from top to bottom:
stratum oriens (SO), stratum pyramidale (SP) and stratum radiatum (SR) (center) and
intracellular recordings showing that cells at deep sublayer hyperpolarize when

superficial cells depolarize (right). Images adapted from Valero et al. (2015).

Functionally, superficial and deep CA1 pyramidal neurons project differentially and
diverge in their participation of sharp-wave ripple activity (a rithmic activity that happens
during sleeping and resting), theta-gamma oscillations (rhythmic oscillations that
synchronize neurons within and across the brain's structure) and behavioral-cognitive

correlates (Soltesz and Losonczy, 2018; Valero and de la Prida, 2018; Valero et al.,

2015). Moreover, Calbindin negative cells at deep sublayer become hyperpolarized

when superficial cells depolarize (Valero etal., 2015) (Figure 14). Differences in

excitability are related to microcircuit mechanisms, which perisomatic inhibition by
parvalbumin (PV) basket cells is markedly greater in deep compared to superficial cells

(Soltesz_and Losonczy, 2018; Valero etal., 2015), and a greater likelihood that

superficial cells are driven by presynaptic CA3 activity through Schaeffer collaterals than

deep cells (Valero et al., 2015). Similarly, direct inputs to CA1 from layer Ill pyramidal
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neurons in the medial entorhinal cortex are biased by deep CA1 cells, whereas
projections from the lateral entorhinal cortex are stronger in superficial cells (Masurkar

etal., 2017). Consistent with this, there is recent evidence showing differential

connectivity at the input and output levels between CA1 sublayers and the prefrontal
cortex, with differentiated activation along approach and avoidance behavior (Sanchez-
Bellot et al., 2022).

Despite data suggesting critical regionalization of CA1 neuronal responses to ischemia,
anoxia, and epilepsy, in form of reduction of CA1 linear cell density consistent with HS
type 2 (Morris et al., 1995; Valero et al., 2017; Wittner et al., 2002; Inostroza et al., 2011),

little is known about their clinical relevance and potential relationship with neuronal

vulnerability. We hypothesize that CA1 pyramidal neuron heterogeneity may be related
to epilepsy progression and HS. Understanding the effect of this cellular diversity and
transcriptional changes on these processes may provide insights into more specific
mechanisms towards new diagnostic and therapeutic opportunities (Pfisterer et al.,
2020).

5. Omics approaches to hippocampal sclerosis in epilepsy

The pathology of TLE with hippocampal sclerosis (TLE-HS) involves multiple
processes in a complex and dynamic molecular environment that trigger
neuroinflammation and neurodegeneration in the hippocampus. The study of the
pathophysiological mechanisms underlying HS in epilepsy has been approached in
recent decades from different fields of the life sciences, including anatomy, pathology,
physiology, pharmacology and immunology. The recent incorporation of so-called
“‘omics” techniques, which allow interrogation at different molecular levels with an
unprecedented level of resolution, is generating valuable insights into the underlying

mechanisms leading to TLE-HS (Bruxel et al., 2021). Omics analyses in samples from

patients with TLE-HS and rodent models of TLE are contributing to our understanding of
the underlying biological processes. However, analyses in tissue from patients with TLE-
HS are limited by factors such as high inter-patient variability and the absence of

adequate human controls (Becker, 2018; Ren and Curia, 2021). In addition, many of

these samples are obtained by post-mortem autopsy with differences in collection time,
temperature and their processing, which introduce undesirable effects for downstream

analyses (Ferrer et al., 2007; Nagy et al., 2015). Despite the difficulties in translating the

results to patients, experimental models of TLE allow control of these variables and
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overcome some of the limitations of the molecular studies in humans (Ren and Curia,
2021).

Metabolomic techniques quantify diverse types of small molecules resulting from
cellular metabolic functions. These approaches have demonstrated specific alterations
in TLE-HS in neurotransmitter balance, increased metabolism and oxidative stress

among others (Bruxel et al., 2021). A landmark study by Detour et al. (2018) has shown

altered levels of specific metabolites in the brain of patients with TLE-HS. A small set of
metabolites was studied in samples from patients of TLE with and without HS and
revealed that sclerosis is associated to increased levels of glutamate, glutamine, and
glutathione, and decreased concentration of glycine, choline, phosphocholine, N-
acetylaspartate-acid, acetate, ascorbate, arginine, alanine, taurine and valine (Detour et

al., 2018). This increase of metabolites in HS could be related to a higher neuronal

activity burden in these samples, whereas the decrease was linked to phospholipid
metabolic pathways and amino acid metabolism, possibly related to a decrease in

metabolic density (Detour et al., 2018). In turn, the decrease in metabolic density could

be due to the fact that the metabolic effects of neuronal loss are not compensated by the

neuroinflammatory processes leading to gliosis (Detour et al., 2018). Additionally,

samples from patients with TLE were segregated by HS subtype and compared by taking
samples without signs of HS as a reference. This led to the identification of 3 highly
discriminative metabolites between type 1 and type 2 HS - glutamate and N-
acetylaspartate-acid were shown to be more concentrated exclusively in type 1 HS, while

glutamine was shown to be more concentrated exclusively in type 2 HS (Detour et al.

2018). The field of metabolomics is making great strides. Future high-throughput studies
analyzing broader sets of metabolites may help to better understand the array of
metabolic alterations underlying TLE-HS pathology. These patterns of metabolic
alteration could further be used as early predictors of drug response in epilepsy (Donatti
et al., 2020).

Mass spectrometry has allowed proteomic and metabolomic studies to advance in terms
of sensitivity, accuracy and resolution. The most recent proteomic studies use this
technique to quantify the abundance of peptides, their interactions and post-translational

modifications (Bruxel et al., 2021). Tissue proteomics by mass spectrometry imaging in

samples from patients with TLE-HS has revealed enriched levels of neuropeptide
precursors and receptors, and proteins implicated in axon regeneration, including
neurotrophins, cell surface and membrane proteins, signal transduction proteins,

cytoskeleton proteins and different tumor suppressors (Mériaux et al., 2014). Proteomic

profiling by mass spectrometry and two-dimensional electrophoresis of hippocampal
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samples from patients of TLE with and without HS disclosed that samples with signs of
sclerosis had decreased synaptic protein levels and increased glia-related protein levels

(Furukawa et al., 2020). A complementary histological analysis of the samples observed

marked neuronal loss and astrocytic gliosis (Furukawa et al., 2020). Data from animal

models of TLE-HS expand these observations, allowing longitudinal studies of different
brain areas. A longitudinal proteomic profiling of the hippocampus, cortex and cerebellum
has recently been performed surveying six time points spanning from the first minutes to

two weeks after induction of status epilepticus (Ahmed et al., 2021). Protein expression

alterations were found to be involved in different biological processes related to
membrane trafficking, excitatory signaling, regulation of gene expression, cytoskeleton
remodeling, immunity, apoptosis and cell survival, proliferation and differentiation —
including the signaling pathways MAPK, MTOR, JAK/STAT, NMDAR receptor subunits,
and cell death through STAT3 activation (Ahmed et al., 2021). Findings from different

proteomic approaches in TLE-HS point to alterations in structural, synaptic and ion

channel proteins, cytoskeleton remodeling and increased metabolism and oxidative
stress (do Canto et al., 2021; Bruxel et al., 2021; Mériaux et al., 2014), while others

further point to cell damage, inflammation, proliferation and cell death (Ahmed et al.

2021; Furukawa et al., 2020). This suggests that different biological processes in distinct

cell types concur in tissue response to pathology, and highlights the need to study the
different areas and populations separately in order to deconvolute the underlying

responses associated with each process.

Genomic studies are a powerful tool to identify associations between genetic variants
and disease, response to treatment and prognosis. In order to elucidate common
mechanisms of susceptibility to TLE-HS, different genomic approaches have been
applied to the analysis of patient samples. One of the most common types of genomic
approaches are genome-wide association studies (GWAS). A GWAS of samples from a
robust cohort of controls and patients for common genetic variation and susceptibility to
focal epilepsies — including TLE-HS — was further analyzed by functional annotation,
revealing glutamate receptor and ion channel genes among gene variations closest to

significance (Kasperaviciute et al., 2010). Genomic analysis of the polymorphisms in

mitochondrial DNA of patients with TLE-HS and healthy controls revealed a significant
relation of ATP-8, ND4 and ND5 genes with TLE-HS (Gurses et al., 2014). However,

GWAS are often limited by the difficulty of explaining genetic risk for common diseases,

of assessing rare genetic variants, and the small effect sizes of most associations

(Manolio et al., 2009; McClellan and King, 2010). These limitations make it necessary to

use a large number of samples that were representative of the general population and
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the pathology to increase the statistical power and robustness of the analyses. Still, this
does not avoid other common limitations of GWAS such as the difficulty in uncovering
causal associations and the poor ability of the results to predict disease risk (Manolio et

al., 2009; McClellan and King, 2010). On the other hand, family genetic studies have

also proven useful in identifying mechanisms of susceptibility to TLE-HS. A genetic
analysis of polymorphisms in two infant patients suffering from a common syndrome with
TLE-HS revealed de novo mutations within the exon of the SCN1A gene (Tiefes et al.,
2019). The study of genetic predisposition to TLE-HS related to polymorphisms in the
proinflammatory cytokine genes encoding IL-13, IL-1a and interleukin-1 receptor
antagonist (IL-1RA) — modulators of the immune response and involved in glial scarring
processes under central nervous system injury — suggests that homozygotes for IL-
1B-511+2 could develop HS under minor epileptogenic events in development

(Kanemoto et al., 2000). Taken together, different genetic and genomic approaches

have found mechanisms of susceptibility to TLE-HS in which again alterations in synaptic

function, oxidative metabolism or immune response are observed.

The field of epigenomics aims at the genome-wide characterization of reversible
modifications that affect gene expression without altering the DNA sequence through

processes such as DNA methylation or histone acetylation (Friedman and Rando, 2015).

There is evidence associating epilepsy with epigenetic modifications (Kobow et al., 2013;

Citraro et al., 2020). In addition, several antiepileptic drugs are known to also induce

epigenetic changes by inhibiting HDAC (histone deacetylase). These drugs include

valproate (Géttlicher et al., 2001), carbamazepine (Beutler et al., 2005) and topiramate

(Eval et al., 2004). Furthermore, the induction of epigenetic changes has also been

observed in antiepileptic treatments through DNA demethylation and untranslated RNA
(Dong et al., 2010; Ni et al., 2015; Oikawa el al., 2015; Kong et al., 2020). Together,

these studies suggest that epigenetic modifications may play a role in the development

of epilepsy and its treatment. So far, the number of epigenomic approaches to investigate
the role of epigenetic changes underlying HS in epilepsy is very limited and the few

available references are related to DNA methylation studies (Bruxel et al., 2021). Dixit et

al. (2020) has recently performed a genome-wide functional annotation of genes
enriched in DNA methylation in samples from patients with TLE-HS compared to control
post-mortem samples from individuals with no history of neurological disorders. These
authors found that hypermethylated genes in TLE-HS are associated to the ionotropic
glutamate receptor and axon guidance pathways, MAPK, TFAP2A-related regulatory
activities, notch signaling and the immune response among others, highlighting
ADAM17, CACNG2, MAP3K11, NRP1, SEMA3B and TFAP2A genes (Dixit et al., 2020).
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Interestingly, they observed a high percentage of methylation changes associated with
the gene body, and not with promoter sites or CpG islands. Methylation in microRNA

gene regions has also been investigated in human TLE-HS (Miller-Delaney et al., 2015).

The results show a high sensitivity to methylation at the promoter regions and
transcription start site of several microRNAs. Furthermore, gene ontology analysis
highlighted that most methylation occurred in genes associated with nuclear functions,

including transcriptional regulation and DNA binding (Miller-Delaney et al., 2015). Finally,

a very recent study shows that changes produced by DNA methylation in human TLE-
HS correlate with transcriptomic changes driven by epilepsy, progressive alterations

related to epilepsy duration and changes in inflammatory genes (Martins-Ferreira et al.,

2022). The results of different epigenetic approaches in TLE-HS point to DNA
methylation as a critical regulator of biological processes that again relate to synaptic

function and immune response.

The biological processes underlying HS in epilepsy are diverse and operate at different
molecular levels. Most omics approaches to HS in epilepsy interrogate these molecular
levels separately, which limits the ability to obtain a complete and integrative view of the
mechanisms involved. However, new multi-omics approaches — based on the analysis
of the interaction between multiple biological levels — integrate the information from each
level. The first multi-omics study on human TLE-HS samples was published by Schulz
et al. in 2017. This study interrogated the effects of cis-regulatory single nucleotide
polymorphisms (SNPs) on DNA methylation and gene expression in hippocampal
biopsies from patients of drug-resistant TLE with pathological abnormalities affecting the
hippocampus, including more than 65% with HS. A high number of cis-regulatory effects
of SNPs were identified, affecting over 14,000 CpG methylation sites and more than 300

gene transcripts (Schulz et al., 2017). This initial study reports relevant points to address

in studies with larger cohorts. An example is the identification of genes associated with
neurodevelopmental disorders, including ADARB2, GABRA5, GABRB3, HDAC4,
NRXN1, RBFOX3, RIMBP2, SLC2A1 and SLC6A1 by methylome and transcriptome

correlation analysis (Schulz et al., 2017). However, the complexity in integrating the

results from the different groups and biological levels studied limited the observations
and conclusions. A posterior multi-omic study of tissue samples from patients with TLE-
HS and post-mortem controls identified a cis-regulatory effect of SNPs affecting
transcription of the METTL2 gene (Guelfi et al., 2019). The METTL2 gene encodes a

protein of the methyltransferase family and is deleted in Williams-Beuren syndrome, a

developmental disorder that sometimes presents with seizures (Schubert, 2009). In
addition, the METTL2-DALRD3 complex dysfunction is related to epileptic
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encephalopathy (Lentini et al., 2020). As in previous studies, most of the down-regulated

genes were associated with neuronal development, cell differentiation, and synaptic
transmission, and the up-regulated genes were associated with immune response. In
addition, up-regulation was detected in genes associated with vascular development
(Guelfi_et al., 2019). Among the differentially expressed genes, they found genes
previously linked to epilepsy, including GABRA1, GABRB2, ITPR1, SCN2A and SCNS8A,
and novel epilepsy candidate genes, such as CAP2, CADPS2, LDB2 or MYT1L (Guelfi
et al., 2019). Interestingly, alternative RNA splicing events were detected in the form of
shortened isoforms for ANK3 and NRXN3. According to the authors, the ANK3 isoform

have unknown effects, while the NRXN3 isoform could lead to a decrease in sodium

channel activity, predisposing to abnormal excitability (Guelfi et al., 2019). Multi-omics

approaches have also been applied in animal models of TLE. In a pioneering study by

Schouten et al. (2016), samples from the dentate gyrus of both hippocampi were

analyzed three days after status epilepticus using microRNA profiling, transcriptomics
and proteomics techniques. Results indicate that more than 300 microRNAs, 13,400

mRNAs and 2,300 proteins were modulated by epilepsy (Schouten et al., 2016). Many

of these changes were further validated by complementary techniques. These data also
revealed a novel regulatory role of microRNA-124 and microRNA-137 in BCL2L13
protein expression and downstream pro-apoptotic activity involving Caspase-3

(Schouten et al., 2015). This result suggest that microRNAs could play a role in

regulating neuronal survival in HS in epilepsy.

Transcriptomics is the study of the complete set of RNA transcripts that are produced
by the genome (i.e., transcriptome). Transcriptomic techniques have been widely applied
in the study of TLE-HS. In neurons gene expression is tightly regulated by electrical
activity and de novo gene expression is necessary for synaptic plasticity (Yap and
Greenberg, 2018; Flavell and Greenberg, 2008; Kandel, 2001). On the other hand,

transcriptional changes underlie phenotypic changes of glial cells from homeostatic to

reactive states in response to environmental stimuli (Lopez-Atalaya et al., 2018; Holtman
et al., 2017; Chen and Colonna, 2021; Escartin et al., 2021). During the first two decades

of the twenty-first century, expression microarrays have been the technique of choice to

study the transcriptome of TLE-HS in humans (de Lanerolle and Lee, 2005; Lee et al.,
2007) and rodents (Aronica and Gorter, 2007; Gorter et al., 2006; Laurén et al., 2010).

These studies, which in the vast majority of cases were performed using bulk

homogenate tissue, show patterns of down-regulation of genes related to synaptic
transmission and up-regulation of genes related to gliosis, immune and inflammatory

responses (de Lanerolle and Lee, 2005; Lee et al., 2007; Aronica and Gorter, 2007;
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Gorter et al., 2006; Laurén et al., 2010). Some of these studies further observed up-

regulation patterns of genes associated with oxidative stress (Aronica and Gorter, 2007;

Gorter et al., 2006; Laurén et al., 2010), neuronal loss and apoptosis (de Lanerolle and
Lee, 2005; Aronica and Gorter, 2007; Gorter et al., 2006). This set of transcriptional

signatures is consistent with the processes of neuroinflammation and neurodegeneration

(Przedborski et al., 2003) underlying HS in epilepsy. Expression microarrays have been

losing relevance with the advent of next-generation sequencing (NGS). RNA sequencing
(RNA-seq), offers different advantages over microarrays, such as that measurements
are discrete in RNA-seq while they are continuous in microarrays. Also, the dynamic
range is wider in RNA-seq. In addition, sequencing is targeted in microarrays while it is
unbiased in RNA-seq. This allows RNA-seq to offer accuracy at the transcript read level,
complete coverage of the coding and non-coding transcriptome, as well as detection of

low abundance transcripts (Wang et al., 2009; Wilhelm and Landry, 2009). Most

transcriptomic approaches perform the analysis of bulk-tissue RNA-seq, a powerful
method to reveal signature patterns of gene expression across different tissues or
disease states. However, bulk RNA-seq produces an average gene transcript
abundance that reflects the convoluted signal from several sources of variation, such as
cell-type-specific gene expression levels. This limitation is especially relevant in the
hippocampus — which is characterized by a highly heterogeneous cell type composition
and is profoundly altered in TLE-HS — so a better understanding of the sources of
transcriptional variation may help to identify new targets for novel and more effective
therapies. Different RNA-seq transcriptomic approaches have been applied to the
investigation of the biological processes underlying HS in human patients with TLE and
rodent models of TLE. Gene expression changes in the epileptic hippocampal phenotype
of a large cohort of pilocarpine-induced TLE and their control littermates were studied by

bulk-tissue RNA-seq (Henkel et al., 2021). Interestingly, a cell-type deconvolution of the

RNA-seq data was also performed, revealing altered proportions of neuronal and glial
cells, with a sharp decrease of the relative proportion of CA1/CA2 pyramidal cells in
epilepsy. In addition, non-neuronal cells and GABAergic interneurons were identified as

possible mediators of neurodegeneration (Henkel et al., 2021). Whole tissue RNA-seq

from samples of patients with TLE-HS was used to characterize the presence of different

microglial phenotypes (Morin-Brureau et al., 2018). The microglia shape and

transcriptomic profiling of regions with different neuronal death was compared. In
addition, the pseudotemporal kinetics of the seizure response in a kainic acid mouse
model of TLE was inferred. The results highlight an increased presence of amoeboid
microglia in areas with increased neuronal loss, with local secretion of interleukin CXCLS,

IL-1B and other cytokines, mediated in part by the NRLP3 inflammasome (Morin-Brureau
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et al., 2018). On the other hand, RNA-seq and quantitative polymerase chain reaction

(qPCR) analysis of cortex and hippocampus in a kainic acid rat model of TLE at different
stages — acute damage, the onset of epileptogenesis, spontaneous epilepsy and
cognitive impairment — identified an upregulation of immune response genes and a
progressive neuronal loss that is earlier and stronger in the hippocampus (Dong et al.,
2020). In brief, the common factor in the different transcriptomic approaches to the
study of TLE-HS is the transcriptional signature of neuroinflammation and

neurodegeneration associated to HS.

Previous research has found multiple associations and potential therapeutic targets for
HS in epilepsy, including alterations at the level of ion channels and neurotransmission,
inflammation and metabolism. However, one of the limitations of these studies is that
they have been performed at the bulk-tissue or bulk-population level. Thus, further
research is needed to better understand the causal mechanisms of neuronal loss and
the contribution of neuron-glia interactions to HS. The advent of single-cell omics
approaches has provided a new way to explore the underlying heterogeneity and
responses with cell-level resolution. In addition, such approaches are enabling the study
of differences at the cell type and subtype level between different conditions (Islam et

al., 2011; Zeisel et al., 2015; Butler et al., 2018). Single-cell omics approaches are still

very recent and are in constant evolution and improvement. Until a few years ago, these
approaches were unfeasible due to limitations in terms of cell number, resolution,

sequencing depth and high cost (Svensson et al., 2018). In fact, no studies related to

single-cell omics approaches for HS in epilepsy have been published to date. The
application of single-cell omics approaches to the study of hippocampal cellular
heterogeneity and differences in the responses of distinct cell types to TLE-HS could
help to advance the understanding of the biological mechanisms and processes leading

to HS in epilepsy.

The aim of my thesis is to study for the first time how CA1 sublayer heterogeneity
relates to epilepsy and development of HS. To do so, this thesis work takes advantage
of genome-wide techniques to give new insights into HS in epilepsy. We combine
analyses of cutting-edge gene expression profiling at the levels of single-nucleus and
microdissected tissue with single-cell electrophysiology and gene expression in situ
hybridization to disclose epileptogenic and neurodegenerative changes running
differentially across superficial and deep CA1 sublayers in different rodent models of
experimental epilepsy with HS. We have found that CA1 superficial pyramidal cells are
particularly vulnerable in rat and mouse models of epilepsy. This finding has been in part

made possible by a very precise approach (with laser microdissection and single cell
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profiling). In addition, we have developed two open web applications that provide
interactive visualization of our transcriptomic data analyses: laser capture
microdissection = RNA-seq of deep and superficial CA1 sublayers

(http://lopezatalayalab.in.umh-csic.es/CA1_Sublayers & Epilepsy) and single nucleus

RNA-seq of CA1 layer (http://lopezatalayalab.in.umh-

csic.es/CA1 SingleNuclei & Epilepsy). These tools may facilitate cross-validation of

results from resected samples of healthy and epileptic tissue from patients. Furthermore,
we have also developed a simple and robust protocol that leverages single cell
expression data to explore the contribution of distinct cell types to complex gene
signatures obtained by differential gene expression analysis of bulk RNA-seq (Marquez-

Galera et al., 2022). In contrast to the common tenet of adopting separated and static

views of the underlying biological processes (e.g. microcircuit activity and inflammation),
our study highlights the importance of leveraging cell type specificity to better understand
the phenotypic complexities accompanying HS in epilepsy. These approaches may

eventually determine new insights for future therapeutic interventions for TLE and HS.
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Objectives

Objectives

General aim

This thesis aims to study how CA1 sublayer heterogeneity is related to epilepsy and the
development of hippocampal sclerosis by studying possible differences in sublayer

response to epilepsy.

Specific objectives
1. To evaluate deep and superficial neuronal activity in epilepsy.
2. To assess neurodegeneration of deep and superficial cells in epilepsy.

3. To determine CA1 sublayer-specific transcriptomic signatures associated with

epilepsy.

4. To explore the progression of transcriptomic signatures from health to

neurodegenerative epilepsy at the single-cell level.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-calbindin D-28k Swant Cat# CB38; RRID: AB_10000340

Mouse anti-calbindin D-28k Swant Cat# 300; RRID: AB_10000347

Rabbit anti-Wfs1 Proteintech Cat# 11558-1-AP; RRID: AB 2216046

Rabbit anti-Iba1 Wako Cat# 019-19741; RRID: AB_839504

Rabbit anti-GFAP Sigma Cat# G9269; RRID: AB 477035

Rabbit anti-Olig2 Millipore Cat# AB9610; RRID: AB_570666

Rabbit anti-cFos =eniz O Cat# sc-52; RRID: AB_2106783
Biotechnology

Alexa Fluor633 goat anti-rabbit IgG
Alexa Fluor488 donkey anti-mouse IgG

Alexa Fluor488 goat anti-mouse I1gG

Rhodamine Red goat anti-mouse IgG

Alexa Fluor488-conjugated streptavidin

Thermo Fisher
Thermo Fisher

Jackson
Immunoresearch

Jackson
Immunoresearch

Jackson
Immunoresearch

Cat# A21070; RRID: AB_2535731
Cat# A21202; RRID: AB_141607

Cat# 115-545-003; RRID: AB_2338840

Cat# 115-295-003; RRID: AB_2338756

Cat# 016-540-084; RRID: AB_2337249

Chemicals, peptides, and recombinant proteins

BSA

EDTA

PBS

Tris-HCI

NaCl

MgCl2

IGEPAL

ARCTURUS PicoPure RNA isolation
kit

RNase-free DNase set
Bisbenzimide H33258
Neurobiotin tracer
FluoroJade C dye
DPX mountant

ProLong Gold antifade mountant

Sigma

Sigma

VWR

Sigma

VWR

Sigma

Sigma
Thermo Fisher
Scientific
QIAGEN
Sigma-Aldrich
Vector Labs
Sigma

VWR

ThermoFisher
Scientific

A7906
607-429-00-8
E404-200 TABS
T5941
7647-14-5
M2670

18896

KIT0204

79254

Cat# B2883; CAS: 23491-45-4
Cat# SP-1120

AG325

360294H

P10144

Critical commercial assays

Chromium single cell 3' library & gel
bead kit v2

Chromium i7 multiplex kit
Chromium single cell A chip kit
TruSeq stranded mRNA library prep kit

10x Genomics

10x Genomics
10x Genomics
lllumina

Cat#: 120237 (v2)

N/A
Cat#: 120236
Cat#: RS-122-2101/2
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REAGENT or RESOURCE SOURCE IDENTIFIER

HiSeq sequencing kit TruSeq v4 lllumina Cat#: FC-401-4003
RNAscopg fluorescent multiplex ACD 320850

reagent kit

Deposited data

Gene Expression

LCM-RNA-seq Omnibus (NCBI) GSE143555
snRNA-seq Sem”neibi’;p(ﬁésé?)” GSE143560
Experimental models: organisms/strains
RIKEN
Mouse: Thy1.2-G-CaMP7-DsRed2 Bioresources Stock: RBRCO6579
Center
Mouse: Calb1-2A-dgCre-D Jackson Labs N/A
Mouse: TdTomato reporter line Ai9 Jackson Labs Stock: 007905
Rat: Wistar Instituto Cajal N/A
Animal facility
Mouse: C57BL/6 meifiio Celel N/A
Animal facility
Oligonucleotides
Uizl ey Sigma NM_031823.1, bp 783-1631
(5'CATCCCCAACAACCTGTTCC) o s
Wfs1-rev St N/A
(5'ACACCAGGTAGGGCACCACC) 9
Ndst4-forw :
(5ATACATCCAAAACTGATCCCAC) Sigma XM_006233274.2, bp 536-1024
Ndst4-rev Siama N/A
(5’AAAAGCACTGGCTGGTAGGTAG) g
Syt17-forw .
(5'ACACATCCAAGTCCACATACAG) ~ Si9ma il e ., [ ST
Syt17-rev .
(5GTGTACCAGCTGGATTTTCACA)  Sigma N/A
Hrt1a-forw :
(5CTTTCTATATCCCGCTGTTGCT) ~ >9ma J05276.1, bp 730-1663
Hrt1a-rev .
(5CACACAGATACTAGTGGTTCTC) ~ Sldma N/A
Scn7a-for .
(5GATTATTTCTTCCCTTGTGTATGC) ~9ma NM_131912.1, bp 2812-3550
Scn7a-rev Siama N/A
(5'CTAAAGTCATCTTCGCTCAAGG) 9
Recombinant DNA
Mm-Spag5 ACD 505691
Mm-Dcc-C3 ACD 427491-C3
Mm-Dapk1-C3 ACD 880221-C3
RNAscope 3-plex positive control ACD 320881
probe-Mm
RNAscope 3-plex negative control ACD 320871

probe
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

. https://support.illumina.com/sequencing/
Sequencer Software HiSeq Control lllumina, Inc sequencing instruments/hiseq 2500/do

Software

RStudio

FastQC

STAR

Samtools

HTSeq

DESeq2

Cell Ranger

Seurat

Monocle 2

DAVID Bioinformatics

R Foundation for
Statistical
Computing
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Resource availability
Lead contact

Further information and requests for reagents and resources may be directed to the lead

contact, Dr. Liset M de la Prida (Imprida@caijal.csic.es).

Materials availability
This study did not generate any new unique reagents.
Data and code availability

No unpublished custom code, software or algorithm was used in this study. Freely
available software and algorithms used for analysis are listed in the resource table. Some
analyses were specifically designed for the purpose of this paper using routines written
in MATLAB 7.10 (MathWorks). All custom scripts and data contained in this manuscript
are available upon request from the Lead Contact. The accession number for the bulk-
tissue transcriptome (LCM-RNA-seq) and single-nuclei RNA-seq (snRNA-seq) data
reported in this paper is Gene Expression Omnibus (GEO) database:
GSE143555 (LCM-RNA-seq)
https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE143555; GSE143560
(snRNA-seq) https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143560.

Two open web applications provide visualization of transcriptomic data:

LCM-RNA-seq data: http://lopezatalayalab.in.umh-csic.es/CA1_Sublayers & Epilepsy.

snRNA-seq data: http://lopezatalayalab.in.umh-csic.es/CA1_SingleNuclei & Epilepsy.

The code developed to extract cell-type-specific gene expression signatures from
differentially expressed genes in bulk-tissue RNA-seq is available as a protocol

published in open access at STAR Protocols (Marquez-Galera et al., 2022). This protocol

complements and expands on some of the information and analysis available in the

article that forms the core of the thesis (Cid, Marquez-Galera, et al., 2021).

Experimental model and subject details

All experimental protocols and procedures were performed according to the Spanish
legislation (R.D. 1201/2005 and L.32/2007), the European Communities Council
Directives of 1986 (86/609/EEC) and 2003 (2003/65/CE) for animal research, and were
approved by the Ethics Committee of the Instituto Cajal.
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Materials and Methods

Adult male Wistar rats (180-200 g; 6-8 weeks postnatal), as well as wild-type C57 and
transgenic mice (20-25 g; 8-9 weeks posnatal), were treated with multiple intraperitoneal
injections of kainate (5 mg/kg) at hourly intervals until they reached status epilepticus.
Transgenic mouse lines included the Thy1.2-G-CaMP7-DsRed2 (c57BL/6J-Tg(Thy1-G-
CaMP7-DsRed2)492Bsi, stock RBRCO6579, RIKEN) and the Calb1-Cre (Jackson Lab,
stock N0:023531; Calb1-2A-dgCre-D) crossed with the tdTomato reporter line (Jackson
Lab, stock No:007905; Ai9). The status was defined as a condition of continuous
seizures lasting longer than 30 min. In a subset of rats, the lithium-pilocarpine model was
used. These rats were i.p. injected with pilocarpine hydrochloride 12-24 h after the
injection of lithium chloride (127 mg/kg, i.p.). Between one and four doses of 10 mg/kg
pilocarpine were injected every 30 min until the status epilepticus was reached.
Diazepam (4 mg/kg) was injected 1 h post-status to stop convulsions in all animals. They
received intraperitoneal injections of 5% dextrose in saline (2.5 ml) and their diet was
supplemented with fruit and powder milk during the following 2—3 days. After 3 days,
animals behaved normally and were housed individually. Control animals were injected

with saline and received treatments similar to epileptic animals.

Animals used in this study were examined in the chronic phase of the status epilepticus
model of TLE (2-23 weeks post-status) when they already exhibited spontaneous
seizures and interictal discharges (IID) (Figure S1A,B). In epileptic rats and mice, these
events were typically associated with high-frequency oscillations (HFOs; Figure S1B),

which are considered biomarkers of epileptogenesis (Jefferys et al., 2012; Valero et al.,

2017). We focused on the dorsal hippocampus given the major role in associated
cognitive comorbidities of epilepsy and more consistent neuronal loss as compared to

ventral (Thom et al., 2012; Valero et al., 2017). In some epileptic animals, we aimed to

induce convulsive seizures using high-pitched sounds (pulses of 95-100 dB and 1-20 s
duration at random intervals of 1-20 s during 10 min). A convulsive motor seizure was
defined according to clinical criteria, as sustained and repeated forelimbs automatisms
with or without falling. Control animals did never exhibit convulsive seizures using this

protocol.

Method details

EEG recordings and analysis

To evaluate epileptogenesis, some rats and mice were implanted with either intracranial

16-channel silicon probes or skull EEG-grid of 32-channels (Neuronexus) under
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isoflurane anesthesia (1.5%—2% mixed in oxygen 400-800 ml/min). Jeweler's screws
were inserted into the skull for providing additional anchoring and reference/ground
connections (over the cerebellum). The implant was secured with dental cement.

Animals were recovered from anesthesia and returned to home cages.

For recordings, EEG signals were pre-amplified (4x gain) and recorded with a 32-channel
AC amplifier (Axona), further amplified by 100, filtered by analog means at 1 Hz to 5 kHz,
and sampled at 20 kHz/channel with 12 bits precision. EEG recordings were
synchronized with a ceiling video camera (30 frames/s) to track the animal position in

space.

Analysis of electrophysiological signals was implemented in MATLAB 9.3 (MathWorks).
EEG signals from the frontal and parietal electrodes were used to identify theta periods
during running (band-pass 4-12 Hz) and periods of immobility characterized by low
frequency delta activity (0.5-4 Hz). Forward-backward-zero-phase finite impulse
response (FIR) filters of order 512 were used to preserve temporal relationships between
channels and signals. Spectral values fitted to 1/f were similar between groups for
frequencies > 150 Hz. HFO events were defined from the bandpass filtered signal (80-
120 Hz) by thresholding (> 4 SDs). The power spectra were evaluated in a window of +
0.2 ms around each detected event. Time-frequency analysis was performed by applying
the multitaper spectral estimation in sliding windows with 97.7% overlap and frequency
resolution of 10 Hz in the 90-600 Hz frequency range. HFO activity was evaluated as the

power integral in the 80-120 Hz band.

We used a combination of features to identify HFO events automatically and to classify

them in different categories (Valero et al., 2017) (Figure S1). First, we identified large

amplitude transient (< 100 ms) discharges using LFP and current-source-density signals
(CSD, i.e., the second spatial derivative) at the SR and SLM. Second, we identified HFO
events at the SP by frequency thresholding over 100 Hz. Then we used spectral indices
such as entropy and fast ripple indices from candidate HFO events at SP together with
amplitude information from LFP and CSD signals at SR to classify events as: a) SPW-
ripples (low amplitude; 100-150 Hz); b) SPW-fast ripples (medium amplitude, > 150 Hz)
and IID-HFO (larger amplitude, > 100 Hz). Events not meeting criteria were left
unclassified. Surface EEG recordings from mice were analyzed similarly, by using
channels over the dorsal hippocampus or at the frontal cortex to identify HFO events and

channels over the parietal cortex using selected segments of the EEG.
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In vivo recording and labeling of single cells

Rats were anesthetized with urethane (1.2 g/kg, i.p.), fastened to the stereotaxic frame
and warmed to keep their body temperature at 37°C. Two bilateral craniotomies of
~1 mm diameter were performed for CA3 stimulation (AP: =1.2 mm, ML: 2.9 mm) and
CA1 recordings (AP: =3.7 mm; ML: 3 mm). The dura was gently removed, the cisterna

magna was drained and the craniotomy covered with warm agar to reinforce stability.

A 16-channel silicon probes (NeuroNexus Tech; 100 um interspaced, 413 um? contact)
was advanced perpendicular along the CA1-DG-CA3c axis guided by extracellular
stimulation and electrophysiological hallmarks. Concentric bipolar electrodes were
advanced 3.5 mm with 30° in the coronal plane to stimulate CA3. Stimulation consisted
of biphasic square pulses (0.2 ms duration, 0.05-1.2 mA every 5 s). Extracellular signals
were pre-amplified (4x gain) and recorded with a 16(32)-channel AC amplifier
(Multichannel Systems), further amplified by 100, analogically filtered at 1Hz to 5 kHz,
and sampled at 20 kHz/channel with 12 bits precision with a Digidata 1440. A
subcutaneous Ag/AgCI wire in the neck served as reference. Recording and stimulus

position was confirmed by post hoc histological analysis.

Intracellular recording and labeling were obtained in current-clamp mode using sharp
pipettes (1.5 mm/0.86 mm outer/inner diameter borosilicate glass; A-M Systems, Inc)
filled with 1.5 M potassium acetate and 2% Neurobiotin (Vector Labs, Inc; 50-100 MQ)

(Cid_and de la Prida, 2019). Signals were acquired with an intracellular amplifier

(Axoclamp 900A) at 100x gain. The resting potential, input resistance and amplitude of

action potentials was monitored all over the course of experiments.

After data collection, Neurobiotin was ejected using 500 ms depolarizing pulses at 1-3
nA at 1 Hz for 10-45 min. Animals were perfused with 4% paraformaldehyde (PFA) and
15% saturated picric acid in 0.1 M, pH 7.4 phosphate buffered saline (PBS). Brains were
postfixed overnight at room temperature (RT), washed in PBS and serially cut in 70 um
coronal sections (Leica VT 1000S vibratome). Sections containing the stimulus and
probe tracks were identified with a stereomicroscope (S8APO, Leica). Sections
containing Neurobiotin-labeled cells were localized by incubating them in 1:400 Alexa
Fluor 488-conjugated streptavidin (Jackson ImmunoResearch 016-540-084) with 1%
Triton X-100 in PBS (PBS-Tx) for 2 hours at room temperature (RT). To evaluate
morphological features of single cells, sections containing the somata of recorded cells
were processed with Triton 1% in PBS, blocked with 10% fetal bovine serum (FBS) in
PBS-Tx and incubated overnight at RT with the primary antibody solution containing
rabbit anti-Calbindin (1:500, CB D-28k, Swant CB-38) or mouse anti-Calbindin (1:1000,
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CB D-28k, Swant 300) antibodies with 1% FBS in PBS-Tx. After three washes in PBS-
Tx, sections were incubated for 2 hours at RT with appropriate secondary antibodies:
goat anti-rabbit Alexa Fluor 633 (1:500, Invitrogen, A21070), and goat anti-mouse Alexa
Fluor488 (Jackson Immunoresearch, 115-545-003) or goat anti-mouse Rhodamine Red
(1:200, Jackson ImmunoResearch, 115-295-003) in PBS-Tx-1% FBS. Following 10 min
incubation with bisbenzimide H33258 (1:10000 in PBS, Sigma, B2883) for nuclei
labeling, sections were washed and mounted on glass slides in Mowiol (17% polyvinyl
alcohol 4-88, 33% glycerin and 2% thimerosal in PBS).

All morphological analyses were performed blindly to electrophysiological data. The
distance from the cell soma to radiatum was measured from confocal images using
information from Calbindin and bisbenzimide staining. All pyramidal cells included in this
study were localized within the CA1 region. Calbindin immunostaining was used to
estimate the width of the superficial sub-layer from the border to the stratum radiatum.
Superficial cells were defined based on the location of the soma within the calbindin

sublayer, independently on their immunoreactivity (Valero et al., 2015). The border with

radiatum was estimated for each section and the distance from the recorded cell somata

was measured using Imaged (NIH Image).
Analysis of intracellular single-cell recordings

Interictal discharges and sharp-waves associated with HFO events (ripples or fast
ripples) recorded simultaneously to the intracellular membrane potential were detected
as explained before. The timing of these events was used to identify the corresponding
membrane potential deflections. Time-frequency analysis of HFO events was performed
by applying the multitaper spectral estimation in sliding windows with 97.7% overlap and
frequency resolution of 10 Hz in the 90-600 Hz frequency range (only the 100-600 Hz
range is shown) to data sweeps aligned by sharp-wave ripple events (x1 s). Membrane
potential responses of single-cells were evaluated in peri-event plots before (-200 to
=150 ms), during (50 ms) and after (150 to 200 ms) HFO events.

Passive electrophysiological properties (input resistance, membrane decay and
capacitance) of neurons recorded intracellularly in vivo were measured using 500 ms
currents step in current-clamp mode. Cells with intracellular action potential amplitude
smaller than 40 mV were excluded. Resting membrane potential and input resistance
were estimated by linear regression between baseline potential data and the associated
holding current. Intrinsic firing properties, including action potential threshold, half-width
duration and AHP were estimated from the first spike in response to depolarizing current

pulses of 0.2 nA amplitude and 500 ms duration. The sag and maximal firing rate were
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calculated from current pulses of + 0.3 nA amplitude. A bursting index was defined as
the ratio of the number of complex spikes (minimum of 3 spikes < 8 ms inter-spike

interval) over the total number of spikes recorded during theta activity.
c-Fos immunostaining and analysis

To evaluate immediate-early gene expression associated to sound-induced convulsive
seizures, animals were perfused 1 hour after and their brains cut in 70 ym coronal
sections. Selected sections were stained against c-Fos using a polyclonal antibody at
1:250 (Santa Cruz Biotechnology sC-52) and bisbenzimide. Using one 20x confocal
mosaic per animal, we quantified c-Fos intensity at CA1 pyramidal cells by delineating
single-cell nuclei stained with bisbenzimide in one confocal plane (ImagedJ). The mean
intensity of c-Fos signal from each cell was then normalized by subtracting the
background (set at 0) and dividing by the maximal positive signal in the mosaic, which
was always at granule cell level (set at 1). No significant differences of background were
observed across sections. Delineated cells were ranked by their distance to radiatum to
classify them as deep or superficial, according to standard measurements of Calb1-layer

thickness.
Laser capture microdissection (LCM) and RNA isolation

Brains from 3 control and 3 epileptic rats were dissected, longitudinally cut in half
(separating both hemispheres), wrapped in aluminum foil and immediately frozen in
liquid nitrogen. To avoid circadian effects on gene expression all samples were collected
in the morning before noon and conserved at —80°C until use. The hippocampal region
of each hemisphere was cut in 20 ym slices in a cryostat (Leica) (chamber temperature:
—-20°C; block temperature: —30°C) and placed on 1.0 mm PEN-membrane covered
slides (Carl Zeiss). Slides were conserved at -20°C until use. Right before
microdissection, slides were dried with vapor of liquid nitrogen. The CA1 cell layer was
microdissected with a Leica 6000 laser microdissector through a 40x non-oil immersion
objective to obtain cell bodies of superficial and deep sublayers separately (Figure 2A).
Microdissected deep and superficial areas were collected in different empty caps of
0.5 mL Eppendorf tubes. After microdissection, samples were processed following
ARCTURUS PicoPure RNA Isolation Kit (Thermo Fisher Scientific) instructions in order
to extract and isolate total RNA. Briefly, 50 ul of extraction buffer was added into the cap,
incubated at 42°C for 30 min, centrifuged at 800 x G for 2 min and stored at -80°C. The
same volume of 70% ethanol was added to the cell extract and the mixture was pipetted
into a pre-conditioned RNA purification column. The column was centrifuged 2 min at
100 x G and 30 s at 16000 x G, and washed with 100 ul of Wash Buffer 1. To completely
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eliminate DNA, the purification column was treated with 40 pl of DNase (diluted 1/8 in
RDD Buffer) (QIAGEN), incubated 15 min and centrifuged at 8000 x G for 15 s. Then the
column was washed twice with 100 pl of Wash Buffer 2, and centrifuged at 8000 x G
after the first wash and at 16000 x G after the second one. Finally, RNA was eluted into
anew 0.5 pl Eppendorf tube by adding 11 pl of elution buffer onto the column membrane,
incubating the column for 1 min at room temperature, and centrifuging the column for
1 min at 1000 x G and at 16000 x G immediately after. Total RNA samples were stored
at -80°C. RNA integrity number (RIN) was similar in control (4.7 £ 0.8) and epileptic rats
(5.7 £0.5; p = 0.07; 3 replicates x 2 sublayers per group), as well as for deep (5.2 £ 0.9)

and superficial sublayers (5.3 £ 0.1; p = 0.81; n = 6 replicates per sublayers).
LCM-RNA-seq library construction and sequencing

RNA preparation for sequencing deep and superficial CA1 sublayers from control and

epileptic rats was performed as described in Scandaglia et al. (2017). The twelve

samples were sequenced according to manufacturer instructions in a HiSeq2500
sequencer (lllumina, Inc). Libraries were strand specific (reverse) and sequenciation was
performed in paired-end configuration with a read length of 75 bp. Library size of read
pairs for the different samples analyzed was between 47 and 59 Million reads. RNA-seq
data can be accessed at the GEO repository (GSE143555).

LCM-RNA-seq data analysis

Alignment quality control of sequenced samples (LCM-RNA-seq) was assessed with
FastQC (v.0.11.3) (Babraham Institute) and RNA-seq tracks were visualized using IGV
(v.2.3.57) (Thorvaldsddéttir et al., 2013). LCM-RNA-seq reads were mapped to the rat
genome (Rnor_6.0.83) using STAR (v.2.5.0c) (Dobin et al., 2013), and files were further

processed with Samtools (v.0.1.19). Aligned reads were counted to gene transcripts

using HTSeq (v.0.6.1) (Anders et al., 2015). Differential expression analysis was

performed using DESeqg2 (v.1.10.0) (Love et al., 2014) of the bioconductor suite (Huber

et al., 2015) in the R (v.3.2.2) statistical computing platform. The experimental design

consisted in two factors (treatment and anatomical area) and there was also grouped
samples (samples from different anatomical areas (minus (deep) and plus (superficial)
that were obtained from individual mice). Genes were considered differentially expressed
at Benjamini-Hochberg (BH) adj. p <0.05 and FC > 0.3 (Benjamini and Hochberg, 1995),

except otherwise specified. GO analysis was performed using DAVID (v.6.8)

bioinformatics platform (Huang et al., 2009).
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Materials and Methods

LCM-RNA-seq single-cell informed data analysis

Single-cell RNA-seq data from Zeisel et al. (2015) was reanalyzed with consensus

cluster SC3 algorithm (Kiselev et al., 2017). From the original 3,005 cells, pyramidal and

interneurons were removed from somatosensory cortex, resulting in a total of 2,442 cells.
Remaining cells were re-analyzed downstream with SC3. Clustering stability was optimal
for 6 clusters. One cluster presented high heterogeneity (mixed population cluster), and
was reanalyzed with the optimal clustering stability (5 clusters). Marker genes were
tested for every cluster with Wilcoxon signed rank test. Top 10 genes with the area under
the receiver operating characteristic (ROC) curve (AUC) power > 0.85 and with the ad;.
p < 0.01 from both cluster analyses were selected, with a total of 69 bona fide population
markers. Based on the markers, populations were fused/splitted and 3 populations were
isolated in the first clustering (pyramidal neurons, interneurons and oligodendrocytes)
and 4 more in the second (astrocytes, endothelial cells, microglia and mural cells).
Sixteen outlier cells were removed by total_counts, total_features or pct_counts_spike
criteria, remaining 2,426 cells with a high correspondence with the original classification:
Astrocytes (155 cells), Endothelial (177 cells), Interneurons (174 cells), Microglia (85
cells), Mural (56 cells), Oligodendrocytes (804 cells) and Pyramidal (975 cells). Next, to
capture convoluted gene signatures on LCM-RNA-seq we used gene sets of equal size
that were differentially regulated between superficial and deep sublayers of control and
epileptic rats. To obtain these gene sets, we first filtered the genes by significance (ad;.
p < 0.1), then significantly differentially regulated genes were ranked by fold-change, and
top 250 differentially regulated genes for each sublayer and condition, were retained for
further analysis. We then, obtained normalized gene expression from scRNA-seq data
for these gene sets and performed linear dimensionality reduction by principal
component analysis to summarize and visualize the cells in the low-dimensional space.
We also performed Pearson pairwise correlation and hierarchical clustering for these
gene sets across all cells, to capture cell-type specific gene signatures that were mapped

to maijor cell types in CA1 by using previously identified cell markers.

Single-cell RNA-seq data from Allen Brain Map portal - Mouse Whole Cortex and
Hippocampus SMART-seq (2019) with 10x-SMART-seq taxonomy (2020) (Yao et al.

2021) was downloaded (http://portal.brain-map.org/atlases-and-data/rnasea/mouse-

whole-cortex-and-hippocampus-smart-seq) and subsetted as follows: from the original

76,533 cells, cells from hippocampal region were retained, and subsequently, cells from
CA2, CA3, DG or empty subclass were removed. Then, cells of subclasses Astro, Micro-
PVM, Endo, Oligo or VLMC were added. This initial filtering led a total of 5,506 cells. Of
these, cells tagged by subclass as CA1-ProS (1,592 cells), Astro (976 cells), Lamp5 (864
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cells), Vip (462 cells), Sncg (416 cells), Sst (266 cells), Oligo (236 cells), Endo (213
cells), Micro-PVM (176 cells), VLMC (159 cells), Pvalb (69 cells) were retained for further
analysis, while cells tagged by subclass as SUB-ProS (29 cells), L2 IT RHP (21), NP
SUB (9), L2/3 IT CTX-1 (3), L5 IT TPE-ENT (3), Sst Chodl (3), L2/3 IT ENTI (2), L6 CT
CTX (2), Meis2 (2), L2/3 IT CTX-2 (1), L2/3 IT PPP (1), L6b CTX (1) were removed
because of their low cell number and/or mismatch with CA1 or glial cells. The remaining
5,429 cells were grouped in their corresponding major cell populations as follows:
Astrocytes (Astro) (976 cells), Endothelial (Endo) (213 cells), Interneurons (Lamp5,
Pvalb, Sncg, Sst, Vip) (2077 cells), Microglia (Micro-PVM) (176 cells), Mural (VLMC)
(159 cells), Oligodendrocytes (Oligo) (236 cells) and Pyramidal (CA1-ProS) (1,592 cells).
Next, we proceed as indicated before to capture convoluted gene signatures on LCM-
RNA-seq by using normalized expression data from this scRNA-seq dataset, for
differentially regulated between superficial and deep sublayers of control and epileptic
rats.

Single-nuclei isolation

We accurately isolated single nuclei from 2 control and 2 epileptic Calb1::CrexTdTomato
young adult mice. We used these animals to facilitate identification of the CA1 region
under a fluorescent scope. Animals were sacrificed 12 weeks after the kainate/saline
administration by cervical dislocation and brains were dissected and cut in 300 uym thick
slices in a vibratome covered by ice cold Hank's balanced salt solution (HBSS) 1x. As in
LCM studies, samples were collected before noon to avoid circadian effects. The dorsal
CA1 region were manually dissected from 4 consecutive slices and put altogether into
400 uL of ice-cold Magnetic-activated cell sorting (MACS) buffer (0.5% BSA, 2 mM
EDTA, PBS 1x). CA1 portions were transferred to a dounce homogenizer (20404 Lab
Unlimited) containing 400 puL of MACS buffer and were homogenized 12-15 times each
with the pestle. The cell suspension was transferred to a 2 mL Eppendorf tube and
centrifuge 15 min 500 x G 4°C. Cell pellets were resuspended in 500 yL of lysis buffer
(10 mM Tris-HCI, 10 mM NaCl, 3 mM MgClz, 0,1% IGEPAL) and kept 5 min on ice.
Samples were then spun down at 500 x G for 30 min in a pre-chilled centrifuge. The
nuclei pellet was resuspended in PBS 1x 1% BSA and then 15,000 nuclei were purified

by flow cytometry in a BD FACS Aria Ill. The whole process was carried out at 4°C.
Single-nucleus RNA sequencing

Purified intact nuclei from mouse hippocampal CA1 area were processed through all

steps to generate stable cDNA libraries as previously described (Lipinski et al., 2020).

For every sample, 15,000 nuclei were loaded into a Chromium Single Cell A Chip (10x
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Genomics) and processed following the manufacturer’s instructions. Single-nuclei RNA-
seq libraries were prepared using the Chromium Single Cell 3' Library & Gel Bead kit v2
and i7 Multiplex kit (10x Genomics). Pooled libraries were then loaded on a HiSeq2500
instrument (lllumina) and sequenced to obtain 75 bp paired-end reads following
manufacturer instructions. On sequencing depth, 262 million fragments were generated
for the control condition and 296 for the epileptic dataset. Libraries reached a sequencing
saturation of 86.9% for control and 91.2% for epilepsy condition. snRNA-seq data can
be accessed at the GEO repository (GSE143560).

snRNA-seq analysis

Quality control of sequenced reads was performed using FastQC (Babraham Institute).

Sequenced samples were processed using the Cell Ranger (v.2.2.0) pipeline (10x

Genomics) (Zheng et al., 2017) and aligned to the GRCm38 (mm10) mouse reference

genome customized to count reads in introns (pre-mRNA) over the Ensembl gene
annotation version 94. Barcodes with total unique molecular identifier (UMI) count > 10%
of the 99" percentile of the expected recovered cells were selected for further analysis.
Using this criterion, we retrieved 3,661 (control), 3,078 (epileptic) high quality nuclei per
sample. Mean reads per nucleus were 71,449 (control) and 96,150 (epileptic). Median
genes per nucleus were 1,599 (control) and 1,256 (epileptic). Minimum UMI count per
nucleus were 710 (control), 540 (epileptic), well above the typical quality standards in
single-cell/nucleus sequencing. Single-nucleus RNA-seq data were subsequently pre-

processed and further analyzed in R (v.3.4.4) using Seurat (v.2.3.4) (Butler et al., 2018;

Stuart et al., 2019), following the same steps that we applied in Lipinski et al. (2020).

Filtering parameters were as follows: genes, nCell < 5; cells, nGene < 200. Data were
then normalized using global-scaling normalization (method: LogNormalize,
scale.factor = 10,000).

An initial exploratory analysis was performed on each dataset separately. This analysis
retrieved a similar number of clusters in each dataset that were approximately equal in
size. We next combined both datasets using the function MergeSeurat. Highly variable
genes (HVGs) were detected using FindVariableGenes function with default parameters.
Then, normalized counts on HVGs were scaled and centered using ScaleData function
with default parameters. Principal component analysis (PCA) was performed over the
first ranked 1,000 HVGs. Plots of the two principal components of the PCA, where cells
were colored by dataset, excluded the presence of batch effects. Cluster detection was
carried out with Louvain algorithm in FindClusters function, using 20 first PCA

dimensions and resolution of 0.6 (the default number in Seurat and the optimal according

43


https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1038/s41467-020-16246-0

44

Neurodegenerative trajectories in a model of epilepsy with hippocampal sclerosis

to cell number, data dispersion and co-expression of previously reported cell markers).
Plots of the two principal components of the PCA where cells were colored by dataset of

origin excluded the presence of batch effects.

This analysis identified 13 clusters. CA1 pyramidal neurons populated three of these
clusters: one cluster was enriched in bona fide gene markers of deep cells (Ndst4,
Col11a1) whereas a second one was enriched in canonical markers of superficial cells
(Calb1, Epha3). The third cluster showed a mixed identity. An additional round of
clustering segmented this population in three additional clusters that were enriched in
deep and superficial markers, respectively, and a third cluster that could not be
annotated based on the presence of gene markers of CA1 sublayer neurons. The vast
majority of cells within this cluster (66/67) were from epileptic mice (Pyr_ES). Next, the
FindMarkers function was used to identify gene markers and to determine the cell
populations represented by each cluster. Finally, cell subtypes were manually
aggregated based on the presence of canonical markers of known cell types into six
distinct major cell types: excitatory neurons (Excit); inhibitory neurons (Inter);
oligodendrocytes (ODC); oligodendrocyte progenitor cells (OPCs); microglia (Microglia);

astrocytes (Astro).

Visualization and embedding were performed using stochastic nearest neighbors (tSNE)
(van der Maaten and Hinton, 2008) and uniform manifold approximation and projection
(UMAP) (Mclnnes et al., 2018) methods over PCA using the 20 first PCA dimensions.

UMAP plots of gene expression show normalized count (UMIs) per nucleus. The

equalized expression between fixed percentiles was plotted according to the following
criterion: the minimum expression was adjusted to 5% and the maximum expression was
adjusted to 95% in all UMAP expression plots. To evaluate effects of epilepsy, datasets
from both conditions were merged and HVGs were identified for each dataset as above
indicated. Only HVGs that were detected in all datasets were used to perform
visualization and embedding as described above. Clustering was performed on merged
dataset from both conditions and populations were identified combining these results
with clustering information obtained in control and epileptic datasets separately, together

with co-expression of population markers.

Differential expression analysis (DEA) was used to identify population gene markers. For
DEA, the nuclei of each population were contrasted against all the other nuclei in the
merged dataset using Wilcoxon Rank Sum test on normalized counts. For epilepsy effect
analysis, in the merged dataset, the nuclei of each population from the epileptic dataset

were contrasted against all the other nuclei of the same population in control using
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Wilcoxon Rank Sum test on normalized counts. GO functional enrichment analyses were
performed using DAVID (v.6.8) bioinformatics platform (Huang et al., 2009). All DEA and

functional enrichment analyses applies False Discovery Rate (FDR) method by BH post

hoc p adjustment, except otherwise specified.
Cell trajectories and pseudotime analysis

The disease pseudotime analysis was performed using Monocle 2 (v.2.8.0) (Qiu et al.

2017a, 2017b). First, the Seurat merged dataset was transformed to Monocle object and
cells from Pyr_CA1 were subset. The size factor and dispersion of the subset was
estimated, and data was normalized and preprocessed. Genes under the minimum level
detection threshold of 0.1 and detected in less than 10 cells were filtered with the function
setOrderingFilter. Genes defining how a cell progress through a pseudo-time disease
trajectory were selected with the function differentialGeneTest (Monocle’s main
differential analysis routine). 2,579 genes (64,68% of a total of 3,987 genes considered
as expressed) were significative with FDR adj. p < 1% for the combination of factors:
~SeuratCluster+Condition, and thus, defined the high dimensional space for

pseudotemporal trajectory analysis.

Discriminative dimensionality reduction with trees (DDRTree) reduction algorithm learns
the principal graph and specifies the trajectory. DDRTree was applied inside the function
reduceDimension, and got the default parameters: norm_method = “log”, pseudo_expr =
1, relative_expr = TRUE, auto_param_selection = TRUE (automatically calculate the
proper value for the ncenter (humber of centroids)) and scaling = TRUE (scale each gene
before running trajectory reconstruction). Prior the dimensional reduction, the function
reduceDimension also performed a variance-stabilization of the data (because the
expressionFamily of the data was negbinomial.size). Finally, the cells were ordered
according to pseudo-time with the function orderCells, which added a pseudo-time value

and state for each cell; together encode where each cell maps to the trajectory.

For enrichment analysis on pseudotime trajectories, top-ranked 250 branched
expression analysis modeling (BEAM) significant changes through the progression
across the disease trajectory for each sublayer were clusterized and GO enrichment
analyses on upregulated and downregulated clusters were performed using DAVID

(v.6.8) bioinformatics platform (Huang et al., 2009).

Cell-type immunostaining and analysis

To evaluate the contribution of different cell-types to hippocampal sclerosis, control and

epileptic rats and mice were perfused with 4% paraformaldehyde (PFA) and 15%
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saturated picric acid in 0.1 M PBS, pH 7.4. Brains were postfixed overnight and cut in
70 ym coronal sections (Leica VT 1000S vibratome). Sections containing the dorsal-
intermediate hippocampus were processed with Triton 1% in PBS and blocked with 10%
fetal bovine serum (FBS) in PBS-Tx. Sections were incubated overnight at RT with 1%
FBS PBS-Tx solution containing primary antibodies against a battery of cell-type specific
markers. The list of antibodies includes: rabbit anti-calbindin (1:1000, CB D-28k, Swant
CB-38) or mouse anti-calbindin (1:500, CB D-28k, Swant 300) to identify superficial CA1
pyramidal cells; rabbit anti-Wfs1 (1:500, Protein Tech, 11558-1-AP) for CA1 pyramidal
cells; rabbit anti-lba1 (1:1000, Wako, 019-19741) for microglia; rabbit anti-GFAP
(1:1000, Sigma, G9269) for astrocytes; rabbit anti-Olig2 (1:200, Millipore, AB9610) for
oligodendrocytes. After three washes in PBS-Tx, sections were incubated for 2 hours at
RT with appropriate secondary antibodies: goat anti-rabbit Alexa Fluor633 (1:200,
ThermoFisher, A-21070), and donkey anti-mouse Alexa Fluor488 (1:200, ThermoFisher,
A-21202) or goat anti-mouse Rhodamine Red (1:200, Jackson ImmunoResearch, 115-
295-003) in PBS-Tx-1%FBS. Following 10 min incubation with bisbenzimide H33258
(1:10000 in PBS, Sigma, B2883) for nuclei labeling, sections were washed and mounted
on glass slides in Mowiol (17% polyvinyl alcohol 4-88, 33% glycerin and 2% thimerosal
in PBS).

To acquire multichannel fluorescence stacks from recorded cells, a confocal microscope
(Leica SP5) with LAS AF software v.2.6.0 build 7266 (Leica) was used. The following
channels (fluorophore, laser and excitation wavelength, emission spectral filter) were
used: a) bisbenzimide, Diode 405 nm, 415-485 nm; b) Alexa Fluor 488 nm, Argon
488 nm, 499-535 nm; c) Rhodamine Red / Alexa Fluor 568 / Texas Red, DPSS 561 nm,
571-620 nm; d) Alexa Fluor 633, HeNe 633 nm, 652—738 nm; and objectives HC PL
APO CS 10.0 x 0.40 DRY UV, HCX PL APO lambda blue 20.0 x 0.70 IMM UV and HCX
PL APO CS 40.0 x 1.25 OIL UV were used.

FluoroJade staining

To evaluate neurodegenerating neurons we used coronal sections from epileptic rats
perfused at different time points post-status. Selected sections were immunostained
against Wfs1 followed by FluoroJade staining. To this purpose, sections were pretreated
for 5 min with 1% sodium hydroxide in 80% ethanol, followed by 70% ethanol (2 min)
and distilled water (2 min). Sections were then incubated 10 min in 0.06% potassium
permanganate, rinsed in distilled water and immersed into 0.0001% solution of
Fluorodade C dye (Sigma AG325) in 0.1% acetic acid (pH 3.5) for 10 min. After a brief

wash in distilled water, they were mounted on gelatin-coated slides, air-dried,
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coverslipped with DPX and examined under a confocal microscope as described above.

FluoroJade positive cells exhibited bright green fluorescence.
In situ hybridization analysis

Selected sections from control and epileptic rats were processed for in situ hybridization
using standard methods. Briefly, riboprobes were prepared from Rat Enpp2 cDNA
(Image clone ID 7115236) and using RT-PCR from rat adult hippocampus to prepare
Wfs1 (NM_031823.1, from bp 783 to 1631), Ndst4 (XM_006233274.2, from bp 536 to
1024), Syt17 (NM_138849.1, from bp 378 to 1118), Hrt1a (J05276.1, from bp 730 to
1663) and Scn7a (NM_131912.1, from bp 2812 to 3550) cDNAs. Similar riboprobes were
used in sections from normal and epileptic mice. Riboprobe hybridization was detected
using alkaline phosphatase—coupled anti-digoxigenin Fab fragments (Sigma).
Hybridized sections were mounted in glycerol and photographed using a Nikon

stereoscope and a DCC Nikon camera.
RNAscope analysis

Control and epileptic mice were perfused with 4% paraformaldehyde (PFA) and 15%
saturated picric acid in 0.1 M PBS, pH 7.4. Brains were post-fixed overnight and cut in
50 ym coronal sections (Leica VT 1000S vibratome) which were kept at -20°C in a
solution of 30% glycerol and 30% etylenglycol in PBS. RNAscope Fluorescent Multiplex
Assay (Advanced Cell Diagnostics) was carried out according to the manufacturer’s
protocols. Briefly, sections containing the dorsal-intermediate hippocampus (around
-2 um AP from Bregma) were washed in PBS-Tx, and mounted onto SuperFrost Plus
microscope slides (10149870, ThermoFisher Scientific). They were then dehydrated at
60°C follow by ethanol, pretreated with a target retrieval solution (322000, ACD) and
protease Il (322340, ACD), and co-hybridized with Spagd (Mm-Spag5, 505691, ACD)
and Dcc (Mm-Dcc-C3, 427491, ACD) or Dapk1 (Mm-Dapk1-C3, 880221-C3, ACD)
probes. Finally, the amplification steps (RNAscope Fluorescent Multiplex Detection
reagents, 320851, ACD) were followed, using Atto 550 for Spagb and Atto 647 for Dcc
or Dapk1 as fluorescent labels. The RNAscope 3-plex positive control probe set (320881,
ACD), with probes to Polr2a, PPIB and UBC, was used to confirm preservation of sample
RNA. The negative control probe to bacterial DapB (320871) was used to establish non-

specific labeling.

Following the RNAscope protocol, sections were blocked for 30 min with 10% FBS in
PBS-Tx, and incubated overnight at RT with rabbit anti-Wfs1 (1:500, Protein Tech,
11558-1-AP) in 1% FBS PBS-Tx. After three washes in PBS, sections were incubated
for 2 h with donkey anti-rabbit Alexa Fluor488 (1:200, ThermoFisher Scientific, A-21206)
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in 1% FBS PBS-Tx, washed twice in PBS and mounted using ProLong Gold Antifade
mountant (ThermoFisher Scientific, P10144).

Multichannel fluorescence stacks were achieved in a confocal microscope (Leica SP5)
with LAS AF software v.2.6.0 build 7266 (Leica), with a 40x objective (HCX PL APO CS
40.0 x 1.25 OIL UV), at 0.5 um z-interval. Pinhole was set at 1 Airy, and following
channels settings were applied for each fluorophore (excitation wavelength, emission
spectral filter): Argon (488 nm, 499-553 nm) for Alexa Fluor488, DPSS (561 nm, 570—
630 nm) for Atto 550, and HeNe (633 nm, 645-740 nm) for Atto 647. Diode (405 nm,
415-485 nm) was used as an unstained channel to identify autofluorescent material,
which can be abundant in epileptic tissue. Images were acquired at 8 bits, 387.5 x
387.5 um (1024 x 1024 pixels) in size. Brightness and contrast were adjusted with the

ImagedJ Fiji software (NIH Image).

To estimate the amount of Dapk1, Spag5 and Dcc transcripts per cell, a total of 5 control
and 5 epileptic animals (12 cells per animal) were analyzed. Each ROl was drawn in one
confocal plane as the outline of a pyramidal cell soma at their maximum diameter based
on Wfs1 immunoreactivity, using Imaged. Only those cells focused within the first 10 ym
were selected to avoid reduction of the signal due to depth in the section. In either Dapk1,
Spagb or Dcc channels, single signal dots were counted, and clusters were converted to
dot number as suggested by the manufacturer (ACD): (total intensity - average

background intensity x area)/single dot average intensity.

Quantification and statistical analysis

Statistical analyses were performed with MATLAB, SPSS and using the computing

environment R (R Development Core Team, 2005, http://www.R-project.org). No
statistical method was used to predetermine sample sizes. Normality and
homoscedasticity were evaluated with the Kolmogorov—Smirnov and Levene’s tests,
respectively. The exact number of replications for each experiment is detailed in text and
figures. Several ways ANOVAs or Friedman tests were applied. Post hoc comparisons
were evaluated with the Tukey-Kramer, Student or Wilcoxon tests. Deep-superficial
trends were evaluated using Spearman correlation and tested against 0 (i.e., no

correlation was the null hypothesis) at p < 0.05 (two sided).
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Discussion

Temporal lobe epilepsy (TLE) is the most common type of focal epilepsy in adults, and

hippocampal sclerosis (HS) its most frequent underlying pathology (Babb and Brown,

1987). HS is a heterogeneous histopathological entity classified in different subtypes with

distinct clinical relevance (Blimcke etal., 2013). HS affects specific temporal lobe
regions with major roles in learning and memory, as evidenced by the correlation with

cognitive co-morbidities in some clinical studies (Coras et al., 2014; Rodrigues et al.,

2015). The prognosis value of certain subtypes has been largely debated, but emerging
data suggest that it deserves further consideration in light of cell-type specificity (Prada

Jardim et al., 2018). It is becoming increasingly clear that the pattern of sclerosis is quite

complex and that a better understanding could improve diagnosis. Thus,
neuropathological studies on post-surgical and post-mortem human brain samples call
for the need to better rely on cell-type-specific markers and more clear segmentation

between regions (DeKraker et al., 2019; Thom, 2014). Unfortunately, our understanding

of the mechanisms leading to different subtypes of HS and their clinical value remains

elusive.

The area most affected by the different subtypes of HS is the CA1 layer, which consist
of a deep and superficial sublayer. Superficial CA1 pyramidal cells are located toward
the stratum radiatum, characteristically express Calbindin amongst other specific
markers and are developed later during embryogenesis, as compared with deep

pyramidal cells located closer to the stratum oriens (Slomianka et al., 2011; Valero et al.,

2015). Deep and superficial CA1 pyramidal cells are innervated differently by local-circuit
GABAergic interneurons, express different neuromodulatory receptors, project
differentially to cortical and subcortical regions and participate distinctly in hippocampal

oscillations (Cembrowski et al., 2016a; Soltesz and Losonczy, 2018; Valero and de la

Prida, 2018). In experimental models of acquired epilepsy with type 2 HS — characterized
by profound selective neuronal loss in the CA1 layer — we found specific effects in the
superficial sublayer. During epileptiform activity, in vivo single-cell recordings showed
that superficial CA1 pyramidal cells exhibit a larger and sustained post-event
depolarization and increased firing rate after interictal discharges. In addition, superficial
CA1 cells show increased expression of the immediate-early gene-associated protein
c-Fos after individual seizures. Taken together, these data indicate that conversely to
deep cells, superficial neurons of CA1 undergo a larger activity burden in epilepsy
(Eigure 1). Our snRNA-seq analysis identified many transcripts differentially regulated

between deep and superficial CA1 pyramidal cells in the basal state. Deep pyramidal
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cells show an enrichmentin genes (i.e., Bdnf, Gabrg3, Htr4 and Gabrab) associated with
the gamma-aminobutyric acid signaling pathway, which is related to inhibition of synaptic
transmission (Figure S5B). In contrast, superficial pyramidal cells show an enrichment in
genes (i.e., Grm1, Grm7, Kcnc2, Kcnab1, Cacnalc and Cacng3) associated with
glutamatergic signaling, and potassium and calcium ion transport pathways, related to
increased excitability and synaptic transmission (Figure S5C). These distinct patterns at
the level of gene expression may contribute to the observed differences in excitability
between deep and superficial cells in epilepsy. While these changes can reflect a distinct
developmental origin of the two subtypes of principal neurons populating CA1, they may
also be shaped by hippocampal microcircuitry. First, perisomatic inhibition by
parvalbumin (PV) basket cells is remarkably higher in deep compared with superficial

cells (Soltesz and Losonczy, 2018; Valero et al., 2015). Second, superficial cells are

more likely to be driven by presynaptic CA3 activity through Schaeffer collaterals than

deep cells (Valero et al., 2015). Similarly, direct inputs to CA1 from layer Il pyramidal

neurons in the medial entorhinal cortex are biased towards deep CA1 cells, whereas
projections from the lateral entorhinal cortex are stronger in superficial cells (Masurkar

et al., 2017). Given the loss of medial layer Ill inputs and sprouting of lateral inputs

together with specific cannabinoid type 1 receptors pathways (Laurent et al., 2015;

Maroso et al., 2016), it is very likely that these changes contribute to more sustained

activation of superficial cells in the epilepsy context.

Our transcriptional profiling of laser-microdissected deep and superficial CA1 sublayers
(LCM-RNA-seq) revealed strong regionalized responses to acquired epilepsy. The
sublayer-specific transcriptional effect in epilepsy may arise from a combination of cell
type-specific responses and changes in the cellular composition of the tissue. In fact,
transcriptional dysregulation is a central feature of most prevalent neurodegenerative

diseases — such as Alzheimer’s and Parkinson’s disease (Gjoneska et al., 2015; Nido et

al., 2020) — were the combination of cell type-specific responses and changes in cell-
type composition are common sources of variation driven by the complex cellular phase

associated with disease (De_Strooper and Karran, 2016). We found many more

significantly differentially expressed transcripts in the superficial sublayer (Figure 2).
Notably, these genes are associated with GO terms related to immune and inflammatory
processes, cytokine production, and programmed cell death (Figure 2). These findings

are in line with recent reports in human temporal lobe epilepsy (Morin-Brureau et al.,

2018). Indeed, the analysis of bulk-tissue LCM-RNA-seq data revealed that a significant
proportion of the upregulated genes in the superficial CA1 sublayer in response to

epilepsy are related to microglia (Figure 2; Figure S2F,G). Accordingly, we found



https://doi.org/10.1038/s41593-018-0118-0
https://doi.org/10.1038/nn.4074
https://doi.org/10.1038/nn.4074
https://doi.org/10.1016/j.celrep.2016.12.012
https://doi.org/10.1016/j.celrep.2016.12.012
https://doi.org/10.1523/JNEUROSCI.4297-14.2015
https://doi.org/10.1016/j.neuron.2016.01.023
https://doi.org/10.1038/nature14252
https://doi.org/10.1186/s40478-020-00932-7
https://doi.org/10.1186/s40478-020-00932-7
https://doi.org/10.1016/j.cell.2015.12.056
https://doi.org/10.1093/brain/awy276
https://doi.org/10.1093/brain/awy276

Discussion

sublayer-specific deregulation of several genes associated to the microglial sensome
(Hickman et al., 2013) and alteration of neuron-microglia signalling pathways in epilepsy
(Ali et al., 2015; Eyo et al., 2014; Vezzani and Baram, 2007) (Figure S3). Some of the

genes that were significantly differentially upregulated in superficial CA1 sublayer include

the specific purinergic receptor gene P2ry12 that is involved in microglial motility and

migration, an early step of neuroinflammation process (Eyo et al., 2018), and the tyrosine

kinase receptor gene Csf1rthat is involved in microglia proliferation and whose blockade
has been shown to attenuate epileptic seizures in three preclinical models of epilepsy

(Srivastava et al., 2018). On the other hand, genes constitutively expressed at the

neuronal membrane playing relevant roles in neuron-microglia communication such as
Cd200 and Cx3cl1, were downregulated in epilepsy. Among these genes, the transcript
levels of CX3CL1 (fractalkine) a transmembrane chemokine that acts as a “find me”

signal to promote phagocytic clearance of dying cells (Zabel et al., 2016; Butler et al.,

2021), were downregulated in deep and superficial CA1 sublayers in epilepsy. Notably,
the immunoglobulin superfamily gene Cd200, that acts as a “don’t eat me” signal that

negatively regulates phagocytosis (Biber et al., 2007), was selectively downregulated in

superficial CA1 sublayer. To better understand the changes in gene expression identified
in a highly complex and heterogeneous tissue, we deconvolved differentially expressed
gene lists from bulk LCM-RNA-seq into cell-type-specific gene expression patterns. To
do so, we leveraged publicly available single-cell expression data from CA1 layer in the
adult brain. This analysis unveiled a significant response of microglia cells in the
superficial sublayer of epileptic animals (Figure 3). The presence of regionalized
responses in epilepsy was further confirmed by immunofluorescence (Figure 4). These
results suggest the existence of progressive interactions between microglia and
superficial pyramidal cells in epilepsy that may contribute to HS. In support of this
interpretation, immunofluorescence analyses revealed a negative correlation between
microglia and pyramidal cell density in superficial CA1 sublayer in epilepsy (Figure 4).
Moreover, we found that most of the degenerating neurons (positive to fluoro-jade
staining) were located in the CA1 superficial sublayer (Figure 4). Taken together, our
results reveal sublayer-specific neurodegeneration in epilepsy that primarily affects
superficial CA1 sublayer, and suggest that neuron-microglia interactions represent a

relevant event underlying type 2 HS.

Regionalized responses in acquired epilepsy identified in our study open new questions
such as the role that cellular interaction hierarchies at the neuronal microcircuit level and
the relevance of neuron-microglia interactions in differentiated vulnerability at the

sublayer level underlying type 2 HS. These questions would be addressed by interfering
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with each cell type independently. Our data indicates that superficial pyramidal cells
compared to deep pyramidal cells sustain the greatest depolarization burden in epilepsy
(Figure 1). However, whether this observation has a causal relationship to their
increased vulnerability to neurodegeneration remains unknown. This question would be
tackled by modulating neuronal activity in specific neuronal populations. Designer
receptor exclusively activated by designer drugs (DREADD) chemogenetic technology
is ideally suited for prolonged modulation of cell activity in the range of hours to days

(Goossens et al., 2021a; Goossens et al., 2021b). This can be achieved by using a

combination of viral vectors and intersectional genetics to target superficial CA1 neurons
(i.e., Cre/loxP system to target Gi-coupled inhibitory DREADD expression in superficial-
layer Calb1-postive neurons). By doing so, it would be possible to test whether the
increased burden of activity observed in superficial CA1 cells in epilepsy is a necessary
event in the cascade leading to neuronal loss underlying HS. On the other hand, we have
found that the death of superficial pyramidal cells in epilepsy is associated to increased
density of activated microglia in the superficial CA1 sublayer (Figure 3). The increased
abundance of microglia in superficial sublayer could be consequence of neuronal cell
death in this region. However, it is also possible that microglia would be actively attracted
to this area by signals emitted from unhealthy or dysfunctional neurons, where they
would actively contribute to HS by promoting the death of functionally compromised
neurons by specific mechanisms. In line with this, it has been shown that microglia

causes neuronal death by different mechanisms including cytolysis (Ding et al., 2020)

and phagoptosis — cell death by phagocytosis (Brown and Neher, 2014; Brown et al.,

2015). Therefore, experiments aimed at modulating microglia activity would contribute to
answer these relevant questions. In this line, pharmacological agents such as the

irreversible P2RY 12-receptor antagonist clopidrogrel (Lou et a., 2016) and the unspecific

anti-inflammatory antibiotic minocycline (Kobayashi et al., 2013) could represent

valuable tools to investigate the role of microglia in TLE-HS. It should be noted that
minocycline and clopidogrel are commonly used in the clinic. Should these or related
drugs show neuroprotective effects towards HS, they could open the design of new
therapeutic interventions in TLE, in combination with modern antiepileptic agents. While
the electrical and pro-inflammatory manifestations of epilepsy are interrelated, they
proceed across different levels in the hierarchy, since microglial activation is dependent

on signals emitted by hyperexcitable and excitotoxic neurons (Biber et al., 2007; Eyo

et al.,, 2014; Eyo et al., 2018). Should the pharmacological approach be effective in

rescuing neuronal loss, the fact that sclerosis can actually dissociate from epileptiform
activities would not necessarily demonstrate that they are totally independent processes,

but rather that they are different sides of a more complex interactive manifold. Finally,
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Discussion

should any of the strategies discussed above be able to preserve neuronal integrity, it
would be critical to assess cognitive function since experimental TLE-HS has extensively
show to be associated to impairment in hippocampal-dependent memory functions such

as episodic memory (Valero et al., 2017).

To better understand the mechanisms leading to neuronal death, we explored and
characterized the transcriptomic differences between CA1 pyramidal cells and epilepsy
effects at the single-cell level (Figure 5). Unsupervised branched expression learning
unveiled cell-type specific transcriptional trajectories that deviate from health to epilepsy
in deep and superficial CA1 pyramidal cells (Figure 6). Gene ontology analysis of the
genes underlying cell-type specific trajectories in experimental TLE-HS suggests that
transition from the normal to the epileptic condition in deep cells is more likely associated
with changes in synaptic signaling and excitability (i.e., they reflect microcircuit
alterations), whereas transcriptional changes observed in superficial cells along distinct
cell states are related to cell-cell communication (i.e., neuron-microglia interactions).
Such different latent trends might be caused by different kinetics of deep and superficial
cells along the neurodegenerative process. However, it could be also possible that each
subpopulation is affected by distinct pathways leading to the observed differential
vulnerability of superficial and deep CA1 neurons in experimental TLE-HS. For instance,
while we found deregulated expression of genes associated with apoptotic pathways that
were common to both cell types in response to epilepsy (i.e., Akt3, Nrg3, and Camk?2a)

(Ashpole and Hudmon, 2011; He et al., 2020; Kanekura et al., 2005; Tawarayama et al.,

2018; Vest etal., 2010), we also identified genes related to cell death that were

deregulated specifically in superficial or deep neurons. Thus, in superficial cells, epilepsy
resulted in decreased expression of brain-derived neurotrophic factor (Bdnf) and
increased transcript levels of the pro-apoptotic pathway activator Dapk? (Bialik_and

Kimchi, 2006). Conversely, in deep pyramidal neurons, epilepsy led to a robust increase

in expression of the gene encoding the pro-survival receptors TrkB (Nirk2) and TrkC
(Ntrk3) (Huang and Reichardt, 2001; Pfisterer and Khodosevich, 2017) (Figure 6E-G;

Figure S6F). Interestingly, pseudotime analysis mapped some control cells along the

epileptic branches in both sublayers, suggesting that latent sublayer-specific

transcriptional processes might actually be running along life (Bishop etal., 2010)

(Eigure 6C,D).

Our snRNA-seq analysis also disclosed an epilepsy-specific pyramidal cell population,

Pyr_ES (Figure 5B; Figure S4E), which accumulated at the end of the superficial

trajectory branch, suggesting they could also represent a subset of superficial cells

(Figure 6B, arrowhead). This subset of pyramidal cells displayed remarkable expression
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of neurodegeneration-related transcripts such as Cdk5, Ckb, Matk, Chl1, and Spag5

(Patrick et al., 1999). The presence of cells with very high numbers of Spagb molecules

in the superficial sublayer of the epileptic CA1 was confirmed by combined

immunofluorescence and single-molecule amplification methods (Figure 5I,J; Figure

S6D,E). Our results suggest that genes with an exacerbated response to epilepsy are
expressed specifically by a vulnerable subset of pyramidal neurons undergoing later
stages of neurodegeneration by the time of sampling. We propose that Pyr_ES cells
reflect the accumulated pro-epileptic transitional changes leading to epileptogenesis and

neurodegeneration, as suggested by their extreme location along disease trajectories.

The advent of new high-throughput techniques that allow transcriptome profiling of
thousands of individual cells simultaneously is unfolding cellular heterogeneity in the
central nervous system with an unprecedented resolution (Islam et al., 2011; Lein et al.,
2017; Zeisel et al., 2018; Ortiz et al., 2020; La Manno et al., 2021; Yao et al., 2021).

However, little is still known on how this heterogeneity affects disease development and

how it is affected in pathological conditions. Here, we identify for the first time
heterogeneity in the neuronal patterns of activity of deep and superficial CA1 pyramidal
neurons in epilepsy, show specific gene expression signatures across deep and
superficial CA1 sublayers that are associated with neuronal loss and HS, reveal disease
trajectories of deep and superficial CA1 pyramidal neurons in epilepsy, and uncover their
underlying transcriptional programs. In addition, to our knowledge, we provide the most
comprehensive characterization of the transcriptome of deep and superficial pyramidal
cells of CA1 area of the adult mouse hippocampus in basal (healthy) conditions
(Figure 5C,D). By dissecting the transcriptional landscape across CA1 sublayers in
epilepsy, our work offers insights into the mechanisms regulating epileptogenesis, the
biological processes occurring across resident cellular types segregated across CA1
sublayers, and highlights the importance of leveraging cell-type specificity to better

understand the phenotypic complexities accompanying HS in epilepsy.

Our work reveals the neurodegenerative component that progresses over time in the
pathology of TLE-HS. Still, additional efforts are needed to further advance in
understanding the processes underlying neurodegeneration in epilepsy. The continuous
advances in single-cell technology are allowing to scale up the number of cells that can

be sequenced while reducing costs (Svensson et al., 2018; Rosenberg et al., 2018; Ding

et al., 2020; Datlinger et al., 2021; Mamanova et al., 2021). Increasing the number of

samples and cells would allow more robust results to be obtained and also to study the
effects on smaller populations. Possible new analyses would include the study of ligand-

receptor communication between hippocampal populations (Efremova et al., 2020;
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Discussion

Armingol et al., 2021; Hu et al., 2021; Lummertz da Rocha et al., 2022) and a detailed

study of the neurons most affected in epilepsy and undergoing advanced stages of
neurodegeneration. In addition, a longitudinal study of TLE-HS progression would reveal
a more complete picture of the neurodegenerative component of epilepsy through a real
temporal dimension. On the other hand, the application of state-of-the-art in situ

transcriptomic techniques (Ke et al., 2013; Qian et al., 2020; Gyllborg et al., 2020;

Langseth et al., 2021) would spatially resolve specific and differentiated cellular

responses to TLE-HS at CA1 sublayers. In situ profiing would help connect the
observations of intercellular communication, neuroinflammation and neuronal loss with

spatial dimension (Longo et al., 2021; La Manno et al., 2021; Lummertz da Rocha et al.,

2022). Finally, it is necessary to translate these analyses to human tissue samples.
However, the main limitations of using human brain tissue samples cannot be avoided.
Limitations include lack of proper control samples, high inter-individual variability and

high heterogeneity in tissue status (Becker, 2018; Ren and Curia, 2021). Furthermore,

differences in processing, temperature and collection time of post-mortem and ex vivo
samples (e.g., those obtained after resective treatment of drug-resistant TLE) introduce

variability that affect downstream analyses (Ferrer et al., 2007; Nagy et al., 2015).

Therefore, standardization in the processing of human samples would be key to mitigate
differences due to external causes and to obtain robust and generalizable results to
TLE-HS pathology.
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Conclusions

General conclusion

Our results support the conclusion that superficial pyramidal cells of the CA1 sublayer

are more vulnerable to epilepsy.

Specific conclusions

1.

Using single-cell electrophysiology in vivo and immediate early gene expression, we
reveal that superficial CA1 pyramidal neurons are overactive in epileptic rodents.
Bulk tissue and single-nucleus expression profiling disclosed sublayer-specific
transcriptomic signatures, and robust microglial pro-inflammatory response in
superficial sublayer of CA1 that was associate to higher vulnerability of these cells
to epilepsy.

Transcripts regulating neuronal processes such as voltage-channels, synaptic
signalling and cell adhesion molecules were deregulated by epilepsy differently
across sublayers, while neurodegenerative signatures primarily involved superficial
cells.

Pseudotime analysis of gene expression in single-nuclei and in situ validation
revealed separated trajectories from health to epilepsy across cell types, and
identified a subset of superficial cells undergoing a later stage in neurodegeneration.
Our findings indicate sublayer- and cell-type-specific changes associated with
selective CA1 neuronal damage contributing to the progression of hippocampal

sclerosis.
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Conclusiones

Conclusién general

Nuestros resultados sustentan la conclusion de que las células piramidales superficiales

de la subcapa CA1 son mas vulnerables a la epilepsia.

Conclusion especifica

1. Utilizando la electrofisiologia in vivo y la expresion génica temprana inmediata,
revelamos que las neuronas piramidales de la subcapa superficial de CA1 son
hiperactivas en los roedores epilépticos.

2. Los perfiles de expresion del tejido y de los nudcleos individuales revelan firmas
transcriptomicas especificas de las subcapas y respuesta proinflamatoria de
microglia que es mas acusada en la capa superficial y que se asocia a una mayor
vulnerabilidad de estas células a la epilepsia.

3. Los transcritos que regulan los procesos neuronales, como los canales de voltaje,
la sefializacion sinaptica y las moléculas de adhesion celular, estan desregulados
por la epilepsia de forma diferente en las subcapas, mientras que las firmas
neurodegenerativas implican principalmente a las células superficiales.

4. El analisis de pseudotiempo de la expresién génica en nucleos individuales y la
validacion in situ revelan trayectorias separadas de la salud a la epilepsia a través
de los tipos de células, e identifican un subgrupo de células superficiales que
experimentan una etapa posterior en la neurodegeneracion.

5. Nuestros hallazgos indican que los cambios especificos de subcapa vy tipo celular
asociados con el dafo neuronal selectivo en CA1 contribuyen a la progresion de la

esclerosis del hipocampo.
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SUMMARY

Hippocampal sclerosis, the major neuropathological hallmark of temporal lobe epilepsy, is characterized by
different patterns of neuronal loss. The mechanisms of cell-type-specific vulnerability and their progression
and histopathological classification remain controversial. Using single-cell electrophysiology in vivo and im-
mediate-early gene expression, we reveal that superficial CA1 pyramidal neurons are overactive in epileptic
rodents. Bulk tissue and single-nucleus expression profiling disclose sublayer-specific transcriptomic signa-
tures and robust microglial pro-inflammatory responses. Transcripts regulating neuronal processes such as
voltage channels, synaptic signaling, and cell adhesion are deregulated differently by epilepsy across sub-
layers, whereas neurodegenerative signatures primarily involve superficial cells. Pseudotime analysis of
gene expression in single nuclei and in situ validation reveal separated trajectories from health to epilepsy
across cell types and identify a subset of superficial cells undergoing a later stage in neurodegeneration.
Our findings indicate that sublayer- and cell-type-specific changes associated with selective CA1 neuronal

damage contribute to progression of hippocampal sclerosis.

INTRODUCTION

Epilepsies are brain disorders characterized by an enduring pre-
disposition to generate seizures with emotional and cognitive
associated comorbidities. Despite significant therapeutic ad-
vances, one-third of affected individuals remain resistant to
pharmacotherapy (Chen et al., 2018). Temporal lobe epilepsy
(TLE), the most prevalent form of pharmacoresistant epilepsy,
is frequently associated with hippocampal sclerosis (Blumcke
et al., 2013). Hippocampal sclerosis is characterized by specific
patterns of neuronal loss affecting different hippocampal sub-
fields from the CA1 to CA3/4 areas, the hilus of the dentate gyrus,
and superficial layers of the entorhinal cortex (Blumcke et al.,
2009; Du et al., 1995; de Lanerolle et al., 2003). Factors such
as epilepsy history, age of onset, and the relationship with early
precipitating events may all influence the degree and severity of
hippocampal sclerosis (Davies et al., 1996).

Gheck for
Updates

The most common form of hippocampal sclerosis (type 1;
60%-80% of TLE cases) shows severe neuronal loss of CA1,
CA3, and CA4 pyramidal neurons and milder loss in CA2,
with variability along the anteroposterior axis (Blumcke et al.,
2013; Wyler et al., 1992). Other cell types, including microglia
and astrocytes, are also affected (Blumcke et al., 2013;
Morin-Brureau et al., 2018). In contrast, type 2 hippocampal
sclerosis (10%-20% of cases) is associated with predominant
CA1 neurodegeneration and minimal loss in other regions
(Blumcke et al., 2013). Given the disparities between clinical se-
ries, there is no consensus on whether neuronal loss pro-
gresses over time (Blumcke et al., 2009; Davies et al., 1996).
In addition, individual variabilities and anatomical inhomogene-
ities complicate classification (Coras et al., 2014; Rodrigues
et al., 2015; Saghafi et al., 2018). For instance, patchy neuronal
loss has been described in the CA1 region in some cases,
whereas in others, it seems to adopt a more laminar profile

Cell Reports 35, 109229, June 8, 2021 © 2021 The Author(s). 1
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Figure 1. Differential responses of CA1 pyramidal cells during epileptiform activities

(A) Intracellular and multi-site local field potential (LFP) recordings from epileptic rats. Cells were identified with streptavidin and tested against Calbindin. Scale
bar, 100 um. SO, stratum oriens; SP, stratum pyramidale; SR; stratum radiatum.

(B) Intracellular activity during IID at different membrane potentials (gray traces). Traces are aligned by the peak of IID recorded at the SR. HFOs were recorded at

the SP.
(C) Responses of the cell shown in (A) during SPW fast ripples.

(D) Deviation from the resting membrane potential (RMP) recorded in individual cells during 1IDs (n = 12 cells). Red colors reflect depolarization and blue hy-
perpolarization. Cells are ranked by their distance to the SR and classified as deep and superficial (Sup) (subplot at right). The discontinuous line marks sublayer

limits.
(E) Same as in D for SPW-fast ripples (n = 19 cells).

(F) Mean membrane potential responses around IID events showed differences between deep and Sup cells (Friedman 2 [1,333] = 28.7, p < 0.001). Data are from

6 deep and 6 Sup CA1 pyramidal cells.

(G) Same as in (G) for SPW fast ripple events. Note the larger after-event depolarization in Sup cells (Friedman 2 [1,333] = 14.67, p < 0.0001). Data are from 8 deep

and 11 Sup CA1 pyramidal cells.

(H) cFos immunoreactivity in representative CA1 sections from one rat exhibiting bilateral forelimb clonus after sound stimulation (seizure) versus a non-stim-

ulated epileptic rat with no observed seizure (basal). Scale bar, 80 um.

(I) Intensity of c-Fos from all pyramidal cells in one confocal section per rat (small dots) and mean data per animal (larger dots). Significant interaction was
confirmed for animals between groups and sublayers (p = 0.0044; n = 4 epileptic basal, n = 3 epileptic seizures). Post hoc differences: *p < 0.05.

(J) Schematic of electrophysiological and histopathological findings.

(Prada Jardim et al., 2018). In some affected individuals, cell
loss concentrates in the CA4 region and the dentate gyrus
and is frequently integrated in dual pathologies; e.g., TLE and
malformations of cortical development, classified as type 3 hip-
pocampal sclerosis (3%-7%) (Mathern et al., 1997). The mech-
anisms underlying specific vulnerability of diverse cells and
their role in the histopathological landscape and clinical signif-
icance remain unknown.

Recent techniques and methods operating at single-cell res-
olution point to an exquisite cell-type-specific organization that
is instrumental for brain function (Habib et al., 2016; Zeisel
et al., 2015). In the hippocampus, the CA1 region is organized
radially in two distinct sublayers with characteristic gene
expression gradients along the anteroposterior and proximo-
distal axes (Cembrowski et al., 2016a; Dong et al., 2009; Slo-
mianka et al., 2011). Functionally, superficial (closer to radia-

2 Cell Reports 35, 109229, June 8, 2021

tum) and deep (closer to oriens) CA1 pyramidal neurons
project differentially and diverge in their participation of
sharp-wave ripple activity, theta-gamma oscillations, and
behavioral-cognitive correlates (Soltesz and Losonczy, 2018;
Valero and de la Prida, 2018). In spite of data suggesting critical
regionalization of CA1 neuronal responses to ischemia, anoxia,
and epilepsy (Morris et al., 1995; Valero et al., 2017; Wittner
et al., 2002), little is known about their clinical relevance and
potential relationship with neuronal vulnerability. Understanding
the effect of cellular diversity and transcriptional changes in ep-
ilepsy progression may lend insights into more specific mech-
anisms toward new diagnostic and therapeutic opportunities
(Pfisterer et al., 2020).

Here we combine gene expression profiling at the single-nu-
cleus and microdissected tissue levels with single-cell electro-
physiology to disclose epileptogenic and neurodegenerative
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changes running differentially across CA1 sublayers in an exper-
imental model of hippocampal sclerosis. Our study highlights the
importance of leveraging cell type specificity to better under-
stand the phenotypic complexities accompanying hippocampal
sclerosis in epilepsy.

RESULTS

Large activity burden in superficial CA1 pyramidal cells
during epileptiform activities

Single CA1 pyramidal cells were recorded intracellularly from
anesthetized epileptic rats to evaluate their intrinsic excitability
and activity during interictal discharges (lIDs), sharp-wave
(SPW) fast ripples, and ictal discharges (Figures 1A-1C; Figures
S1A and S1B). Recorded cells were identified post hoc (with
streptavidin) and immunostained against Calbindin (Calb) to
classify them as deep (negative) or superficial pyramidal cells
(positive) (Figure 1A). SPW-associated high-frequency oscilla-
tion (HFO) events were detected automatically and classified
as ripples (100-150 Hz), fast ripples (>150 Hz) and IID using
amplitude and spectral information (Figures S1C and S1D), as
before (Valero et al., 2017).

Intracellular activities recorded during 1ID events (n = 12 cells;
Figure 1B) and SPW fast ripples (n = 19 cells; Figure 1C) were
typically associated with consistent depolarization from the
resting membrane potential (RMP), and firing of all pyramidal
cells was examined (Figures 1D and 1E). A temporal analysis
of membrane potential changes (30-ms bins) showed differ-
ences between cell types during both IID events (Figure 1F;
Friedman %2 [1,333] = 28.7, p < 0.001) and SPW fast ripples (Fig-
ure 1G; Friedman %2 [1,333] = 14.67, p < 0.0001), with superficial
cells consistently showing larger depolarization at the event
peak. Post-event membrane potential responses recorded
showed effect for the type of events (F(2,57) = 7.17, p =
0.0018), sublayer (F(1,57) = 5.44, p = 0.0236) and interaction
(F(2,57) = 4.89, p = 0.0113). Post hoc Tukey tests confirmed sig-
nificant smaller hyperpolarization (p = 0.0020) and a higher firing
rate (p = 0.045) following IID events in superficial compared with
deep cells. We found some minor differences of intrinsic excit-
ability between cell types and groups (Table S1).

We reasoned that superficial pyramidal cells should be more
steadily activated during seizures, given their poor post-event
hyperpolarization. We exposed 3 epileptic rats to high-pitched
sounds to promote convulsive seizures (pulses of 95-100 dB
and 1- to 20-s duration at random intervals of 1-20 s during
10 min) (seizure group). This group was compared with 4 unsti-
mulated epileptic rats without any observed clinical seizure
(basal group). Animals were sacrificed after 1 h to evaluate
expression of the immediate-early gene cFos (Figure 1H). Statis-
tics per cell confirmed effects for interaction between groups
and sublayer (p < 0.0001; 2-way ANOVA). Significant interaction
was confirmed for animals (p = 0.0044) with post hoc differences
between groups for superficial cells only (p = 0.0395) and be-
tween deep and superficial cells within the seizure group (p =
0.0117) (Figure 1l).

These results suggest higher responsiveness of superficial
CA1 pyramidal cells during epileptiform activities in chronically
epileptic rats (Figure 1J).
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Sublayer regionalization of epilepsy-associated
transcriptional responses

To investigate how the differential responsiveness of deep and
superficial cells may relate with distinct transcriptional re-
sponses across sublayers, we performed RNA sequencing
(RNA-seq) analysis of laser capture microdissection (LCM) sam-
ples from control (saline-injected) and epileptic rats (n = 3 repli-
cates each; Figures 2A, S2A, and S2B; Table S2).

Analysis of LCM RNA-seq data revealed sublayer-specific
genes common to control and epileptic animals (absolute logs
fold change [FC] > 0.5; ad]. p < 0.01; Figure 2B; superficial versus
deep samples). Among these, we retrieved bona fide marker
genes of superficial (Calb1, Grm1, and Syt17) and deep CA1 py-
ramidal cells (Ndst4), consistent with previous data for mice
(Cembrowski et al., 2016b, 2016a) (Figure S2C; see Figures
S2D and S2E for validation by in situ hybridization). Sublayer
gene expression analysis confirmed preserved regionalization
in epileptic rats with only a subset of uncorrelated transcripts
(FC > 0.5; adj. p < 0.01; Figure 2C, red dots; see Figure S2F for
less stringent criteria: adj. p < 0.1). Strikingly, we found that
some gene markers of other cell types in the hippocampus,
including interneurons (Sst, Vip, and Kit), oligodendrocytes
(Mbp, PIp1, and Mobp), astrocytes (Agp4, Gjal, and Gfap),
and homeostatic microglia (Tgfbr1 and Csf1r), also exhibited
sublayer differences, consistent with heterogeneous distribution
of cell types across the CA1 radial axis (Figures 2B, 2C, and S2F)
(see below).

Next, we investigated the transcriptional changes associated
with epilepsy across CA1 sublayers (epileptic versus control
samples per sublayer). We identified 103 significantly differen-
tially expressed genes (DEGs) in the deep sublayer of epileptic
versus control rats versus 376 DEGs in the superficial sublayer
(FC>0.5; ad]. p < 0.01; Figure 2D). Although epilepsy-associated
transcriptional changes run in similar directions in both sublayers
(i.e., no counter-regulated genes), they were more exacerbated
in the superficial CA1 (Figures 2D and S2H). Overall, we retrieved
more upregulated than downregulated genes, particularly in the
superficial (73% DEGs) versus the deep sublayer (57% DEGs)
(Figure 2D, Venn diagrams on the right). Because of the small
size of the gene set differentially regulated by epilepsy in the
deep sublayer, a less stringent threshold was used to perform
functional enrichment analysis with gene sets of equal sizes.
We first required the genes to show a modest level of statistical
significance (adj. p < 0.1) and ranked them by FC to retain the top
250 upregulated genes and top 250 downregulated genes.
Functional enrichment analyses of these gene sets of equal
size also revealed marked differences (Figure 2E).

Downregulated DEGs in epilepsy in the superficial CA1 sub-
layer show robust functional association with many Gene
Ontology (GO) terms (adj. p < 0.05) linked to neuronal pro-
cesses, such as synaptic transmission and neuron projection,
including many well-known modulators of epileptogenic pro-
cess, such as Cacnb1, Cacnb4, Cacng2, Kcnqg3, Kcnabl,
Scn4b, Grin2a, Nptn, and Gria4 (Winden et al., 2015) (Figure 2E).
Most of these Gene Ontology (GO) terms were significantly en-
riched only in the superficial CA1 sublayer (Figure 2E).
Regarding upregulated genes in epilepsy, there were no GO
terms significantly enriched using the gene set from the deep
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Figure 2. Bulk tissue gene expression profiling of the epileptic hippocampal area CA1 reveals regionalized transcriptional response

(A) Representative laser capture microdissection (LCM) sampling of the Sup CA1 sublayer. Scale bar, 100 um.

(B) Heatmaps of DEGs in deep (left) and Sup CA1 sublayers (right) in three replicates from control (C) and epileptic (E) rats (FC > 0.5, adj. p < 0.01). Arrowheads
point to bona fide gene markers of Sup (Calb1, Grm1, and Syt17) and deep (Ndst4 and Nr4a2) pyramidal neurons. Note the presence of gene markers for in-
terneurons (e.g., Vip, Sst, Sema3c, and Kit) and oligodendrocytes (Plp1, Mbp, Mobp, Mal, Enpp2, Cldn11, and Ermn).

(C) Scatterplot of DEGs between Sup and deep CA1 sublayers in control or epileptic rats (FC > 0.5, adj. p < 0.01). Bona fide gene markers of Sup (Calb1, Grm1,
and Syt17) and deep (Ndst4, Nr4a2, and Col11a1) pyramidal neurons are highlighted (black text and bold font). Also shown are marker genes for interneurons (Sst,
Vip, and Kit), oligodendrocytes (Mbp, Mobp, and PIp1), astrocytes (Aqp4 and Gja1), and microglia (Tgfbr1). Note the presence of a subset of uncorrelated
transcripts, including canonical markers of microglia cells (Trem2, Irf8, Fcgr2b, and Cd68), at the Sup sublayer in epileptic rats (red). MLE, maximume-likelihood
estimate.

(D) MA plots showing epilepsy-associated significantly upregulated (red) and downregulated (blue) genes in deep and Sup CA1 sublayers (FC > 0.5, adj. p < 0.01)
(left). Venn diagrams show the overlap of upregulated (top) and downregulated (bottom) genes between epileptic and control in Sup and deep sublayers of CA1.

(E) GO analysis of the top 250 upregulated and downregulated genes in deep and Sup sublayers in epilepsy (adj. p < 0.1 and then ranked by FC).

sublayer (adj. p < 0.05). Strikingly, significantly upregulated
transcripts in the superficial sublayer of epileptic CA1 show a
strong functional association with immune and inflammatory re-
sponses, including cytokine production, cell migration, cell pro-
liferation, and programmed cell death (e.g., TIr3, Tir7, Cl1qa,
Csfl1r, Tgfb1, Cd74, Cd86, Itgax, Itgam, Itgh2, Casp1, Casp4,
Nirc4, Pycard, and Tnfrsf1b) (Figure 2E). Upregulated genes in
the superficial CA1 sublayer of epileptic animals include core
components of the inflammasome, such as Nirc4, Casp1, and
Casp4, which, upon activation, can promote pyroptosis, a
pro-inflammatory form of lytic cell death (McKenzie et al.,
2020). The transcript levels of the cysteine protease Casp3, a
central effector of apoptosis, was also found to be upregulated
specifically in the epileptic CA1 (global effect, adj. p < 0.05; su-
perficial, adj. p = 0.0612; deep, adj. p = 0.6443). Thus, differen-
tial gene expression analysis suggests that the nature and
severity of transcriptional responses to TLE may segregate
radially across CA1.

Cell type deconvolution of LCM RNA-seq data suggests
sublayer-specific neurodegeneration associated with
microglia

Given the sublayer heterogeneity of biological processes re-
vealed by bulk-tissue LCM RNA-seq, we reasoned that they
might reflect different contributions by discrete cellular popula-

4 Cell Reports 35, 109229, June 8, 2021

tions within the CA1 sample and/or changes in cell type compo-
sition in response to epilepsy.

To address this point, we reanalyzed a published dataset of sin-
gle-cell RNA-seq (scRNA-seq) from 3,005 barcoded individual
cells from the mouse somatosensory S1 cortex and CA1 regions
(Zeisel et al., 2015; Figure S2I). We first performed unsupervised
consensus clustering to identify major cell types in CA1 and ca-
nonical marker genes (Figures S2J and S2K). Next, to identify
cell-type-specific gene signatures in bulk tissue RNA-seq data,
we used scRNA-seq expression levels for the top 250 DEGs be-
tween CA1 sublayers of control and epileptic rats to summarize
the cells by linear dimensionality reduction with principal-compo-
nent analysis (Figure 3A). In addition, we also performed pairwise
correlations and hierarchical clustering for these gene sets (Fig-
ure 3A). In control animals, these analyses revealed that gene
signatures of distinct cell types, including pyramidal neurons, as-
trocytes, and oligodendrocytes, were prominent in the CA1 deep
layer, whereas genes enriched in the superficial sublayer were
mostly associated with pyramidal neurons and interneurons. In
sharp contrast, we noticed strong upregulation of a core gene
signature that included many known microglial markers (Micro;
e.g., Tyrobp, Trem2, Irf8, Irf5, Fcgr2b, Cd74, Cd68, Itgam, and
Arpc1b) and was specific to the superficial layer of the epileptic
CA1 (Figures 3A and 3C). We further confirmed these findings us-
ing a different scRNA-seq dataset from the Allen Brain Map portal
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Figure 3. Microglia subpopulations underlie the transcriptional signature of Sup CA1 in epilepsy

(A and B) Subpopulation signatures inferred by deconvolution of bulk tissue transcriptome profiles. Gene sets were the top 250 DEGs between Sup and deep CA1
sublayers in epileptic and control rats (as indicated) identified in bulk tissue RNA-seq. For the selected genes, normalized expression was retrieved from publicly
available scRNA-seq data from the mouse CA1 hippocampal region (Zeisel et al., 2015) (A) or the Allen Brain Map portal (Mouse Whole Cortex and Hippocampus
SMART-seq [2019] with 10x-SMART-seq taxonomy [2020]) (B), and single cells were summarized by linear dimensionality reduction using principal-component

(legend continued on next page)
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(Mouse Whole Cortex and Hippocampus SMART-seq [2019]) with
10x-SMART-seq taxonomy (2020) (Figure 3B). To evaluate this in
situ, we performed immunofluorescence staining against protein
markers for microglia (Iba1), astrocytes (glial fibrillary acidic pro-
tein [GFAP)), and oligodendrocytes (Olig2) and quantified their
density across sublayers (Figure 3D, left). We confirmed the pres-
ence of physiological segregation of glial cell types across the
CA1 sublayers (control) and changes in TLE, with between-groups
differences reaching significance for microglia (Figure 3D, right).

Prompted by these results, we dissected the contribution of mi-
croglia-associated transcripts in our sample. We noticed that most
of the uncorrelated transcripts in the comparison of sublayer-en-
riched genes across conditions were highly expressed in microglia
(red dots in Figures 2C and S2F; see microglia-specific genes in
Figure S2G). Thus, we evaluated their potential functional effect
by building the microglial sensome (Hickman et al., 2013), which
was upregulated profoundly in the superficial sublayer of epileptic
rats (Figure S3A). Moreover, evaluation of microglia-neuron inter-
actions via ligand-receptor pairing confirmed sublayer-specific ef-
fects (Figure S3B). For example, in the epileptic superficial CA1
subfield, we found dysregulated expression of the transcript en-
coding the CD200 receptor, whose expression in neurons pro-
vides a “don’t eat me” signal that reduces microglial activation
(Hoek et al., 2000). Similarly, Cx3cl1, a neuronal chemokine that
dampens the microglia inflammatory response and neurotoxicity,
was also strongly downregulated, whereas C3 and Csf1 tran-
scripts were upregulated in the superficial CA1 sublayer (Biber
et al., 2007; Luo et al., 2013). In contrast, the epileptic deep CA1
sublayer showed a much weaker microglia signature, and only
Cx3cl1 was found to be downregulated (Figure S3B).

Our analyses reveal heterogeneous distribution of resident cell
types across the CA1 radial axis of the normal hippocampus.
Strikingly, we identified critical changes in the epileptic hippo-
campus, including local accumulation of reactive microglia and
changes of key modulators of the neuronal immune response
specifically at the superficial sublayer.

CA1 hippocampal sclerosis is degenerative and
sublayer specific

Given the results described above, we sought to evaluate the
anatomical landscape of CA1 hippocampal sclerosis. Previously,
we reported a significant reduction of linear cell density concen-
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trated at the CA1 region in the systemic kainate model of TLE in
rats, more consistent with sclerosis type 2 (Inostroza et al,
2011). To precisely evaluate CA1 sublayers, we combined immu-
nostaining against the CA1 marker Wfs1 with the superficial
marker Calbindin (Figure 4A). Proximal, intermediate, and distal
CA1 segments were evaluated separately in tissue from 10 control
and 10 epileptic rats (1 section per animal from —3.2 to —4.8 mm
from the bregma). To avoid effects of hippocampal atrophy over
celldensity per area, we chose to evaluate the linear density of cells
along the stratum pyramidale (SP) (cells per millimeter).

Cellloss in all three segments was mostly restricted to Calb+ su-
perficial CA1 pyramidal cells in chronically epileptic rats (Figure 4B;
3-way ANOVA for group, sublayer, and proximodistal effects, all
significant at p < 0.0001; post hoc Tukey test, p < 0.001). Because
Calbindin immunoreactivity may be affected during epileptogene-
sis (You et al., 2017), we exploited the transgenic mouse line
Thy1.2-G-CaMP7-DsRed?2 with restricted expression on deep py-
ramidal cells (Figure 4C). Using this line, we estimated superficial
cells as Wfs1+/DsRed2— and deep cells as Wfs1+/DsRed2+. Esti-
mated global error by off-target Calb+/DsRed2+ expression was
at 12% (10% proximal, 10% intermediate, 16% distal). We found
similar regionalization of neuronal loss at the intermediate and
distal segments of chronic epileptic mice using co-localization be-
tween DsRed2 and Wfs1 (Figure 4D, left; n = 3 control, n = 5
epileptic; 6-8 weeks post-status; significant interaction between
group and sublayer, p = 0.0006; post hoc t test, p < 0.01).

Given a potential interaction between expression of Calbindin
and aging (lacopino and Christakos, 1990), we evaluated tempo-
ral trends of CA1 cell loss in epileptic rats, where a time-depen-
dent decrease of Calb+ cells was appreciated (r = —0.52, p
0.097, Pearson correlation), but not for control animals (p
0.66; Figure 4E). We also examined the sublayer-specific vulner-
ability of CA1 neurons in the lithium-pilocarpine model in rats
(Curia et al., 2008), which is more consistent with type 1 hippo-
campal sclerosis (Inostroza et al., 2011). Notably, pilocarpine-
treated rats showed a similar reduction of Calb+ CA1 pyramidal
cells early along epileptogenesis (p = 0.0003, n = 5 rats, 2-
13 weeks post-status; Figure 4E, note full cell loss after 10 weeks
post-status, arrowhead). Finally, to fully exclude an interaction
with Calbindin immunoreactivity, we evaluated Wfs1+ cell den-
sity at deep and superficial sublayers by relying only on anatom-
ical criteria (location within the sublayer) and found consistent

analysis (PCA) (top panels). Cells are colored by population membership (STAR Methods). Also shown are heatmaps of pairwise correlation for selected gene sets
using scRNA-seq data, as indicated above (bottom panels). Bona fide markers of distinct cell types were detected in clusters of highly correlated genes rep-
resenting cell type gene signatures convoluted in the bulk tissue RNA-seq (Pyr, pyramidal cell; Inter, interneuron; ODC, oligodendrocytes; Astro, astrocytes;
Endo, endothelial cells; Micro, microglia; Mural, mural cells). Gene signatures of different types of cells (e.g., Pyrs, Astros, and ODCs) in the deep CA1 sublayer of
control and epileptic rats lead to segregation of the cells in the corresponding PCAs and heatmap of the pairwise correlation matrix. Note the radial distribution of
distinct cell types in the CA1 region in control and epileptic rats. Also note the presence of a strong gene signature of Micros in the Sup CA1 sublayer of epileptic
rats (arrowhead). Names of highly correlated genes enriched in Micros are shown (Zeisel et al., 2018).

(C) Heatmaps of significantly differentially expressed cell marker genes (Figures S2|1-S2K) in epilepsy in the deep or Sup sublayer (left panels), heatmap showing
the sublayer effect in control and epileptic groups (paired design) for cell-marker genes modulated in epilepsy (center panels), and cell types associated with each
marker gene (right panel). Pyr, pyramidal cells. *adj. p < 0.1.

(D) Representative sections of control and epileptic rats immunostained against GFAP (Astros), Olig2 (ODCs), and Iba1 (Micros) (left panels). The leftmost section
for each condition shows co-localization between the cell type marker (cyan), Calb (purple), and bisbenzimide (Bis; white). Bar plots show quantification of
astrocyte (GFAP+), ODC (Olig2+), and Micro (Iba1+) linear cell density across sublayers and groups. Shown are significant differences in interaction between
sublayer and groups for Astros (F(1,5) = 10.1, p = 0.022) and Micros (F(1,5) = 7.4, p = 0.042) with post hoc differences at deep and Sup layers in the control group,
the effect of the sublayer for ODCs (F(1,5) = 23.8, p = 0.0045), and differences between groups only for Micro cells. Data are from 3 control and 4 epileptic rats. *p <
0.05, **p < 0.01, post hoc tests. Scale bar, 60 um.
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Figure 4. Hippocampal sclerosis is sublayer and cell type specific

Iba1+ cell/mm

(A) Immunostaining against the CA1 marker Wfs1 co-localized with Calb at proximal, intermediate, and distal segments in control and epileptic rats. Scale bar,
50 um.

(B) CA1 linear cell density confirmed neuronal loss affecting mainly Calb+ cells. Data are from 10 control and 10 kainate-treated epileptic rats (1 section per rat,
—3.2to —4.8 mm from the bregma, 20x). Significant 3-way ANOVA for group (F1,120) = 32.6, p < 0.0001; proximodistal (F(2,120) = 11.7, p < 0.0001) and sublayer
(F(1,120) = 424,1; p < 0.0001). Post hoc Tukey test: “*p < 0.01, **p < 0.005. Scale bar, 50 um.

(C) Hippocampal sections from representative control and epileptic transgenic (TG) mice expressing G-GaMP7-DsRed?2 in Calb— deep Pyrs.

(D) Linear density data from 3 control and 5 epileptic TG mice (1 section per mouse at 20x). Significant 3-way ANOVA for groups (F(1,36) = 7.8, p = 0.008) and
sublayers (F(1,36) = 8.9, p = 0.0051), no proximodistal effect. Post hoc t test: **p < 0.01, ***p < 0.005.

(E) Left: experimental timeline. Right: mean density of Calb+ and Calb— CA1 Pyrs as a function of time fitted by linear trends. Data are from 10 control, 10 epileptic
(kainate), and 5 epileptic (lithium-pilocarpine) rats. Arrowheads point to a lithium-pilocarpine rat with full cell loss in CA1 10 weeks after status.

(F) CA1 mean cell loss in rats quantified as deep versus Sup using Wfs1. Sup CA1 cells are more affected than deep cells. Significant effect for group in a 2-way
ANOVA, F(2,48) = 5.9, p = 0.005. Post hoc unpaired t test: *p < 0.01, **p < 0.01.

(G) Fluoro-Jade signal co-localized with Wfs1 and quantification of Fluoro-Jade+ cells across sublayers; n = 8 epileptic rats. Paired t test, “p < 0.01. Scale bar,
40 pm.

(H) Density of deep (Calb—, left) and Sup (Calb+, right) Pyrs against the density of Micros (Iba1+) counted at deep and Sup sublayers (data are from 6 epileptic
rats). Significant Spearman decreasing monotonic trend only for Sup cells (r = —0.87, p = 0.0236).

(I) Schematic of epilepsy-associated histopathological findings indicating larger neuronal loss (blue ramp) and increased Micro cells (red) in the Sup sublayer.

results in both TLE models (Figure 4F; 2-way ANOVA for group,
p = 0.005).

To further confirm sublayer-specific neurodegeneration, we
combined Fluoro-Jade staining, which characteristically labels
degenerating cells, with Wfs1 immunostaining in sections from
epileptic rats (n = 8 epileptic rats) and again observed stronger
neurodegeneration in superficial sublayers (Figure 4G; paired t
test, p = 0.0017). Notably, double immunostaining against Calb
and the microglial marker Iba1 revealed an inverse correlation
of the amount of microglia and the density of superficial pyrami-
dal neurons, consistent with a decreasing monotonic trend
(Calb+; r = —0.87, p = 0.0236; Spearman correlation but not for
deep cells [Calb—]; Figure 4H). This result indicates that loss of

superficial pyramidal neurons is strongly associated with local
accumulation of microglia.

Our results support the idea that hippocampal sclerosis re-
sults from specific interactions between different cell types in a
particular niche (i.e., superficial CA1 pyramidal cells and acti-
vated microglia), leading to regionalized neurodegenerative sig-
natures in the sclerotic CA1 (Figure 4l).

Single-nucleus RNA-seq confirms cell-type-specific
neurodegeneration of CA1 pyramidal cells

To gain more insights into the transcriptional activity patterns un-
derlying hippocampal sclerosis, we performed unbiased high-
throughput RNA-seq of isolated single-nucleus RNA-seq
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(snRNA-seq) (Figure 5A). We analyzed the transcriptomes of
6,739 single high-quality CA1 barcoded nuclei derived from 2
control and 2 epileptic mice (control, 3,661 nuclei; epilepsy,
3,078 nuclei). Consistent with recent reports (Habib et al.,
2016; Zeisel et al., 2015), barcoded nuclei were automatically
classified into 13 clusters, which were then aggregated into six
major cell classes: excitatory neurons, interneurons, oligoden-
drocytes, microglia, oligodendrocyte precursor cells, and astro-
cytes (Figures S4A and S4B; see Figure S4C for control versus
epileptic and Figure S4D for unique molecular identifier (UMI)
levels and number of genes per cell type; Table S3).

We focused on pyramidal CA1 neurons, which represented
80% of the cell population (5,347 nuclei: 2,934 control and
2,413 epileptic). After two clustering rounds (Figure S4E), we
identified deep and superficial pyramidal cells from control
(1,123 deep, 1,810 superficial) and epileptic (878 deep and
1,469 superficial) samples and a small population of pyramidal
nuclei that were mostly epilepsy-specific (Pyr_ES; 67 nuclei: 66
from epileptic CA1, 1 from control CA1) (Figure 5B). Notably,
clustering exhibited consistent distribution of markers for
deep (e.g., Ndst4 and Col711a1) and superficial pyramidal neu-
rons (e.g., Calb1 and Epha3) (Figures S4F and S4G). The spe-
cific population of Pyr_ES cells showed total UMI values well
above the quality threshold (>500 UMIs) and a number of anno-
tated genes lying within the control and epileptic ranges (Fig-
ure S4H), excluding potential artifacts. Differential expression
analysis of Pyr_ES cells against all detected cells, excluding
deep and superficial pyramidal neurons, revealed enrichment
of pyramidal CA1 marker genes such as Gria2, Rasgrf1, Camkv,
and Brd9, along with other transcripts enriched in excitatory
neurons, including Epha6, Hs6st3, Cntnap2, Kcnh7, Kcnip4,
and Meg3, which confirmed their pyramidal nature (Figures
S41 and S4J). Similar to our LCM RNA-seq observations at
the tissue level, we found consistent correlation of sublayer-
specific genes in control and epileptic samples (Figures 5C,
5D, S5).

Next, we sought to identify gene programs underlying the
differential vulnerability of deep and superficial CA1 pyramidal
cell in response to epilepsy (adj. p < 0.05). Although statistical
evidence of this analysis is limited by the small sample size, it
provided useful prospective hypotheses and identified many
epilepsy-related transcriptional changes. Many transcripts
common to both cell types were associated with modulation
of synaptic transmission, synapse organization, and regula-
tion of membrane potential (Figures 5E and 5F, common
genes in black). Single-nucleus differential expression anal-
ysis also revealed striking differences between superficial
and deep cells of genes involved in synaptic signaling and
ion membrane transport (Figures 5E and 5F). To exclude ef-
fects of different sample sizes between groups and cell types,
we evaluated the top-ranked 300 DEGs and found similar GO
families to be involved differentially (Figure S6A). Deregulated
genes in superficial cells in epilepsy showed a strong func-
tional association that was related to the gamma-aminobuty-
ric acid (GABA) signaling pathway, calcium ion transport, po-
tassium ion transport, regulation of glutamatergic synaptic
transmission, axon growth and guidance, and synapse as-
sembly. We also noted cell-type-specific changes in genes
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related to neuronal survival. For instance, we found significant
upregulation of death-associated protein kinase 1 (Dapk1)
specifically in superficial CA1 neurons (Bialik and Kimchi,
2006; Figure 5G). Conversely, genes associated with the
pro-survival receptors TrkB (Ntrk2) and TrkC (Ntrk3) and sorti-
lin-related VPS10 domain-containing receptor 3 (Sorcs3) were
upregulated exclusively in deep cells (Huang and Reichardt,
2001; Pfisterer and Khodosevich, 2017; Figure S6B). Other
genes regulating neuronal vulnerability to insults were found
to be deregulated in both populations of CA1 pyramidal neu-
rons. These include the anti-apoptotic genes Akt3, Chl1, and
Spagb5 and the pro-apoptotic gene Nkain2 (He et al., 2020;
Katic et al., 2017; Tawarayama et al., 2018; Figures 5G and
S6B).

For some transcripts, we noted significant differential expres-
sion in epilepsy-specific Pyr_ES cells and chose to focus on this
small cluster (Figure 5B, green). Compared with control pyrami-
dal cells, Pyr_ES cells showed transcriptional dysregulation of
the GO families that were altered in superficial and deep CA1
neurons in epilepsy (Figure S6C). To avoid confounding effects
caused by the small sample size, we focused on transcripts iden-
tified as differentially expressed between Pyr_ES and all other
epileptic cells that were well represented in both populations
(i.e., detected in at least 50% of cells per group; pct.1 > 0.5
and pct.2 > 0.5 over test result). Notably, many of these tran-
scripts were upregulated more in Pyr_ES neurons compared
with other epileptic cells, including the previously mentioned
apoptotic-related genes Spag5, Chl1, and NKain2 (Figures 5G,
5H, and S6B).

To validate these findings at the single-cell level in situ, we
used specific RNA-based probes (RNAscope) for sublayer-spe-
cific (Dcc) and group-specific (Dapk1 and Spag5) transcripts in
combination with Wfs1 immunostaining to label CA1 pyramidal
cells in coronal brain sections of control and epileptic mice (n =
5 control, n = 5 epileptic mice). As expected, we observed fluo-
rescence-labeled spots restricted to the somata of CA1 pyrami-
dal neurons (Figures 51, 5J, S6D, and S6E). Quantification of
RNAscope revealed sublayer effects of Dcc (2-way ANOVA
F(1,8) = 21.59, p = 0.0017) with significant post hoc differences
between layers in both groups (p < 0.05; see also distribution
per cells in Figure 5K, small dots). In contrast, for Dapk1
(F(1,8) = 12.99, p = 0.0069) and Spag5 (F(1,8) = 10.53, p =
0.0118), we found that significant differences between groups
involved mainly the superficial sublayer, in line with our snRNA-
seq results (Figure 5K).

Our analysis confirmed profound transcriptional changes
related to neuronal excitability and neurodegeneration in
epileptic CA1 pyramidal neurons. These functions appear to
be segregated across deep and superficial cell types, consis-
tent with electrophysiological, LCM RNA-seq, and histological
data. Notably, snRNA-seq analysis revealed disease-associ-
ated genes that were highly cell type specific, including some
with key functions in neuronal survival. Hence, epilepsy-
induced cell-type-specific regulation of genes with key roles
in synaptic plasticity and survival is a potential molecular link
between differential activity burden and vulnerability across
the CA1 radial axis, leading to regionalized hippocampal
sclerosis.
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Figure 5. snRNA-seq profiling of the normal and epileptic CA1 area

(A) Nuclei were isolated from the CA1 region of adult mice and purified by flow cytometry for single-nucleus RNA-seq (snRNA-seq).

(B) Uniform manifold approximation and projection (UMAP) plots of CA1 Pyrs subtypes segregated by condition (control and epileptic). Pyr_ES, epilepsy specific.
(C) Heatmap showing normalized expression for principal gene markers for deep and Sup neurons in control and epileptic mice (96 enriched genes: 62 deep, 34
Sup; absolute log FC > 0.25; min.pct = 0.5; adj. p < 1073%). Note the presence of a subset of cells with differential gene expression corresponding to the Pyr_ES
cell population (green).

(D) Significantly enriched genes in Sup and deep CA1 neurons in control mice and their relative level of enrichment in epileptic animals (adj. p < 0.05, 493 genes).
Gene expression levels of CA1 neuronal subtype-specific enriched genes are preserved in epilepsy.

(E) Venn diagram and heatmap of DEGs upregulated in epilepsy (adj. p < 0.05, Wilcoxon rank sum test). The heatmap shows normalized expression levels for
upregulated DEGs that are common (34 genes), specific to deep (29 genes), or Sup (59 genes) CA1 neurons. Representative genes and associated significant GO
terms are shown. FDR *adj. p < 0.05 (Fisher’s exact test).

(F) Same as in (E) for downregulated genes.

(G) Violin plot of normalized expression value for selected genes in deep and Sup neurons in epilepsy (blue) and control (black). Wilcoxon rank-sum test; *p < 0.05,
**p < 10710, **p < 107%, #p < 1071, Expression levels in Pyr_ES cells are also shown (green).

(H) FC (left) and significance (right) for most upregulated genes in Pyr_ES compared with epileptic CA1 Pyrs (absolute log FC > 0.5 and min.pct = 0.5).

(I) Immunostaining against the CA1 marker Wfs1 and multiplexed RNAscope for Dcc and Spagb transcripts. Cells with their somata in the confocal plane are
outlined. Note significant accumulation of Spag5 in an epileptic cell (green arrowhead). Scale bar, 10 um.

(J) Same as in (l) for Dapk1 and Spag5 transcripts.

(K) Quantification of Dcc, Dapk1, and Spag5 per cell (small dots) and mouse (5 control and 5 epileptic); post hoc paired t tests, *p < 0.05.
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Pseudotemporal ordering reveals sublayer-specific
neurodegenerative progression

Based on the data above, we speculated that epilepsy-related
responses and degenerative signals might evolve distinctly
across cell types and sublayers. This may be especially critical
for cell death programs accompanying hippocampal sclerosis.
To glean insights into these transitional states, we used manifold
learning leveraged in nearest-neighbor information to automati-
cally organize cells in trajectories along a principal tree, reflecting
progression of associated biological processes (Qiu et al,
2017a).

Low dimensional embedding of the automatically learned un-
derlying trajectory produced a spanning tree, revealing a topo-
logical structure with four main branches (A, B, D, and E) and
two bifurcation points (1 and 2; Figure 6A). Most nuclei at
branches A and B were from cells identified as deep, whereas
branches D and E were populated mostly by superficial cells
(Figure 6B). Interestingly, control and epileptic cells were distrib-
uted differently. Branches A and D were mostly populated by
control pyramidal cells, whereas branches B and E contained
the vast majority of epileptic cells (Figures 6C and 6D). The tra-
jectory topology suggested that the transcriptional state of single
cells progresses along sublayer-specific disease trajectories
from a basal state (branches A and D) to the epileptic condition
(branches B and E) (Figure 6C). Notably, epilepsy-specific
Pyr_ES cells were retrieved at the end of the superficial epileptic
E path, suggesting that they may be superficial neurons at a ter-
minal pathological state (Figure 6B, green arrowhead).

To identify mechanisms underlying single-cell transcriptional
changes from health to disease, we performed quantitative com-
parison of gene expression kinetics across trajectories in each
cellular population (DDRTree method) (Qiu et al., 2017b). By
comparing the top-ranked 250 DEGs in deep (maximum false dis-
covery rate [FDR] adj. p = 8.94 x 104 likelihood ratio test) versus
superficial cells (maximum FDR adj. p = 5.8 x 1079, we found
about 50% of genes (124 genes) associated with epilepsy car-
rying significant cell-type-specific trajectories. Consistent with
our previous results, we found that genes deregulated in epilepsy
in superficial CA1 neurons show tight functional association
among them, leading to a high proportion of significantly enriched
ontology terms compared with genes deregulated in deep CA1
neurons (Figures 6E and 6F). Again, significantly enriched GO
terms were related to structural and functional neuronal plasticity.
Interestingly, pseudotemporal kinetics also revealed marked dif-
ferences in the progression across sublayers of genes with impor-
tant functions in regulating neuronal survival. For instance, the
gene transcript levels of Dapk1 showed a robust increase in su-
perficial epileptic cells, whereas the gene expression levels of
the pro-survival receptors TrkB (Ntrk2) and TrkB (Nirk3), along
with other genes with key functions in neurons, such as Sorcs3
and Aff3, were upregulated specifically in deep pyramidal cells
(Figures 6G and S6F). Other genes also related to neuronal vulner-
ability, such as Camk2a and Nrg3, displayed similar changes
along the disease trajectory in both cell types (Figures 6G and
S6F). Strikingly, the subset of apoptosis-related genes Spag5,
Matk, and Chl1 reached their maximal expression level in Pyr_ES
at the end of the transcriptional trajectory in superficial cells (Fig-
ures 6G, 6H, and S6F, green).
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DISCUSSION

Our work identifies sublayer-specific transcriptional changes in
experimental hippocampal sclerosis. Using a combination of
techniques, we found that acquired TLE involves heterogeneous
biological processes running across deep and superficial CA1
pyramidal cells. Our data suggest that epileptogenesis and the
accompanying hippocampal sclerosis are evolving processes
that affect the transcriptional state of neurons in a cell-type-spe-
cific manner.

Hippocampal sclerosis is a heterogeneous histopathological
entity (Blumcke et al., 2013). The prognosis value of certain sub-
types has been debated, but emerging data suggest that it de-
serves further consideration in light of cell type specificity (Prada
Jardim et al., 2018). Superficial and deep CA1 pyramidal cells are
innervated differently by local-circuit GABAergic interneurons,
express different neuromodulatory receptors, project differen-
tially to cortical and subcortical regions, and participate distinctly
in hippocampal oscillations (Cembrowski et al., 2016a; Soltesz
and Losonczy, 2018; Valero and de la Prida, 2018). The more
sustained excitability of superficial pyramidal cells (in terms of
post-event depolarization and increased firing rate) and their
consistent stronger expression of the immediate-early gene-
associated protein c-Fos after individual seizures suggest that
they have a larger activity burden compared with deep cells (Fig-
ure 1). Although our snRNA-seq analysis identified many tran-
scripts regulated differentially between deep and superficial
CA1 neurons that may underlie pro-epileptogenic changes in
intrinsic excitability, microcircuit mechanisms are key contribu-
tors to these differences. First, perisomatic inhibition by parval-
bumin (PV) basket cells is remarkably higher in deep compared
with superficial cells (Soltesz and Losonczy, 2018; Valero et al.,
2015). Second, superficial cells are more likely to be driven by
presynaptic CA3 activity than deep cells (Valero et al., 2015).
Similarly, direct inputs from layer Ill pyramidal neurons in the
medial entorhinal cortex are biased by deep CA1 cells, whereas
projections from the lateral entorhinal cortex are stronger in su-
perficial cells (Masurkar et al., 2017). Given loss of medial layer
Il inputs and sprouting of lateral inputs together with specific
cannabinoid type 1 receptors pathways (Laurent et al., 2015;
Maroso et al., 2016), it is very likely that these changes contribute
to more sustained activation of superficial cells in the epilepsy
context.

Transcriptional dysregulation is a central feature of most
neurodegenerative diseases. Our transcriptional profiling in
laser-microdissected CA1 deep and superficial sublayers (LCM
RNA-seq) revealed strong regionalized responses to acquired
epilepsy. We found significantly larger transcriptional changes
of GO terms associated with immune and inflammatory pro-
cesses, cytokine production, and programmed cell death in
the superficial sublayer (Figure 2). This includes Cx3cri,
P2ry12, and Il18, among other genes described previously, play-
ing major roles in microglial activation and neurodegeneration
associated with epilepsy (Aliet al., 2015; Eyo et al., 2014; Vezzani
and Baram, 2007). For the deep pyramidal sublayer, transcrip-
tional changes were milder in general and mostly involved dereg-
ulation of genes associated with changes in excitability, homeo-
static regulation, and synaptic signaling, such as Kcnh7, Kcnip4,
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Figure 6. Pseudotemporal ordering of transcriptional changes unfolds separate disease trajectories across CA1 sublayers

(A) UMAP plot of pseudotemporal trajectory analysis of Pyr subpopulations along with discriminative dimensionality reduction via learning a tree(DDRTree)
coordinates uncovers four major branches (A, B, D, and E) and segregated from two branchpoints (1 and 2).

(B) Distribution of Pyr subpopulations (deep, Sup, and Pyr_ES) across pseudotime trajectories. An arrowhead points to Pyr_ES cells located at the endpoint of

branch E.

C) Distribution of Pyr subpopulations across pseudotime trajectories by condition (control and epileptic).

D) Distribution of Pyr subtypes across the trajectory topology.

E) Heatmap of the top-ranked branched expression analysis modeling (BEAM) significant changes through progression across the trajectory from branch A

F) Same as (E) for the Sup-specific trajectory from basal state (branch D) to the epileptic condition (branch E).

G) Pseudotime kinetics across disease trajectory for selected DEGs in epilepsy.

(
(
(
(basal state) to B (epilepsy) (deep cells). Each row indicates the standardized kinetic curves of a gene.
(
(
(

H) Schematic of disease trajectories from control to epilepsy.

Scn3b, and Gabrb3 (Dixit et al., 2016; Steinlein and Noebels,
2000). Many of these changes were confirmed by snRNA-seq
analysis (Figure 5), which disclosed significant upregulation of
the Dapk1 specifically in superficial CA1 neurons (Bialik and
Kimchi, 2006), whereas genes associated with the pro-survival
receptors TrkB (Ntrk2) and TrkC (Ntrk3) and Sorcs3 were mostly
upregulated in deep cells (Huang and Reichardt, 2001; Pfisterer
and Khodosevich, 2017).

By leveraging unsupervised branched expression learning, we
identified deviating transcriptional disease trajectories in deep
and superficial pyramidal cells (Figure 6). Some of the GO terms
involved suggest that transition from the normal to the epileptic
condition in deep cells is more likely associated with changes
in synaptic signaling and excitability (i.e., they reflect microcircuit
alterations), whereas superficial cells move differentially along

transcriptional changes affecting cell-cell communication (i.e.,
neuron-microglia interactions). Such different latent trends might
suggest that deep and superficial cells are at different stages in
the neurodegenerative process or being affected by pathways
leading to differential vulnerability. For instance, although we
found deregulated expression of genes associated with
apoptotic pathways that were common to both cell types in
response to epilepsy (i.e., Akt3, Nrg3, and Camk2a) (Ashpole
and Hudmon, 2011; He et al., 2020; Kanekura et al., 2005; Ta-
warayama et al., 2018; Vest et al., 2010), genes related to cell
death were found to be deregulated specifically in superficial
or deep neurons. In superficial cells, epilepsy resulted in
decreased expression of brain-derived neurotrophic factor
(Bdnf) and increased transcript levels of the pro-apoptotic
pathway activator Dapk1 (Bialik and Kimchi, 2006). Conversely,

Cell Reports 35, 109229, June 8, 2021 11




¢? CellPress

OPEN ACCESS

in deep pyramidal neurons, epilepsy led to a robust increase in
expression of the gene encoding the pro-survival receptors
TrkB (Ntrk2) and TrkC (Ntrk3) (Huang and Reichardt, 2001; Pfis-
terer and Khodosevich, 2017). Interestingly, pseudotime analysis
mapped some control cells along the epileptic branches in both
sublayers, suggesting that latent sublayer-specific transcrip-
tional processes might actually be running along life (Bishop
et al., 2010).

Our snRNA-seq analysis also disclosed an epilepsy-specific
pyramidal cell population, Pyr_ES, which accumulated at the
end of the superficial trajectory branch (Figure 6B, arrowhead).
This subset of pyramidal cells displayed remarkable expression
of neurodegeneration-related transcripts such as Cdk5, Ckb,
Matk, Chl1, and Spag5 (Patrick et al., 1999). The presence of
cells with very high numbers of Spag5 molecules in the
superficial sublayer of the epileptic CA1 was confirmed by com-
bined immunofluorescence and single-molecule amplification
methods. Our results indicate that genes dysregulated more in
epilepsy are expressed specifically by a vulnerable subset of py-
ramidal neurons undergoing later stages of neurodegeneration
by the time of sampling. We propose that Pyr_ES cells reflect
the accumulated pro-epileptic transitional changes leading to
epileptogenesis and neurodegeneration, as suggested by their
extreme location along disease trajectories.

Our results identify previously unobserved heterogeneity in the
neuronal patterns of activity of deep and superficial CA1 pyrami-
dal neurons in epilepsy, show specific gene expression signa-
tures across CA1 deep and superficial sublayers that are associ-
ated with neuronal loss and hippocampal sclerosis, reveal
disease trajectories of deep and superficial CA1 pyramidal neu-
rons in epilepsy, and uncover the underlying transcriptional pro-
grams. By dissecting the transcriptional landscape across CA1
sublayers in epilepsy, our work offers insights into the mecha-
nisms regulating epileptogenesis and highlights the importance
of leveraging cell type specificity to better understand the
phenotypic complexities accompanying hippocampal sclerosis
in epilepsy.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-calbindin D-28k Swant Cat# CB38; RRID: AB_10000340
Mouse anti-calbindin D-28k Swant Cat# 300; RRID: AB_10000347

Rabbit anti-Wfs1

Rabbit anti-lba1

Rabbit anti-GFAP

Rabbit anti-Olig2

Rabbit anti-cFos

Alexa Fluor633 goat anti-rabbit IgG
Alexa Fluor488 donkey anti-mouse IgG
Alexa Fluor488 goat anti-mouse IgG
Rhodamine Red goat anti-mouse IgG

Alexa Fluor488-conjugated streptavidin

Proteintech

Wako

Sigma

Millipore

Santa Cruz Biotechnology
Thermo Fisher

Thermo Fisher

Jackson Immunoresearch
Jackson Immunoresearch

Jackson Immunoresearch

Cat# 11558-1-AP; RRID: AB_2216046
Cat# 019-19741; RRID: AB_839504
Cat# G9269; RRID: AB_477035

Cat# AB9610; RRID: AB_570666

Cat# sc-52; RRID: AB_2106783

Cat# A21070; RRID: AB_2535731

Cat# A21202; RRID: AB_141607

Cat# 115-545-003; RRID: AB_2338840
Cat# 115-295-003; RRID: AB_2338756
Cat# 016-540-084; RRID: AB_2337249

Chemicals, peptides, and recombinant proteins

BSA

EDTA

PBS

Tris-HCI

NaCl

MgClI2

IGEPAL

ARCTURUS PicoPure RNA isolation kit
RNase-free DNase set
Bisbenzimide H33258
Neurobiotin tracer

FluoroJade C dye

DPX mountant

ProLong Gold antifade mountant

Sigma

Sigma

VWR

Sigma

VWR

Sigma

Sigma

Thermo Fisher Scientific
QIAGEN

Sigma-Aldrich

Vector Labs

Sigma

VWR

ThermoFisher Scientific

A7906
607-429-00-8
E404-200 TABS
T5941
7647-14-5
M2670

18896

KIT0204

79254

Cat# B2883; CAS: 23491-45-4
Cat# SP-1120
AG325
360294H
P10144

Critical commercial assays

Chromium single cell 3’ library & gel bead kit v2
Chromium i7 multiplex kit
Chromium single cell A chip kit

10x Genomics
10x Genomics
10x Genomics

cat#: 120237 (v2)
N/A
cat#: 120236

TruSeq stranded mRNA library prep kit lllumina cat#: RS-122-2101/2
HiSeq sequencing kit TruSeq v4 lllumina cat#: FC-401-4003
RNAscope fluorescent multiplex reagent kit ACD 320850

Deposited data

LCM-RNA-seq Gene Expression Omnibus (NCBI) GSE143555
snRNA-seq Gene Expression Omnibus (NCBI) GSE143560
Experimental models: organisms/strains

Mouse: Thy1.2-G-CaMP7-DsRed2 RIKEN Bioresources Center stock RBRCO6579
Mouse: Calb1-2A-dgCre-D Jackson Labs N/A

Mouse: TdTomato reporter line Ai9 Jackson Labs Stock No:007905
Rat: Wistar Instituto Cajal Animal facility N/A

Mouse: C57BL/6 Instituto Cajal Animal facility N/A

(Continued on next page)

Cell Reports 35, 109229, June 8, 2021 el




Annex 103

¢? CellP’ress Cell Reports

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Wis1-forw (5CATCCCCAACAACCTGTTCC) Sigma NM_031823.1, bp 783-1631
Wis1-rev (5’ ACACCAGGTAGGGCACCACC) Sigma N/A

Ndst4-forw (5 ATACATCCAAAACTGATCCCAC) Sigma XM_006233274.2, bp 536-1024
Ndst4-rev (5" AAAAGCACTGGCTGGTAGGTAG) Sigma N/A

Syt17-forw (5’ ACACATCCAAGTCCACATACAG) Sigma NM_138849.1, bp 378-1118
Syt17-rev (5'GTGTACCAGCTGGATTTTCACA) Sigma N/A

Hrt1a-forw (5'CTTTCTATATCCCGCTGTTGCT) Sigma J05276.1, bp 730-1663
Hrt1a-rev (5'CACACAGATACTAGTGGTTCTC) Sigma N/A

Scn7a-for (5'GATTATTTCTTCCCTTGTGTATGC) Sigma NM_131912.1, bp 2812-3550
Scn7a-rev (5'CTAAAGTCATCTTCGCTCAAGG) Sigma N/A

Recombinant DNA

Mm-Spag5 ACD 505691

Mm-Dcc-C3 ACD 427491-C3

Mm-Dapk1-C3 ACD 880221-C3

RNAscope 3-plex positive control probe-Mm ACD 320881

RNAscope 3-plex negative control probe ACD 320871

Software and algorithms

Sequencer Software HiSeq Control Software lllumina, Inc https://support.illumina.com/sequencing/
sequencing_instruments/hiseq_2500/
downloads.html?langsel=/us

R R Foundation for Statistical https://www.R-project.org/; RRID: SCR_001905
Computing

RStudio RStudio, PBC https://www.rstudio.com/; RRID: SCR_000432

FastQC Simon Andrews https://www.bioinformatics.babraham.ac.uk/
projects/fastqc; RRID: SCR_014583

STAR Dobin et al., 2013 https://code.google.com/archive/p/rna-star;
RRID: SCR_004463

Samtools Li et al., 2009 http://samtools.sourceforge.net;
RRID: SCR_002105

HTSeq Anders et al., 2015 https://htseq.readthedocs.io/en/master/;
RRID: SCR_005514

DESeq2 Love et al., 2014 http://www.bioconductor.org/packages/release/
bioc/html/DESeqg2.html; RRID: SCR_015687

Cell Ranger Huang et al., 2009 https://david.ncifcrf.gov; RRID: SCR_017344

Seurat Butler et al., 2018; Stuart et al., 2019 http://satijalab.org/seurat/; RRID: SCR_016341

Monocle 2 Qiu et al., 2017a, 2017b http://cole-trapnell-lab.github.io/monocle-release;
RRID: SCR_016339

DAVID Bioinformatics Huang et al., 2009 https://david.ncifcrf.gov; RRID: SCR_001881

Webgestalt Liao et al., 2019 http://www.webgestalt.org; RRID: SCR_006786

MATLAB 2016b Mathworks https://www.mathworks.com; RRID: SCR_001622

Imaged NIH Image https://imagej.net/ImageJ; RRID: SCR_003070

SPSS Statistics IBM https://www.ibm.com/products/spss-statistics;
RRID: SCR_002865

Other

Resource website for the LCM RNA-seq data This paper http://lopezatalayalab.in.umh-csic.es/CA1_
Sublayers_&_ Epilepsy

Resource website for the snRNA-seq data This paper http://lopezatalayalab.in.umh-csic.es/CA1_
SingleNuclei_&_Epilepsy

Silicon probes: 16-channel linear; 100 um Neuronexus A1x16-5mm-100-413

inter-spacing; 413 um2 electrode area
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents and resources may be directed to the lead contact, Dr. Liset M de la Prida (Imprida@
cajal.csic.es).

Materials availability
This study did not generate any new unique reagents.

Data and code availability

No unpublished custom code, software or algorithm was used in this study. Freely available software and algorithms used for analysis
are listed in the resource table. Some analyses were specifically designed for the purpose of this paper using routines written in MAT-
LAB 7.10 (MathWorks). All custom scripts and data contained in this manuscript are available upon request from the Lead Contact.
The accession number for the bulk-tissue transcriptome (LCM RNA-seq) and single-nuclei RNA-seq (snRNA-seq) data reported in
this paper is Gene Expression Omnibus (GEO) database: GSE143555 (LCM RNA-seq) https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE143555; GSE143560 (snRNA-seq) https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143560. Two
open web applications provide visualization of transcriptomic data: LCM RNA-seq data: http://lopezatalayalab.in.umh-csic.es/
CA1_Sublayers_&_Epilepsy. snRNA-seq data: http://lopezatalayalab.in.umh-csic.es/CA1_SingleNuclei_&_ Epilepsy.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experimental protocols and procedures were performed according to the Spanish legislation (R.D. 1201/2005 and L.32/2007), the
European Communities Council Directives of 1986 (86/609/EEC) and 2003 (2003/65/CE) for animal research, and were approved by
the Ethics Committee of the Instituto Cajal.

Adult male Wistar rats (180-200 g; 6-8 weeks postnatal), as well as wild-type C57 and transgenic mice (20-25 g; 8-9 weeks pos-
natal), were treated with multiple intraperitoneal injections of kainate (5 mg/kg) at hourly intervals until they reached status epilepticus.
Transgenic mouse lines included the Thy1.2-G-CaMP7-DsRed2 (c57BL/6J-Tg(Thy1-G-CaMP7-DsRed2)492Bsi, stock
RBRCO6579, RIKEN) and the Calb1-Cre (Jackson Lab, stock N0:023531; Calb1-2A-dgCre-D) crossed with the tdTomato reporter
line (Jackson Lab, stock No:007905; Ai9). The status was defined as a condition of continuous seizures lasting longer than 30 min. Ina
subset of rats, the lithium-pilocarpine model was used. These rats were i.p. injected with pilocarpine hydrochloride 12-24 h after the
injection of lithium chloride (127 mg/kg, i.p.). Between one and four doses of 10 mg/kg pilocarpine were injected every 30 min until the
status epilepticus was reached. Diazepam (4 mg/kg) was injected 1 h post-status to stop convulsions in all animals. They received
intraperitoneal injections of 5% dextrose in saline (2.5 ml) and their diet was supplemented with fruit and powder milk during the
following 2-3 days. After 3 days, animals behaved normally and were housed individually. Control animals were injected with saline
and received treatments similar to epileptic animals.

Animals used in this study were examined in the chronic phase of the status epilepticus model of TLE (2-23 weeks post-status)
when they already exhibited spontaneous seizures and interictal discharges (IID) (Figures S1A and S1B). In epileptic rats and
mice, these events were typically associated with high-frequency oscillations (HFOs; Figure S1B), which are considered biomarkers
of epileptogenesis (Jefferys et al., 2012; Valero et al., 2017). We focused on the dorsal hippocampus given the major role in associ-
ated cognitive comorbidities of epilepsy and more consistent neuronal loss as compared to ventral (Thom et al., 2012; Valero et al.,
2017). In some epileptic animals, we aimed to induce convulsive seizures using high-pitched sounds (pulses of 95-100 dB and 1-20 s
duration at random intervals of 1-20 s during 10 min). A convulsive motor seizure was defined according to clinical criteria, as sus-
tained and repeated forelimbs automatisms with or without falling. Control animals did never exhibit convulsive seizures using this
protocol.

METHOD DETAILS

EEG recordings and analysis

To evaluate epileptogenesis, some rats and mice were implanted with either intracranial 16-channel silicon probes or skull EEG-grid
of 32-channels (Neuronexus) under isoflurane anesthesia (1.5%—-2% mixed in oxygen 400-800 ml/min). Jeweler’s screws were in-
serted into the skull for providing additional anchoring and reference/ground connections (over the cerebellum). The implant was
secured with dental cement. Animals were recovered from anesthesia and returned to home cages.

For recordings, EEG signals were pre-amplified (4x gain) and recorded with a 32-channel AC amplifier (Axona), further amplified by
100, filtered by analog means at 1 Hz to 5 kHz, and sampled at 20 kHz/channel with 12 bits precision. EEG recordings were synchro-
nized with a ceiling video camera (30 frames/s) to track the animal position in space.

Analysis of electrophysiological signals was implemented in MATLAB 9.3 (MathWorks). EEG signals from the frontal and parietal
electrodes were used to identify theta periods during running (band-pass 4-12 Hz) and periods of immobility characterized by low
frequency delta activity (0.5-4 Hz). Forward-backward-zero-phase finite impulse response (FIR) filters of order 512 were used to
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preserve temporal relationships between channels and signals. Spectral values fitted to 1/f were similar between groups for fre-
quencies > 150 Hz. HFO events were defined from the bandpass filtered signal (80-120 Hz) by thresholding (> 4 SDs). The power
spectra were evaluated in a window of + 0.2 ms around each detected event. Time-frequency analysis was performed by applying
the multitaper spectral estimation in sliding windows with 97.7% overlap and frequency resolution of 10 Hz in the 90-600 Hz fre-
quency range. HFO activity was evaluated as the power integral in the 80-120 Hz band.

We used a combination of features to identify HFO events automatically and to classify them in different categories (Valero et al.,
2017) (Figure S1). First, we identified large amplitude transient (< 100 ms) discharges using LFP and current-source-density signals
(CSD, i.e., the second spatial derivative) at the SR and SLM. Second, we identified HFO events at the SP by frequency thresholding
over 100 Hz. Then we used spectral indices such as entropy and fast ripple indices from candidate HFO events at SP together with
amplitude information from LFP and CSD signals at SR to classify events as: a) SPW-ripples (low amplitude; 100-150 Hz); b) SPW-fast
ripples (medium amplitude, > 150 Hz) and IID-HFO (larger amplitude, > 100 Hz). Events not meeting criteria were left unclassified.
Surface EEG recordings from mice were analyzed similarly, by using channels over the dorsal hippocampus or at the frontal cortex
to identify HFO events and channels over the parietal cortex using selected segments of the EEG.

In vivo recording and labeling of single cells

Rats were anesthetized with urethane (1.2 g/kg, i.p.), fastened to the stereotaxic frame and warmed to keep their body temperature at
37°C. Two bilateral craniotomies of ~1 mm diameter were performed for CA3 stimulation (AP: —1.2 mm, ML: 2.9 mm) and CA1 re-
cordings (AP: —3.7 mm; ML: 3 mm). The dura was gently removed, the cisterna magna was drained and the craniotomy covered with
warm agar to reinforce stability.

A 16-channel silicon probes (NeuroNexus Tech; 100 um interspaced, 413 pm? contact) was advanced perpendicular along the
CA1-DG-CAS3c axis guided by extracellular stimulation and electrophysiological hallmarks. Concentric bipolar electrodes were
advanced 3.5 mm with 30° in the coronal plane to stimulate CA3. Stimulation consisted of biphasic square pulses (0.2 ms duration,
0.05-1.2 mA every 5 s). Extracellular signals were pre-amplified (4x gain) and recorded with a 16(32)-channel AC amplifier (Multi-
channel Systems), further amplified by 100, analogically filtered at 1Hz to 5 kHz, and sampled at 20 kHz/channel with 12 bits precision
with a Digidata 1440. A subcutaneous Ag/AgCl wire in the neck served as reference. Recording and stimulus position was confirmed
by post hoc histological analysis.

Intracellular recording and labeling were obtained in current-clamp mode using sharp pipettes (1.5 mm/0.86 mm outer/inner diam-
eter borosilicate glass; A-M Systems, Inc) filled with 1.5 M potassium acetate and 2% Neurobiotin (Vector Labs, Inc; 50-100 MQ) (Cid
and de la Prida, 2019). Signals were acquired with an intracellular amplifier (Axoclamp 900A) at 100x gain. The resting potential, input
resistance and amplitude of action potentials was monitored all over the course of experiments.

After data collection, Neurobiotin was ejected using 500 ms depolarizing pulses at 1-3 nA at 1 Hz for 10-45 min. Animals were
perfused with 4% paraformaldehyde (PFA) and 15% saturated picric acid in 0.1 M, pH 7.4 phosphate buffered saline (PBS). Brains
were postfixed overnight at room temperature (RT), washed in PBS and serially cut in 70 um coronal sections (Leica VT 1000S
vibratome). Sections containing the stimulus and probe tracks were identified with a stereomicroscope (S8APO, Leica). Sections
containing Neurobiotin-labeled cells were localized by incubating them in 1:400 Alexa Fluor 488-conjugated streptavidin (Jackson
ImmunoResearch 016-540-084) with 1% Triton X-100 in PBS (PBS-Tx) for 2 hours at room temperature (RT). To evaluate morpho-
logical features of single cells, sections containing the somata of recorded cells were processed with Triton 1% in PBS, blocked with
10% fetal bovine serum (FBS) in PBS-Tx and incubated overnight at RT with the primary antibody solution containing rabbit anti-Cal-
bindin (1:500, CB D-28k, Swant CB-38) or mouse anti-Calbindin (1:1000, CB D-28k, Swant 300) antibodies with 1% FBS in PBS-Tx.
After three washes in PBS-Tx, sections were incubated for 2 hours at RT with appropriate secondary antibodies: goat anti-rabbit
Alexa Fluor 633 (1:500, Invitrogen, A21070), and goat anti-mouse Alexa Fluor488 (Jackson Immunoresearch, 115-545-003) or
goat anti-mouse Rhodamine Red (1:200, Jackson ImmunoResearch, 115-295-003) in PBS-Tx-1% FBS. Following 10 min incubation
with bisbenzimide H33258 (1:10000 in PBS, Sigma, B2883) for nuclei labeling, sections were washed and mounted on glass slides in
Mowiol (17% polyvinyl alcohol 4-88, 33% glycerin and 2% thimerosal in PBS).

All morphological analyses were performed blindly to electrophysiological data. The distance from the cell soma to radiatum was
measured from confocal images using information from Calbindin and bisbenzimide staining. All pyramidal cells included in this study
were localized within the CA1 region. Calbindin immunostaining was used to estimate the width of the superficial sub-layer from the
border to the stratum radiatum. Superficial cells were defined based on the location of the soma within the calbindin sublayer, inde-
pendently on their immunoreactivity (Valero et al., 2015). The border with radiatum was estimated for each section and the distance
from the recorded cell somata was measured using ImageJ (NIH Image).

Analysis of intracellular single-cell recordings

Interictal discharges and sharp-waves associated with HFO events (ripples or fast ripples) recorded simultaneously to the intracel-
lular membrane potential were detected as explained before. The timing of these events was used to identify the corresponding
membrane potential deflections. Time-frequency analysis of HFO events was performed by applying the multitaper spectral estima-
tion in sliding windows with 97.7% overlap and frequency resolution of 10 Hz in the 90-600 Hz frequency range (only the 100-600 Hz
range is shown) to data sweeps aligned by sharp-wave ripple events (1 s). Membrane potential responses of single-cells were eval-
uated in peri-event plots before (—200 to —150 ms), during (50 ms) and after (150 to 200 ms) HFO events.
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Passive electrophysiological properties (input resistance, membrane decay and capacitance) of neurons recorded intracellularly
in vivo were measured using 500 ms currents step in current-clamp mode. Cells with intracellular action potential amplitude smaller
than 40 mV were excluded. Resting membrane potential and input resistance were estimated by linear regression between baseline
potential data and the associated holding current. Intrinsic firing properties, including action potential threshold, half-width duration
and AHP were estimated from the first spike in response to depolarizing current pulses of 0.2 nA amplitude and 500 ms duration. The
sag and maximal firing rate were calculated from current pulses of + 0.3 nA amplitude. A bursting index was defined as the ratio of the
number of complex spikes (minimum of 3 spikes < 8 ms inter-spike interval) over the total number of spikes recorded during theta
activity.

cFos immunostaining and analysis

To evaluate immediate-early gene expression associated to sound-induced convulsive seizures, animals were perfused 1 hour after
and their brains cut in 70 pum coronal sections. Selected sections were stained against c-Fos using a polyclonal antibody at 1:250
(Santa Cruz Biotechnology sC-52) and bisbenzimide. Using one 20x confocal mosaic per animal, we quantified cFos intensity at
CA1 pyramidal cells by delineating single-cell nuclei stained with bisbenzimide in one confocal plane (ImagedJ). The mean intensity
of cFos signal from each cell was then normalized by subtracting the background (set at 0) and dividing by the maximal positive signal
in the mosaic, which was always at granule cell level (set at 1). No significant differences of background were observed across sec-
tions. Delineated cells were ranked by their distance to radiatum to classify them as deep or superficial, according to standard mea-
surements of Calb1-layer thickness.

Laser capture microdissection (LCM) and RNA isolation

Brains from 3 control and 3 epileptic rats were dissected, longitudinally cut in half (separating both hemispheres), wrapped in
aluminum foil and immediately frozen in liquid nitrogen. To avoid circadian effects on gene expression all samples were collected
in the morning before noon and conserved at —80°C until use. The hippocampal region of each hemisphere was cut in 20 pm slices
in a cryostat (Leica) (chamber temperature: —20°C; block temperature: —30°C) and placed on 1.0 mm PEN-membrane covered
slides (Carl Zeiss). Slides were conserved at —20°C until use. Right before microdissection, slides were dried with vapor of liquid ni-
trogen. The CA1 cell layer was microdissected with a Leica 6000 laser microdissector through a 40x non-oil immersion objective to
obtain cell bodies of superficial and deep sublayers separately (Figure 2A). Microdissected deep and superficial areas were collected
in different empty caps of 0.5 mL Eppendorf tubes. After microdissection, samples were processed following ARCTURUS PicoPure
RNA Isolation Kit (Thermo Fisher Scientific) instructions in order to extract and isolate total RNA. Briefly, 50 pl of extraction buffer was
added into the cap, incubated at 42°C for 30 min, centrifuged at 800 x G for 2 min and stored at —80°C. The same volume of 70%
ethanol was added to the cell extract and the mixture was pipetted into a pre-conditioned RNA purification column. The column was
centrifuged 2 min at 100 x G and 30 s at 16000 x G, and washed with 100 pl of Wash Buffer 1. To completely eliminate DNA, the pu-
rification column was treated with 40 pl of DNase (diluted 1/8 in RDD Buffer) (QIAGEN), incubated 15 min and centrifuged at 8000 x G
for 15 s. Then the column was washed twice with 100 ul of Wash Buffer 2, and centrifuged at 8000 x G after the first wash and at 16000
x G after the second one. Finally, RNA was eluted into a new 0.5 ul Eppendorf tube by adding 11 pl of elution buffer onto the column
membrane, incubating the column for 1 min at room temperature, and centrifuging the column for 1 min at 1000 x G and at 16000 x G
immediately after. Total RNA samples were stored at —80°C. RNA integrity number (RIN) was similar in control (4.7 + 0.8) and epileptic
rats (5.7 + 0.5; p = 0.07; 3 replicates x 2 sublayers per group), as well as for deep (5.2 + 0.9) and superficial sublayers (5.3 +0.1; p =
0.81; n = 6 replicates per sublayers).

LCM RNA-seq library construction and sequencing

RNA preparation for sequencing deep and superficial CA1 sublayers from control and epileptic rats was performed as described in
Scandaglia et al. (2017). The twelve samples were sequenced according to manufacturer instructions in a HiSeq2500 sequencer
(lumina, Inc). Libraries were strand specific (reverse) and sequenciation was performed in paired-end configuration with a read
length of 75 bp. Library size of read pairs for the different samples analyzed was between 47 and 59 Million reads. RNA-seq data
can be accessed at the GEO repository (GSE143555).

LCM RNA-seq data analysis

Alignment quality control of sequenced samples (LCM RNA-seq) was assessed with FastQC (v.0.11.3) (Babraham Institute) and
RNA-seq tracks were visualized using IGV (v.2.3.57) (Thorvaldsdottir et al., 2013). LCM RNA-seq reads were mapped to the rat
genome (Rnor_6.0.83) using STAR (v.2.5.0c) (Dobin et al., 2013), and files were further processed with Samtools (v.0.1.19). Aligned
reads were counted to gene transcripts using HTSeq (v.0.6.1) (Anders et al., 2015). Differential expression analysis was performed
using DESeqg2 (v.1.10.0) (Love et al., 2014) of the bioconductor suite (Huber et al., 2015) in the R (v.3.2.2) statistical computing
platform. The experimental design consisted in two factors (treatment and anatomical area) and there was also grouped samples
(samples from different anatomical areas (minus (deep) and plus (superficial) that were obtained from individual mice). Genes
were considered differentially expressed at Benjamini-Hochberg (BH) adj. p < 0.05 and FC > 0.3 (Benjamini and Hochberg, 1995),
except otherwise specified. GO analysis was performed using DAVID (v.6.8) bioinformatics platform (Huang et al., 2009).
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LCM RNA-seq single-cell informed data analysis

Single-cell RNA-seq data from Zeisel et al. (2015) was reanalyzed with consensus cluster SC3 algorithm (Kiselev et al., 2017). From
the original 3,005 cells, pyramidal and interneurons were removed from somatosensory cortex, resulting in a total of 2,442 cells. Re-
maining cells were re-analyzed downstream with SC3. Clustering stability was optimal for 6 clusters. One cluster presented high het-
erogeneity (mixed population cluster), and was reanalyzed with the optimal clustering stability (5 clusters). Marker genes were tested
for every cluster with Wilcoxon signed rank test. Top 10 genes with the area under the receiver operating characteristic (ROC) curve
(AUC) power > 0.85 and with the adj. p < 0.01 from both cluster analyses were selected, with a total of 69 bona fide population
markers. Based on the markers, populations were fused/splitted and 3 populations were isolated in the first clustering (pyramidal
neurons, interneurons and oligodendrocytes) and 4 more in the second (astrocytes, endothelial cells, microglia and mural cells).
Sixteen outlier cells were removed by total_counts, total_features or pct_counts_spike criteria, remaining 2,426 cells with a high cor-
respondence with the original classification: Astrocytes (155 cells), Endothelial (177 cells), Interneurons (174 cells), Microglia (85
cells), Mural (56 cells), Oligodendrocytes (804 cells) and Pyramidal (975 cells). Next, to capture convoluted gene signatures on
LCM RNA-seq we used gene sets of equal size that were differentially regulated between superficial and deep sublayers of control
and epileptic rats. To obtain these gene sets, we first filtered the genes by significance (adj. p < 0.1), then significantly differentially
regulated genes were ranked by fold-change, and top 250 differentially regulated genes for each sublayer and condition, were re-
tained for further analysis. We then, obtained normalized gene expression from scRNA-seq data for these gene sets and performed
linear dimensionality reduction by principal component analysis to summarize and visualize the cells in the low-dimensional space.
We also performed Pearson pairwise correlation and hierarchical clustering for these gene sets across all cells, to capture cell-type
specific gene signatures that were mapped to major cell types in CA1 by using previously identified cell markers.

Single-cell RNA-seq data from Allen Brain Map portal - Mouse Whole Cortex and Hippocampus SMART-seq (2019) with 10x-SMART-
seq taxonomy (2020) (http://portal.brain-map.org/atlases-and-data/rnaseqg/mouse-whole-cortex-and-hippocampus-smart-seq) was
downloaded and subsetted as follows: from the original 76,533 cells, cells from hippocampal region were retained, and subsequently,
cells from CA2, CA3, DG or empty subclass were removed. Then, cells of subclasses Astro, Micro-PVM, Endo, Oligo or VLMC were
added. This initial filtering led a total of 5,506 cells. Of these, cells tagged by subclass as CA1-ProS (1,592 cells), Astro (976 cells),
Lamp5 (864 cells), Vip (462 cells), Sncg (416 cells), Sst (266 cells), Oligo (236 cells), Endo (213 cells), Micro-PVM (176 cells), VLMC
(159 cells), Pvalb (69 cells) were retained for further analysis, while cells tagged by subclass as SUB-ProS (29 cells), L2 IT RHP (21),
NP SUB (9), L2/3 IT CTX-1 (3), L5 IT TPE-ENT (3), Sst Chodl (3), L2/3 IT ENTI (2), L6 CT CTX (2), Meis2 (2), L2/3 IT CTX-2 (1), L2/3IT
PPP (1), L6b CTX (1) were removed because of their low cell number and/or mismatch with CA1 or glial cells. The remaining 5,429 cells
were grouped in their corresponding major cell populations as follows: Astrocytes (Astro) (976 cells), Endothelial (Endo) (213 cells), In-
terneurons (Lamp5, Pvalb, Sncg, Sst, Vip) (2077 cells), Microglia (Micro-PVM) (176 cells), Mural (VLMC) (159 cells), Oligodendrocytes
(Oligo) (236 cells) and Pyramidal (CA1-ProS) (1,592 cells). Next, we proceed as indicated before to capture convoluted gene signatures
on LCM RNA-seq by using normalized expression data from this scRNA-seq dataset, for differentially regulated between superficial and
deep sublayers of control and epileptic rats.

Single-nuclei isolation

We accurately isolated single nuclei from 2 control and 2 epileptic Calb1::CrexTdTomato young adult mice. We used these animals to
facilitate identification of the CA1 region under a fluorescent scope. Animals were sacrificed 12 weeks after the kainate/saline admin-
istration by cervical dislocation and brains were dissected and cut in 300 um thick slices in a vibratome covered by ice cold HBBS 1x.
As in LCM studies, samples were collected before noon to avoid circadian effects. The dorsal CA1 region were manually dissected
from 4 consecutive slices and put altogether into 400 pL of ice-cold MACS buffer (0,5% BSA, 2 mM EDTA, PBS 1x). CA1 portions
were transferred to a dounce homogenizer (20404 Lab Unlimited) containing 400 pL of MACS buffer and were homogenized 12-15
times each with the pestle. The cell suspension was transferred to a 2 mL Eppendorf tube and centrifuge 15 min 500 x G 4°C. Cell
pellets were resuspended in 500 pL of lysis buffer (10 mM Tris-HCL, 10 mM NaCl, 3 mM MgCl,, 0,1% IGEPAL) and kept 5 min onice.
Samples were then spun down at 500 x G for 30 min in a pre-chilled centrifuge. The nuclei pellet was resuspended in PBS 1x 1% BSA
and then 15,000 nuclei were purified by flow cytometry in a BD FACS Aria lll. The whole process was carried out at 4°C.

Single-nucleus RNA sequencing

Purified intact nuclei from mouse hippocampal CA1 area were processed through all steps to generate stable cDNA libraries. For
every sample, 15,000 nuclei were loaded into a Chromium Single Cell A Chip (10x Genomics) and processed following the manufac-
turer’s instructions. Single-nuclei RNA-seq libraries were prepared using the Chromium Single Cell 3’ Library & Gel Bead kit v2 and i7
Multiplex kit (10x Genomics). Pooled libraries were then loaded on a HiSeg2500 instrument (lllumina) and sequenced to obtain 75 bp
paired-end reads following manufacturer instructions. On sequencing depth, 262 million fragments were generated for the control
condition and 296 for the epileptic dataset. Libraries reached a sequencing saturation of 86.9% for control and 91.2% for epilepsy
condition. snRNA-seq data can be accessed at the GEO repository (GSE143560).

snRNA-seq analysis

Quality control of sequenced reads was performed using FastQC (Babraham Institute). Sequenced samples were processed using
the Cell Ranger (v.2.2.0) pipeline (10x Genomics) and aligned to the GRCm38 (mm10) mouse reference genome customized to count
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reads in introns (pre-mRNA) over the Ensembl gene annotation version 94. Barcodes with total unique molecular identifier (UMI) count
> 10% of the 99'" percentile of the expected recovered cells were selected for further analysis. Using this criterion, we retrieved 3,661
(control), 3,078 (epileptic) high quality nuclei per sample. Mean reads per nucleus were 71,449 (control) and 96,150 (epileptic). Median
genes per nucleus were 71,449 (control) and 96,150 (epileptic). Minimum UMI count per nucleus were 710 (control), 540 (epileptic),
well above the typical quality standards in single-cell/nucleus sequencing. Single-nucleus RNA-seq data were subsequently pre-pro-
cessed and further analyzed in R (v.3.4.4) using Seurat (v.2.3.4) (Butler et al., 2018; Stuart et al., 2019). Filtering parameters were as
follows: genes, nCell < 5; cells, nGene < 200. Data were then normalized using global-scaling normalization (method: LogNormalize,
scale.factor = 10,000).

An initial exploratory analysis was performed on each dataset separately. This analysis retrieved a similar number of clusters in
each dataset that were approximately equal in size. We next combined both datasets using the function MergeSeurat. Highly variable
genes (HVGs) were detected using FindVariableGenes function with default parameters. Then, normalized counts on HVGs were
scaled and centered using ScaleData function with default parameters. Principal component analysis (PCA) was performed over
the first ranked 1,000 HVGs. Plots of the two principal components of the PCA, where cells were colored by dataset, excluded
the presence of batch effects. Cluster detection was carried out with Louvain algorithm in FindClusters function, using 20 first
PCA dimensions and resolution of 0.6 (the default number in Seurat and the optimal according to cell number, data dispersion
and co-expression of previously reported cell markers). Plots of the two principal components of the PCA where cells were colored
by dataset of origin excluded the presence of batch effects.

This analysis identified 13 clusters. CA1 pyramidal neurons populated three of these clusters: one cluster was enriched in bona fide
gene markers of deep cells (Ndst4, Coll11a1) whereas a second one was enriched in canonical markers of superficial cells (Calb1,
Epha3). The third cluster showed a mixed identity. An additional round of clustering segmented this population in three additional
clusters that were enriched in deep and superficial markers, respectively, and a third cluster that could not be annotated based
on the presence of gene markers of CA1 sublayer neurons. The vast majority of cells within this cluster (66/67) were from epileptic
mice (Pyr_ES). Next, the FindMarkers function was used to identify gene markers and to determine the cell populations represented
by each cluster. Finally, cell subtypes were manually aggregated based on the presence of canonical markers of known cell types into
six distinct major cell types: excitatory neurons (Excit); inhibitory neurons (Inter); oligodendrocytes (ODC); oligodendrocyte progenitor
cells (OPCs); microglia (Microglia); astrocytes (Astro).

Visualization and embedding were performed using stochastic nearest neighbors (tSNE) (van der Maaten and Hinton, 2009) and
uniform manifold approximation and projection (UMAP) (Mclnnes et al., 2018) methods over PCA using the 20 first PCA dimensions.
UMAP plots of gene expression show normalized count (UMIs) per nucleus. The equalized expression between fixed percentiles was
plotted according to the following criterion: the minimum expression was adjusted to 5% and the maximum expression was adjusted
to 95% in all UMAP expression plots. To evaluate effects of epilepsy, datasets from both conditions were merged and HVGs were
identified for each dataset as above indicated. Only HVGs that were detected in all datasets were used to perform visualization and
embedding as described above. Clustering was performed on merged dataset from both conditions and populations were identified
combining these results with clustering information obtained in control and epileptic datasets separately, together with co-expres-
sion of population markers.

Differential expression analysis (DEA) was used to identify population gene markers. For DEA, the nuclei of each population were
contrasted against all the other nuclei in the merged dataset using Wilcoxon Rank Sum test on normalized counts. For epilepsy effect
analysis, in the merged dataset, the nuclei of each population from the epileptic dataset were contrasted against all the other nuclei of
the same population in control using Wilcoxon Rank Sum test on normalized counts. GO functional enrichment analyses were per-
formed using DAVID (v.6.8) bioinformatics platform (Huang et al., 2009). All DEA and functional enrichment analyses applies False
Discovery Rate (FDR) method by BH post hoc p adjustment, except otherwise specified.

Cell trajectories and pseudotime analysis

The disease pseudotime analysis was performed using Monocle 2 (v.2.8.0) (Qiu et al., 2017a, 2017b). First, the Seurat merged dataset
was transformed to Monocle object and cells from Pyr_CA1 were subset. The size factor and dispersion of the subset was estimated,
and data was normalized and preprocessed. Genes under the minimum level detection threshold of 0.1 and detected in less than 10
cells were filtered with the function setOrderingFilter. Genes defining how a cell progress through a pseudo-time disease trajectory
were selected with the function differentialGeneTest (Monocle’s main differential analysis routine). 2,579 genes (64,68% of a total of
3,987 genes considered as expressed) were significative with FDR adj. p < 1% for the combination of factors:
~SeuratCluster+Condition, and thus, defined the high dimensional space for pseudotemporal trajectory analysis.

Discriminative dimensionality reduction with trees (DDRTree) reduction algorithm learns the principal graph and specifies the tra-
jectory. DDRTree was applied inside the function reduceDimension, and got the default parameters: norm_method = “log,” pseu-
do_expr = 1, relative_expr = TRUE, auto_param_selection = TRUE (automatically calculate the proper value for the ncenter (number
of centroids)) and scaling = TRUE (scale each gene before running trajectory reconstruction). Prior the dimensional reduction, the
function reduceDimension also performed a variance-stabilization of the data (because the expressionFamily of the data was neg-
binomial.size). Finally, the cells were ordered according to pseudo-time with the function orderCells, which added a pseudo-time
value and state for each cell; together encode where each cell maps to the trajectory.
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For enrichment analysis on pseudotime trajectories, top-ranked 250 branched expression analysis modeling (BEAM) significant
changes through the progression across the disease trajectory for each sublayer were clusterized and GO enrichment analyses
on upregulated and downregulated clusters were performed using DAVID (v.6.8) bioinformatics platform (Huang et al., 2009).

Cell-type immunostaining and analysis

To evaluate the contribution of different cell-types to hippocampal sclerosis, control and epileptic rats and mice were perfused with
4% paraformaldehyde (PFA) and 15% saturated picric acid in 0.1 M PBS, pH 7.4. Brains were postfixed overnight and cut in 70 um
coronal sections (Leica VT 1000S vibratome). Sections containing the dorsal-intermediate hippocampus were processed with Triton
1% in PBS and blocked with 10% fetal bovine serum (FBS) in PBS-Tx. Sections were incubated overnight at RT with 1% FBS PBS-Tx
solution containing primary antibodies against a battery of cell-type specific markers. The list of antibodies includes: rabbit anti-cal-
bindin (1:1000, CB D-28k, Swant CB-38) or mouse anti-calbindin (1:500, CB D-28k, Swant 300) to identify superficial CA1 pyramidal
cells; rabbit anti-Wfs1 (1:500, Protein Tech, 11558-1-AP) for CA1 pyramidal cells; rabbit anti-lba1 (1:1000, Wako, 019-19741) for mi-
croglia; rabbit anti-GFAP (1:1000, Sigma, G9269) for astrocytes; rabbit anti-Olig2 (1:200, Millipore, AB9610) for oligodendrocytes.
After three washes in PBS-Tx, sections were incubated for 2 hours at RT with appropriate secondary antibodies: goat anti-rabbit
Alexa Fluor633 (1:200, ThermoFisher, A-21070), and donkey anti-mouse Alexa Fluor488 (1:200, ThermoFisher, A-21202) or goat
anti-mouse Rhodamine Red (1:200, Jackson ImmunoResearch, 115-295-003) in PBS-Tx-1%FBS. Following 10 min incubation
with bisbenzimide H33258 (1:10000 in PBS, Sigma, B2883) for nuclei labeling, sections were washed and mounted on glass slides
in Mowiol (17% polyvinyl alcohol 4-88, 33% glycerin and 2% thimerosal in PBS).

To acquire multichannel fluorescence stacks from recorded cells, a confocal microscope (Leica SP5) with LAS AF software v2.6.0
build 7266 (Leica) was used. The following channels (fluorophore, laser and excitation wavelength, emission spectral filter) were used:
a) bisbenzimide, Diode 405 nm, 415-485 nm; b) Alexa Fluor 488 nm, Argon 488 nm, 499-535 nm; c) Rhodamine Red / Alexa Fluor 568
/ Texas Red, DPSS 561 nm, 571-620 nm; d) Alexa Fluor 633, HeNe 633 nm, 652-738 nm; and objectives HC PL APO CS 10.0 x 0.40
DRY UV, HCX PL APO lambda blue 20.0 x 0.70 IMM UV and HCX PL APO CS 40.0 x 1.25 OIL UV were used.

FluoroJade staining

To evaluate neurodegenerating neurons we used coronal sections from epileptic rats perfused at different time points post-status.
Selected sections were immunostained against Wfs1 followed by FluoroJade staining. To this purpose, sections were pretreated for
5 min with 1% sodium hydroxide in 80% ethanol, followed by 70% ethanol (2 min) and distilled water (2 min). Sections were then
incubated 10 min in 0.06% potassium permanganate, rinsed in distilled water and immersed into 0.0001% solution of FluoroJade
C dye (Sigma AG325) in 0.1% acetic acid (pH 3.5) for 10 min. After a brief wash in distilled water, they were mounted on gelatin-coated
slides, air-dried, coverslipped with DPX and examined under a confocal microscope as described above. FluoroJade positive cells
exhibited bright green fluorescence.

In situ hybridization analysis

Selected sections from control and epileptic rats were processed for in situ hybridization using standard methods. Briefly, riboprobes
were prepared from Rat Enpp2 cDNA (Image clone ID 7115236) and using RT-PCR from rat adult hippocampus to prepare Wfs1
(NM_031823.1, from bp 783 to 1631), Ndst4 (XM_006233274.2, from bp 536 to 1024), Syt17 (NM_138849.1, from bp 378 to
1118), Hrt1a (J05276.1, from bp 730 to 1663) and Scn7a (NM_131912.1, from bp 2812 to 3550) cDNAs. Similar riboprobes were
used in sections from normal and epileptic mice. Riboprobe hybridization was detected using alkaline phosphatase-coupled anti-
digoxigenin Fab fragments (Sigma). Hybridized sections were mounted in glycerol and photographed using a Nikon stereoscope
and a DCC Nikon camera.

RNAscope analysis

Control and epileptic mice were perfused with 4% paraformaldehyde (PFA) and 15% saturated picric acid in 0.1 M PBS, pH 7.4.
Brains were post-fixed overnight and cut in 50 um coronal sections (Leica VT 1000S vibratome) which were kept at —20°C in a so-
lution of 30% glycerol and 30% etylenglycol in PBS. RNAscope Fluorescent Multiplex Assay (Advanced Cell Diagnostics) was carried
out according to the manufacturer’s protocols. Briefly, sections containing the dorsal-intermediate hippocampus (around —2 pm AP
from Bregma) were washed in PBS-Tx, and mounted onto SuperFrost Plus microscope slides (10149870, ThermoFisher Scientific).
They were then dehydrated at 60°C follow by ethanol, pretreated with a target retrieval solution (322000, ACD) and protease |l
(822340, ACD), and co-hybridized with Spag5 (Mm-Spag5, 505691, ACD) and Dcc (Mm-Dcc-C3, 427491, ACD) or Dapk1 (Mm-
Dapk1-C3, 880221-C3, ACD) probes. Finally, the amplification steps (RNAscope Fluorescent Multiplex Detection reagents,
320851, ACD) were followed, using Atto 550 for Spag5 and Atto 647 for Dcc or Dapk1 as fluorescent labels. The RNAscope 3-
plex positive control probe set (320881, ACD), with probes to Polr2a, PPIB and UBC, was used to confirm preservation of sample
RNA. The negative control probe to bacterial DapB (320871) was used to establish non-specific labeling.

Following the RNAscope protocol, sections were blocked for 30 min with 10% FBS in PBS-Tx, and incubated overnight at RT with
rabbit anti-Wfs1 (1:500, Protein Tech, 11558-1-AP) in 1% FBS PBS-Tx. After three washes in PBS, sections were incubated for 2 h
with donkey anti-rabbit Alexa Fluor488 (1:200, ThermoFisher Scientific, A-21206) in 1% FBS PBS-Tx, washed twice in PBS and
mounted using ProLong Gold Antifade mountant (ThermoFisher Scientific, P10144).
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Multichannel fluorescence stacks were achieved in a confocal microscope (Leica SP5) with LAS AF software v2.6.0 build 7266
(Leica), with a 40x objective (HCX PL APO CS 40.0 x 1.25 OIL UV), at 0.5 um z-interval. Pinhole was set at 1 Airy, and following chan-
nels settings were applied for each fluorophore (excitation wavelength, emission spectral filter): Argon (488 nm, 499-553 nm) for
Alexa Fluor488, DPSS (561 nm, 570-630 nm) for Atto 550, and HeNe (633 nm, 645-740 nm) for Atto 647. Diode (405 nm, 415-
485 nm) was used as an unstained channel to identify autofluorescent material, which can be abundant in epileptic tissue. Images
were acquired at 8 bits, 387.5 x 387.5 um (1024 x 1024 pixels) in size. Brightness and contrast were adjusted with the ImageJ Fiji
software (NIH Image).

To estimate the amount of Dapk1, Spag5 and Dcc transcripts per cell, a total of 5 control and 5 epileptic animals (12 cells per an-
imal) were analyzed. Each ROI was drawn in one confocal plane as the outline of a pyramidal cell soma at their maximum diameter
based on Wfs1 immunoreactivity, using ImagedJ. Only those cells focused within the first 10 um were selected to avoid reduction of
the signal due to depth in the section. In either Dapk1, Spag5 or Dcc channels, single signal dots were counted, and clusters were
converted to dot number as suggested by the manufacturer (ACD): (total intensity - average background intensity x area)/single dot
average intensity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with MATLAB, SPPSS and using the computing environment R (R Development Core Team,
2005, http://www.R-project.org). No statistical method was used to predetermine sample sizes. Normality and homoscedasticity
were evaluated with the Kolmogorov-Smirnov and Levene’s tests, respectively. The exact number of replications for each experi-
ment is detailed in text and figures. Several ways ANOVAs or Friedman tests were applied. Post hoc comparisons were evaluated
with the Tukey-Kramer, Student or Wilcoxon tests. Deep-superficial trends were evaluated using Spearman correlation and tested
against 0O (i.e., no correlation was the null hypothesis) at p < 0.05 (two sided).
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Figure S1. Electrophysiological Analysis, Related to Figure 1.

(A) Cortical EEG and/or intrahippocampal recordings from epileptic rats and mice allowed evaluation of
neurophysiological changes accompanying acquired epilepsy. Simultaneous cortical and hippocampal recordings are
shown for rats, while cortical EEG is shown for mice. Note interictal discharges (IID) and high-frequency
oscillations (HFOs) in epileptic animals recorded both intracranially and at the cortical surface over the
hippocampus. The small size of the mouse brain and connectivity between the hippocampus and prefrontal cortex
facilitates recording of HFOs at scalp. The late stage of a seizure recorded in both animals is shown to highlight ictal
discharges.

(B) Quantification of the HFO power and IID rate in rats and mice 6 weeks after status. IID rate was evaluated from
20 min sessions in epileptic animals. Data from 1 session from 6 rats and 3 sessions from 3 mice. *, p <0.05
unpaired t-test.

(C) Sharp-wave (SPW) associated HFO events recorded from the dorsal hippocampus of urethane anesthetized
epileptic rats were automatically detected and separated as ripples (100-150 Hz), fast ripples (> 150 Hz) and 11D
using amplitude and spectral information. Some events were left unclassified.

(D) Quantitative separation of ripples, fast ripples and IID events. Spectral indices such as entropy and fast ripple
indices were combined with information on the amplitude of current-source density (CSD) signals. IID were clearly
separated from SPW events using CSD amplitude of sinks and sources. Asterisks reflect significant differences from
post hoc Tukey tests as *, p < 0.05; **, p <0.01 and ***, p <0.001.
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Figure S2. CA1 Sublayer-Specific Gene Expression Profiling by LCM RNA-seq, Related to Figure 2 and
Figure 3.

(A) Bar graph showing per-sample sequencing depth. Note similar library size of about 50 x 10° fragments per
sample in both groups (paired-end sequencing).

(B) Principal component analysis of normalized rlog counts. Note pairwise clustering of deep and superficial
samples from the same animals and significant separation between control and epileptic replicates, suggesting that
transcriptional variability underlie between-group differences.
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(C) Scatterplot showing differentially expressed genes between superficial and deep manually sorted neurons from
mice (false discovery ratio, FDR adj. p <0.1; data from Cembrowski et al., 2016) against change in mRNA
expression for these genes in bulk-tissue LCM RNA-seq data from rats (y-axis) (this study). Colored points indicate
genes that were differentially expressed across sublayers in both species.

(D) In situ hybridizatrion (ISH) of the dorsal CA1 specific marker Wfs/, the superficial sublayer marker Syt/7 and
deep sublayer marker Ndst4 in representative hippocampal sections from control and epileptic rats and mice. Note
sublayer markers are not all-or-none, but rather reflect a gradient distribution. Scale bar, 100 pm.

(E) Allen Brain Atlas (ABA) ISH sections showing additional genes differentially regulated in deep and superficial
sublayers in mouse. Note regionalization of some interneuron-specific genes such as Sst and Vip, as well as non-
neuronal genes such as Mbp. Scale bar, 100 um.

(F) Scatter plot of genes differentially expressed between superficial and deep CA1 sublayers in control or epileptic
rats (adj. p value <0.1). Names of bona fide gene markers of superficial (Calbl, Grmi, Syt17) and deep (Ndst4,
Nr4a2, Colllal) pyramidal neurons are highlighted (black text and bold font). Shown in the plot is also the names
of known cell-type marker genes (grey). (Interneurons — Sst, Vip, Kit, Oligodendrocytes — Mbp, Mobp, Plp1,
Astrocytes — Agp4, Gfap, Gjal, Microglia — Csf1r, Tgfbrl). Note also the presence of a subset of uncorrelated
transcripts including canonical markers of microglia cells (Trem2, Irf8, Fcgr2b, Cd68), at the superficial sublayer in
epileptic rats (red). MLE: maximum-likelihood estimate.

(G) Bar plot of the eleven cell-type-specific uncorrelated DEGs from Figure 2C showing expression levels in single
cells from the mouse CA1 area (Zeisel et al., 2015) (see Methods section).

(H) Scatter plot showing changes in gene expression in CA1 superficial and deep CA1 sublayers in epilepsy (global
effect: 732 unregulated, 185 downregulated genes (adj. p <0.01 and log, fold change > 0.5).

(D) Single-cell consensus clustering (SC3) analysis (Kiselev et al., 2017) was performed on publicly available single-
cell RNA-seq data from mouse cortex and hippocampus (Zeisel et al., 2015) to cluster the cells and to identify
marker genes. Next, sScRNA-seq data for genes identified in LCM RNA-seq analyses (gene lists of top 250
differentially expressed genes between CA1 sublayers of control and epileptic rats) was used to deconvolve bulk-
tissue LCM RNA-seq by identifying the presence of co-expressed genes at the single cell level containing marker
genes.

(J) Pairwise correlations of the average expression for the 69 cell-type gene markers obtained using SC3 on single-
cell RNA-seq data from Zeisel et al., (2015).

(K) Bar plot showing expression levels as log>(molecules/cell) for the 69 cell type gene markers at single cell level
(x-axis) across the seven major cell types identified using SC3. Pyr, pyramidal neurons; Inter, interneurons; ODC,
oligodendrocytes; Astro, astrocytes; Endo, endothelial cells; Micro, microglia; Mural, mural cells.
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Figure S3. Transcriptional Changes Associated with Microglia in The Epileptic CA1 (Bulk-Tissue LCM RNA-
seq), Related to Figure 2 and Figure 3.

(A) Heatmaps of log, fold changes for genes annotated to the microglial sensome (Hickman et al., 2013). Log, fold
change values are for the epilepsy effect in superficial and deep sublayers (Epilepsy), and for sublayer effect in
control and epileptic mice (Sublayer). *, Adj. p < 0.1. Gene Ontology: Biological Process annotation (GO:BP) is
shown at the foremost right (black squares). The list continues from left to right.

(B) Schematic diagram illustrating neuron-glia interactions via ligand-receptor pairings. Neuronal ligands
(diamonds) and microglia receptors (circles) are color coded by expression log, fold change (see color scheme
legend) in the comparison between superficial and deep sublayer in control (top-left) and epileptic (top-right) CAl,
and for epilepsy effect in deep (bottom-left) and superficial (bottom-right) CA1 sublayer. *, Adj. p <0.1.
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Figure S4. Transcriptional Profiling at Single-Nucleus Level Unfolds Heterogeneity of Excitatory Pyramidal
Neurons in The Basal and Epileptic Hippocampal CA1 Area, Related to Figure 5.

(A) Uniform Manifold Approximation and Projection (UMAP) plot from snRNA-seq transcriptional profiling
showing 6 major cell classes identified and annotated in our CA1 samples.

(B) Heatmap of cell-type marker genes (168 enriched genes with AUC power >= (.55) scaled expression per single-
nucleus across identified cell populations.

(C) UMAP plot of the snRNA-seq datasets split by condition.

(D) Violin plots showing distribution of nUMI (left) and nGene (right) per major populations as indicated in the
legend.

(E) UMAP plot clustering of the CA1 pyramidal cell population took two rounds. In the first round, nuclei were
automatically separated in three main subclusters: deep cells, superficial cells and a third cluster of pyramidal
neurons (Pyr CAl). In the second round, the subsetted Pyr CA1 cells were sorted as deep and superficial and
epilepsy-specific Pyr ES cells (green).

(F) UMAP plot of the pyramidal cell class colored by normalized expression levels for the indicated subpopulation
gene markers.

(G) UMAP plot of the subsetted Pyr CA1 pyramidal cells. Note separation of deep and superficial cells, as well as
the epilepsy-specific pyramidal cell subpopulation (Pyr_ES).
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(H) Box plots showing nUMI (left) and nGene (right) per cell in the epilepsy-specific population Pyr ES
population.

(I) Confirmation of cell-type specific gene mapping of sorted cells.

(J) Proportions of the distinct cell types and populations identified across conditions (control and epilepsy). Note the
epilepsy-specific population Pyr ES (light green).
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Figure SS. Overlap Between LCM RNA-seq and snRNA-seq Sublayer-Specific Results, Related to Figure 2
and Figure 5.

(A) Venn diagram showing overlap in genes identified as significantly enriched in superficial (Sup LCM RNA-seq)
and deep sublayer (Deep LCM RNA-seq) by bulk-tissue CA1 sublayer-specific tissue gene expression profiling
(LCM RNA-seq) or snRNA-seq. Many sublayer- and cell-subtype significantly enriched transcripts were common
across species (rat, mouse) and technologies (bulk-tissue RNA-seq, snRNA-seq).

(B) GO analysis and heatmap showing average of normalized expression for genes significantly enriched in deep
CALI neurons (snRNA-seq) in the control animals.

(C) Same as in B for genes significantly enriched in superficial CA1 neurons (snRNA-seq) in the control animals.
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Figure S6. Gene profiling at single cell nuclei reveals transcriptional changes in superficial and deep CAl

neurons in experimental epilepsy, Related to Figure 5 and Figure 6.
(A) Venn diagram and GO terms of top-ranked 300 genes modulated in epilepsy.

(B) Violin plots showing normalized expression value (normalized log transformed UMIs) by condition (control,
black; epilepsy, blue) and population (deep, occher; superficial, purple; Pyr ES, light-green) for selected genes

modulated in epilepsy. Note specific upregulation in Pyr ES cells of Matk, Chll, and Nkain2. *, p < 0.05; **, p <
10710; *#% p < 1050 (Wilcoxon rank sum test).
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(C) Bar chart of significant GO:BP terms for most upregulated genes in Pyr ES when compared with control (left)
and epileptic (right) CA1 pyramidal cells (absolute log, fold change > 0.5 and min.pct = 0.5).

(D) Combined RNAscope and Wfs1 immunostaining analysis of Dcc and Spag5 in situ. Neurons having their soma
cut transversally by the confocal plane are outlined. Discontinuous line boxes identify the region expanded in Figure
5. The channel 405 nm was used to control for autofluorescent signals across channels, which are characteristic of
epileptic tissue (rightmost). Scale bar, 10 pm.

(E) Same for Dapkl and Spag5.

(F) Examples of pseudotemporal kinetics across disease trajectory for significantly modulated genes in epilepsy
related to neuronal survival (Nrg3, Nirk3, Aff3, Chil).
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NEURODEGENERATIVE TRAJECTORIES IN A MODEL OF
EPILEPSY WITH HIPPOCAMPAL SCLEROSIS

Angel Marquez Galera
PhD Thesis
Supervised by Dr. José Pascual Lopez-Atalaya Martinez

Summary

Temporal lobe epilepsy (TLE), the most common form of focal epilepsy, is a chronic disorder of the
nervous system which is characterized by recurrent, unprovoked focal seizures that originate in the
temporal lobe of the brain. Hippocampal sclerosis (HS), the major neuropathological hallmark of
temporal lobe epilepsy, is characterized by different patterns of neuronal loss and is associated with
cognitive impairment and drug resistance. One of the areas most affected by hippocampal sclerosis
is the CA1 subfield, a layered structure consisting of a superficial and a deep sublayer. However,
the mechanisms leading to CA1 hippocampal sclerosis are unknown. Using single-cell
electrophysiology in vivo and immediate-early gene expression, we reveal that superficial CA1
pyramidal neurons are overactive in epileptic rodents. Bulk tissue and single-nucleus expression
profiling disclose sublayer-specific transcriptomic signatures. These analyses reveal that superficial
sublayer is more severely affected by epilepsy, showing a prominent neurodegeneration-associated
transcriptomic signature that was characterized by upregulation of microglia reactive response and
cell cycle genes, and downregulation of neuronal plasticity genes. Pseudotime analysis of gene
expression in single nuclei and in situ validation reveal separated trajectories from health to epilepsy
across cell types and identify a subset of superficial cells undergoing a later stage in
neurodegeneration. Our findings indicate that sublayer- and cell-type-specific changes associated
with selective neuronal damage in CA1 contribute to progression of hippocampal sclerosis, with
neurons populating the superficial CA1 sublayer being much more vulnerable than those in the deep
sublayer. In addition, we have introduced a protocol that leverages existing single-cell expression
data to deconvolve lists of differentially expressed genes from highly heterogeneous tissues into cell-
type-specific gene expression patterns. We have made all the data from this study accessible as

public resources through interactive websites that facilitate exploration of analysis results.

Keywords

epilepsy; temporal lobe epilepsy; hippocampal sclerosis; neurodegenerative trajectories; single-
nucleus RNA-seq; microdissected tissue RNA-seq; in vivo single-cell electrophysiology; gene
expression in situ hybridization; transcriptomic data visualization app; cell type specificity; DEGs

deconvolution into gene patterns.

¥CSIC s JERS/,
.‘ . s #CSIC H*
SEVERO : :

- OCHOA CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS ;Q Ob

>

& P
INSTITUTO DE NEUROCIENCIAS €7 Hex®



	Front cover
	Cover page
	Agradecimientos
	Table of contents
	List of abbreviations
	Summary
	Resumen
	Introduction
	1. Epilepsy
	1.1. Temporal lobe epilepsy
	1.2. Experimental models of temporal lobe epilepsy

	2. Hippocampus
	3. Hippocampal sclerosis
	4. Laminar organization of the Hippocampal CA1 subfield
	5. Omics approaches to hippocampal sclerosis in epilepsy

	Materials and Methods
	Discussion
	Conclusions
	Conclusiones
	References
	Annex
	Cid, Marquez-Galera et al., 2021
	Sublayer- and cell-type-specific neurodegenerative transcriptional trajectories in hippocampal sclerosis
	Introduction
	Results
	Large activity burden in superficial CA1 pyramidal cells during epileptiform activities
	Sublayer regionalization of epilepsy-associated transcriptional responses
	Cell type deconvolution of LCM RNA-seq data suggests sublayer-specific neurodegeneration associated with microglia
	CA1 hippocampal sclerosis is degenerative and sublayer specific
	Single-nucleus RNA-seq confirms cell-type-specific neurodegeneration of CA1 pyramidal cells
	Pseudotemporal ordering reveals sublayer-specific neurodegenerative progression

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	EEG recordings and analysis
	In vivo recording and labeling of single cells
	Analysis of intracellular single-cell recordings
	cFos immunostaining and analysis
	Laser capture microdissection (LCM) and RNA isolation
	LCM RNA-seq library construction and sequencing
	LCM RNA-seq data analysis
	LCM RNA-seq single-cell informed data analysis
	Single-nuclei isolation
	Single-nucleus RNA sequencing
	snRNA-seq analysis
	Cell trajectories and pseudotime analysis
	Cell-type immunostaining and analysis
	FluoroJade staining
	In situ hybridization analysis
	RNAscope analysis

	Quantification and statistical analysis
	Supplemental information



	Back cover



