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Currently available drugs can be effective for the symptomatic suppression of seizures in 

patients with epilepsy. However, seizures are not adequately controlled in a third of cases, no 

disease-modifying therapy exists, and comorbidities as well as unpredictable seizures impose 

a major burden on the quality of life of patients and caregivers. Therefore, we urgently need 

(i) treatments for drug-resistant seizures, (ii) disease-modifying treatments that prevent or 

attenuate epileptogenesis and (iii) treatments to prevent or attenuate the common 

comorbidities that contribute to disability in people with epilepsy.  

 This PhD project focused on the study of the molecular, cellular and neurochemical 

mechanisms that lead to the development of epilepsy (epileptogenesis) and to the occurrence 

of seizures in the chronic phase of the disease (ictogenesis). Specifically:  

1) We investigated the alterations in miRNA expression in the epileptic brain tissue and 

the changes in miRNA levels in the peripheral blood. The former study was designed 

to identify new therapeutic approaches against epileptogenesis and drug-resistant 

epilepsy, via identification and validation of the predicted targets of de-regulated 

miRNAs. The latter study aimed at investigating circulating miRNAs as potential 

biomarkers of disease, useful to identify those individuals that will actually develop 

epilepsy (and should therefore be treated) among those at risk following an 

epileptogenic insult like a brain trauma or a stroke.  

2) We used a systems genetics approach to identify from the human epileptic tissue a 

master regulator of a pro-convulsant gene network, Sestrin 3. After initial mechanistic 

studies in fish and mouse models, we generated Sestrin 3 knockout rats that were 

extensively characterized to substantiate the implication of the gene not only in seizure 

generation, but also in epilepsy co-morbidities. 

3) We performed an extensive analysis of the adaptive and maladaptive changes 

occurring in the GABAergic and glutamatergic neurotransmission during the natural 

history of experimental temporal lobe epilepsy. This study allowed to evaluate the 

excitation to inhibition balance in a more compelling manner than in previously 

available studies, and can be useful to define a more rational and disease phase-

oriented pharmacological treatment.  
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Abstract

The microRNAs (miRNAs) are small size non-coding RNAs that regulate expression of target mRNAs at post-transcriptional
level. miRNAs differentially expressed under pathological conditions may help identifying mechanisms underlying the
disease and may represent biomarkers with prognostic value. However, this kind of studies are difficult in the brain because
of the cellular heterogeneity of the tissue and of the limited access to fresh tissue. Here, we focused on a pathology
affecting specific cells in a subpopulation of epileptic brains (hippocampal granule cells), an approach that bypasses the
above problems. All patients underwent surgery for intractable temporal lobe epilepsy and had hippocampal sclerosis
associated with no granule cell pathology in half of the cases and with type-2 granule cell pathology (granule cell layer
dispersion or bilamination) in the other half. The expression of more than 1000 miRNAs was examined in the laser-
microdissected dentate granule cell layer. Twelve miRNAs were differentially expressed in the two groups. One of these,
miR487a, was confirmed to be expressed at highly differential levels in an extended cohort of patients, using RT-qPCR.
Bioinformatics searches and RT-qPCR verification identified ANTXR1 as a possible target of miR487a. ANTXR1 may be
directly implicated in granule cell dispersion because it is an adhesion molecule that favors cell spreading. Thus, miR487a
could be the first identified element of a miRNA signature that may be useful for prognostic evaluation of post-surgical
epilepsy and may drive mechanistic studies leading to the identification of therapeutic targets.
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Introduction

The microRNAs (miRNAs) are small size endogenous non-

coding RNAs that regulate the expression of target mRNAs at

post-transcriptional level [1]. To date, more than 1000 human

miRNAs have been identified, about 50% of which are expressed

in the brain. miRNAs have been demonstrated to be involved in

several brain functions, many of which may be implicated in

epilepsy and epileptogenesis, like cell death, neurogenesis, synaptic

plasticity [2],[3]. Indeed, silencing miR-134 using a specific

antagomir exerted prolonged seizure-suppressant and neuropro-

tective actions in a murine model [4]. Thus, understanding which

specific miRNAs are differentially expressed in epilepsy may help

to identify the mechanisms underlying the disease. Moreover,

differentially expressed miRNAs may represent biomarkers that

identify specific subpopulations of epileptic patients, holding a

prognostic value [5].

Microarray platforms allow screening and identifying miRNAs

differentially expressed under pathological conditions. Experimen-

tal studies have profiled miRNA expression in animal models of

epilepsy [6],[7],[8],[9] and profiling studies have been also

recently published using hippocampi resected from temporal lobe

epilepsy (TLE) patients [10],[11]. However, some outstanding

obstacles make difficult the interpretation of data from microarray

analysis of human brain samples. First, in most studies tissue is

derived from autopsies or, potentially even worse, pathological

tissue is from surgery samples and control tissue from autopsies.
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Post-mortem modifications are very likely to dramatically alter the

molecular composition of the tissue, making the results question-

able. Second, each brain area has a specific and complex cellular

composition that changes (often markedly) in the course of

diseases. Again, this makes interpretation of molecular data very

difficult, because analysis of heterogeneous tissue homogenates

does not allow identification of the cells where changes occur and

because up-regulation of a molecule in one cell population may be

obscured by down-regulation in another cell population.

One approach to overcome these problems is focusing on a

well-defined cell population. For example, we focused here on a

TLE-associated pathology of the granule cells of the hippocampus.

Drug-resistant TLE is the most common type of epilepsy requiring

surgical treatment, with a favorable postsurgical outcome in 60-

70% of the patients. Based on the underlying etiology, TLE

subtypes with different surgical prognosis have been described.

Neuropathological classifications of epileptogenic lesions, includ-

ing focal cortical dysplasias (FCD) [12], hippocampal sclerosis (HS)

[13] and granule cell pathology (GCP) [14], define histopatholog-

ical features and subtypes, allowing attempts to correlate clinical

and pathological findings. Correlations with molecular markers,

however, are still unavailable.

All patients included in this study underwent surgery for

pharmacoresistant TLE and had HS type 1 [13]. All were similar

for age, gender, clinical features of the disease. The most relevant

difference was that half of the patients had no granule cell

pathology (no GCP), whereas the other half had granule cell

dispersion or bilamination (GCP type 2) [14], i.e. the single

differential pathological feature was in a specific, isolable cell

population. Therefore, the granule cell layer was laser-microdis-

sected from all samples, total RNA was extracted from dissected

tissues and the miRNAome profile was obtained using a miRNA

microarray.

Materials and Methods

Patients
This study was approved by the Ethics Committee of Bologna

(full name: Comitato Etico Indipendente dell’Azienda USL della
Città di Bologna). A comprehensive written informed consent (also

approved by the Ethics Committee of Bologna) was signed for the

surgical treatment that produced the tissue samples, the related

diagnostic procedures and the research use. All information

regarding the human material used in this study was managed

using anonymous numerical codes and samples were handled in

compliance with the Helsinki declaration (http://www.wma.net/

en/30publications/10policies/b3/).

Fourteen drug-resistant TLE patients candidate to epilepsy

surgery were collected at the Epilepsy Surgery Center of the

IRCCS Institute of Neurological Sciences of Bologna. All patients

underwent detailed epileptological evaluation and wakefulness/

sleep EEG. All patients also underwent continuous (24 hours)

long-term video-EEG monitoring for seizure recording. Analysis of

ictal clinical and EEG semiology and electroclinical correlations

aimed to identify the epileptogenic area were performed.

Three Tesla MRI, and brain CT scan when necessary, were

carried out. Electroclinical, neuroimaging, and neuropsychological

data were discussed by the Epilepsy Surgery Team (epileptologists,

neuroradiologists, neuropsychologists, neurosurgeons) to establish

the site of the epileptogenic area and the surgical strategy.

Surgery
All patients underwent tailored temporal lobe resection to

remove the epileptogenic area, according to the data obtained

during pre-surgical investigation. Essentially, surgery consisted of

removing the temporal pole, the anterior neocortical lateral

cortex, the uncus–entorhinal area and the hippocampus and

parahippocampal gyrus. The main surgical specimens (hippocam-

pus and/or temporal pole) were removed ‘‘en bloc’’ and spatially

oriented to allow a proper histopathological examination.

Histology and microdissection
Specimens were formalin fixed and paraffin embedded. They

were de-waxed using Bio-Clear (Bio-Optica, Milan, Italy), washed

in ethanol and stained with hematoxylin and eosin for histological

diagnosis. Neuropathological evaluation was performed using the

most recent classifications of HS, GCP and FCD [12],[13],[14],

applying the recommended histochemical and immunohistochem-

ical stains. Specimens either displayed no GCP or GCP type 2.

Four different types of neuropathological features can define GCP

type 2: 1) dispersion: rows of granule cells spread into the

molecular layer and the distance between granule cells is

increased; 2) ectopic granule cells: single ectopic granule cells are

dispersed into the molecular layer; 3) clusters: ectopic granule cells

form clusters within the molecular layer; 4) bilaminar: two granule

cell layers, separated by a cell-free gap [14]. While patterns of

granule cell loss (thinning and/or cell free gaps, GCP 1) occur

isolated, patterns of architectural abnormalities (GCP 2) can came

along with cell loss. Therefore, only sections in which no cell loss

was detected (based on NeuN staining) where included in analysis.

Ten-micron-thick sections were cut using a microtome and the

dentate granule layer of the dentate gyrus was laser-dissected

(Fig. 1) using the SL microcut microtest dissector (Nikon, Tokyo,

Japan). Microdissected cells were captured in microcut transfer

film (Nikon). Granule cells were collected in this manner from at

least 3–4 slices per patient, in order to obtain an adequate quantity

of RNA. Material from all sections of the same patient was pooled

together, and total RNA extracted using an RNA purification kit

(RecoverAll Total Nucleic Acid Isolation Kit, Ambion Life

Technologies, CA, USA). Approximately 1.5 mg total RNA were

obtained from each patient. Since miRNAs are more stable than

mRNAs, they can be used for microarray analysis from formalin-

fixed paraffin-embedded tissues [15]. We performed quality

control checks on microarray hybridizations using the Agilent

quality control (QC) tool in the Feature Extraction software. All

samples passed the QC check.

Microarray
Total RNA was used for microarray analysis (Human micro-

RNA Microarray V3, #G4470C, Agilent Technologies, Santa

Clara, CA, USA). This chip consists of 60-mer DNA probes and

allows simultaneous analysis of almost 1200 human miRNA

obtained from the Sanger miR-BASE database (Release 10.1). We

employed approximately 100 ng total RNA per sample in each

experiment. RNA labeling and hybridization were performed in

accordance to manufacturer’s indications. Agilent scanner and the

Feature Extraction 10.5 software (Agilent Technologies) were used

to obtain the microarray raw-data.

Microarray results were analyzed using the GeneSpring GX 12

software (Agilent Technologies). Data transformation was applied

to set all the negative raw values at 1.0, followed by Quantile

normalization and log2 transformation. Filters on gene expression

were used to keep only the miRNAs detected in at least one sample

(n = 536). The number of expressed miRNAs was 493 in the no

GCP group, 464 in the GCP 2 group. Differentially expressed

miRNAs were identified by comparing GCP type 2 vs. no GCP

samples. A 2 fold-change filter (n = 141) and the unpaired t-test

were applied (p,0.05; False Discovery Rate-FDR=7%). Differ-
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entially expressed genes were employed in Cluster Analysis, using

the Pearson correlation as a measure of similarity. For Cluster

image generation, an additional step of normalization on gene

median across all samples was added.

miRNA qRT-PCR
Quantitative real-time PCR (qRT-PCR) analysis of hsa-miR-

338-3p, 219-5p and 487a was performed using a TaqMan miRNA

assay kit (Applied Biosystems) according to the manufacturer’s

instructions. Samples were run in triplicate at 95uC for 15 s and

60uC for 1 min using a CFX96 Touch Real-Time PCR Detection

System (Applied Biosystems). Analysis was performed by the

comparative threshold cycle (CT) method. rRNA U48 was used as

reference gene. The relative amount of each miRNA in epileptic

samples was calculated using the equation RQ = 22CT, where

CT = (CT miRNA 2 CT U6 RNA). Similar results were

obtained using rRNA U6 as reference gene.

Bioinformatics
Target prediction was performed by comparative analysis of

several databases, using an open-source database [16].

ANTXR1 qRT-PCR
mRNA levels of antrax receptor 1 (ANTXR1) (assay ID:

Hs01120394) and neuronal enolase 2 (ENO 2) (assay ID:

Hs01102367), were determined using TaqMan Real-Time PCR,

according to manufacturer’s instructions (Applied Biosystems).

Ten ng of total RNA were retro-transcribed using iScript Reverse

Transcription Supermix (BIO-RAD). cDNA templates were

amplified with TaqMan PreAmp Master Mix (Applied Biosys-

tems), using pooled assay mix for ANTXR1 and ENO 2 and then

assayed for gene expression as described previously. Each sample

was analyzed in triplicate, in two independent experiments. The

level of each mRNA was measured using Ct (threshold cycle) and

the amount of target was calculated as described above for

miRNAs. Gene expression levels were normalized using ENO 2

expression, as reported previously for this particular tissue [17].

ANTXR1 immunohistochemistry
ANTXR1 immunostaining was performed by an automatic and

clinically validated instrument based on Ventana Benchmark

Ultra systems from Roche Tissue Diagnostics. This immunohis-

tochemistry technique takes advantage of a new enhanced

sensitivity biotin-free multimer technology system, based on direct

linkers between peroxidase and secondary antibodies (ultraView

Figure 1. Laser microdissection of the human granule cell layer. Neu-N stained hippocampal sections prepared form a patient without
granule cell pathology (A) and a patient with granule cell dispersion, i.e. type 2 granule cell pathology (C). The dissection line is in black. (B) and (D)
are higher magnifications of the boxes in (A) and (C), respectively.
doi:10.1371/journal.pone.0105521.g001
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Universal DAB Detection Kit, Ventana Medical System). The

protocol provided for the automatic CC1 Ventana pre-treatment

(Cell Conditioning Solution, Ventana) for 52 min, then the

incubation for 2 hours with the anti-ANTXR1 antibody by

titration (rabbit polyclonal, by ThermoFisher Scientific; 1: 100).

Staining was visualized with the UltraView DAB procedure by

Benchmark Ultra System. Sections were then counterstained with

haematoxylin. Negative controls were treated identically except

that the primary antibody was omitted. Sections of metastatic

breast cancer were used as positive controls [18],[19]. Evaluation

of data was performed by two expert neuropathologists (GM and

BP) under double-blind conditions.

Statistical analysis
For qRT-PCR data, comparisons between experimental groups

were performed by using the Mann–Whitney U test. Differences

between groups were considered significant when P , 0.05.

Results

Patients
Tissues from patients indicated in numbers in Table 1 were

employed for microarray analysis. Neuropathological examination

evidenced that these patients had HS type 1 [13], which was

associated with no granule cell pathology (no GCP) in 5 patients

and with granule cell pathology (GCP type 2) in the other 5 [14]:

GCP consisted of granule cell dispersion in 4 cases and bilaminar

granule cell layer in one. The no GCP group was composed of 3

males and 2 females, with mean age at surgery of 44 (33–60), mean

years after epilepsy diagnosis of 24 (7–38) and approximately 10

seizures per month before surgery (2 to .30); the GCP group was

composed of 5 females, with mean age at surgery of 33 (31–37),

mean years after epilepsy diagnosis of 23 (10–35) and approxi-

mately 10 seizures per month before surgery (3 to 15). An

epileptogenic insult could be identified in only one of the no GCP

cases (febrile convulsions), whereas all GCP cases had a history of

febrile convulsions, one also a possible brain trauma (Table 1).

miRNA microarray
Twelve miRNAs were differentially expressed in patients

without GCP compared with patients with type 2 GCP (Fig. 2).

Of these, 6 had relatively higher expression in tissue from patients

without GCP and 6 were higher in those with GCP 2 (Fig. 2).

Differential expression of a subset of 3 miRNAs (namely miR-338-

3p, miR-219-5p and miR-487a) was validated in an extended

cohort of patients (the ten original patients plus another 2 per

group, indicated in roman numbers in Table 1) using qRT-PCR.

Expression levels of all these miRNAs were apparently different in

the two groups, confirming microarray findings, but data were

dispersed for miR-338-3p and miR-219-5p, not reaching signif-

icance level (Fig. 3A and 3B). In contrast, miR-487a expression

was confirmed to be highly significantly reduced in GCP 2

(Fig. 3C).

Target identification and validation for miR-487a
Comparative analysis of several databases [16] indicated at least

10 highly likely targets for miR-487a, namely FAM126A,

ANTXR1, NUDCD1, AP1S3, AP3D1, AFTPH, KIAA1217,

ZNF57 PAG1 and PTGER3. All these mRNAs are expressed in

the brain (www.genecards.org). A subset of these are associated

with vesicle trafficking (AP1S3, AP3D1, AFTPH), others code for

receptors (PTGER3), intracellular signaling (FAM126A) or

transcription factors (ZNF57; www.genecards.org). More interest-

ingly, two of these mRNAs (PAG1 and ANTXR1) may be

associated with cell adhesion (www.genecards.org). In particular,

ANTXR1 (also known as tumor endothelial marker 8, TEM8) is

expressed in the mouse dentate gyrus granule cell layer (Allen

atlas; http://mouse.brain-map.org/gene/show/45380) and has

been reported to promote cell spreading in human tumor tissues

[20],[21]: therefore, it was hypothesized that reduced expression of

miR487a will increase ANTXR1 levels, leading to granule cell

spreading (i.e. dispersion or bilamination, i.e. GCP 2).

Evidence in support of this hypothesis has been pursued by

analyzing ANTXR1 mRNA and protein levels in the same

samples employed for validation of miR-487a. As predicted, using

qRT-PCR ANTXR1 mRNA levels were increased in the GCP 2

group (Fig. 4A). Moreover, a clear increase of ANTXR1

immunoreactivity was observed in the granule cell layer of

patients with type-2 GCP, as compared with those with no GCP

(Fig. 4B–C).

Discussion

The main findings of this study were: (1) the identification of 12

miRNAs differentially expressed in the hippocampal granule cell

layer of patients with hippocampal sclerosis associated with GCP 2

as compared with patients with no GCP; (2) the RT-qPCR

confirmation of one of these, miR-487a, in an extended cohort of

patients; (3) the identification of ANTXR1 as a possible target of

miR-487a.

An important issue in evaluation of this data is the possible

influence of medical treatments on miRNA expression. Indeed,

there is evidence that antiepileptic drugs can interfere with

miRNA expression: it has been reported that valproate can

modulate miR-24, miR-34a, and miR-128 [22] and that

phenobarbital can down-regulate miR-122 [23]. Although two

patients in the no-GCP group were treated with valproate and five

patients (three in the no-GCP group and two in the GCP 2 group)

were treated with phenobarbital, none of the above miRNAs was

found to be differentially expressed. More in general, a systematic

bias due to pharmacological treatments seems unlikely, because all

patients in both groups were using many drugs in combination.

Therefore, although we cannot rule out an influence of the

antiepileptic treatment on miRNAs expression, it seems more

likely that the changes we observed are due to the pathology.

The prognosis of patients undergoing epilepsy surgery has been

hypothesized to depend on the absence or presence of GCP but,

thus far, results have been inconsistent. While some studies

reported that GCP does not affect post-surgical outcome [24],[25],

others suggested association between GCP and a favorable

prognosis [14],[26]. Identification of molecular biomarkers that

parallel and/or integrate the pathology findings would provide a

valuable prognostic element, and miR-487a may represent a first

component of this molecular signature that will allow better

patient stratification. In the cohort of patients we analyzed in this

study, however, no clear distinction of the outcome was observed

in the early timeframe of post-surgical follow-up. Therefore,

extension of the follow-up will be needed to verify this possibility.

MiR-487a has been reported to be down-regulated in

Alzheimer disease [27] and up-regulated in schizophrenia [28].

Could it play a role in GCP? All miRNAs can have hundreds of

targets, but target prediction based bioinformatics approaches is

difficult for many reasons, most of all because of imperfect

complementarity. However, comparative analysis of several

databases [16] indicates at least 10 highly likely targets for miR-

487a. ANTXR1 emerged as the most interesting, because it has

been reported to promote cell spreading: ANTXR1 is a

transmembrane protein that functions as an adhesion molecule,
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Table 1. Patients included in the study.

Patient

number Gender Age at surgery Epileptogenic insult

Years after

diagnosis

Seizures per

month

Drug therapy

(current)

Pathology

MTS [29]

Pathology

MTS [30]

Pathology

GCP [14] Outcome [31]

01 M 60 none 38 .30 VPA, CBZ, TGB Grade IV MTS 1B no GCP Ia

02 M 44 none 12 5–9 TPM, LVT Grade III MTS 1A no GCP Ia

03 M 36 none 7 8–10 LVT, PB, CLB Grade III MTS 1A no GCP Ia

04 F 47 none 33 2–3 PB, CBZ Grade III MTS 1A no GCP Ic

05 F 33 febrile convulsions 30 5–10 TPM, CBZ, VPA, PB Grade III MTS 1A no GCP Ia

I M 55 none 51 10–15 OXC, LTG, CLB Grade III MTS 1A no GCP Ia

II F 31 none 16 3–4 CBZ, ZNS Grade III MTS 1A no GCP Ia

06 F 31 febrile convulsions 10 8–12 PB, TPM Grade III MTS 1A GCP 2 IIa

07 F 33 febrile convulsions 24 3–4 LTG, LVT, PB Grade III MTS 1A GCP 2 Ia

08 F 32 febrile convulsions 27 4–10 CBZ Grade III MTS 1A GCP 2 Ia

09 F 32 febrile conv. (trauma?) 20 9–10 OXC, LVT Grade IV MTS 1B GCP 2 Ia

10 F 37 febrile convulsions 35 12–15 CBZ, TPM Grade IV MTS 1B GCP 2 Ia

III F 41 febrile convulsions 38 3–4 CBZ, PGB Grade III MTS 1A GCP 2 Ia

IV M 36 febrile convulsions 22 5–6 TPM, LVT Grade III MTS 1A GCP 2 Ia

CBZ, carbamazepine; CLB, clobazam; LTG, lamotrigine; LVT, levetiracetam; OXC, oxcarbazepine; PB, pentobarbital; TGB, tiagabine; TPM, topiramate; VPA, valproic acid.
doi:10.1371/journal.pone.0105521.t001
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coupling binding of an immobilized extracellular ligand and cell

spreading through association to the actin cytoskeleton [20]. Thus,

reduced expression of miR-487a could increase ANTXR1 mRNA

and protein levels and thereby favor granule cell dispersion. Here,

we have provided circumstantial evidence that this could indeed

be the case. Further studies in vitro and in animal models are

currently ongoing to directly demonstrate this hypothesis.

In conclusion, miR-487a may be the first identified element of a

miRNA signature that may be useful for a prognostic evaluation of

post-surgical epilepsy and form the basis for mechanistic studies

Figure 2. miRNAs differentially expressed in patients without granule cell pathology (no GCP) or with type 2 GCP (GCP 2). Heat-map
representation of the average expression of the 12 differentially expressed miRNAs in no GCP and GCP 2 from ten different tissues. The colors of the
genes represented on the heat map correspond to the expression values normalized on miRNA mean expression across all samples: green indicates
down-regulated; red indicates up-regulated in the tissue. Patients are identified by numbers (in parenthesis) that correspond to those reported in the
Table 1.
doi:10.1371/journal.pone.0105521.g002

Figure 3. Relative expression of miR-338-3p (A), miR-219-5p (B) and miR-487a (C), evaluated by qRT-PCR in patients without
granule cell pathology (no GCP, blue bars) or with type-2 GCP (black bars). Seven patients per group. **P,0.01 Mann-Whitney U test.
doi:10.1371/journal.pone.0105521.g003
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that may lead to the identification of new therapeutic targets, like

ANTXR1.
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MicroRNA proiles in hippocampal 
granule cells and plasma of rats 
with pilocarpine-induced epilepsy 
– comparison with human epileptic 
samples
Paolo Roncon1, Marie Soukupovà1, Anna Binaschi1, Chiara Falcicchia1, Silvia Zucchini1,2,3, 

Manuela Ferracin3,4, Sarah R. Langley5, Enrico Petretto6, Michael R. Johnson5, 

Gianluca Marucci7, Roberto Michelucci8, Guido Rubboli8,9 & Michele Simonato1,2,3

The identiication of biomarkers of the transformation of normal to epileptic tissue would help to 
stratify patients at risk of epilepsy following brain injury, and inform new treatment strategies. 
MicroRNAs (miRNAs) are an attractive option in this direction. In this study, miRNA microarrays were 
performed on laser-microdissected hippocampal granule cell layer (GCL) and on plasma, at diferent 
time points in the development of pilocarpine-induced epilepsy in the rat: latency, irst spontaneous 
seizure and chronic epileptic phase. Sixty-three miRNAs were diferentially expressed in the GCL 
when considering all time points. Three main clusters were identiied that separated the control and 
chronic phase groups from the latency group and from the irst spontaneous seizure group. MiRNAs 
from rats in the chronic phase were compared to those obtained from the laser-microdissected GCL 
of epileptic patients, identifying several miRNAs (miR-21-5p, miR-23a-5p, miR-146a-5p and miR-
181c-5p) that were up-regulated in both human and rat epileptic tissue. Analysis of plasma samples 
revealed diferent levels between control and pilocarpine-treated animals for 27 miRNAs. Two main 
clusters were identiied that segregated controls from all other groups. Those miRNAs that are 
altered in plasma before the irst spontaneous seizure, like miR-9a-3p, may be proposed as putative 
biomarkers of epileptogenesis.

Temporal lobe epilepsy (TLE) is the most common form of epilepsy in adults. It oten develops second-
ary to an initial brain insult (e.g. trauma, tumor or stroke), ater a latency period in which patients are 
apparently well. hus, at-risk patients can oten be identiied, but it is currently impossible to predict 
who will actually develop epilepsy and who will not. Moreover, available antiepileptic drugs are symp-
tomatic agents that are not useful in preventing the development of the disease and are inefective in 
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approximately one-third of patients with epilepsy1. hus, there is an urgent need not only to develop new 
therapies for drug-resistant epilepsy, but also to identify antiepileptogenic therapies that can prevent the 
disease in at-risk individuals1–3. To do so, it is essential to better understand the mechanisms of epilep-
togenesis and drug-resistance. Moreover, the development of biomarkers for epileptogenesis following 
brain injury would facilitate clinical trials of novel antiepileptogenic therapies by allowing those patients 
at the greatest risk of epilepsy to be identiied1,4,5. MicroRNAs (miRNAs) provide an opportunity as both 
therapeutic targets and biomarkers of epileptogenesis.

MiRNAs are small (~22 nt) non-coding RNAs that regulate the expression of target mRNAs at the 
post-transcriptional level6. Experimental evidence has demonstrated that miRNAs are involved in heter-
ogeneous brain functions7,8 including neuroinlammation9, synaptic remodeling10, and neuronal death11. 
hus, it can be hypothesized that speciic miRNAs may regulate genetic programs leading to hyperex-
citability in the brain and, as such, represent new therapeutic targets. Moreover, miRNAs are found in 
the blood, where their levels are afected by disease states12–15 and are therefore attractive candidates as 
biomarkers for stratifying patients at highest risk of epilepsy following brain injury16,17.

Recently, alterations in miRNA expression levels have been described both in the brain of epilepsy 
patients and in animal models of epilepsy. In humans, Kan and colleagues performed a genome-wide 
proiling of TLE, identifying a miRNA signature of hippocampal sclerosis18. Likewise, a recent study 
demonstrated the implication of miR-487a in granule cell pathology19. In animal models, changes in 
miRNA expression levels in the hippocampus have been reported in multiple studies in the latency 
period ater an epileptogenic insult and in the chronic epileptic state20–24. Unfortunately, all these studies 
have multiple limitations. First, the brain tissue was the whole hippocampus or a mechanically-dissected 
hippocampal sub-region in most studies, which implicates not only great heterogeneity in terms of cell 
composition, but also a diferent representation of diferent cell types in controls and epileptic samples, 
as the epileptic hippocampus is characterized by cell loss and astrocytosis. Only Zucchini et al.19 micro-
dissected a speciic cell population (the granule cells), but the comparison was between epileptic samples 
with or without granule cell pathology, i.e. no healthy controls. Second, human studies lacked a proper 
control, in that the epileptic tissue was from surgeries and the control from autopsies. hird, no detailed 
evaluation of the changes in the course of disease was performed. Forth, blood samples were not col-
lected and analyzed, except for Gorter et al.24

he aim of this study was to ill the gaps let by the previous ones of this kind. Speciically, we 
performed a systematic evaluation of the miRNAome in a speciic cell population of the hippocampus 
(the laser microdissected granule cell) and in plasma samples, at multiple time-points in the course of 
pilocarpine-induced epilepsy in rats: early and late latency, at the time of the irst spontaneous seizure 
and in the chronic period. Further, we compared results from rats in the chronic phase of epilepsy with 
post-mortem human epileptic and control granule cell samples.

Results
Granule cells. miRNA clustering. We irst evaluated miRNA expression in the laser-microdissected 
granule cell layer (GCL) of rats sacriiced at multiple time-point following pilocarpine-induced SE: 4 and 
7 days ater SE, 12 h ater the irst spontaneous seizure and 50 days ater the irst spontaneous seizure. 
To detect changes in miRNA expression levels regardless of the time point, we irst analyzed diferential 
miRNA expression levels in the GCL between control and epileptic rats. We detected signiicant changes 
in the expression of 63 miRNAs (Supplementary Table S1). Hierarchical clustering of all samples per-
formed with these 63 miRNAs revealed three main clusters that separated the control and chronic phase 
groups from rats sacriiced during latency (4 and 8 days ater SE) and from those sacriiced ater the irst 
spontaneous seizure (Fig. 1). However, control and chronic formed distinguishable sub-clusters.

Changes in expression were also separately analyzed for each time point. As compared with controls, 
we detected signiicant changes in 33 miRNAs during latency (4 and 8 days ater SE), 33 miRNAs at 
the time of the irst spontaneous seizure, and 25 miRNAs in the chronic period (Supplementary Tables 
S2–S4).

miRNA expression pattern. Variations in miRNAs levels in the GCL at diferent time points were then 
analyzed in detail. Group to group comparison revealed 6 diferent miRNA expression patterns in the 
GCL. First, a subgroup of miRNAs (miR-15b-5p, miR-17-5p, miR-18a-5p, miR-19a-3p, miR19b-3p, miR-
20a-5p, miR-20b-5p, miR-21-5p, miR-23b-5p, miR-24-3p, miR-27a-3p, miR-92a-3p, miR-93-5p, miR-
142-3p, miR-344b-2-3p, miR-431, miR-466b-5p and miR-674-3p) displayed increased expression levels 
during latency (4 and 8 days ater SE), decreased their expression levels at the time of the irst spontane-
ous seizure and returned to control levels in the chronic phase (Fig. 2, Supplementary Fig. S1). All these 
miRNAs displayed a peak in expression levels 8 days ater SE, except for miR-21-5p, miR-27a-3p, miR-
142-3p and miR-674-3p that peaked earlier (4 days ater SE). Another subgroup of miRNAs displayed an 
opposite pattern, i.e. decreased expression during latency: miR-7a-1-3p, miR-107-3p, miR-138-5p, miR-
139-3p, miR-186-5p, miR-204-5p, miR-222-3p, miR-324-3p and miR-505-3p were signiicantly decreased 
during latency (peak at 4 days ater SE), then gradually returned to control levels (Fig. 2, Supplementary 
Fig. S2).
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Some miRNAs (miR-129-1-3p; miR-129-2-3p, miR-129-5p, miR181c-5p, miR181d-5p, miR-409a-5p, 
miR-655 and miR-874-3p) were up-regulated (Fig.  2, Supplementary Fig. S3A), whereas others (miR-
296-5p, miR-500-3p and miR-652-3p) were down-regulated only in the chronic phase, while not being 
signiicantly altered during latency (Fig.  2, Supplementary Fig. S3B). Finally, other subsets of miRNAs 
were either up-regulated (miR-23a-3p, miR132-3p, miR-146a-5p, miR-154-3p, miR-181d-5p, miR-212-3p, 
miR-212-5p, miR-344b-5p, miR-380-3p, miR-410-3p, miR-433-3p and miR-3584; Fig. 2, Supplementary 
Fig. S4), or down-regulated (miR-29c-5p, miR-30a-5p, miR-30c-2-3p, miR-30e-3p, miR-138-5p, miR-
140-3p, miR-551b-3p and miR-652-3p; Fig. 2, Supplementary Fig. S5) during all phases of the disease.

Network analysis. We then performed a network analysis of miRNAs whose expression was signii-
cantly altered during latency, because pathways identiied in this manner may play a role in epileptogen-
esis. Targets for each miRNA were obtained using the mirDB and TargetScan algorithms and iltered to 
include those which were expressed in the rat dentate gyrus. Seven signiicant clusters of miRNAs were 
identiied at 10% false discovery rate (FDR) level (Fig. 3A). GO/KEGG enrichment highlighted ive of 
them as having a potential role in epileptogenesis.

Figure 1. Cluster analysis of miRNAs diferentially expressed in the granule cell layer (GCL) at diferent 

time points in the course of pilocarpine-induced epilepsy. Heat map representation of the average 

expression of the 63 diferentially expressed miRNAs in the GCL of epileptic and control animals. Each 

column represents an individual animal and each row represents one miRNA, as indicated. Colors represent 

the expression level fold change: higher-red, lower-green. Analysis was performed on diferentially expressed 

miRNAs (FDR >  10%), using the Person correlation; for cluster image preparation an additional step of 

normalization on gene median across all samples was added.
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Cluster 1, composed by miR-674-3p, miR-505-3p and miR-212-5p, was up-regulated during epilep-
togenesis (4 and 8 days ater SE). Target analysis identiied eight signiicant pathways: purine metabo-
lism (adjusted P =  0.016); metabolic pathways (adjusted P =  0.013); axon guidance (adjusted P =  0.013); 
pyrimidine metabolism (adjusted P =  0.0091); peroxisome proliferator-activated receptors (PPAR) sign-
aling pathway (adjusted P =  0.0074); adipocytokine signaling pathway (adjusted P =  0.0074); glycolysis 
and gluconeogenesis (adjusted P =  0.0074); SNAp REceptor (SNARE) interactions in vesicular transport 
(adjusted P =  0.0064; Fig. 3B). “Axon guidance” and “SNARE interactions in vesicular transport” were 
the categories most likely to play a role in latency. Two target genes per pathway were highlighted: the 
synaptosomal-associated protein 29 kDa (Snap 29) and the vesicle-associated membrane protein 3 (Vamp 
3) in the axon guidance pathway; the ephrin B1 (Efnb1) and the chemokine ligand 12 (Cxcl12) in the 
SNARE interactions in vesicular transport pathway (Supplementary Fig. S6A).

Cluster 3 was composed by two up-regulated microRNAs, miR-142-3p and miR-146a-5p. his cluster 
was associated with four diferent pathways including endocytosis (adjusted P =  0.013), cytokine-cytokine 
receptor interaction (adjusted P =  0.013), PPAR signaling pathway (adjusted P =  0.003) and general met-
abolic pathway (adjusted P =  0.0008; Fig. 3C). Two target genes in cytokine-cytokine receptor interaction 

Figure 2. Time course patterns of miRNA expression in the rat granule cell layer (GCL). he boxplots 

depict the time course of expression for 6 of the miRNAs identiied as signiicant with a false discovery rate 

(FDR) <  10% in the GCL by using one-way ANOVA. Each boxplot represents 4 animals. hese miRNAs 

were chosen as representative of the diferent patterns that were observed: up-regulation (miR-21-5p) or 

down-regulation (miR-222-3p) during latency; up-regulation (miR-181c-5p) or down-regulation (miR-

500-3p) in the chronic period; up-regulation (miR-146a-5p) or down-regulation (miR-551b-3p) in the 

entire course of the disease. he time courses of the other signiicantly modiied miRNAs are shown in 

Supplementary Figs. S2, S3, S4, S5 and S6. *p <  0.05; **p <  0.01; ***p <  0.001; Tukey’s test.
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pathway were highlighted; the transforming growth factor β  receptor 1 (Tgbr1) and the growth hor-
mone receptor (Ghr; Supplementary Fig. S6B).

Cluster 4 included miR-181c-5p and miR-181d-5p. he KEGG analysis identiied multiple pathways 
associated with the target genes of these two miRNAs. In particular, the neurotrophin signaling pathway 
(adjusted P =  0.016), with tumor necrosis factor receptor superfamily, member 11b (Tnfrsf11b), protein 
kinase C, delta (Prkcd) and calmodulin 1 (Calm1); and the cytokine-cytokine receptor interaction path-
way (adjusted P =  0.009), with the platelet-derived growth factor receptor, alpha polypeptide (Pdgfra) 
and the chemokine ligand 10 (Cxcl10; Fig. 3D and Supplementary Fig. S6C).

MiR-344b-5p and miR-20b-5p were in cluster 5. hey were associated with diferent cancer related 
pathways, endocytosis (adjusted P =  0.044), MAPK signaling (adjusted P =  0.0081) and neuroac-
tive ligand-receptor interaction (adjusted P =  0.0015; Fig.  3E). Target genes involved in neuroactive 
ligand-receptor interaction category were the glycine receptor alpha 2 (Glra2), the gamma-aminobutyric 
acid B receptor 2 (Gabbra2), the galanin receptor 1 (GalR1) and the glutamate receptor ionotropic AMPA 
2 (Gria2; Supplementary Fig. S6D).

Interestingly, this combinatorial analysis revealed that some signiicant clusters of miRNAs might 
correlate with identical pathways.

Figure 3. Network analysis. Predicted gene targets for each miRNA dys-regulated during latency (4 and 

8 days ater SE), obtained using the mirDB and TargetScan algorithms, were iltered with all miRNAs 

expressed in the dentate gyrus of rats (database GSE49850). (A) Clusters of miRNAs identiied at 10% false 

discovery rate (FDR) level. (B) Cluster 1. (C) Cluster 3; (D) Cluster 4. (E) Cluster 5. Gene ontology (GO) 

and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed using webgestalt, p <  0.05.
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RT-qPCR. A large subset of miRNAs whose expression was signiicantly modulated in the GCL in 
our model and that was identiied in signiicant clusters through network analysis was validated using 
RT-qPCR in a diferent cohort of cases. Overall, the data were highly consistent with those obtained using 
microarray. In fact, the expression patterns of miR-20b-5p, miR-142-3p, miR-181d-5p, miR-212-5p, miR-
344b-5p and miR-674-3p were identical to those observed using the microarray, and those of miR-21-5p 
and miR-146a-5p were very similar, although not identical (Fig. 4). Even if displaying the same patterns 
observed with the microarray, the expression levels of mir-181c-5p, miR-433-3p, miR-505-3p and miR-
551b-3p were not signiicantly diferent from controls (Fig. 4).

Human tissue. Next, we asked what the relevance of these indings could be for human epilepsy. 
In humans, comparison can only be made between chronically epileptic and non-epileptic controls. 
However, a technical hurdle exists with human studies, because the only available human controls are 
from autopsies, whereas the epileptic tissue is generally from surgical resections. hus, we irst wanted to 
ensure that the comparison of autoptic and bioptic material was valid. We performed miRNA microar-
ray on laser-microdissected GCLs from 10 epileptic patients who underwent surgery, two autopsies 
of epileptic patients and 10 aged-matched autopsy controls (epileptic: age 70 and 46, both females; 
non-epileptic: age 47 ±  7, range 34–57, 3 males, 7 females; all 12 dead by acute pulmonary or cardiac 
disease). Unfortunately, the two autoptic epileptic did not segregate with the other epileptic as expected, 
but with the control autoptic. his indicates that the tissue origin (i.e. bioptic or autoptic) had greater 

Figure 4. Relative expression of selected miRNAs in the granule cell layer, as detected using qPCR. Five 

rats per group. *p <  0.05; **p <  0.01; Tukey’s test.



www.nature.com/scientificreports/

7Scientific RepoRts | 5:14143 | DOi: 10.1038/srep14143

importance than the disease background (data not shown, manuscript in preparation). herefore, here 
we restricted the comparison between the 2 epileptic and the 10 non-epileptic autoptic samples.

We compared the miRNA species modulated in chronic epileptic rats and in human cases. We iden-
tiied four miRNAs (miR-21-5p, miR-23a-5p, miR-146a-5p and miR-181c-5p) that were up-regulated in 
both epileptic humans and rats (Table 1). Moreover, the comparison displayed similar changes in expres-
sion levels between epileptic (human cases and rats) and controls, except for miR-146a-5p, that increased 
more in rats than in humans (fold change equals 21.24 in rats and 3.63 in humans).

Plasma. Finally, to investigate the possibility of using miRNAs in peripheral blood as potential bio-
markers of epileptogenesis, we analyzed plasma samples collected from the experimental and control rats 
for the study of the hippocampal GCL.

his analysis revealed diferent levels between control and pilocarpine-treated animals in one miRNAs: 
only miR-91-3p showed signiicant diferential expression at a 10% FDR level (adjusted P =  0.08). his 
may be due to the larger variability found in circulating miRNAs levels as compared to other tissues25. 
herefore, to gain an exploratory view of the miRNA expression patterns in plasma, we relaxed the sig-
niicance threshold to an unadjusted P <  0.05, which resulted in 27 miRNAs of interest (Supplementary 
Table S5). Hierarchical clustering also generated two main clusters that separated controls from all other 
groups, with the exception of two animals in early latency group (4 days ater SE) and one in the chronic 
phase group, which segregated with the controls (Fig. 5A). Within the cluster including all pilocarpine 
animals, rats belonging to the single experimental groups displayed a clear tendency to form distinct 
sub-clusters.

Within these 27 miRNAs, we detected 4 diferent expression patterns in the plasma of rats sacriiced 
at diferent time points of the disease history. MiR-9a-3p displayed highly increased levels at the earlier 
stage of latency (4 days ater SE), then normalized to control levels at the following time points (Fig. 5B; 
Supplementary Fig. S7A). A second pattern was about the opposite: miR-466b-1-3p, miR-494-3p and 
miR-598-5p displayed signiicantly decreased plasma levels during latency, and a tendency to return to 
the control levels in the chronic stage (Supplementary Fig. S7B). Another couple of miRNAs (miR-32-3p 
and miR-300-3p) was down-regulated around the time of the irst spontaneous seizure (Supplementary 
Fig. S7C). Finally, miR-30c-2-3p, miR-101b-3p, miR-142-3p, miR-142-5p, miR-181a-1-3p, miR-374-5p, 
miR-466c-3p, miR-1188-3p, miR-3065-3p and miR-3582 were signiicantly down-regulated in the chronic 
stage (Supplementary Fig. S7D).

he only miRNA dysregulated both in the GCL and in plasma was miR-142-3p. he patterns of dys-
regulation, however, were totally diferent: miR-142-3p was up-regulated in the GCL during latency and 
down-regulated in plasma in the chronic period. MiR-9a-3p and miR-142-3p were chosen for RT-qPCR 
validation in the same cohort of samples, displaying the same patterns observed in the microarray, even 
if they did not reach statistical signiicance.

Discussion
he main indings of the present study are the following. First, the overall analysis of the rat GCL revealed 
three main clusters of miRNAs that separated the control and chronic phase groups from rats sacriiced 
during latency (4 and 8 days ater SE) and from those sacriiced ater the irst spontaneous seizure. his 
identiies a distinct miRNA expression pattern associated with the latency period between brain injury 
and irst spontaneous seizure that may reveal epileptogenic pathways. Second, the chronic phase was 
accompanied by signiicant alterations in miRNA expression in the rat GCL, and comparison with data 
from epileptic patients identiied several miRNAs (notably miR-21-5p, miR-23a-5p, miR-146a-5p and 
miR-181c-5p) that were up-regulated in both human and rat epileptic hippocampus. MiRNAs whose 
expression is altered in the GCL may be implicated in the mechanisms of epileptogenesis and/or in the 
generation of seizures, and may therefore represent new therapeutic targets. hird, analysis of plasma 
samples revealed that, while at relaxed threshold, 27 miRNAs were able to discriminate the controls 
from all other groups. hose miRNAs that are altered in plasma before the irst spontaneous seizure, like 
miR-9a-3p, may be worth further investigation into their use as potential biomarkers of epileptogenesis.

he miRNA expression analysis revealed interesting overlaps between our work here and the two pre-
viously published studies focusing on the dentate gyrus (DG)23,24, both in terms of miRNAs modulated 

Chronic rats Patients

Fold 
change Regulation

Fold 
change Regulation

miR-21-5p 1.24 Up 1.93 Up

miR-23a- 5p 1.83 Up 3.35 Up

miR-146a-5p 21.24 Up 3.63 Up

miR-181c-5p 1.91 Up 1.88 Up

Table 1.  miRNAs expression patterns in chronically epileptic rats and patients.
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Figure 5. Plasma miRNA levels. (A) Heat map representation of the average levels of the 27 diferentially 

expressed miRNAs in the plasma of epileptic and control animals. Each column represents an individual 

animal and each row represents one miRNA, as indicated. Colors represent the expression level fold change: 

higher-red, lower-green. Analysis was performed on diferentially represented miRNAs using the Person 

correlation. (B) he boxplots depict the time course for 4 of the miRNAs identiied as signiicant by using 

one-way ANOVA. Each boxplot represents 5 animals. hese miRNAs were chosen as representative of the 

diferent patterns that were observed: up-regulation (miR-9a-5p) or down-regulation (miR-598-5p) during 

latency, down-regulation in the late latency - irst spontaneous seizure period (miR-381-3p) and down 

regulation in the chronic stage (miR-142-5p). (C) Relative levels of miR-9a-5p and miR-142-3p, as detected 

using qPCR. Five rats per group. *p <  0.05; **p <  0.01; ***p <  0.001; Tukey’s test.
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in the latency and in the chronic phase, even if: 1) diferent epilepsy models were employed in these 
other studies, namely amygdala and perforant path stimulation-induced SE; 2) the DG was mechanically 
dissected from other hippocampal regions in these other studies, and therefore the results are the com-
bination of the varying alterations in miRNA levels occurring in multiple cell populations (in contrast 
with our laser-dissection approach, that ensures a nearly pure granule cell preparation). Other studies20–22 
used the whole hippocampus, emphasizing the latter limitation, and therefore will not be used for com-
parison in the frame of the present discussion.

Commonalities with other studies are particularly interesting, because they may represent 
disease-speciic, rather than model-speciic alterations. Since the pathophysiological implications would 
be very diferent, we will here discuss separately indings related to latency (early and late latency in the 
present study) and indings related to the chronic state that follows diagnosis in humans (irst seizure 
and chronic murine groups plus the human cases in this study). Finally, we will discuss the data obtained 
from peripheral blood.

Latency. Our study and other relevant data sets23,24 identiied the up regulation of three miRNAs 
(miR-21-5p, miR-212-3p and miR-132-3p) during latency. Furthermore, we and Gorter et al.24 observed 
the up-regulation of miR-17-5p, miR-20a-5p, miR-23a-3p and the down-regulation of miR-139-5p, 
whereas we and Bot et al.23 observed the down-regulation of miR-551b-3p.

Alterations on these miRNA levels suggest a role in the mechanism of epileptogenesis, a concept that 
is supported by analysis of their potential targets. For example, the up-regulation of miR-21-5p may be 
involved in the initiation of the cell signaling pathway associated with epilepsy26. Moreover, mutations 
in the myocyte enhancer factor 2C (MEF2C) gene, a neuronal transcription factor that may have a role 
in neuronal dysfunction and neurodegeneration27, has been observed in patients with epilepsy28 and has 
been identiied as a target of miR-21-5p and miR-21-3p27. Sestrin 1 (SESN1), a predicted target of miR-
21-5p, is down-regulated during latency ater amygdala stimulation23. his inding, combined with the 
evidence that another member of the sestrins family, SESN3, controls a proconvulsant transcriptional 
program in human TLE29, suggests a correlation between miR-21-5p and the mechanisms that lead to 
seizures onset.

Further evidence for a direct involvement of the identiied miRNAs in the mechanisms of epilepto-
genesis derived from network analysis. Our network analysis, based on miRNAs dysregulated during 
latency in the GCL, highlighted the presence of 4 clusters of miRNAs. Cluster 3 (that includes miR-
142-3p and miR-146a-5p) and cluster 4 (including miR-181c-5p and miR-181c-5p) are connected to the 
“cytokine-cytokine receptor interaction” signaling pathway, which suggests a neuroinlammatory role 
for those miRNAs. In keeping with this idea, evidence in the literature supports that miR-146a-5p regu-
lates the astrocyte-mediated inlammatory response by inluencing IL-1β , IL-6 and COX-2 signaling24,30. 
Cluster 4, together with cluster 1 (that includes miR-674-3p, miR-505-3p and miR-212-5p) and cluster 
5 (including miR-144b-5p and miR-20b-5p), may also strongly inluence neuronal activity. In fact, their 
predicted targets in the rat DG are involved in axon guidance and SNARE interaction (cluster 1), neuro-
trophin signaling (cluster 4) and neuroactive ligand receptor (cluster 5). Axon guidance has been linked 
to epilepsy, the sprouting of mossy ibers (the axons of granule cells) being the best characterized of 
axonal reorganization in TLE. Although epilepsy-associated mossy iber sprouting has been extensively 
studied31–33, its underlying molecular mechanisms are still poorly understood, and the present indings 
suggest a role for this cluster of miRNAs. Interestingly, the predicted targets of cluster 5 include the 
gamma-aminobutyric acid B receptor 2 (Gabbra2), the galanin receptor 1 (GalR1) and the glutamate 
receptor ionotropic AMPA 2 (Gria2), all genes whose products are implicated in the regulation of excit-
ability and in epilepsy. Speciically, 1) a polymorphism of Gabbra2 is associated with mTLE34; 2) GalR1 
deletion exacerbates hippocampal neuronal loss ater kainate administration in mice35, and GalR1 knock-
out mice exhibit spontaneous epilepsy, abnormal EEGs, and altered inhibition in the hippocampus36;  
3) Gria2 in the hippocampus is related to the mechanisms of seizure and neurodegeneration37. hus, 
this cluster of miRNAs may play a role as a master regulator of multiple mechanisms of epileptogenesis. 
Functional studies aimed at establishing the functional role of these miRNAs in TLE will represent the 
obvious continuation of this study.

Most of the miRNAs up-regulated during latency in the GCL displayed pick expression levels in 
the late phase of latency (7 days ater SE), but a subset (miR-21-5p, miR-674-3p and miR-3564-5p) 
was increased the most 4 days ater SE. It can be hypothesized that these changes correspond to difer-
ent “waves” of the epileptogenesis process, which may represent diferent windows of opportunity for 
therapy38.

Chronic period. Regarding the chronic group, both the present dataset and the other two that we 
considered relevant to this Discussion23,24 identiied the up-regulation of miR-21-5p, miR-23a-5p and 
miR-146a-5p. Up-repulation of these miRNAs has been reported also in other studies21,39,40. Moreover, 
we and Gorter et al.24 observed the up-regulation of miR-212-5p, whereas we and Bot et al.23 observed 
the up-regulation of miR-433-3p.

MiR-23a-5p has been proven to be a regulator of cell growth and apoptosis41. Furthermore, it has 
been identiied as a negative regulator of lamin B1, thereby contributing to the process of oligodendroglia 
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development and myelin formation42. MiR-146a-5p is strictly associated with the astrocyte-associated 
immune response both in epileptic patients and in vivo models24,39.

As described, we identiied diferent expression patterns of miRNAs that were up or down-regulated 
at the time of the irst seizure and during the chronic period, showing slight but signiicant diferences 
between the two phases. Continuing modiications in the expression pattern of miRNAs in the course 
of chronic epilepsy support the hypothesis that epileptogenesis is a dynamic process that continues even 
ater the initial diagnosis of the disease, i.e. ater the initial spontaneous seizures1.

he comparison between chronic epileptic rats and the human cases identiied four miRNAs (miR-
21-5p, miR-23a-5p, miR-146a-5p and miR-181c-5p) that are similarly up-regulated in expression levels 
in both species. Interestingly, miR-23a-5p and miR-146a-5p are in common with the other two rat data 
sets that were taken as primary comparator in this Discussion23,24. As for miR-181c-5p, it was highlighted 
by network analysis in cluster 4, and implicated in cytokine-cytokine receptor interaction and in the 
inlammatory response. hus, even if preliminary being based on a small number of patients, human data 
appear to conirm those obtained in animal models, suggesting that animal data may be representative of 
the human situation also under conditions (latency) that cannot be directly explored in humans.

Blood. here is great need of diagnosis tools to identify those individuals, among those at risk, that 
will actually develop epilepsy or to stratify epileptic patients with diferent prognosis. Changes in extra-
cellular miRNA levels have been observed in association with neurological diseases in various body luids 
including plasma, putting forward the concept that miRNAs may represent noninvasive or minimally 
invasive, clinically useful biomarkers16,17,24, even if the biological function of plasmatic miRNAs is still 
obscure (it has been hypothesized that they represent a form of cellular communication whereby cells can 
interact at distance by transfer of exosomes or microvesicles containing miRNAs through the systemic 
circulation43,44).

Two previous studies performed microarrays on blood samples. One described changes in circulating 
miRNA levels 24 h ater ischemic stroke, intracerebral hemorrhage and kainate seizures45. he other24 
performed the analysis in plasma samples obtained from the trunk blood, reporting an increase in miR-
142-5p levels during the acute phase, miR-21-5p in the early stage and of miR-146a-5p in the chronic 
stage, that relect parallel changes in miRNAs expression observed in the brain. Unfortunately, the com-
plete dataset has not been made available by this study, and it is therefore unclear if all plasma miRNAs 
or only those 3 change in the same manner in plasma and in the brain.

Here, we studied the expression levels of circulating miRNAs in plasma separated by blood collected 
from animals through an intracardiac withdrawal, a technique that avoids contamination with others cell 
populations. Analysis of plasma samples revealed diferent levels between control and pilocarpine-treated 
animals for 27 miRNAs that segregated controls from all other groups. We identiied a single miRNA, 
miR-142-3p that was altered both in plasma and in the brain, but the pattern of expression was diferent 
in that it was down-regulated in the former and up-regulated in the latter. Based on our data, therefore, 
it seems unlikely that changes in circulating miRNAs levels are correlated to the changes in miRNAs 
expression in the brain.

Although it is impossible, at the current stage of knowledge, to speculate on the biological signiicance 
of changes in plasma, it can nonetheless be proposed that those miRNAs that are altered in plasma before 
the irst spontaneous seizure, like miR-9a-3p, are putative biomarkers of epileptogenesis. Further studies 
are needed to gain insight into the origin and the biological signiicance of circulating miRNAs, and to 
understand their functional role in TLE and other neurological disorders. he present data, however, 
are relevant to the identiication of biomarkers that can predict the development of epilepsy in at-risk 
subjects.

In conclusion, the present results identify a distinct miRNA expression pattern associated with latency 
in the rat pilocarpine model and reveal putative epileptogenic pathways, suggesting that miRNAs rep-
resent attractive therapeutic targets for the prevention of epilepsy. Moreover, we found overlap human 
and rat databases in the chronic stage, supporting the notion that animal data are representative of the 
human situation. here are many commonalities between our data and other publicly available datasets 
obtained from in vivo models of TLE. hose miRNAs whose expression changes are in common through 
diferent datasets are particularly attractive candidates for further investigation, being disease-, rather 
than model-speciic. Finally, results obtained from rat plasma samples suggest that circulating miRNAs 
may be used as biomarkers of epilepsy. he major hits identiied in this study, like miR-9a-3p, should be 
now challenged in other epilepsy models in which only a subset of animals develop spontaneous seizures, 
in order to verify that they can actually stratify subjects that will or will not develop the disease.

Methods
Animals. Male Sprague-Dawley rats (250–350 g; Harlan, Italy) were used for pilocarpine experiments. 
hey were housed under standard conditions: constant temperature (22–24 °C) and humidity (55–65%), 
12 h light/dark cycle, free access to food and water. Procedures involving animals and their care were 
carried out in accordance with European Community, national and local approved guidelines, laws and 
policies. All experimental protocols were approved by the University of Ferrara Ethical Committee for 
Animal Experimentation and by the Italian Ministry of Health. All animals were (i) acclimatized to 
laboratory conditions for at least 1 h before the start of the experiment, (ii) used only once during the 
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pilocarpine protocol and (iii) euthanized at diferent times points by anesthetic overdose. he num-
ber of animals was kept as small as possible and the ARRIVE (Animal Research: Reporting In Vivo 
Experiments46) have been followed.

Surgery. Surgery was carried out to implant the electrodes for EEG recordings. Rats were secured to a 
stereotaxic apparatus, with the nose bar positioned at + 5 mm, under ketamine/xylazine (43 and 7 mg/Kg 
i.p.) anesthesia. Anesthesia was then maintained using isolurane (1.4% in air; 1.2 ml/min). A recording 
electrode was implanted into the right ventral hippocampus (A: − 3.4 mm; L: + 4.5 mm; P: + 6.5 mm 
to bregma47). A reference electrode was placed on the skull. Rats were allowed 7 days to recover from 
surgery.

Pilocarpine. Rats were randomly assigned to groups that received a single injection of 
methyl-scopolamine (1 mg/kg, s.c.) 30 min prior to pilocarpine (370 mg/kg, i.p.) or a single injection of 
methyl-scopolamine 30 min prior to vehicle (0.9% NaCl solution; control animals), and their behavior 
was observed by experienced researchers for at least 6 h thereater. Within the irst 20–25 min ater pilo-
carpine injection, 83% of the animals developed seizures evolving into recurrent generalized convulsions 
(status epilepticus, SE). SE was interrupted 3 h ater onset by administration of diazepam (20 mg/kg, 
i.p.). For 1–2 days following SE interruption, animals occasionally exhibited short-lasting seizures and 
lost weight (15–20%). hereater, they recovered and entered a period of apparent wellbeing (latency). 
However, one fourth of the animals that entered SE (i.e. 21% of those administered pilocarpine) died 
during SE or within 1–2 days.

Test and interspersed control animals were then randomly assigned to four experimental groups rep-
resenting diferent phases of the natural history of the disease: early latency (4 days ater SE), late latency 
(8 days ater SE), irst spontaneous seizure (11 ±  1 days ater SE), chronic (50 days ater the irst spon-
taneous seizure). Inclusion criteria were (i) development of convulsive SE within 1 h ater pilocarpine 
administration and (ii) weight gain within the irst week ater SE.

Video and electroencephalography recordings. Video and video-EEG recordings were used to 
verify the hippocampal seizure onset and the disease progression in chronic animals. Convulsive sei-
zures were assessed by 24/24-h video monitoring, performed using a digital video surveillance system 
DSS1000 (V4.7.0041FD, AverMedia Technologies, USA). Video monitoring was started approximately 
6 h ater pilocarpine administration (i.e. at the end of direct observation by the researchers – see above) 
and continued until day 5 when EEG recording was applied for proper identiication of the irst spon-
taneous seizure. Continuous video-EEG monitoring was started from day 5 ater SE until the day of the 
irst spontaneous seizure. Video-EEG monitoring (hardware system MP150 and sotware AcqKnowledge 
4.3, all from Biopac, USA) was started at day 5 because, as previously reported48,49, we do not observe 
spontaneous seizures earlier than 8–9 days ater pilocarpine administration under the experimental con-
ditions employed in this study. EEG seizures were categorized and measured as periods of paroxysmal 
activity of high frequency (> 5 Hz) characterized by a > 3-fold amplitude increment over baseline with 
progression of the spike frequency that lasted for a minimum of 3 s33,50. Seizure severity was scored using 
the scale of Racine51: 1, chewing or mouth and facial movements; 2, head nodding; 3, forelimb clonus; 
4, generalized seizure with rearing; 5, generalized seizure with rearing and falling. In the chronic phase, 
animals were continuously video-EEG recorded for a week ater the irst spontaneous seizure, for a week 
before the sacriice and 48 h per week between the irst spontaneous seizure and the killing.

Tissue preparation. Rats were killed by decapitation under an anesthetic overdose. Before being 
killed, rats were anesthetized with ketamine (870 mg/kg) and xylazine (13 mg/Kg), and a blood sam-
ple was collected through intracardiac withdrawal. Blood samples were added EDTA (ethylenediamine-
tetraacetic acid disodium salt dehydrate, Sigma, Germany) to prevent clotting and plasma was separated 
by centrifugation at 1000 rcf for 2 minutes and the supernatant was centrifuged at 2500 rcf for 2 min-
utes. his procedure ensured low platelet contamination52. Samples were separated in 200 µ l aliquots 
and stored at − 80 °C.

Brains were rapidly removed, frozen in isopentane and stored at –80 °C until use. Coronal sections 
(20 µ m thick) were cut across the entire hippocampus, plates 40–52 of Pellegrino et al.47 and mounted 
onto slides for laser microdissection (MembraneSlides PEN-Membrane 2,0 µ m, Leica). Sections were 
ixed according to a slight modiication of a published protocol53: ethanol 70% in diethyl pyrocarbonate 
(DEPC) water for 5 min, rinse in distilled DEPC water, incubation in Mayer’s hematoxylin solution 0.1% 
(Sigma) for 5 min, another wash in DEPC water; inally, section were dried at room temperature for 
10 min before being stored at –80 °C. his procedure ensured the best yield and quality of extracted 
RNA, as compared to other published procedures, in side-by-side testing experiments conducted in the 
lab before initiating the processing of the tissue employed in the present study.

Human Samples. All human hippocampal tissue was from autopsies of 2 epileptic and 10 non-epileptic 
patients who died of acute lung or heart pathologies. All autoptic material was from the tissue archives 
of the Bellaria Hospital (Bologna, Italy). he study was approved by the Ethics Committee of Bologna 
(Comitato Etico Indipendente dell’Azienda USL della Città di Bologna). Since this was a pilot study in 
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a small cohort of cases, all from archive samples of patients who died years ago, the Ethical Committee 
acknowledged the impossibility to collect informed consents and approved the study under the condition 
to strictly ensure anonymity. All the methods were carried out in accordance with the approved guide-
lines, and all information regarding the human material was managed using anonymous numerical codes 
and samples were handled in compliance with the Helsinki declaration (http://www.wma.net/en/30pub-
lications/10policies/b3/). Specimens were formalin-ixed and parain-embedded. hey were de-waxed 
using Bio-Clear (Bio-Optica, Milan, Italy), washed in ethanol and stained with hematoxylin and eosin, 
as indicated in Zucchini et al.19.

Laser microdissection, RNA puriication and proiling. Ten-micron-thick sections were cut using 
a microtome and collected in slides for laser microdissection (LMD). LMD was performed essentially as 
previously described19,54,55. Briely, PEN-membrane slides were mounted on a Leica LMD6000B system 
(Leica Microsystem, Wetzlar, Germany) with the sections facing downwards. he intensity, aperture and 
cutting velocity were calibrated to obtain the sharpest cut with the minimal intensity, then the pulsed UV 
laser beam was carefully directed along the borders of the dentate gyrus GCL (Fig. 6). he microdissected 
region was then transferred by gravity into a 0,2 ml Eppendorf tube cap placed directly underneath the 
tissue section. Tissue collection was veriied by inspecting the tube cap. Granule cells were collected from 
at least 9 slices per animal and 3–4 slices per patient, in order to obtain an adequate amount of tissue 
for RNA extraction. Material from all sections from the same animal or patient was pooled together, and 
total RNA puriied using an RNA puriication kit (miRNeasy Micro kit from QIAGEN Germany, was 
used to purify the RNA in animal samples and RecoverAll™  Total Nucleic Acid Isolation kit from Life 
Technologies, Milan, Italy for human samples). Approximately 250 ng of total RNA were obtained from 
each sample. Every RNA sample was analyzed using an Agilent 2100 Bioanalyzer in order to evaluate 
the quality of total RNA. RNA samples with a RNA Integrity Number (RIN) < 5 (in a 1 to 10 scale) were 
excluded from further analysis.

Total RNA, including microRNAs , was also puriied from 200 µ l of plasma samples with a spe-
ciic RNA puriication kit (miRNeasy Serum/Plasma kit, Qiagen). To ensure efective denaturation of 
proteins, 10 volumes of Qiazol solution were added to one volume of plasma or serum. Samples were 
then thoroughly mixed by vortexing and incubated at room temperature for 5 min56. As internal con-
trol, we employed c. elegans miR-39 miRNA mimic (miRNeasy Serum/Plasma Spike-In Control, Qiagen; 
3.5 µ l, 1.6 ×  108 copies/µ l). Total RNA was eluted from column by two sequential elutions with 16 µ l of 
RNase-free water to yield 30 µ l RNA solution. Prior to RNA isolation, all samples were carefully ordered 
to alternate samples from diferent groups, in order to avoid biases related to batch efects and geographic 
location of samples in the thermocycler block56.

Total RNA was used for microarray analysis (Rat miRNA MicroArray Kit, Human micro-RNA 
Microarray V3, #G4470C, Agilent Technologies, Santa Clara, CA, USA). he chip consisted of 60-mer 
DNA probes and allowed simultaneous analysis of 677 rat miRNAs and 1200 human miRNAs obtained 
from the Sanger miR-BASE database (Release 16.0 for rats and 10.1 for humans). We employed approx-
imately 100 ng total RNA per sample in each experiment. RNA labeling and hybridization were per-
formed according to the manufacturer’s indications. Agilent scanner and the Feature Extraction 10.5 
sotware (Agilent Technologies) were used to obtain the raw-data.

Data analysis. Microarray results were analyzed by using the GeneSpring GX 13 sotware (Agilent 
Technologies). Data transformation was applied to set all the negative raw values at 1.0, followed by 
quantile normalization. Filters on gene expression were used to keep only those miRNAs that were 

Figure 6. Laser microdissection of the rat granule cell layer. Representative hematoxylin stained 

hippocampal section prepared from a pilocarpine treated rat (level: dentate gyrus of the hippocampus). 

(A) Intact section before laser microdissection. (B) Identiication of the region of interest, the granular 

layer (black line). (C) he section ater the laser microdissection, without the granular layer. Horizontal 

bar =  320 µ m.

http://www.wma.net/en/30publications/10policies/b3/
http://www.wma.net/en/30publications/10policies/b3/
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detected in at least one sample. Comparisons among all experimental groups (controls, early latency, 
late latency, 12 h within the irst seizure and chronic) were performed with ANOVA analysis and difer-
ences were considered signiicant when adjusted P was < 0.1. Comparisons between two groups were 
performed with moderated t-test and considering an adjusted p <  0.1 as signiicant. For plasma, we 
applied ANOVA analysis and a P cutof of 0.05. Gaussian graphical models (GGM) based on partial 
correlation were constructed using a FDR threshold of 1%. Principle components analysis (PCA) and 
boxplots were generated in R. Hierarchical clustering was performed on diferentially expressed miRNAs 
with GeneSpring GX 12 sotware (Agilent Technologies), using the Pearson correlation as a measure of 
similarity. For cluster image generation, expression data was centered on gene median across samples.

Predicted target genes for each miRNA that was deregulated during the two earlier time point (4 and 
7 days ater SE) were obtained from miRWalk using the mirDB and TargetScan algorithms57. Only those 
genes that were predicted by both algorithms were taken in consideration. he list of targets was further 
iltered using publicly available rat gene expression from the dentate gyrus (GSE49850). he predicted 
targets were iltered out if they were not present in the top two-thirds of expressed genes assayed in the 
control rats. Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) enrichment 
was performed using webgestalt (http://bioinfo.vanderbilt.edu/webgestalt/) and the terms enriched with 
adjusted p-values <  0.05 were deemed signiicant.

RT-qPCR. Reverse transcription (RT) reactions were performed using the Taq-Man miRNA Reverse 
Transcription kit and miRNA-speciic stem-loop primers (Applied Biosystems, Inc) in a scaled down 
(7.5 µ l) reaction. Samples were run at 16 °C for 30 min, 42 °C for 30 min, 85 °C for 5 min and hold at 4 °C. 
RT products were stored undiluted at − 20 °C prior to running real-time PCR.

For GCL samples, real-time PCR reactions were performed using the TaqMan miRNA assay kit 
(Applied Biosystems, Santa Clara, CA, USA) according to the manufacturer’s instructions; for plasma, 
they were performed as described by others56. Samples were run in triplicate at 95 °C for 15 sec and 60 °C 
for 1 min using CFX96 Touch™  (Biorad, Milan, Italy). Analysis was performed by the comparative delta 
threshold cycle (∆ CT) method58. For brain samples, U6 and snoRNA were used as reference genes59. For 
plasma, data normalization was obtained using the synthetic spiked-in c. elegans miR-39.
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Supplementary Table S1. Significantly dys-regulated miRNAs in the GCL of epileptic 

compared with control animals. 

miRNA P P adjusted 

miR-21-5p 6,57
-09

 1,73
-06

 

miR-132-3p 1,36
-07

 1,19
-05

 

miR-20a-5p 1,35
-07

 1,19
-05

 

miR-212-3p 5,71
-07

 3,75
-05

 

miR-29c-5p 8,57
-07

 4,5
-05

 

miR-652-3p 4,55
-06

 1,99
-04

 

miR-551b-3p 1,31
-05

 4,91
-04

 

miR-92a-3p 1,64
-05

 5,38
-04

 

miR-344b-2-3p 2,16
-05

 6,32
-04

 

miR-15b-5p 5,61
-05

 1,46
-03

 

miR-24-3p 6,12
-05

 1,46
-03

 

miR-23a-3p 0,0001 2,44
-03

 

miR-222-3p 0,0002 3,23
-03

 

miR-181d-5p 0,0002 3,97
-03

 

miR-674-3p 0,0002 4,28
-03

 

miR-142-3p 0,0003 4,96
-03

 

miR-17-5p 0,0003 4,96
-03

 

miR-874-3p 0,0004 6,00
-03

 

miR-27a-3p 0,0004 6,00
-03

 

miR-19b-3p 0,001 1,37
-02

 

miR-93-5p 0,0011 1,39
-02

 

miR-433-3p 0,0012 1,45
-02

 

miR-30a-5p 0,0013 1,47
-02

 

miR-18a-5p 0,0016 1,53
-02

 

miR-146a-5p 0,0015 1,53
-02

 

miR-20b-5p 0,0014 1,53
-02

 

miR-138-5p 0,0015 1,53
-02

 

miR-431 0,0024 2,21
-02

 

miR-130a-3p 0,0024 2,21
-02

 

miR-7a-5p 0,0025 2,22
-02

 

miR-3584-5p 0,0028 2,41
-02

 

miR-23b-3p 0,0035 2,87
-02

 

miR-181c-5p 0,0051 4,14
-02

 

miR-30e-3p 0,0056 4,34
-02

 

miR-129-5p 0,0062 4,67
-02

 

miR-296-5p 0,0065 4,72
-02

 

miR-505-3p 0,0073 5,05
-02

 

miR-19a-3p 0,0073 5,05
-02
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miR-154-3p 0,0077 5,19
-02

 

miR-139-5p 0,0084 5,51
-02

 

miR-204-5p 0,009 5,81
-02

 

miR-410-3p 0,0096 6,04
-02

 

miR-129-1-3p 0,0100 6,13
-02

 

miR-186-5p 0,0107 6,40
-02

 

miR-337-5p 0,0114 6,48
-02

 

miR-324-3p 0,0111 6,48
-02

 

miR-485-5p 0,0115 6,48
-02

 

miR-466b-5p 0,0124 6,81
-02

 

let-7c-5p 0,0127 6,85
-02

 

miR-873-5p 0,0142 7,50
-02

 

miR-344b-5p 0,0154 7,89
-02

 

miR-380-3p 0,0157 7,89
-02

 

let-7b-5p 0,0162 7,89
-02

 

miR-107-3p 0,0162 7,89
-02

 

miR-140-3p 0,0174 8,33
-02

 

miR-409a-5p 0,0182 8,56
-02

 

miR-7a-1-3p 0,0186 8,60
-02

 

miR-30c-2-3p 0,0195 8,70
-02

 

miR-129-2-3p 0,0192 8,70
-02

 

miR-500-3p 0,0202 8,87
-02

 

miR-212-5p 0,0217 9,37
-02

 

miR-328a-3p 0,0222 9,43
-02

 

miR-665 0,0231 9,64
-02
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Supplementary Table S2. Significantly dys-regulated miRNAs in the GCL in latency 

(four and eight days after SE) compared with control animals. 

 P Fold change Regulation 

miR-142-3p 0,067 34,11 up 

miR-344b-2-3p 0,030 23,32 up 

miR-3584-5p 0,089 18,28 up 

miR-17-5p 0,047 18,16 up 

miR-30c-2-3p 0,077 11,94 down 

miR-181a-1-3p 0,093 9,02 down 

miR-132-3p 0,002 4,58 up 

miR-21-5p 0,008 3,56 up 

miR-212-3p 0,002 2,95 up 

miR-181d-5p 0,022 2,57 up 

miR-27a-3p 0,026 2,08 up 

miR-30e-3p 0,030 2,06 down 

miR-92a-3p 0,046 2,04 up 

miR-20a-5p 0,030 2,00 up 

miR-874-3p 0,093 2,00 up 

miR-139-5p 0,094 1,97 down 

miR-431 0,091 1,88 up 

miR-30a-3p 0,094 1,82 down 

miR-551b-3p 0,030 1,71 down 

miR-23a-3p 0,070 1,65 up 

miR-433-3p 0,033 1,59 up 

miR-330-3p 0,091 1,58 down 

miR-370-3p 0,071 1,53 up 

miR-138-5p 0,022 1,50 down 

miR-140-3p 0,030 1,48 down 

miR-128-3p 0,053 1,43 down 

miR-380-3p 0,041 1,43 up 

miR-29c-5p 0,008 1,43 down 

miR-30a-5p 0,030 1,39 down 

miR-300-3p 0,077 1,30 up 

miR-652-3p 0,070 1,29 down 

miR-186-5p 0,100 1,24 down 

miR-103-3p 0,070 1,11 down 
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Supplementary Table S3. Significantly dys-regulated miRNAs in the GCL of rats at the 

time of the first spontaneous seizure compared with controls. 

 P Fold change Regulation 

miR-142-3p 0,067 34,11 up 

miR-344b-2-3p 0,030 23,32 up 

miR-3584-5p 0,089 18,28 up 

miR-17-5p 0,047 18,16 up 

miR-30c-2-3p 0,077 11,94 down 

miR-181a-1-3p 0,093 9,02 down 

miR-132-3p 0,002 4,58 up 

miR-21-5p 0,008 3,56 up 

miR-212-3p 0,002 2,95 up 

miR-181d-5p 0,022 2,57 up 

miR-27a-3p 0,026 2,08 up 

miR-30e-3p 0,030 2,06 down 

miR-92a-3p 0,046 2,04 up 

miR-20a-5p 0,030 2,00 up 

miR-874-3p 0,093 2,00 up 

miR-139-5p 0,094 1,97 down 

miR-431 0,091 1,88 up 

miR-30a-3p 0,094 1,82 down 

miR-551b-3p 0,030 1,71 down 

miR-23a-3p 0,070 1,65 up 

miR-433-3p 0,033 1,59 up 

miR-330-3p 0,091 1,58 down 

miR-370-3p 0,071 1,53 up 

miR-138-5p 0,022 1,50 down 

miR-140-3p 0,030 1,48 down 

miR-128-3p 0,053 1,43 down 

miR-380-3p 0,041 1,43 up 

miR-29c-5p 0,008 1,43 down 

miR-30a-5p 0,030 1,39 down 

miR-300-3p 0,077 1,30 up 

miR-652-3p 0,070 1,29 down 

miR-186-5p 0,100 1,24 down 

miR-103-3p 0,070 1,11 down 
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Supplementary Table S4. Significantly dys-regulated miRNAs in the GCL of chronically 

epileptic compared with control animals. 

 
P Fold change Regulation 

miR-154-3p 8,608
-04

 36,68 up 

miR-146a-5p 4,274
-02

 21,24 up 

miR-344b-2-3p 8,079
-02

 18,01 up 

miR-31a-5p 4,962
-02

 4,53 down 

miR-181d-5p 2,018
-02

 3,62 up 

miR-132-3p 2,018
-02

 3,51 up 

miR-551b-3p 2,357
-02

 2,75 down 

miR-212-3p 2,018
-02

 2,39 up 

miR-873-5p 2,768
-02

 2,28 down 

miR-652-3p 2,018
-02

 1,93 down 

miR-181c-5p 5,467
-02

 1,91 up 

miR-23a-3p 2,018
-02

 1,84 up 

miR-433-5p 2,357
-02

 1,71 up 

miR-433-3p 5,082
-02

 1,70 up 

miR-409a-5p 8,079
-02

 1,60 up 

miR-410-3p 8,079
-02

 1,53 up 

miR-1949 4,274
-02

 1,48 down 

miR-380-3p 8,079
-02

 1,45 up 

miR-30a-5p 2,392
-02

 1,45 down 

miR-411-3p 8,079
-02

 1,40 up 

miR-140-3p 8,079
-02

 1,32 down 

miR-664-3p 8,079
-02

 1,31 down 

miR-29c-5p 2,018
-02

 1,28 down 

miR-21-5p 5,214
-02

 1,25 up 

miR-148b-3p 8,079
-02

 1,23 down 
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Supplementary Table S5. Significantly dys-regulated miRNAs in the plasma of epileptic 

compared with control animals. 

miRNA P P adjusted 

miR.598.5p 0,0002 0,0833 

miR.300.3p 0,0160 0,4286 

miR.381.3p 0,0069 0,4286 

miR.3582 0,0027 0,4286 

miR.199a.5p 0,0076 0,4286 

miR.181a.1.3p 0,0131 0,4286 

miR.30c.2.3p 0,0103 0,4286 

miR.10b.5p 0,0164 0,4286 

miR.214.3p 0,0097 0,4286 

miR.466b.1.3p 0,0099 0,4286 

miR.144.3p 0,0141 0,4286 

miR.142.3p 0,0154 0,4286 

miR.3065.3p 0,0074 0,4286 

miR.125b.2.3p 0,0263 0,4853 

miR.466c.3p 0,0300 0,4853 

miR.429 0,0326 0,4853 

miR.32.3p 0,0329 0,4853 

miR.374.5p 0,0234 0,4853 

miR.208a.5p 0,0323 0,4853 

miR.328a.3p 0,0278 0,4853 

miR.210.3p 0,0328 0,4853 

miR.494.3p 0,0231 0,4853 

miR.465.5p 0,0324 0,4853 

miR.142.5p 0,0375 0,5293 

miR.1188.3p 0,0395 0,5353 

miR.770.3p 0,0467 0,5676 

miR.101b.3p 0,0486 0,5676 

miR.598.5p 0,0477 0,5676 

miR.300.3p 0,0160 0,4286 
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Supplementary Fig. S1. Up-regulated miRNAs in the rat granule cell layer (GCL) during latency. The 

boxplots depict the time course of expression for 17 of the miRNAs identified as significant with a 

false discovery rate (FDR)<10% in the GCL by using one-way ANOVA. Each boxplot represents 4 

animals. * p<0.05; ** p < 0.01; *** p<0.001; Tukey’s test. 
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Supplementary Fig. S2. Down-regulated miRNAs in the rat granule cell layer (GCL) during latency. 

The boxplots depict the time course of expression for 8 of the miRNAs identified as significant with a 

false discovery rate (FDR)<10% in the GCL by using one-way ANOVA. Each boxplot represents 4 

animals. * p<0.05; ** p < 0.01; *** p<0.001; Tukey’s test. 
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Supplementary Fig. S3. Deregulated miRNAs in the rat granule cell layer (GCL) during the chronic 

phase. The boxplots depict the time course of expression for 7 up-regulated (A) and 3 down-regulated 

(B) miRNAs identified as significant with a false discovery rate (FDR)<10% in the GCL by using one-

way ANOVA. Each boxplot represents 4 animals. * p<0.05; ** p < 0.01; *** p<0.001; Tukey’s test. 
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Supplementary Fig. S4. Up-regulated miRNAs in the rat granule cell layer (GCL) during latency. The 

boxplots depict the time course of expression for 13 of the miRNAs identified as significant with a 

false discovery rate (FDR)<10% in the GCL by using one-way ANOVA. Each boxplot represents 4 

animals. * p<0.05; ** p < 0.01; *** p<0.001; Tukey’s test. 
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Supplementary Fig. S5. Down-regulated miRNAs in the rat granule cell layer (GCL) during latency. 

The boxplots depict the time course of expression for 8 of the miRNAs identified as significant with a 

false discovery rate (FDR)<10% in the GCL by using one-way ANOVA. Each boxplot represents 4 

animals. * p<0.05; ** p < 0.01; *** p<0.001; Tukey’s test. 
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Supplementary Fig. S6. Network analysis. Predicted gene targets for each miRNA dys-regulated 

during latency (4 and 8 days after SE), obtained using the mirDB and TargetScan algorithms, were 

filtered with all miRNAs expressed in the dentate gyrus of rats (database GSE49850). (A) Cluster 1. 

(B) Cluster 3; (C) Cluster 4. (D) Cluster 5. Gene ontology (GO) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) analysis were performed using webgestalt, p<0.05.  
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Supplementary Fig. S7. Deregulated miRNAs in the rat plasma during the all phases of the disease. 

The boxplots depict the time course for 16 of the miRNAs identified as significant by using one-way 

Anova. Each boxplot represents 5 animals. (A) miRNAs up-regulated during latency; (B) miRNAs 

down-regulated during latency; (C) miRNAs down-regulated in the first spontaneous seizure period; 

(D) miRNAs down regulated in the chronic period. 
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Gene-regulatory network analysis is a powerful approach to elucidate the molecular processes and

pathways underlying complex disease. Here we employ systems genetics approaches to characterize the

genetic regulation of pathophysiological pathways in human temporal lobe epilepsy (TLE). Using

surgically acquired hippocampi from 129 TLE patients, we identify a gene-regulatory network genetically

associated with epilepsy that contains a specialized, highly expressed transcriptional module encoding

proconvulsive cytokines and Toll-like receptor signalling genes. RNA sequencing analysis in a mouse

model of TLE using 100 epileptic and 100 control hippocampi shows the proconvulsive module is

preserved across-species, specific to the epileptic hippocampus and upregulated in chronic epilepsy. In

the TLE patients, we map the trans-acting genetic control of this proconvulsive module to Sestrin 3

(SESN3), and demonstrate that SESN3 positively regulates the module in macrophages, microglia and

neurons. Morpholino-mediated Sesn3 knockdown in zebrafish confirms the regulation of the

transcriptional module, and attenuates chemically induced behavioural seizures in vivo.
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E
pilepsy is a serious neurological disorder affecting about 1%
of the world’s population. Recently, a growing body of
experimental and clinical data has implicated Toll-like

receptor (TLR) signalling1 and release of proconvulsant
inflammatory molecules (that is, interleukin (IL)-1b) in both
seizure generation and epileptogenesis2,3. However, the
pathogenetic mechanisms linking these inflammatory processes
with the development (and recurrence) of epileptic seizures in
humans are unclear. Despite high heritability of epilepsy4–6, both
genome-wide association studies (GWAS) and exome sequencing
approaches have so far provided limited insights into the genetic
regulatory mechanisms underlying inflammatory pathways in
epilepsy aetiology7–11, and traditional single-variant association
approaches are likely to be underpowered to detect complex gene
network interactions that underlie disease susceptibility12. As the
molecular processes driving complex disease usually affect sets of
genes acting in concert, one alternative strategy is to use systems-
level approaches to investigate transcriptional networks and
pathways within pathologically relevant cells and tissues13,14.
Integrated analysis of transcriptional networks with genetic
susceptibility data and phenotypic information allows specific
transcriptional programmes to be connected to disease states, and
thereby can identify disease pathways and their genetic regulators
as new targets for therapeutic intervention15.

Almost uniquely among disorders of the human brain, epilepsy
surgery offers opportunities for gene expression profiling in
ante-mortem brain tissue from pathophysiologically relevant
brain structures such as the hippocampus16. This allows direct
investigation of transcriptional programmes in brain tissue from
living epilepsy patients. In this study, we integrate unsupervised
network analysis of global gene expression in the hippocampi
of patients with temporal lobe epilepsy (TLE) with GWAS
data in a systems genetics approach17. We uncover pathways
and transcriptional programmes associated with epilepsy that
are conserved in mouse epileptic hippocampus, including
a proconvulsant gene network encoding IL-1b3 and
TLR-signalling genes1 previously implicated in epilepsy. Using
genome-wide Bayesian expression QTL mapping18, we probe the
genome for key genetic regulators of the network in human brain.
We pinpoint an unexpected gene, Sestrin 3 (SESN3) whose
protein product controls the intracellular response to reactive
oxygen species19–22, as a trans-acting genetic regulator of
the proconvulsant gene network in the human epileptic
hippocampus. We carry out validation experiments in
independent in vitro and in vivo systems, which confirm the
genetic regulation of the proconvulsant transcriptional
programme in epilepsy by Sestrin 3, therefore providing a first
evidence of a function for SESN3 in disorders of the human brain.

Results
Identification of a gene network associated with epilepsy. We
first assessed the degree of variation in gene expression between
hippocampal subfields in TLE patients with hippocampal
sclerosis, and compared this with the total variation in gene
expression measured both across subjects and between subfields
(Supplementary Fig. 1). We found higher variability in gene
expression across TLE subjects than between the hippocampal
subfields alone, suggesting that variation in whole hippocampus
expression can be used to infer co-expression networks in the
hippocampus of TLE patients (Supplementary Fig. 1). After
excluding subjects with incomplete clinical data or non-
hippocampal sclerosis pathology, whole-genome expression
profiles in surgically resected hippocampi from 129 TLE patients
(median age at surgery 35 years, range 1–64 years, male/female
ratio of 1.2:1; Supplementary Table 1) were available for gene
co-expression network analysis.

We then investigated whether the transcriptome in the
hippocampus of these 129 TLE patients is organized into discrete
gene co-expression networks, and if these have functional
implications for susceptibility to epilepsy. Gene co-expression
networks were reconstructed genome wide using Graphical
Gaussian Models (GGMs)23, which identified a large co-
expression network comprising 442 annotated genes (false
discovery rate (FDR)o5%, Fig. 1a and Supplementary Data 1).
To investigate whether the protein products of the TLE-
hippocampus derived transcriptional network (TLE-network)
genes have a shared function at the protein level, we used the
DAPPLE algorithm24. This method interrogates high-confidence
protein–protein interactions to assess the physical connections
among proteins encoded by the genes in the network.
Genes comprising the TLE-network were found to have
increased protein–protein interconnectivity as compared with
random protein–protein interaction networks (P¼ 9.9� 10� 5,
Supplementary Fig. 2). This provides evidence that proteins
encoded by the co-expressed genes in the TLE-network interact
physically, supporting the validity of the gene network
topography.

As gene expression may vary both as a cause and a
consequence of disease, we investigated the causal relationship
between the TLE-network and epilepsy by integration with
genetic susceptibility data. Here, DNA variation was used to infer
causal relationships between the network and epilepsy by
assessing whether the network as a whole was genetically
associated with epilepsy. To this aim, we used focal epilepsy
GWAS data6,25 from a separate cohort of 1,429 cases (consisting
mainly of patients with TLE) and 7,358 healthy controls.
Although no single-nucleotide polymorphism (SNP) achieved
genome-wide significance in the epilepsy GWAS (Supplementary
Fig. 3), we found that the TLE-network as a whole was highly
enriched for genetic associations to focal epilepsy compared with
genes not in the network (P¼ 2� 10� 7; Fig. 1a and
Supplementary Table 2). These integrated analyses of co-
expression network and genetic susceptibility data from a focal
epilepsy GWAS provide independent evidence to support the
causal involvement of the TLE-network in epilepsy aetiology.

Conservation and functional specialization of the network. The
TLE-network was significantly enriched for genes belonging to
several biological pathways involving cell-to-extracellular matrix
adhesion including ‘extracellular matrix–receptor interaction’
(P¼ 3.9� 10� 5), ‘focal adhesion’ (P¼ 1.4� 10� 4) and inflam-
mation, such as the ‘cytokine–cytokine receptor interaction’
(P¼ 2.4� 10� 5) and ‘TLR signalling’ (P¼ 3.9� 10� 5; Fig. 1b).
The observation that the TLE-network was enriched for multiple
pathways led us to investigate whether the network contained
functionally homogenous transcriptional modules (that is,
sub-networks of highly correlated genes) with implications for
epilepsy aetiology. Using unsupervised agglomerate clustering
approaches (see Supplementary Methods), we identified
two transcriptional modules comprising 69 (Module-1) and
54 (Module-2) unique genes, respectively (Fig. 1c and
Supplementary Data 1). Module-1 was specifically enriched for
gene ontology categories related to inflammatory mechanisms,
whereas Module-2 was enriched for cell-to-extracellular matrix
adhesion processes (Fig. 1d and Supplementary Table 3), indi-
cating functional sub-specialization within the larger TLE-
network. We observed that Module-1 genes were significantly
upregulated as compared with genes in the larger TLE-network,
Module-2, or with respect to all other genes profiled in the hip-
pocampus of TLE patients (Fig. 1e). This increased hippocampal
expression of Module-1 genes in TLE patients was not observed

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7031

2 NATURE COMMUNICATIONS | 6:6031 | DOI: 10.1038/ncomms7031 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


in separate gene expression data sets from the hippocampus
of healthy subjects (that is, individuals clinically classified as
neurologically normal; Supplementary Fig. 4). Notably,
Module-1 was markedly enriched for highly expressed inflam-
matory cytokines (16-fold enrichment, P¼ 6.6� 10� 13) many of
which belong to the IL-1 signalling cascade (IL-1b, IL-1RN, IL-1a,
TNFa) and the TLR-signalling pathway (11-fold enrichment,
P¼ 1.4� 10� 6), previously implicated in epileptogenesis1

and brain inflammation2,3 (Supplementary Fig. 5). Taken
together, these data indicate the presence of a coordinated
transcriptional programme (Module-1), encompassing TLR
activation and release of proinflammatory cytokines (including
IL-1b), in chronic human epileptic hippocampus as previously
hypothesized3,26.

We then investigated whether the TLE-network and Module-1
genes, in particular, were conserved across-species and to this aim
we carried out high-throughput sequencing of mRNA (RNA-Seq)
in whole hippocampus from 100 epileptic (pilocarpine model)27

and 100 control naı̈ve mice (full details of this model are reported
in the Supplementary Methods). We employed GGMs to
assess the co-expression relationships between the 371 mouse
orthologues of the human TLE-network genes, and found that
312 genes (84%) had significant co-expression (FDRo5%) with
at least another network gene in mouse epileptic hippocampus

(Fig. 2a). The conserved TLE-network genes formed 1,119
significant partial correlations in mouse epileptic hippocampus,
which is significantly higher than expected by chance (P¼ 0.001
by 10,000 bootstrap permutations; Fig. 2b). In contrast, only 615
significant partial correlations between the same 312 genes were
detected in healthy hippocampus (P¼ 0.659 by 10,000 bootstrap
permutations), suggesting that the TLE-network is specifically
conserved in the epileptic mouse hippocampus (Fig. 2b). In
keeping with the high expression of proinflammatory genes
observed in the hippocampus of TLE patients (Supplementary
Fig. 5), the mouse orthologues of Module-1 genes that were
significantly upregulated in epileptic hippocampus were enriched
for TLR-signalling and cytokines (gene set enrichment analysis28,
P¼ 9.03� 10� 4, Fig. 2c). These comparative genomics analyses
revealed that, to a large extent, the hippocampal TLE-network
is conserved across-species, and confirm that genes for
TLR signalling and proinflammatory cytokines within the
TLE-network are upregulated in chronic epileptic hippocampus.

SESN3 is a genetic regulator of the proinflammatory network.
We set out to identify genetic variants that regulate the gene co-
expression modules (that is, regulatory ‘hotspots’) by employing
genome-wide Bayesian expression QTL mapping approaches18,29.
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Figure 1 | Identification of the TLE-network and functionally specialized transcriptional modules in human epileptic hippocampus. (a) Gene

co-expression network identified in the hippocampus of TLE patients (TLE-network). Nodes represent genes and edges represent significant partial

correlations between their expression profiles (FDRo5%). Node colour indicates the best GWAS P-value of association with focal epilepsy for SNPs

within 100 kb of each gene (Supplementary Data 1). Boxes mark two transcriptional modules within the network. (b) Kyoto Encyclopedia of Genes and
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highly expressed in the hippocampus of TLE patients. mRNA expression of Module-1 (n¼80 probes, representing 69 unique annotated genes) as

compared with Module-2 (n¼ 60 probes, representing 54 unique annotated genes), other network genes (n¼ 371 probes, representing 319 unique
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Figure 2 | TLE-network conservation in mouse epileptic hippocampus. (a) Human TLE-network genes that are conserved and co-expressed (84%) in the

mouse hippocampus. Each node in the network represents a transcript that had significant partial correlation with at least another transcript in the network

(FDRo5%). Conserved Module-1 and Module-2 genes are indicated in blue and green, respectively. (b) Distribution of significant partial correlations

(FDRo5%) between pairs of transcripts from 10,000 bootstrap permutation samples in epileptic (top) and control (bottom) mouse hippocampus.

In each case, the red line indicates the actual number of significant partial correlations (FDRo5%) between all genes in the network. The number of

significant partial correlations observed in control hippocampus was no different from chance expectation (P¼0.659). In contrast, the number of

significant partial correlations detected in epileptic hippocampus was significantly higher than expected by chance (P¼0.001). (c) Differential expression
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To this aim, we have developed a multi-step strategy to identify
SNPs that regulate the expression of a transcriptional module (or
network) as a whole. As first step, we summarize the expression
of the genes in each module using principal component (PC)
analysis and detect regulatory ‘hotspots’ using a Bayesian
regression model at the genome-wide level29. This analysis
prioritizes genomic regions associated with variation in mRNA
expression of the genes in each module. As a second step, to
refine the genetic mapping results, we regress jointly the mRNA
levels of module genes to all SNPs within the regulatory locus
identified in the first step18. Given the functional specialization
within the large TLE-network (Fig. 1d), we investigated the
genetic regulation of both Module-1 and Module-2, by analysing

527,684 genome-wide SNPs in the TLE patient cohort. In the first
step, we identified a single locus on chromosome 11q21 centred
on SNP rs10501829, which was significantly associated with the
first PC of Module-1 expression (FDRo5%; Fig. 3a). Module-2
showed no significant genome-wide associations (Supplementary
Fig. 6). In the second step, we investigated in detail the locus on
chromosome 11q21 regulating Module-1 and carried out joint
mRNA levels-SNPs analysis of all genes in Module-1 and all SNPs
genotyped within a 1-Mbp region centred on SNP rs10501829.
This analysis identified three additional SNPs (rs530190,
rs7107661 and rs6483435) in the Best Model Visited (that is,
the best combination of SNPs predicting mRNA level of module
genes, see Supplementary Methods) that were associated with the
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majority of genes of Module-1 (58–74% of Module-1 genes are
predicted by individual SNPs, Fig. 3b). The set of SNPs regulating
in trans the expression of Module-1 genes defined the boundaries
of a minimal regulatory region spanning B383 kb (Fig. 3b).

The larger 1-Mbp region centred on SNP rs10501829
contained eight annotated protein-coding genes (Fig. 3b). To
further prioritize candidate genes, we carried out co-expression
analysis between each of these genes and all genes in Module-1,
and found that Sestrin 3 (SESN3) was, on average, most strongly
and positively correlated with Module-1 gene expression (P¼ 1.7
� 10� 13, Fig. 3c). The positive association between SESN3
and Module-1 gene expression remained significant following
genome-wide correlation analysis in human hippocampus
(Po0.00001, Supplementary Fig. 7). In summary, SESN3 is the
only gene within the minimal regulatory region and, when
compared with all genes within a 1-Mbp window around SNP
rs10501829, showed the strongest correlation with Module-1 gene
expression. Similarly, in the epileptic mouse hippocampus,
we found that increased Sesn3 mRNA expression was also
significantly associated with upregulation of Module-1 genes
(P¼ 5.4� 10� 6, Fig. 3d), therefore providing independent, cross-
species evidence supporting SESN3 as a positive regulator of
Module-1 genes in epileptic hippocampus.

Taken together, these data prioritize SESN3 as a candidate gene
for the trans-acting genetic regulation of Module-1. To test this
hypothesis, we first carried out gene knockdown experiments
followed by transcriptional analysis of Module-1 genes by means
of RNA interference using short interfering RNA (siRNA).
Initially, we used murine bone marrow-derived macrophages
(BMDMs) and BV2 microglia cell line as an in vitro system as
Module-1 recapitulates the ATF3/AP1 transcriptional complex
and IL-1 signalling (Supplementary Fig. 8), known to be highly
expressed in lipopolysaccharide (LPS)-stimulated macrophages30.
Consistent with the positive correlation of Module-1 genes with
SESN3 mRNA expression (Fig. 3c,d and Supplementary Fig. 7),
we observed decreased expression of Module-1 genes after
siRNA-mediated knockdown of SESN3 in both LPS-stimulated
BMDMs and BV2 microglia cells (Fig. 4a,b). Similar results were
found in unstimulated BV2 microglial cells, suggesting that
SESN3 can modulate expression of proinflammatory genes
(for example, IL-1b, IL-1RN, IL-1a, TNFa) even in the
absence of a strong inflammatory stimulus (Fig. 4c). Within the
human brain we localized SESN3 expression to neurons by
immunohistochemistry (Fig. 4d), and found that it is highly
expressed in the hippocampus of TLE patients as compared with
hippocampus from control autopsy samples (Fig. 4e and
Supplementary Fig. 9). In keeping with this, we found increased

Sesn3 mRNA expression in the mouse hippocampus after
pilocarpine-induced status epilepticus (Supplementary Fig. 10),
suggesting an association between SESN3 gene expression and
epilepsy that is conserved across-species. We then tested whether
Module-1 genes are upregulated when SESN3 is overexpressed in
neurons. To address this aim, we used an integrating lentiviral
vector (LV) for gene overexpression in primary murine neurons
(see Supplementary Methods) and quantitative PCR analysis
showed that the relative levels of Sesn3 mRNA were markedly
increased in transduced neurons compared with the levels
observed in mock transduction (Fig. 4f). Consistent with the
observed positive correlation between increased Sesn3 expression
and Module-1 genes in the hippocampus (Fig. 3c,d), lentiviral-
mediated overexpression of Sesn3 resulted in significant
upregulation of Module-1 genes in hippocampal neurons
(Fig. 4f). These in vitro experiments show that Sesn3 is capable
of regulating Module-1 gene expression in different cell types and
in particular of inducing upregulation of proinflammatory genes
in hippocampal neuronal cells. Our findings in primary neurons
are in keeping with previous data reporting the activity of several
inflammatory molecules in neuronal cells under pathological
conditions31, including IL-1b and its receptor32. Furthermore, the
upregulation of proinflammatory genes in neurons supports the
‘neurogenic inflammation’ hypothesis, wherein neurons are
proposed as triggers of innate and adaptive immune-cell
activation in the central nervous system (CNS; reviewed in
Xanthos and Sandkuhler33).

SESN3 regulates chemically induced behavioural seizures. The
in vitro data, combined with the positive association between
SESN3 and Module-1 gene expression in human and mouse
epileptic hippocampus, indicate that SESN3 is a positive regulator
of Module-1. We hypothesized that inhibiting SESN3 would
reduce the activity of genes in functional pathways enriched in
Module-1, including proconvulsant signalling molecules, and
thus by extension could have seizure-suppressing effects. To test
this hypothesis in vivo, we investigated the role of SESN3 in a
zebrafish model of convulsant-induced seizures34,35. In this
model, exposure of 2- or 3-day-old zebrafish larvae to the
convulsant agent pentylenetetrazole (PTZ) rapidly induces the
expression of synaptic activity-regulated genes in the CNS and
causes vigorous episodes of calcium flux in muscle cells as well as
intense locomotor activity characteristic of epileptic seizures34,35.
This acute seizure model has been primarily used to investigate
the anti-/proconvulsant activity of compounds36 and for in vivo
drug discovery34. In particular, molecular and behavioural

Figure 4 | SESN3 regulates expression of Module-1 genes in macrophages, microglial cells and neurons. Effect of siRNA-mediated knockdown of Sesn3

as compared with control siRNA (siControl), showing significant inhibition of Sesn3 mRNA expression and downregulation of Module-1 genes in murine

LPS-stimulated (1 h) BMDM (a) and BV2 microglial cells (b), as well as in unstimulated BV2 microglial cells (c). Five independent biological replicates were

used for BMDM experiments and at least three replicates in the BV2 microglia cells experiments. Data normalized to b-actin levels are shown as means

relative to control ±s.e.m. (d) SESN3 immunofluorescence of human hippocampal slices from TLE patients: co-immunostainings with NeuN (green)

antibody showed that SESN3 (red) is localized in neurons. Scale bar, 100 mm. (e) Quantification of SESN3 expression in human hippocampal tissue by

immunofluorescence analysis. Maximum intensity projections of confocal z-stack images of immunohistochemical stainings with antibody against SESN3

were used. For determination of SESN3 cell fluorescence as a measure of SESN3 expression level, SESN3-expressing cells in the CA2 region of the

hippocampus in both TLE patients samples (n¼ 7) and autopsy samples (n¼ 8) were measured using ImageJ software. Cell fluorescence was assessed as

follows: integrated density—(area of selected cell�mean fluorescence of background readings). SESN3 total cell fluorescence in TLE patients is

significantly increased as compared with the SESN3 total cell fluorescence in autopsy samples (two-tailed Mann–Whitney test, Po0.001). Fluorescence

intensity data are reported as means±s.e.m. (f) Effect of lentiviral-mediated Sesn3 overexpression on Module-1 genes in primary hippocampal neurons.

Left, relative levels of Sesn3 mRNA in transduced neurons (LV-CMV-Sesn3) compared with the levels in mock transduction (Mock). Right, relative mRNA

levels of Module-1 genes and a control gene not in the network (Hprt) in transduced neurons compared with levels in mock transduction. Data normalized

to Gapdh levels are shown as means relative to control±s.e.m. Four (Mock group) and twelve (LV-CMV-Sesn3 group) replicates were used in neuronal cell

experiments. Statistical significance of the differences (P-value) between siSESN3 (or LV-CMV-Sesn3) and siControl (or Mock) was assessed by t-test

(two-tailed) and adjusting for unequal variances across different groups. *Po0.05; **Po0.01; ***Po0.001; ****Po0.0001; NS, not significant (P40.05).
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phenotypes in the zebrafish PTZ-induced seizure model have
been employed to identify compounds that attenuate seizure
activity37. We employed this model to correlate the locomotor
responses with gene network dynamics, that is, transcriptional

activation of the neuronal activity-regulated gene c-fos38 and an
additional subset of Module-1 genes in response to PTZ
treatment in Sesn3 morphant and control morphant larvae.
Sesn3 showed widespread expression in the brain of 3 and 4 days
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post fertilization (d.p.f.) zebrafish larvae (Supplementary Fig. 11)
and, following PTZ treatment, we found that Sesn3 morphant
zebrafish larvae exhibited significantly reduced locomotor activity
as compared with control morphant larvae (Fig. 5a). To test the
specificity of the morpholino effect, we co-injected the Sesn3
morpholinos (Supplementary Fig. 12) along with synthetic Sesn3
mRNA, which cannot be targeted by either of the splice-blocking
morpholinos (see Supplementary Methods), and assessed whether
the Sesn3 mRNA could rescue the morphant phenotype. We
observed an almost complete rescue of the locomotor activity

phenotype (only 10% difference between uninjected larvae and
larvae co-injected with Sesn3 morpholinos and Sesn3 mRNA),
with no significant differences in the locomotor activities between
the uninjected larvae and the larvae injected with synthetic Sesn3
mRNA alone (Fig. 5b).

To further confirm Sesn3-dependent modification of neuronal
response to PTZ, we measured transcriptional activation of the
neuronal activity-regulated gene c-fos, an important regulator
for cellular mechanisms mediating neuronal excitability and
survival38. Consistent with the behavioural assay (Fig. 5a), there
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Figure 5 | Sesn3 modulates PTZ-induced c-fos expression, locomotor convulsions and Module-1 genes in zebrafish. (a) Left, Sesn3 promotes convulsive

locomotor response of zebrafish larvae exposed to PTZ. Three days post fertilization (d.p.f.) zebrafish larvae were incubated with and without 20mM PTZ

for 1 h and locomotor activity was monitored continuously. Larvae microinjected with Sesn3 morpholinos exhibited a sustained reduction in locomotor

activity throughout the period of PTZ incubation, in comparison with control morphant larvae. Both Sesn3 morphant and control morphant larvae (n¼ 12)

exhibited similarly low levels of locomotor activity in the absence of PTZ. Right, Sesn3 morpholinos reduced the cumulative locomotor activity of zebrafish

exposed to 20mM PTZ (black columns) without appreciably affecting basal locomotor activity of larvae incubated in the absence of PTZ (white columns).

(b) Co-injecting Sesn3 morpholinos with synthetic Sesn3 mRNA showed that Sesn3 mRNA rescued the locomotor activity phenotype (total distance swam,

y axis). For each group, 16–18 larvae were analysed. Black bars, 1 h PTZ treatment (20mM). (c) Sesn3 morpholinos attenuate seizure-induced expression of

the synaptic activity-regulated gene c-fos. Left and central images, dorsal views of the brains of 3 d.p.f. control morphant (top) and Sesn3 morphant larvae

(bottom) maintained for 1 h in the absence and presence of 20mM PTZ, after which larvae were fixed and analysed for c-fos expression by whole-mount

in situ hybridization. Red arrowheads: position of the transverse sections of the brains; scale bar, 200mm. Following PTZ treatment (20mM, 1 h),

quantitative PCR (qPCR) analysis revealed that Sesn3 morphant larvae exhibited significantly lower mRNA expression of c-fos in the brain than control

morphant larvae (c, right panel). (d) PTZ-induced transcriptional response of Module-1 genes was significantly lower in Sesn3morphants as compared with

uninjected larvae; six samples were used in the qPCR experiments (one sample¼ 15–20 pooled larvae). (e) Upregulation of Module-1 genes upon injection

of synthetic mRNA (1 ng) in zebrafish embryos (n¼ 30) as compared with uninjected control embryos (n¼ 30). Total RNA was extracted 28 h post

fertilization and qPCR experiments were performed for the two pools of embryos using six technical replicates. Data reported as means±s.e.m. were

determined by the 2�DDCt method and normalized to the housekeeping gene b-actin. P-values calculated by t-test (two-tailed) adjusting for unequal

variances across different groups. NS, not significant (P40.05).
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was decreased expression of c-fos in the brain (mostly in forebrain
and midbrain) following PTZ exposure in Sesn3 morphant larvae
as compared with control morphant larvae (Fig. 5c and
Supplementary Fig. 12). As silencing of Sesn3 resulted in
downregulation of Module-1 genes in vitro (Fig. 4a–c), we
tested whether inhibiting Sesn3 could similarly reduce the activity
of Module-1 genes following PTZ exposure in vivo. We observed
significant reduction in the PTZ-induced mRNA expression of
Module-1 genes in the Sesn3 morphant as compared with control
morphant larvae (Fig. 5d), and we also found that transient
overexpression of Sesn3 in zebrafish larvae increased expression
of Module-1 genes independently of PTZ treatment (Fig. 5e).
Taken together, these data show that Sesn3 knockdown attenuates
both PTZ-induced locomotor convulsive behaviour and the
transcriptional responses of c-fos and Module-1 genes to
treatment with PTZ. These findings in the zebrafish model
support the evidence from our studies of human and mouse
epileptic hippocampus and primary murine neurons that SESN3
positively regulates expression of proconvulsive molecules
(Module-1 genes).

Discussion
Deciphering the complex regulatory processes of pathophysiolo-
gical pathways in human brain remains a challenge due to the
inaccessibility of ante-mortem tissue but can have important
mechanistic and therapeutic implications39. In this study, we have
used surgical hippocampal tissue samples and employed systems
genetics approaches17 to investigate transcriptional networks for
epilepsy and their genetic regulation. We identified a large gene
co-expression network in the human epileptic hippocampus that
was conserved in mouse epileptic hippocampus and was enriched
for GWAS genetic signals of focal epilepsy. In keeping with
similar network-based studies of complex disease such as type-1
diabetes40 and autism spectrum disorder41,42, our approach
leverages the combined evidence from genetic susceptibility
variants across multiple genes15 to link the TLE-hippocampus
network with susceptibility to focal epilepsy. Within the TLE-
network, we identified a functionally coherent and coordinated
transcriptional programme (Module-1), which was overexpressed
in the hippocampus of TLE patients, and which encoded
epileptogenic IL-1 (refs 2,3,43) and TLR-signalling pathways1.
We confirmed the upregulation TLR-signalling genes and
proinflammatory cytokines in chronic epilepsy by RNA-Seq
analysis in 200 mouse hippocampi. Preclinical studies in
experimental models of epilepsy have consistently shown that
individual proinflammatory cytokines such as IL-1b or tumor
necrosis factor (TNF)-a are overexpressed in brain areas of
seizure generation and propagation44. Therefore, targeting TLR
and IL-1 signalling has been proposed as a possible avenue for
therapeutic intervention in epilepsy and antiepileptogenesis1,3,
including reduction of acute seizures45 and drug-resistant chronic
epileptic activity46. The identification of upstream genetic
regulators of these pathways in the human epileptic brain
might suggest opportunities for novel targets for disease
modification. To investigate the genetic regulation of the
TLE-network and the proinflammatory module therein, we
employed Bayesian expression QTL mapping approaches18,
which identified SESN3 as a trans-acting genetic regulator of a
proinflammatory transcriptional programme in the epileptic
human hippocampus. The positive regulation of this network
by SESN3 was confirmed in vitro across different cell types by
gene silencing (resulting in B50% reduction of Module-1 gene
expression) and overexpression experiments (resulting in
approximately two- to sevenfold activation of Module-1 genes,
Fig. 4), and in vivo using a zebrafish model of chemically induced
seizures (Fig. 5e).

SESN3 is a member of the Sestrin family of proteins that have
been shown to decrease intracellular reactive oxygen species and
to confer resistance to oxidative stress19. Intrinsic antioxidant
defenses are important for neuronal longevity and the genes
that regulate these processes might well influence pathological
processes associated with oxidative damage in the brain, a
common feature of many neurodegenerative diseases including
epilepsy47,48. Therefore, we hypothesize that SESN3 might
regulate neuro-inflammatory molecules, previously implicated
in epilepsy1,33,43,49, through modulation of oxidative stress in
the brain.

Our systems genetics analysis in the human hippocampus,
combined with in vitro and in vivo data, revealed SESN3-
dependent regulation of epileptogenic IL-1b3 and TLR-signalling
genes1. The upstream genetic control of the proconvulsant
transcriptional programme by SESN3 in human TLE-
hippocampus suggested a role for this gene in modulating
seizures. To test the potential functional role of SESN3 in vivo, we
used an experimental model of acute epileptic seizures34,37 and
found that knockdown of Sesn3 attenuated chemical convulsant-
induced locomotor activity and c-fos expression, as well as
modulating Module-1 gene expression (Fig. 5). Our in vitro data
in macrophages, BV2 microglial cells and primary neurons
showed that SESN3 is a positive regulator of proinflammatory
molecules (Fig. 4), including IL-1b and TNF-a, major mediators
of inflammation, which are capable of inducing changes in
neuronal excitability50. The finding of reduced severity of
PTZ-induced seizures upon knockdown of Sesn3 in the
zebrafish model is consistent with previous studies in rodents
describing the effects of proinflammatory cytokines on seizures.
In the context of pre-existing brain inflammation, antibody-
mediated antagonism of TNF-a function inhibited susceptibility
to PTZ-induced seizures in rats51, whereas administration of
exogenous TNF-a increased susceptibility to PTZ-induced
seizures52. Our findings in zebrafish are therefore in keeping
with a role for SESN3 in regulating proinflammatory cytokines
and their downstream effect on CNS excitability and seizure
susceptibility.

Taken together, our data provide the first evidence of a
function for SESN3 in regulating proconvulsant agents (for
example, TNF-a, IL-1 and TLR-signalling genes) in human
epileptic hippocampus, and suggest SESN3 as a new potential
target for modulating brain inflammation3,44 and CNS
excitability53. Our systems genetics approach builds on and
extends previous methods correlating individual genetic variation
with disease susceptibility by identifying disease-associated gene
networks, pathophysiological pathways and their upstream
genetic regulators in human brain. More generally, the systems
genetics framework described here can be employed to identify
genes and regulatory networks across diverse neuropsychiatric
disorders where genetic factors can perturb underlying molecular
pathways in the brain.

Methods
Gene expression profiling in the human hippocampus. All 129 patients
considered in this study had mesial TLE and all tissue samples were from
indistinguishable hippocampal tissue portions. Sample preparation and microarray
analysis of human hippocampi are detailed in Supplementary Methods. Expression
data were analysed using Illumina’s GenomeStudio Gene Expression Module and
normalized by quantile normalization with background subtraction. Microarray
probes were annotated using either the Human HT-12 v3 annotation file or
Ensembl (release 72). All patients gave informed consent for use of their tissue and
all procedures were conducted in accordance with the Declaration of Helsinki and
approved by the Ethics Committee of the University of Bonn Medical Center.

Gene co-expression network analysis. Gene co-expression networks were
reconstructed using GGMs, which use partial correlations to infer co-expression
relationships between any microarray probe pair in the data set, removing the

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7031 ARTICLE

NATURE COMMUNICATIONS | 6:6031 | DOI: 10.1038/ncomms7031 | www.nature.com/naturecommunications 9

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


effect of other probes23. We used the empirical Bayes local FDR statistics54

to extract significant partial correlations (Supplementary Fig. 13), and which
identified a large set of 2,124 inter-connected nodes belonging to the same
connected component (TLE-network, Supplementary Data 2). Network extraction
and identification of transcriptional modules are described in the Supplementary
Methods.

Mapping the genetic control of networks. We used Bayesian variable selection
models18,29 to identify the genetic control points (regulatory ‘hotspots’) of
transcriptional modules in the TLE patient cohort. First, we combined PC
analysis55 with multivariate regression approaches to prioritize genome-wide
genomic regions associated with the module expression. We then analysed all genes
of the module with all SNPs in the regulatory region using the hierarchical
evolutionary stochastic search algorithm18, where the module genes’ expression are
jointly considered. Further details are reported in Supplementary Methods.

Genetic association of the TLE-network with epilepsy. To test if TLE-network
genes are likely to be causally involved in the disease process, we assessed whether
network genes are enriched for SNP variants associated to focal epilepsy by
GWAS6,25. Full details on the GWAS of focal epilepsy are reported in
Supplementary Methods. Briefly, in the GWAS-enrichment analysis each gene of
the TLE-network was assigned a GWAS significance value consisting of the
smallest P-value of all SNPs mapped to it. We used the hypergeometric distribution
test to assess whether SNPs close to (o100 kb from) any network gene were more
likely to associate with epilepsy by GWAS than SNPs close to genes not in the
TLE-network. Empirical GWAS-enrichment P-values were generated by 1,000,000
randomly selected gene-sets and are reported in Supplementary Table 2 (see
Supplementary Methods for additional details).

RNA-Seq analysis in the mouse hippocampus. RNA-Seq analysis in whole
hippocampus from 100 epileptic (pilocarpine model)27 and 100 control naı̈ve mice
(NMRI) is detailed in Supplementary Methods. Briefly, raw reads were mapped to
the reference mouse genome (mm10) using TopHat version 2.0.8 (ref. 56) and read
counts per gene were normalized across all samples using the ‘trimmed mean of
M-value’ approach57. Differential expression analysis was performed using the
edgeR57 and a threshold of 5% FDR was used to identify significant gene expression
changes. Experimental animals were used only once for each study. All
experimental procedures complied with the guidelines of the European Union
Directive 2010/63/EU. A local ethical committee approved the experimental
protocol.

In vitro studies. Details on all cell cultures used in these studies are reported
in Supplementary Methods. SiRNA knockdown experiments were performed
in murine BMDMs and BV2 microglia cell lines using a mouse Sesn3
ON-TARGETplus SMARTpool siRNA (100 nM, ThermoFisher Scientific) and
Dharmafect 1 (ThermoFisher Scientific) as transfection reagent, according to
the manufacturer’s recommendations. For LPS stimulation experiments, the
transfected cells were washed twice in DMEM and stimulated with LPS (Sigma,
100 ngml� 1) for an hour. For overexpression experiments, a third-generation LV
was used to transduce murine primary hippocampal neuronal culture. Additional
information and details on Sesn3 siRNA target sequences, the real-time quantita-
tive PCR for Module-1 genes and primer sequences are given in Supplementary
Methods and Supplementary Table 4. The relative expression levels normalized to
Beta-actin (or Gapdh as indicated) gene expression were then determined by the
2�DDCt method.

In vivo studies. To study the function of sestrin 3 in response to PTZ-induced
seizures, two different morpholinos were designed to block the normal splicing
of the zebrafish Sesn3 primary transcript (see Supplementary Fig. 12 and
Supplementary Methods). Embryos that were to be analysed by whole-mount
in situ hybridization were first treated with 1-phenyl-2 thiourea at 23 h post
fertilization (h.p.f.) to inhibit melanogenesis. At 3 d.p.f., larvae were treated for 1 h
with 20mM PTZ or left untreated, and all larvae were then fixed with paraf-
ormaldehyde immediately after the treatment period. RNA in situ hybridization
analysis was carried out using a c-fos digoxigenin-labelled probe, which was pre-
pared as recommended by the manufacturer of the in situ hybridization reagents
(Roche). Whole-mount in situ hybridization was performed using standard
procedures58. Analysis of zebrafish locomotor activity was carried out using the
Viewpoint Zebrabox system (Viewpoint) as previously reported in ref. 34. Briefly,
3 d.p.f. larvae were incubated in E3 medium with or without 20mM PTZ in
microtitre plates, with one larva per well, and larval movements were recorded with
the Viewpoint Zebrabox over a recording period of 60min, using a light cycle of
2min: 100% light; 2min: 0% light. The distance swam by each larva was measured
for every 10-min period during the recording period, and the cumulative distance
swam over the recording period was calculated. Rescue experiments were
performed by co-injection of synthetic sesn3 RNA into one-cell stage AB wild-type
zebrafish embryos alone (2 nl of 0.3 ng nl� 1 sesn3 mRNA) or in combination with
Sesn3 morpholinos. Additional details, including the quantitative PCR analyses of

c-fos and Module-1 genes, primer sequences are reported in Supplementary
Methods. All experimental procedures involving zebrafish were performed in
compliance with the UK Animal (Scientific Procedures) Act and approved by the
University of Sheffield Animal Welfare Ethical Review Board.
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Supplementary Figure 1: Inter-individual vs inter-hippocampus subfields variation in gene expression. 

 
 
(A) We utilized surgical hippocampus samples from 5 patients with mesial temporal lobe epilepsy (MTLE) with hippocampus sclerosis (HS) of uniform 
pathology. For each subject, 4 hippocampus subfields were laser micro-dissected (dentate gyrus, CA1, CA3, CA4) and genome-wide expression profiles were 
generated for each subfield using Affymetrix HU 133A microarray. We use the coefficient of variation (CV = standard deviation/mean * 100) to quantify the 
degree of variation in gene expression across subfields in each subject and, after pooling together data from all subjects, the variation across subfields and 
across subjects. In each case, CV was calculated using 22,215 Affymetrix probe sets. We observed significantly bigger range of CV across subjects (black bar) 
than within each subject separately (grey bars). With the exception of subject 4, median and IQR of CV was higher across subjects than within each individual 
subject. Bars, range of the CVs; diamond, median CV. (B) We carried out differential expression (DE) analysis using Significance Analysis of Microarrays1 to 
identify DE genes associated with (i) inter-individual variation and between hippocampus subfields and (ii) variation across hippocampus subfields only. False 
discovery rate (FDR) was assessed by 1,000 permutations. At 5% FDR we identified 518 DE annotated coding genes between the 5 subjects and subfields, 
while only 12 genes were found DE between hippocampus subfields. Functional annotation of the 518 DE genes was carried out by DAVID2 and showed 
enrichment for GO terms and KEGG pathways. The results of the pilot microarray study of the hippocampus transcriptome showed higher inter-individual 
variability in gene expression than between hippocampus subfields within the same subject, and inform the use of whole hippocampus for subsequent genome-
wide network analysis in the TLE cohort. 
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Supplementary Figure 2: TLE-network genes have significant interconnectivity as compared to 
random Protein-Protein-Interaction (PPI) networks.  
 

 
 
We used the DAPPLE algorithm3 to interrogate high-confidence PPI (from InWeb database, which 
contains 428,430 reported interactions, 169,810 of which are deemed high-confidence, non-self 
interactions across 12,793 proteins) and investigated to which extent the co-regulation pattern 
observed at the transcriptional level (i.e., co-expression network) was conserved at the protein level 
(i.e., PPI). We assessed physical connections among proteins encoded for by the genes in the network 
identified in the hippocampus of TLE patients (TLE-hippocampus network) and tested whether these 
PPI are likely to be observed by chance. Looking at 10,000 random PPI networks, we found that TLE-
hippocampus network genes have significantly high interconnectivity at the protein level (P = 9.9 x 
10-5). Histograms were plotted to represent random expectation for number of directed edges (left) and 
degree of direct connectivity (right); arrows indicate the number of directed edges (left) and direct 
connectivity (right) for the TLE-hippocampus network. The resultant PPI networks built from the 
TLE-hippocampus network are reported below the histograms: left, high confidence direct PPI 
interactions; right, global PPI network where other (indirect) PPI connected to the direct TLE-
hippocampus network genes are included (grey dots). Color scale indicates the significance (P-value) 
of each PPI. 
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Supplementary Figure 3: GWAS of susceptibility to focal epilepsy. 
 
 

  
(A) QQ plot for focal epilepsy meta-analysis. Cases: 1,429 patients with focal epilepsy (1,013 (71%) 
of these had a clinical diagnosis of temporal lobe epilepsy); controls: 7,358 healthy subjects from the 
WTCCC2. (B) Manhattan plot for GWAS of focal epilepsy. All SNPs associations are reported for 
each chromosome, indicated by different colors. See Supplementary Methods for additional details.  
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Supplementary Figure 4: Comparison with gene expression from the hippocampus of healthy subjects. 

 
 
We used three separate, publicly available gene expression datasets from the hippocampus of healthy subjects and investigated whether Module-1 genes are 
up-regulated as compared with Module-2, the larger network or all other genes profiled by microarray. This analysis showed no significant differences 
between Module-1 expression and the rest of the genes analyzed, indicating that the observed up-regulation of Module-1 genes (when compared with the rest 
of genes analyzed, see Fig. 1e) is specific to the TLE patient cohort and it is not observed in subjects that lacked TLE (i.e., control hippocampus). A box plot-
based representation of the distribution of gene expression levels for Module-1, Module-2, TLE-network and all other genes on the microarray in control 
hippocampi is shown below. The median, first quartile, third quartile and range in the distribution are shown.  
 
(1) Left panel, hippocampal microarray expression data was obtained for 63 healthy post-mortem human brains from the Pritzker Neuropsychiatric Disorders 
Research Consortium; GEO accession number: GSE45642. From the whole set of gene expression data (n=670) in GSE45642, we used only 63 control 
samples, which had no psychiatric or neurological disorders, substance abuse, or any first-degree relative with a psychiatric disorder4.  
 
(2) Middle panel, microarray expression data form hippocampi from left and right sides of four late mid-fetal human healthy brains (18, 19, 21, and 23 weeks 
of gestation); GEO accession number: GSE13344. 
  
(3) Right panel, microarray expression data from human hippocampal samples were collected from individuals clinically classified as neurologically normal 
(mean age of 79.8 ± 9.1yr); GEO accession number: GSE5281.  
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Supplementary Figure 5: Module-1 is enriched for TLR-signaling and cytokines. 

 
 
mRNA expression of Module-1 genes, showing high expression for TLR-signaling genes and cytokines (highlighted in blue). In Module-1 we found 16 fold 
enrichment for inflammatory cytokines (P = 6.6 x 10-13), many of which belong to the IL-1 signaling cascade (IL-1β, IL-1RN, IL-1α, TNFα), and the TLR-
signaling pathway (11 fold enrichment, P = 1.4 x 10-6). Average gene expression levels (and s.e.m.) were calculated across the 129 TLE patients. 
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Supplementary Figure 8: Predicted regulation of Module-1 genes by activator protein 1 (AP1) transcription factor. 
 

 
 
Module-1 regulation by AP1 (i.e., JUNB) was confirmed by robust transcription factor binding site (TFBS) predictions (indicated by arrowed edges in the 
network), which integrate physical protein-protein interaction among TFs measured using the Mammalian Two Hybrid (M2H) system and quantitative TF 
expression levels measured using qRT-PCR across tissues, and account for evolutionary conservation between mouse and humans (FANTOM4)5. AP1 is 
predicted to regulate, directly or indirectly, 20 genes of Module-1, and the TFBS are conserved between mouse and human. Evolutionarily conserved TFBS 
were predicted using the MotEvo algorithm with a set of non-redundant matrices (combining JASPAR, TRANSFAC and a small set of de-novo motifs trained 
on ChIP-chip datasets) and are represented as TFBS edges in the network. The weights of the TFBS edges are proportional to the “response values”, which 
represent how well the expression of each promoter responds to the motif activity for that TF. The diameter of each node is scaled to indicate the 'dynamics' of 
the gene and it is calculated by mapping to log(max(detected expression)/min(detected expression)) within the time course; highly dynamic nodes are larger 
than statically expressed nodes. The color of the node is mapped to a relative scale for each node between white for min(detected expression) and purple 
max(detected expression). Arrowheads indicate activating relationship.  
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Supplementary Figure 9: Immunohistochemical analyses of SESN3 in human hippocampal tissue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Representative images of co-immunoreactions against MAP2 (green) antibody showed that SESN3 (red) is localized in neurons in human hippocampal tissue 
from an autopsy specimen (A) and a biopsy TLE hippocampus (B). While several factors (e.g., time interval between tissue harvesting and fixation, post-
harvesting delay, etc.) might have affected the preservation and quality of tissues samples used for immunohistochemical analyses, we observed that the 
number of well-defined neuronal cell bodies (MAP2 positive with central round nucleus, indicated by the white arrows below) in (B) is reduced, probably due 
to epilepsy-associated neuronal degeneration in the TLE hippocampus. Although the number of viable neurons is reduced in the TLE hippocampus, more 
elements showed robust expression of SESN3 – insert in the overlay (insert = 50µm). Please refer to Fig. 4e for quantification of SESN3 expression in human 
hippocampal tissue by immunofluorescence analysis.  
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Supplementary Figure 11: Expression of sesn3 mRNA in the zebrafish larval brain. 
 

 
 
 
In situ hybridization analysis of sesn3 mRNA expression in 3 dpf and 4 dpf zebrafish larvae. Lateral views of larvae (left panels) showing widespread 
expression of sesn3 in larval brain. Transverse sections through the hindbrain (right panels) reveal extensive expression of sesn3 in brain tissue, which is 
increased in 4 dpf larvae compared to 3 dpf larvae. dpf, days post fertilization. Probe specificity was tested and validated in independent experiments using 
sesn3 antisense and sesn3 sense (control) probes. Scale bar in left panels = β00 μm; scale bar in right panels = 100 μm. 
  







 14 

indicate optic tectum, where reduction in c-fos expression due to morpholino injection is most pronounced. Lower row shows individuals from the same pools 
of morpholino-injected embryos that were not treated with PTZ, and consequently no c-fos expression is detectable. Scale bar = β00 μm. (D) PTZ-induced 
locomotor activity of larvae injected with the combination of sesn3 morpholinos (i3e4 + e4i4) is much lower than that observed in controls and larvae injected 
with either sesn3 morpholino individually. Following PTZ treatment, injection of the combination of two sesn3 morpholinos yields a 58% reduction in the 
cumulative distance swam as compared with the control morpholino (P = 3.8 x 10-5). Notably, microinjection of either morpholinos singly showed no 
significant effect or slightly increased locomotor activity as compared to larvae injected with control morpholino, after PTZ treatment. Black bars, cumulative 
locomotor activity in zebrafish exposed to 20mM PTZ. White bars, cumulative basal locomotor activity in larvae not treated with PTZ. Data are reported as 
mean ± s.e.m. NS, not significant (P>0.05). 
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Supplementary Table 1. Clinical Samples.  
Genome-wide expression data were generated from whole human hippocampus samples from 131 
patients who had undergone selective amygdalahippocampectomy for mesial temporal epilepsy 
(mTLE) with hippocampus sclerosis (HS). Clinical data recorded from each patient included: date of 
birth, sex, handedness, age at epilepsy onset, laterality of TLE (right/left), operation date, age at 
operation, pre-operative seizure type/s and frequency, antiepilepsy drug (AED) therapy at time of 
surgery, pathology. Pre-operative seizure frequency was estimated by a retrospective review of the 
hospital case records for the immediate pre-operative period defined by an absence of change in AED 
type or dose and expressed as seizures per month. Full clinical and gene expression data were 
available for 129 out of 131 samples, which were used for the network and genetic analyses. Simple 
partial seizures were not counted.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1HS, hippocampus sclerosis;  
2CPS, complex partial seizures;  
3PSG, partial-onset secondary generalized seizures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Total number of hippocampus samples 131 

Number of subjects with HS1 alone 97 (74%) 

Number subjects with dual pathology  34 (26%) 

Average age at surgery  
[range, median] 

33 years 4 months              
[1-64 years, 35 years] 

Female 59 (45%) 

Male 72 (55%) 

Number of subjects with CPS2 alone 122 

Number of subjects with PSG3 9 

Average number of seizures (CPS + PSG) per month  
[range, median] 

15.1  
[150, 5] 
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Supplementary Table 2. Association of network genes with susceptibility to focal epilepsy.  
Ensembl genes were mapped to all SNPs in a 100kb region around the gene transcription start site. 
Network genes were tested for over-representation in the GWAS data for focal epilepsy 
(Supplementary Figure 3) using the hypergeometric distribution test. The test significance (enrichment 
P-value) was estimated empirically by 1,000,000 permutations, with the size of the sample drawn 
equal to that of the set analysed. Enrichment analysis was performed for three SNP sets: intragenic 
SNPs; SNPs within a 10kb window and SNPs within a 100kb window around the gene transcription 
start site.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SNP set tested 
Enrichment  

P-value 

Number of genes with SNP having 

GWAS P-value <0.05 

Intragenic SNPs 2.0 x 10
-7

 83 

SNPs <10kb window 2.2 x 10
-7  

 24 

SNPs <100kb window           2.1 x 10
-7

 42 
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Supplementary Table 3. Results of the Gene Ontology (GO) enrichment analysis for the genes in 
Module-1 and Module-2, respectively. The enrichment analysis was carried out using DAVID2. Only 
GO terms showing significant enrichment are reported (false discovery rate (FDR) < 5%).  
 
 
 
Module-1 
 
 

GO Term Count % P-value 
Fold 

Enrichment 
FDR 

Response to wounding 20 29.4 3.40E-14 8.7 <0.01 

Inflammatory response 15 22.1 5.70E-12 10.6 <0.01 

Response to glucocorticoid stimulus 9 13.2 4.40E-11 26.5 <0.01 

Behavior 16 23.5 9.40E-11 7.8 <0.01 

Response to organic substance 19 27.9 9.50E-11 6 <0.01 

Response to corticosteroid stimulus 9 13.2 9.60E-11 24.3 <0.01 

Immune response 18 26.5 4.00E-10 6 <0.01 

Response to steroid hormone stimulus 11 16.2 5.50E-10 13.1 <0.01 

Response to endogenous stimulus 14 20.6 1.40E-09 7.9 <0.01 

Taxis 10 14.7 1.50E-09 14.3 <0.01 

Chemotaxis 10 14.7 1.50E-09 14.3 <0.01 

Response to hormone stimulus 13 19.1 4.60E-09 8.1 <0.01 

Defense response 16 23.5 4.90E-09 6 <0.01 

Regulation of cell proliferation 17 25 2.30E-08 5 <0.01 

Locomotory behavior 11 16.2 2.30E-08 9.2 <0.01 

Negative regulation of cell proliferation 12 17.6 3.90E-08 7.6 <0.01 

Regulation of cell cycle 11 16.2 1.60E-07 7.6 <0.01 

Apoptosis 14 20.6 2.10E-07 5.3 <0.01 

Programmed cell death 14 20.6 2.60E-07 5.3 <0.01 

Death 15 22.1 3.20E-07 4.8 <0.01 

Cell motion 12 17.6 7.60E-07 5.8 0.01 

Response to organic cyclic substance 7 10.3 8.90E-07 13.3 0.02 

Response to lipopolysaccharide 6 8.8 9.90E-07 17.9 0.03 

Positive regulation of multicellular 
organismal process 

9 13.2 1.00E-06 8.5 0.01 

Regulation of smooth muscle cell 
proliferation 

5 7.4 1.60E-06 24.9 0.07 

Cell death 14 20.6 1.80E-06 4.5 0.01 

Response to molecule of bacterial origin 6 8.8 1.90E-06 16 0.05 

Positive regulation of cytokine production 6 8.8 2.50E-06 15.3 0.07 
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GO Term Count % P-value 
Fold 

Enrichment 
FDR 

Negative regulation of apoptosis 10 14.7 2.70E-06 6.5 0.03 

Negative regulation of programmed cell 
death 

10 14.7 3.00E-06 6.4 0.03 

Negative regulation of cell death 10 14.7 3.10E-06 6.4 0.03 

Response to mechanical stimulus 5 7.4 4.30E-06 20.5 0.15 

Response to extracellular stimulus 8 11.8 4.70E-06 8.3 0.07 

Leukocyte migration 5 7.4 4.70E-06 20.1 0.16 

Regulation of apoptosis 14 20.6 6.60E-06 4 0.04 

Regulation of programmed cell death 14 20.6 7.40E-06 4 0.05 

Response to organic nitrogen 5 7.4 7.70E-06 18.2 0.24 

Regulation of cell death 14 20.6 7.80E-06 3.9 0.05 

Positive regulation of smooth muscle cell 
proliferation 

4 5.9 9.40E-06 29.6 0.50 

Positive regulation of cell proliferation 10 14.7 1.10E-05 5.5 0.10 

Regeneration 5 7.4 1.20E-05 16.6 0.34 

Leukocyte chemotaxis 4 5.9 1.90E-05 24.8 0.84 

Response to bacterium 7 10.3 2.00E-05 8.3 0.27 

Cell migration 8 11.8 2.40E-05 6.6 0.27 

Positive regulation of cell division 4 5.9 2.40E-05 23.5 0.98 

Cell chemotaxis 4 5.9 2.40E-05 23.5 0.98 

Response to abiotic stimulus 9 13.2 2.80E-05 5.6 0.26 

Regulation of viral genome replication 3 4.4 2.80E-05 49.1 2.50 

Response to temperature stimulus 5 7.4 3.00E-05 13.8 0.70 

Response to oxygen levels 6 8.8 3.30E-05 9.8 0.54 

Response to corticosterone stimulus 3 4.4 4.20E-05 43 3.30 

Regulation of cell division 4 5.9 5.10E-05 19.5 1.70 

Localization of cell 8 11.8 5.20E-05 6 0.52 

Cell motility 8 11.8 5.20E-05 6 0.52 

Neutrophil chemotaxis 3 4.4 6.10E-05 38.2 4.20 

Regulation of response to external stimulus 6 8.8 6.50E-05 8.7 0.94 

Negative regulation of multicellular 
organismal process 

6 8.8 7.70E-05 8.4 1.10 

Positive regulation of macromolecule 
biosynthetic process 

11 16.2 1.00E-04 3.9 0.66 

Female pregnancy 5 7.4 1.10E-04 10.4 2.00 

Positive regulation of cell cycle 4 5.9 1.10E-04 16.1 2.90 

Regulation of cytokine production 6 8.8 1.30E-04 7.6 1.70 

Positive regulation of cellular biosynthetic 
process 

11 16.2 1.60E-04 3.7 0.95 
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GO Term Count % P-value 
Fold 

Enrichment 
FDR 

Positive regulation of biosynthetic process 11 16.2 1.80E-04 3.6 1.10 

Protein kinase cascade 8 11.8 1.90E-04 5 1.60 

Response to vitamin 4 5.9 1.90E-04 13.9 4.50 

Positive regulation of protein transport 4 5.9 2.00E-04 13.7 4.60 

Anti-apoptosis 6 8.8 2.70E-04 6.7 2.90 

Response to hypoxia 5 7.4 2.90E-04 8.6 4.10 

Blood vessel morphogenesis 6 8.8 3.00E-04 6.5 3.30 

Negative regulation of transport 5 7.4 3.00E-04 8.5 4.20 

Response to drug 6 8.8 3.40E-04 6.4 3.60 

Regulation of system process 7 10.3 3.70E-04 5.2 3.20 

Positive regulation of protein kinase activity 6 8.8 4.10E-04 6.2 4.10 

Positive regulation of nitrogen compound 
metabolic process 

10 14.7 4.20E-04 3.6 2.50 

Positive regulation of kinase activity 6 8.8 4.90E-04 6 4.80 

Protein amino acid phosphorylation 10 14.7 5.60E-04 3.4 3.20 

Negative regulation of molecular function 7 10.3 5.90E-04 4.8 4.70 

            

      

           

Module-2      

GO term Count % P-value 
Fold 

Enrichment 
FDR 

Collagen fibril organization   4 7.4 1.10E-06 50.4 0.09 

Extracellular matrix organization  5 9.3 8.70E-06 17.6 0.24 

Blood vessel development  6 11.1 4.80E-05 9 0.66 

Vasculature development  6 11.1 5.50E-05 8.7 0.74 

Extracellular structure organization  5 9.3 7.60E-05 11.2 1.30 

Response to nutrient levels  5 9.3 1.90E-04 9.3 2.60 

Response to inorganic substance  5 9.3 2.20E-04 8.9 3.00 

Response to extracellular stimulus  5 9.3 3.10E-04 8.3 3.90 
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Supplementary Table 4. Primer sequences used in the mouse qRT-PCR experiments and Sesn3 
siRNA target sequences. 

Primer sequences 

Gene Forward sequence Reverse sequence 

IL-1b GGGCCTCAAAGGAAAGAATC TACCAGTTGGGGAACTCTGC 

IL-1a CCCGTCCTTAAAGCTGTCTG AATTGGAATCCAGGGGAAAC 

ILRN TAGCAAATGAGCCACAGACG ACATGGCAAACAACACAGGA 

Nlrp3 ATGCTGCTTCGACATCTCCT AACCAATGCGAGATCCTGAC 

Atf3 TTTTCCGGGAGTTTCATCAG GGTGTCGTCCATCCTCTGTT 

Ccl4 AGCCAGCTGTGGTATTCCTG GAGGAGGCCTCTCCTGAAGT 

Cd69 TGGTGAACTGGAACATTGGA CTCACAGTCCACAGCGGTAA 

Egr2 TTTGATGTGCACTGCTCTCC TCACACAAGGCACAGAGGAC 

Egr3 AGACGTGGAGGCCATGTATC GGGAAAAGATTGCTGTCCAA 

Fos CTCCCGTGGTCACCTGTACT TTGCCTTCTCTGACTGCTCA 

Fosb AGAGGTCGAGGCAATTTTCA GGAGGGAAGGGACAGAACTC 

Gadd45B CACCCTGATCCAGTCGTTCT TGACAGTTCGTGACCAGGAG 

Junb CCATCAGCTACCTCCCACAT GCTTTCGCTCCACTTTGATG 

Sesn3 GCGAGGAGAAGAACATTTGC TGTGGTCGTGTCAACATCCT 

Tnfa TATGGCTCAGGGTCCAACTC CTCCCTTTGCAGAACTCAGG 

Hprt AAGCTTGCTGGTGAAAAGGA TTGCGCTCATCTTAGGCTTT 

Gapdh GGGTGTGAACCACGAGAAAT GTCTTCTGGGTGGCAGTGAT 

Sesn3 siRNA target sequences 

Target sequence 1: GCAUCAAUCCAGAGAGAGA 

Target sequence 2: GGCUGAAUGGCUUGGAAUA 

Target sequence 3: AGUUCUACAUGCUGCGUAU 

Target sequence 4: AAGCAAAUACGGCGGAUGA 
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SUPPLEMENTARY METHODS 

Pilot study using surgical hippocampus samples 

We first assessed the extent of differences in gene expression between hippocampus subfields and 

between whole hippocampus between individuals using surgical hippocampus samples from five 

patients with mesial temporal lobe epilepsy (mTLE). For each hippocampus sample, four 

hippocampus subfields were laser micro-dissected (dentate gyrus, CA1, CA3 and CA4) and genome-

wide expression profiles were generated for each subfield using Affymetrix microarray (n=22,215 

probe sets) as described before in detail6. We found substantially higher inter-individual variability in 

whole-hippocampus gene expression than between hippocampal subfields (see Supplementary Figure 

1), indicating that inter-individual variability in gene expression from whole hippocampus can be used 

to correlate with variation in phenotype, and informing the use of expression data from whole 

hippocampus in our subsequent expression analyses.  

Clinical material  

One hundred and forty seven patients with pharmacoresistant temporal lobe epilepsy (TLE) were 

studied, who underwent surgical treatment in the Epilepsy Surgery Program at the University of Bonn 

Medical Center. All patients had undergone a detailed pre-surgical evaluation using a combination of 

non-invasive and invasive procedures to establish that their seizures originated in the mesial temporal 

lobe7. Surgical removal of the hippocampus was clinically indicated in every case. All procedures 

were conducted in accordance with the Declaration of Helsinki and approved by the ethics committee 

of the University of Bonn Medical Center. Informed written consent was obtained from all patients. 

For the individual patients, the frequency of partial seizures occurring with impairment of 

consciousness (corresponding to the concept of a complex partial seizure) and partial seizures 

involving into bilateral tonic, clonic or tonic-clonic components (corresponding to the concept of a 

secondary generalized seizure) were assessed in the immediate pre-surgical period defined by an 

absence of change in drug therapy. Subjective sensory or psychic phenomena (simple partial seizures 

or auras) were not counted. Complex partial and secondary generalized seizures were each counted as 
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one event, and the combined total expressed as seizures per month. Clinical assessment was by review 

of the hospital case records from the single centre in the pre-surgical assessment period. Additional 

clinical variables recorded include: age and sex, handedness, laterality of TLE (determined by 

standard pre-surgical electro-clinical assessment including high quality structural magnetic resonance 

imaging), age at manifestation of epilepsy, antiepileptic drug (AED) therapy during the period of 

seizure frequency assessment (including type and dose for each AED), outcome of surgery and 

hippocampal pathology. For AED therapy, we grouped patients into one of the following three 

categories; (A) sodium channel blocker/s alone (B) combination therapy including an SV2A AED (C) 

combination therapy not including an SV2A AED (overview on clinical data in Supplementary Table 

1 and8). 

Effect of antiepileptic drug therapy, laterality and pathology on gene expression in the 

hippocampus of temporal lobe epilepsy patients 

Genome-wide differential expression analyses were carried out to assess the extent to which each 

clinical cofactors affect variation in gene expression. No or limited effect of these clinical cofactors 

was found on gene expression in the hippocampus as detailed below. 

Effect of AED therapy: The AED therapies at the time of surgery were classified into three main 

groups: Category A, patients taking a sodium channel blocker only (n=27), Category B, combination 

AED therapy that included levetiracetam (n=49) and Category C, combination AED therapy not 

including levetiracetam (n=52). Differential expression analysis using Significance Analysis of 

Microarrays (SAM)1 followed by multiple testing correction did not identify significant differences 

between the three categories (false discovery rate (FDR) < 5%).  

Effect of laterality of temporal lobe epilepsy: Differential expression analysis did not show any 

significant variation (FDR < 5%) in gene expression due laterality in the study sample. 

Effect of pathology: SAM analysis showed a small set of genes that were differentially expressed 

between the 98 subjects with hippocampal sclerosis as a single pathology and 33 subjects associated 



 24 

with dual pathology (i.e., hippocampal sclerosis plus an additional adjacent brain lesion)(see 

Supplementary Table 1). At 5% FDR, 3,151 protein coding genes were identified as differentially 

expressed. Of these, only 10 genes were also found in the network and significantly associated with 

seizure frequency (empirical P-value <5%). 

Sample preparation and microarray analysis in human hippocampus 

All 129 patients used in the present study had mesial temporal lobe epilepsy (mTLE) and all tissue 

samples were from indistinguishable hippocampal tissue portions. Fresh frozen sections were 

neuropathologically analyzed according to international standards and carefully matched for excellent 

anatomical preservation by experienced neuropathologists of the Dept. of Neuropathology Bonn. Up 

to 8 sections of 50.o µm were used for genomic DNA and total RNA isolation. Total RNA was 

isolated from hippocampal tissue samples using AllPrep DNA/RNA Mini Kit (Qiagen, Hilden) 

according manufacturer’s protocol. Tissue lysate was passed trough an AllPrep RNeasy spin column 

to selectively isolate RNA. For all cases the RIN-range was from 6,5 to 10. In order to synthesize 

cDNA from total RNA and in vitro transcription to biotin-labeled cRNA, Illumina TotalPrep-96 RNA 

Amplification Kit (Life Technologies Corporation, Darmstadt) was used according to the 

manufacturer’s protocol. Briefly, a reverse transcription procedure was applied to synthesize first 

strand cDNA from 50.o ng total RNA. Second strand synthesis to convert the single-stranded cDNA to 

double-stranded DNA was carried out. After cDNA purification, in vitro transcription was performed 

for biotin-labeling and following purification of the resulted cRNA. A total amount of 750.o ng cRNA 

was used for hybridization on Human HT-12 v3 Expression Bead Chips with Illumina Direct 

Hybridization Assay Kit (Illumina, San Diego, CA). Preparation of cRNA samples and BeadChips 

was done separately in BeadChip Hyb Chambers and the incubation was carried out overnight to 

hybridize the labeled cRNA strand to the beads containing respective complementary gene-specific 

sequences. BeadChips from overnight hybridization were cleaned in several washing steps. To detect 

the differential signals on the BeadChip, Cy3-Streptavidin was incorporated to bind to the hybridized 

probes. The Illumina BeadArray Reader was used to scan the excited fluorescent signals of the 

hybridized single-stranded product on the BeadChips. The data were further analyzed using Illumina’s 
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GenomeStudio Gene Expression Module and were normalized by means of quantile normalization 

with background subtraction. The microarray probes were annotated using either the Human HT-12 v3 

annotation file from Illumina or Ensembl (Human release 72).  

Gene co-expression network analysis in the human hippocampus 

For each probe, we first removed the effect of “age” and “gender” covariates from the expression data 

using linear model in R (http://www.r-project.org/). The residuals obtained from the linear regression 

were used as the input for the network analyses, which was carried out at the level of microarray 

probes. Gene co-expression networks were inferred using Graphical Gaussian Models (GGMs), which 

use partial correlations to assess co-expression relationships between any microarray probe pair in the 

dataset, removing the effect of other probes9. To maximize power to detect significant and sizeable 

partial correlations and co-expression networks, we prioritized probes showing both robust expression 

(i.e., probes expressed with a detection p-value < 0.05 in at least 20% of the samples) and the highest 

variation in gene expression (i.e., probes having a coefficient of variation (CV) of gene expression 

greater than the median CV calculated across all probes in the set). This delineated an informative set 

of 7,150 probes that were used in the GGM analysis, which was carried out using the package 

“GeneNet”9,10 in R (http://www.r-project.org/). For each pair of probes, partial correlations were 

estimated using a shrinkage estimator implemented in “GeneNet” package (for details about the 

shrinkage procedure refer to the original paper9). We then used the empirical Bayes local FDR 

statistic11 to extract significant edges from the set of partial correlations (Supplementary Figure 13), 

which delineated a set of 2,124 inter-connected nodes (Supplementary Data 2). 

Network extraction: We employed the Heinz algorithm12, implemented in the R package BioNet13, to 

extract the largest connected component of 511 nodes (i.e., probes) from the set of partial correlations 

encompassing 2,124 nodes (Supplementary Data 2), which were detected at FDR 5%. This defined a 

co-expression network of 511 nodes, representing 442 annotated unique genes (Supplementary Data 

1), which we called TLE-hippocampus derived transcriptional network (TLE-network). 

http://www.r-project.org/
http://www.r-project.org/
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Identification of transcriptional modules: The ClusterViz package on the Cytoscape platform14 was 

used to investigate and extract clusters within the large connected component of 511 nodes. This is 

based on the fast agglomerative algorithm based on edge clustering coefficients (FAG-EC) developed 

by15, which is a modification of the k-means algorithm, was used to extract discrete modules from the 

large connected component of 511 nodes. Briefly, an undirected simple graph G is created from the 

list of nodes and edges in the large component, and the clustering coefficients (Ci,j) of all edges in the 

graph are calculated according to  

     Equation (1)  

where ki and kj are the degrees of node i and node j. The edges are sorted in decreasing order of edge 

clustering coefficient. The higher the clustering coefficient of an edge, the more likely that it is an 

edge to be found inside the same module. All the nodes in graph G are initialized as singleton sub-

graphs, which are mergeable.  Edges are gradually added to clusters by working down the ordered list 

of edges. This procedure yielded two large modules comprising 80 nodes (representing 69 unique 

annotated genes) with 584 edges (Module-1) and 60 nodes (representing 54 unique annotated genes) 

with 247 edges (Module-2), respectively. 

Mapping the genetic control of gene co-expression networks  

Here we illustrate the strategy we used to map the genetic control points of the transcriptional modules 

in the TLE patient cohort. After preprocessing of the genotype data, we performed the following steps: 

i) Principal Components Bayesian GWA study (PCBGWAs) and ii) refinement of genetic mapping 

results provided by PCBGWAs. 

Data preprocessing: imputation of missing values, Minor Allele Frequency (MAF) thresholding and 

tagging: Genotype data was available for 122 TLE samples. Missing values in the genotype data for 

each of the 22 autosomal chromosomes were imputed using FastPhase16, allowing 20 random starts of 

the EM algorithm (-T20), 100 iterations of the EM algorithm for each random start (-C100), no 

haplotype estimation (-H-4), without the determination of the number of clusters (-K1). We removed 
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SNPs with Minor Allele Frequency (MAF) < 0.05 and performed tagging at D′ > 0.80 level17. The 

original data set consisting of 527,684 SNPs was reduced to 478,290 SNPs after MAF thresholding 

(19% reduction) and further shrunk to 346,408 SNP after tagging (34% reduction). This set of SNPs 

was used for all following analyses. 

Step 1: Principal Components Bayesian GWA study (PCBGWAs) 

We performed Principal Component (PC) analysis18 on Module-1 (n=122 and q=80) and Module-2 

(n=122 and q=60) expression separately. The first three PCs (each explaining a proportion of variance 

> 5%) accounted in total for 76.83% and 51.55% of the variability of Module-1 and Module-2, 

respectively (Supplementary Figure 6) and were used for the Bayesian GWA study. 

We used PC-based multivariate regression approaches19 to prioritize genomic regions associated with 

Modules’ expression. For each module, the first three PCs were associated to the set of predictors 

(~350K SNPs) using ESS++ (Evolutionary Stochastic Search)20,21. Given the relatively small number 

of subjects (n=122), in order to detect important signals we imposed very strong sparsity with E(p ) = 

2 and V(p ) = 2 (i.e., the a priori expected model size (expected number of true genetic associations) 

and variance of the model size), meaning the prior model size is likely to range from 0 to 6. In this set-

up, given the level of sparsity and the number of predictors (p=346,408), the average prior probability 

π that a SNP is truly associated with the phenotype is 5.77x10-6. ESS++, the Bayesian variable 

selection algorithm, was run for 110,000 sweeps, with 10,000 sweeps as burn-in, with three chains run 

in parallel and a hyper-prior on the selection coefficient τ. Diagnostic tests for convergence were 

performed similarly to22. Output from the algorithm enabled us to calculate the Best Model visited 

(which defines the best set of predictors visited, i.e. SNPs) as well as the Marginal Posterior 

Probability of Inclusion (MPPI) and the associated (local) FDR for each SNP23. Following 24, for each 

predictor (SNP), we derived the Bayes Factor (BF) as the ratio between the Posterior Odds and the 

Prior Odds. Detailed discussion and the benefits of reporting BF over the more traditional critical level 

(P-value) of a test of association can be found in25. Since in our set-up π is very small, the BF has to be 
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large (log10(BF)>6) to provide strong evidence for phenotype-SNP association (with MPPI close to 1 

and (local) FDR<0.05). 

Step 2: Refinement of genetic mapping results provided by PCBGWAs 

For the locus on chromosome 11q21 detected by PCBGWAs for Module-1, we refined the association 

by defining a 1Mbp region centered on the significant SNP. We then linked all genes of the Module to 

all SNPs in the selected region using HESS24, the extension of ESS++21 where a large number of traits 

(i.e., Module-1 genes’ expression) are jointly considered. Sparsity was imposed setting E(p ) = 2 and 

V(p ) = 2 for each gene with the prior probability π that a SNP at the locus is truly associated equal to 

0.0112 for Module-1. The algorithm was run for 110,000 sweeps, with 10,000 sweeps as burn-in, with 

three chains run in parallel. Convergence diagnostics of the Monte Carlo Markov Chain output 

showed no evidence of irregular behavior. The Best Model Visited is the most supported multivariate 

model ranked according to the Model Posterior Probability. For each multivariate model (i.e., any 

combination gene(s)-SNP(s)) visited during the Markov Chain Monte Carlo, the log-Posterior (log 

marginal likelihood × log prior on the model space) is available and, for each unique model visited, 

the Model Posterior Probability is equal to the renormalized log-Posterior probability. Finally the 

proportion of genes associated with each SNP is defined as the average number of genes that are 

predicted in the Best Models Visited by each SNP. This measure helps prioritizing SNPs that 

influence multiple genes at the same time and allows the discovery of so-called regulatory hot-spots, 

i.e., genetic loci that are associated with a large number of gene expression traits24.  

Genetic association of TLE-network genes with epilepsy susceptibility 

To test whether co-expression networks are likely to be causal, we tested whether network genes are 

enriched for SNP variants genetically associated to epilepsy; since genotypes do not vary with disease 

status, genetic association of a network to disease susceptibility provides independent evidence for a 

causal relationship with the disease.  
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Genome-wide association study (GWAS) of susceptibility to focal epilepsy: To test whether networks 

show enrichment for epilepsy genetic association signals we undertook an epilepsy GWAS comprising 

1,429 patients with focal epilepsy and 7,γ58 healthy controls. Three epilepsy cohorts of “UK, Swiss or 

Finnish ancestry” and matched healthy controls were combined via meta-analysis. 

Patients: The diagnosis of focal epilepsy was made and/or reviewed by a consultant neurologist 

according to the International League Against Epilepsy (ILAE) definition of focal epilepsy26. All 

causes of focal epilepsy (genetic, structural and unknown) according to the ILAE Revised 

Terminology and Concepts for Organisation of Seizures and Epilepsies27 were included except 

patients with a progressive brain lesion who were excluded. The 1,429 cases with focal epilepsy 

available post-filtering (see below) were derived as follows: (a) 806 UK Ancestry cases; (b) 213 Swiss 

Ancestry cases provided by GSK; (c) 410 Finnish Ancestry cases also provided by GSK. Of the 1,429 

patients, 1,013 (71%) had a clinical diagnosis of temporal lobe epilepsy (TLE).  

Controls: Post filtering (see below), the 7,358 healthy controls were divided as follows: (a) 5,184 UK 

controls from the Wellcome Trust Case Control Consortium Phase 2 (WTCCC2), consisting of the 58 

Birth Cohort (58 BC; 2,692 controls) and the National Blood Service (NBS; 2,492 controls); (b) 232 

Swiss controls provided by GSK; (c) 1,942 Finnish Controls from either the Helsinki Birth Cohort 

(HBC; 1,671 controls) or GSK (271 controls). 

Genotyping, Quality Control and Population Stratification: UK cases were genotyped on Illumina 

660-Quad; WT controls were genotyped on Illumina 1.2M. Samples provided by GSK were 

genotyped on Illumina 610-Quad, HBC samples were genotyped on 660-Quad.  

Identification of Close Relatives and Population Structure: For each ancestry band, we first estimated 

pairwise identity by descent (IBD) by calculating identity by state across a subset of roughly 50,000 of 

the highest quality SNPs, pruned to ensure approximate linkage disequilibrium. These pairwise IBD 

values enabled us to remove one of each pair of very close relatives (IBD>0.25) and identify 

population outliers. For the association analyses, we included covariates representative of population 

structure across the ancestry band as a whole (e.g. all UK ancestry samples) as well as covariates 
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specific to a particular set of samples (e.g. just 58 BC controls). We derived these covariates using the 

top eigenvectors calculated from (a subset of) the IBD estimate matrix. We determined the number of 

significant axes to include using the Tracy-Widom test implemented in EIGENSTRAT software28.   

Association Analysis: For the association testing across each ancestry band, we retained autosomal 

SNPs which satisfied the following criteria: MAF > 0.05, Call Rate (CR) > 0.99, p-value from test for 

Hardy-Weinberg equilibrium (HWE) > 0.0001; additionally SNPs with 0.01 < MAF < 0.05 were 

retained if CR > 0.995 and HWE > 0.01. We utilized the logistic regression function implemented in 

PLINK29. This fits a linear model to the log odds for susceptibility to focal epilepsy, which is made up 

of an intercept term, contributions from sex and from the population covariates and for the SNP in 

question. From the three GWASs, we had p-values for 512,450 SNPs (UK Study) 488,214 SNPs 

(Swiss Study) and 498,721 SNPs (Finnish Study). This meant that for 487,682/11,571/13,197 SNPs 

we had 3/2/1 p-values. Association p-values were combined using PLINK's meta-analysis function, 

which invokes a standard inverse variance weighting29. We discovered no single SNP with a genome-

wide significant association with susceptibility; all p-values were greater than 10-7 (see Supplementary 

Figure 3), consistent with the hypothesis that focal epilepsy is a highly polygenic trait with no 

common variants with strong effect sizes30.  

Enrichment analysis of network genes with epilepsy: To examine whether genes in the network were 

associated with susceptibility to focal epilepsy we first compared the genomic locations of each SNP 

genotyped in the focal epilepsy GWAS with the Ensembl gene annotations using the GRCh37.p5 build 

of the Ensembl database (www.ensembl.org). We then divided all SNPs into three major categories: 

(A) SNPs within any Ensembl gene in the network; (B) SNPs within 10kb region around any Ensembl 

gene in the network (excluding any in A); (C) SNPs within 100kb region around any Ensembl gene in 

the network (excluding any in A or B). Each gene was then assigned a GWAS significance value 

consisting of the lowest P-value of all SNPs mapped to it. We tested whether SNPs close to (<100kb 

from) any network genes were significantly more likely to associate with epilepsy in GWASs than 

SNPs close to genes not in the network. We used the hypergeometric distribution test to determine the 

degree of overrepresentation of significant genetic associations (i.e., GWAS P-value < 0.05) within 

http://www.ensembl.org/
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the network gene set. For each SNP category the null distribution of the hypergeometric test was 

generated by 1,000,000 randomly selected gene sets, where the size of the sample drawn was equal to 

that of the set analyzed31. This yielded the empirical enrichment P-values for the network genes within 

each SNP category, which are reported in Supplementary Table 2 and show that the distance between 

the SNPs and the network genes did not affect the reported enrichment results for the network. 

RNA-sequencing analysis in the mouse hippocampus 

Mouse pilocarpine model: A single injection of pilocarpine was used to trigger status epilepticus (SE) 

in male NMRI mice (Charles River, France) 28–32 g at the beginning of the study. As previously 

described32, animals were injected intraperitoneally (i.p.) with 1 mg/kg of Nmethylscopolamine 

bromide 30 min prior to pilocarpine treatment (300 mg/kg; i.p.). Within 10 to 45 min after pilocarpine 

treatment, animals displayed generalized clonic-tonic seizures that progressed to continuous 

convulsive activity, i.e. status epilepticus. The SE lasted 3 h and was interrupted by i.p. injection of 

diazepam (10 mg/kg) to limit the extent of brain damage. The mice surviving SE typically show 

spontaneous recurrent seizures within few days and continue to display them for several weeks32. In 

the present study all mice were continuously video monitored for a period of 2 weeks starting the 

recordings 4 weeks after pilocarpine-indeed SE to document the presence of spontaneous recurrent 

seizures. The mice were then scarified 6 weeks after SE induction to collect brain samples. 

RNA-Seq analysis: We carried out high-throughput sequencing of mRNA (RNA-Seq) in whole 

hippocampus from 100 epileptic (pilocarpine model where spontaneous recurrent seizures were 

document by video monitoring of each individual animal)32 and 100 control naïve mice. Total RNA 

was isolated from 200 mouse hippocampi and cDNA and sample preparation for RNA sequencing was 

done according to the protocols recommended by the manufacturers (TruSeq RNA kit, Illumina). 

Samples were sequenced on an Illumina HiSeq 2000 sequencer as paired-end 75-nucleotide reads 

according to the protocol recommended by the vendor. Raw reads were mapped to the reference 

mouse genome (mm10) using TopHat version 2.0.833. Read counts per gene were calculated for each 

sample using HTseq version 0.5.3. Read counts per gene were further normalised across all samples 
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using the “trimmed mean of M-value” (TMM) approach as discussed in34. Differential expression 

analysis was performed using the Bioconductor R package edgeR34 version 3.2.4, and a threshold of 

5% FDR was used to identify significant gene expression changes. 

Cell culture and in vitro experiments 

Bone-marrow-derived macrophages (BMDMs) from C57BL/6J mice were cultured in L929 

conditioned media as previously described35. Briefly femurs and tibias from each mouse were flushed 

out in HBSS (Life Technologies) with the use of a syringe. Total bone marrow-derived cells were 

plated in 6-well plates (Nunc) and cultured for 5 days in DMEM (Life Technologies) that contained 25 

mM HEPES (Sigma), 25% L929 conditioned medium, 25% FBS (Biosera), penicillin (100 U/ml; Life 

Technologies), streptomycin (100 μg/ml; Life Technologies), and l-glutamine (2 mM; Life 

Technologies). Following 5 days of differentiation, these cells were characterized as macrophages by 

CD68 staining.  

Murine microglial cell line (BV2) was kindly provided by Dr Joseph Bertrand (Karolinska institute, 

Sweden). BV2 cells were cultured and maintained in DMEM (Life Technologies) media and 

supplemented with 10% FBS (Biosera), 2 mM L-glutamine, penicillin (100 U/ml, Life Technologies) 

and streptomycin (100 mg/ml, Life Technologies). 

Hippocampal neurons were derived from embryonic mice36. Embryonic day 19 mice were harvested 

by cesarean section after culling the pregnant dams by cervical dislocation (strain GFPm-high, bred in 

our facility). The animal protocol was approved by the local ethics committee and performed under 

UK Home Office License. Brains were removed from the embryos and hippocampi were isolated from 

each brain hemisphere after removing meninges. Hippocampal tissue was then dissociated by 2.5% 

(wt/vol) trypsin digestion and trituration with a Pasteur pipette and a fine 1000 µl bore pipette. Low-

density cultures (5 x 10⁴  cells/ml) were plated onto 18 mm glass cover-slips introduced into 12-well 

(3 cm²) culture dishes. Tissue culture dishes were coated with (0.01mg/ml) poly-L-lysine. The cells 

were plated in Neurobasal medium (Life Technologies) supplemented with B27 (Life Technologies), 

β00mM glutamine (Life Technologies), 14.γM -mercaptoethanol and streptomycin/amphotericin B 
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(Life Technologies). Hippocampal tissue preparations were incubated in the cell culture incubator at 

37°C, 5% CO₂ . Two days after plating, the medium was top up with 30% of the initial volume and 

after 3 more days 50% of the medium was changed. Subsequently every 4-5 days 50% of the medium 

was replaced. Hippocampal cultures were maintained for up to 10 days in vitro. 

SESN3 silencing and assessment of Module-1 gene expression by qRT-PCR: siRNA knockdown 

experiments were performed in BMDMs or BV2 microglia cell lines by using a mouse Sesn3 ON-

TARGETplus SMARTpool siRNA (100nM, ThermoFisher Scientific) and Dharmafect 1 (1:50, 

ThermoFisher Scientific) a transfection reagent, according to manufacturer’s recommendations. 

Briefly, cells cultured in 6-well plates were incubated in serum and antibiotic free DMEM for 10 h and 

transfected for 48 h with SESN3 siRNA, which consists of a pool of four unique siRNA molecules 

against mouse SESN3, using Dharmafect 1 in OPTIMEM medium (Life Technologies). Control cells 

were transfected in the same conditions with non-targeting scrambled siRNA (100 nM). For 

lipopolysaccharide (LPS) stimulation experiments, the transfected BMDM cells were washed twice in 

DMEM and stimulated with LPS (Sigma, 100 ng/ml) for an hour. Cells (basal or LPS-stimulated) 

were then harvested in TriZOL (Life Technologies) and total RNA was extracted according to 

manufacturer’s instructions. Real-time one step RT-PCR for Module-1 genes was performed on an 

ABI 7500 Sequence Detection System (Applied Biosystems, Warrington, UK) using SYBR Green 

(Stratagene, Cambridge, UK) with 100 ng of total RNA and gene-specific primer sets. Results were 

then exported to 7500 Fast system SDS software (ABS), and Ct values were determined for all of the 

genes analysed.  

Lentivirus production and assessment of Module-1 gene expression by qRT-PCR: A third generation 

Lentiviral Vectors (LV) was used to transduce murine primary hippocampal neuronal culture. The LV 

was prepared by Calcium Phosphate transfection. Briefly, co-transfection of packaging plasmids 

(pMDLg/pRRE, 12.5 µg, pMD2.VSV-G, 6.25 µg, pRSV-REV, 7 µg) and transfer plasmid (pLCMV-

Sesn3-1-Flag, 32 µg) was made in Hek 293T cells. Media was replaced at 18 hours and the harvesting 

was performed at 36 and 72 hours. The purification was obtained by over-night centrifugation at 4°C 

and 4,000 rpm.  The LV transduction was performed by replacing the media with γγ μl of vector 
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(4.98*10^7 IU/ml) and, to improve the vector penetration 8 μg/ml of polybrene were supplemented to 

the cells. Three days after the LV transduction the RNA was extracted and the cDNA was synthetized. 

Real-time one step RT-PCR for Module-1 genes was performed as described above. The relative 

expression levels normalized to Beta-actin or Gapdh gene expression (as indicated) were then 

determined by using the 2−ΔΔCt method.  

Zebrafish studies  

Microinjection of morpholino antisense oligonucleotides: To study the function of sestrin3 in response 

to Pentylenetetrazole-induced (PTZ-induced) seizures, two different morpholinos (MOs) were 

designed to block the normal splicing of the zebrafish sesn3 primary transcript. Sesn3 i3e4MO targets 

the splice acceptor site between intronγ and exon 4 of the gene (5’- 

TGCAGCCTGGAAGACATGGAAAAAA -γ’) whereas Sesnγ e4i4MO targets the splice donor site 

between exon 4 and intron 4 (5’-GACTCCAACTAATGGGTTTACTTGT-γ’). We assessed the 

morpholinos efficacy and found that PTZ-induced locomotor activity of larvae injected with the 

combination of sesn3 morpholinos (i3e4MO + e4i4MO) was much lower than that of controls and 

larvae injected with either sesn3 morpholino individually (Supplementary Figure 12). Sesn3 i3e4MO 

and Sesn3 e4i4MO were co-injected into AB wildtype zebrafish embryos at the one- or two-cell stage, 

at a concentration of 0.05mM of each morpholino (total MO concentration 0.1mM) in water. Sesn3 

i3e4 + Sesn3 e4i4 MO solution was microinjected in a final volume of approximately 2nl. The 

standard control morpholino (Gene Tools) was microinjected at a concentration of 0.1mM into one- or 

two-cell stage AB zebrafish embryos, in a volume of 2nl per embryo. Standard Control Morpholino 

sequence:  5'-CCTCTTACCTCAGTTACAATTTATA- 3' (Gene Tools). Embryos that were to be 

analysed by whole mount in situ hybridisation were first treated with 1-phenyl-2 thiourea (PTU) at 23 

hours post-fertilization (hpf) to inhibit melanogenesis. At 3 days post-fertilisation (dpf), larvae were 

treated for one hour with 20mM PTZ or left untreated, and all larvae were then fixed with 

paraformaldehyde immediately after the treatment period.  
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RNA in situ hybridisation: A c-fos digoxigenin-labelled probe was prepared as recommended by the 

manufacturer of the in situ hybridisation reagents (Roche). Whole-mount in situ hybridisation was 

performed using standard procedures; details of the probe used are available on request (Vincent T. 

Cunliffe, MRC Centre for Developmental and Biomedical Genetics, Department of Biomedical 

Science, University of Sheffield, UK). 

qPCR analysis of c-fos and Module-1 genes: Between 15 and 20 sesn3 morphant larvae and control 

larvae were decapitated at 3dpf after 1hr of 20mM PTZ treatment and only the heads were processed 

for RNA extraction. The heads were treated with β00μl RNAlater (Ambion) and stored at 4°C. The 

RNA later was discarded and RNA was extracted using 1ml of TRIzol (Invitrogen). The RNA was 

then treated with 1μl DNase I (Invitrogen) and after a γ0 minute incubation at 37°C, the RNA was 

precipitated with sodium acetate and ethanol. cDNA was synthesized using SuperScript® II First-

Strand Synthesis System for RT-PCR kit (Invitrogen). The qPCR reactions were carried out using 

SYBR Green (Sigma) and 10ng of cDNA final concentration. The reactions were prepared in Hard-

Shell® Low-Profile Thin-Wall 96-Well Skirted PCR Plates (BioRad) and the PCR machine used for 

the analyses was BioRad CFX96 Touch™ Real-Time PCR Detection System. The efficiency of the 

primers was assayed at 300ng concentration. The relative expression levels normalized to the 

housekeeping gene beta-actin gene expression were then determined by using the 2−ΔΔCt method.  

qPCR analysis of Module-1 genes after injection of synthetic sesn3 mRNA in zebrafish embryos: In 

vitro-synthesized sesn3 RNA was injected into 1 cell-stage zebrafish embryos (~ 1ng sesn3 RNA per 

embryo). At 28hpf, sesn3 RNA-injected and control uninjected embryos were collected and frozen at -

80⁰ C. Total RNA was extracted using TRizol (Invitrogen) and isopropanol. The extracted RNA was 

cleaned up using the RNAeasy mini kit (QIAGEN) before first stand cDNA synthesis was performed 

using Superscript II Kit (Invitrogen). For the qPCR analyses the reactions were prepared in Hard-

Shell® Low-Profile Thin-Wall 96-Well Skirted PCR Plates (Biorad). Each qPCR reaction contained 

5μl Sybr green (Sigma), 0.6 μl 5μM forward primer (300ng final concentration), 0.6 μl 5μM reverse 

primer (300ng final concentration), 1 μl 1:10 cDNA dilution (10ng cDNA final concentration), and 2.8 

μl RNase free water. The PCR machine used for the analyses was BioRad CFX96 Touch™ Real-Time 
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PCR Detection System. The efficiency of the primers was assayed at 300ng concentration. The 

relative expression levels normalized to the housekeeping gene beta-actin were then determined by 

using the 2−ΔΔCt method. 

Primers sequences used for the PCR:  Atf3 forward primer 5’-GAGACCCACCGAACTACCTG, 

reverse primer 5’-TGCTGCTGCAATTTGTTTC; beta-actin1 forward primer 5’-

CAACAACCTGCTGGGCAAA, reverse primer 5’-GCGTCGATGTCGAAGGTCA (Keegan et al., 

2002); cfos forward primer 5’-TCGACGTGAACTCACCGATA, reverse primer 5’-

CTTGCAGATGGGTTTGTGTG; egr2b forward primer 5’-CTGCCAGCCTCTGTGACTAT, reverse 

primer 5’-GCTTCTCCGTGCTCATATCC; fosB forward primer 5’-

CCAGTGCGTCAGTCTCGAAG, reverse primer 5’-CGGCAGCCAGTTTATTTCTC; gapdh forward 

primer 5’-GTGGAGTCTACTGGTGTCTT, reverse primer 5’-GTGCAGGAGGCATTGCTTAC. 

Analysis of zebrafish locomotor activity using the Viewpoint Zebrabox system: The distance moved by 

larvae over a 1 hour period of PTZ treatment was recorded using the Zebrabox system (Viewpoint, 

France). AB larvae aged 3 dpf were transferred to a 48-well microlitre plate, one larva per well 

containing 500ul (for un-treated larvae) or 450ul (for PTZ-treated larvae) of E3 medium. Then 50ul of 

200mM PTZ were added into the wells containing 450ul of E3 media to achieve a final concentration 

of 20mM PTZ. The locomotor behaviour of the larvae was then recorded for 1 hour using the 

Zebrabox equipment. The recording started immediately after PTZ was added and the Viewpoint 

software was set to integrate the data for the distance moved every 10 minutes. Locomotor activity of 

larvae was recorded with the Zebrabox using a light cycle of 2 minutes: 100% light; 2 minutes: 0% 

light.  

Rescue experiments: To investigate if the phenotype observed in sesn3 morphant larvae was caused by 

the decreased expression of sestrin3, synthetic sesn3 messenger RNA was co-injected along with 

sesn3 morpholinos into zebrafish embryos to determine whether the morphant phenotype could be 

rescued. A full-length zebrafish sestrin3 cDNA clone (IMAGE:2601412) was subcloned into the 

pCS2+ expression vector to create pCS2+.sestrin3. A linearized template of pCS2+.sestrin3 was used 
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to synthesize sesn3 RNA using the mMessage mMachine Kit (Ambion). The synthetic sesn3 RNA 

was injected into one-cell stage AB wild type zebrafish embryos alone (2nl of 0.3ng/nl sesn3 mRNA) 

or in combination with sesn3 morpholinos (2nl of 0.3ng/nl sesn3 mRNA + 0.05mM sesn3 i3e4 MO + 

0.05mM sesn3 e4i4 MO). In addition, some embryos were injected with sesn3 morpholinos alone (2nl 

of 0.05mM sesn3 i3e4 MO + 0.05mM sesn3 e4i4 MO). The locomotor activity in response to PTZ 

exposure was analyzed using the Viewpoint zebrabox, as described above. 

Immunohistochemistry analysis in human hippocampus from TLE patients 

For immunohistochemistry, human hippocampal sections obtained from paraffin blocks were 

deparaffinized in xylene and rehydrated in a graded alcohol series. After a short step washing in 

phosphate-buffered saline (PBS), the slides were microwaved in citric acid buffer (10mM, pH 6.0) for 

10 min and then washed in PBS. All washing steps were carried out for 2 x 5 min in PBS at room 

temperature (RT). Slides were blocked for 2 h at 37°C in PBS-blocking buffer (10% fetal calf serum 

(FCS) and 1% normal goat serum in PBS) to inhibit non-specific antibody binding. Antibodies 

targeted against polyclonal anti-rabbit antibody SESN3 (1:300; Novus Biologicals, Cambridge), 

neuronal nuclear protein (NeuN) antibody (1:500; Millipore, Billerica, MA USA) and monoclonal 

anti-mouse antibody HLA-DR (1:1200; Dako, Hamburg, Germany) were incubated over night at 4°C 

in PBS including 10% FCS. After washing, both secondary antibodies anti-rabbit Cy3 (1:400; Jackson 

Research, New Market UK) and anti-mouse FITC (1:400; Jackson Research, New Market UK) were 

applied, diluted in PBS including 10% FCS for 2h in the dark. After washing, respective slides were 

covered with VectaShield HardSet Mounting Medium for Fluorescence (Vector Laboratories, 

Burlingame, CA). Sections were then analyzed with the Axio Observer.A1 microscope (Carl Zeiss, 

Göttingen, Germany) with HXP 120 fluorescence light system. 

Immunohistochemical staining: Human hippocampal paraffin slices were stained with antibodies 

against SESN3 (1:300; Novus Biologicals, Cambridge UK; NBP1-82717) and MAP2 (1:200; 

Millipore, Billerica, MA USA; MAB3418).  

Quantification of cell fluorescence: Z-stacks of confocal images were generated to obtain maximum 
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intensity projections. Quantification of cell fluorescence intensity of SESN3 expressing cells in the 

conserved CA2 region of the hippocampus in both TLE patients samples (n = 7) and autopsy samples 

without known neurological disorders (n = 8) was carried out using ImageJ software by calculating: 

total cell fluorescence = integrated density – (area of selected cell x mean fluorescence of background 

readings). Average background was calculated based on three random regions in the vicinity of the 

cell count region per section. For each section a region of 167,77β px^β ≈ 40,000µm^2 was selected 

and the cellular elements were counted, i.e., corresponding to approximately 20 cellular elements per 

section. All images were independently and blindly quantified. 
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The alterations in GABA release have not yet been systematically measured along the natural course of temporal

lobe epilepsy. In this work, we analyzed GABA extracellular concentrations (using in vivo microdialysis under

basal and high K+-evoked conditions) and loss of twoGABA interneuron populations (parvalbumin and somato-

statin neurons) in the ventral hippocampus at different time-points after pilocarpine-induced status epilepticus

in the rat, i.e. during development and progression of epilepsy. We found that (i) during the latent period be-

tween the epileptogenic insult, status epilepticus, and the first spontaneous seizure, basal GABA outflowwas re-

duced to about one third of control valueswhile the number of parvalbumin-positive cells was reduced by about

50% and that of somatostatin-positive cells by about 25%; nonetheless, high K+ stimulation increased extracellu-

lar GABA in a proportionally greater manner during latency than under control conditions; (ii) at the time of the

first spontaneous seizure (i.e., when the diagnosis of epilepsy is made in humans) this increased responsiveness

to stimulation disappeared, i.e. therewas no longer any compensation for GABA cell loss; (iii) thereafter, this dys-

function remained constant until a late phase of the disease. These data suggest that a GABAergic hyper-

responsiveness can compensate for GABA cell loss and protect fromoccurrence of seizures during latency,where-

as impaired extracellular GABA levels can favor the occurrence of spontaneous recurrent seizures and the main-

tenance of an epileptic state.

© 2014 Elsevier Inc. All rights reserved.

Introduction

In temporal lobe epilepsy (TLE), the most frequent epilepsy syn-

drome in adults, the hippocampal formation often displays distinct neu-

ropathological features, such as neuronal death, neurogenesis, gliosis,

axonal sprouting and reorganization of neuronal interconnections.

These abnormalities develop in a previously healthy tissue, often after

an initial “epileptogenic” event that can produce damage, for example

an episode of prolonged, uncontrolled seizures (status epilepticus, SE).

Only after a latent period of weeks to years epileptogenic events may

be followed by spontaneous recurrent seizures, i.e. by the diagnosis of

epilepsy (Pitkanen and Sutula, 2002).

The control of excitability in the mammalian brain, including epilep-

tic hyper-excitability, is largely dependent on the main inhibitory

neurotransmitter, γ-aminobutyric acid (GABA). Indeed, many drugs po-

tentiating GABA transmission are effective antiseizure agents (Treiman,

2001). Unfortunately, however, little is known on the dynamic changes

in the GABAergic system in natural course of TLE and in its progression

toward pharmaco-resistance. In the epileptic tissue, seizures are not gen-

erated in a normal circuit but in a profoundly rewired network (Cossart

et al., 2005). Only some aspects of the alterations specifically affecting

the GABA system have been identified. For example, a substantial loss

of glutamic acid decarboxylase (GAD)mRNA-containing (i.e. GABAergic)

neurons has been found in the hilus of dentate gyrus (Obenaus et al.,

1993) and in the stratum oriens of CA1 (Houser and Esclapez, 1996).

Moreover, reduced number of specific GABAergic neurons, including

parvalbumin- (Drexel et al., 2011; Kuruba et al., 2011; Pavlov et al.,

2011) and somatostatin-positive interneurons (Paradiso et al., 2009;

Sperk et al., 1992; Sun et al., 2007), has been found in the epileptic hip-

pocampus. Another interesting alteration is that repetitive activation

leads to profound post-synaptic GABAA receptor desensitization (run-

down) in the human epileptic tissue (Ragozzino et al., 2005) and in

chronically epileptic rats (Mazzuferi et al., 2010; Palma et al., 2007).
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The pre-synaptic counterpart of these alterations in the GABA sys-

tem has not been systematically studied yet. Microdialysis studies in

pharmaco-resistant epileptic patients undergoing depth electrode in-

vestigation prior to surgery have shown an increased outflow of GABA

in the hippocampus in response to seizures, even if this increase was

not as dramatic as that of the excitatory neurotransmitters glutamate

and aspartate (During and Spencer, 1993; Thomas et al., 2005; Wilson

et al., 1996), whereas the basal, interictal GABA outflowwas non-signif-

icantly reduced in the epileptogenic hippocampus (Pan et al., 2008). For

obvious reasons, these works lack stringent controls apart from the ap-

parently non-epileptogenic contralateral hippocampus (During and

Spencer, 1993; Thomas et al., 2005) or hippocampus of patients with

neo-cortical epilepsy (Pan et al., 2008). Unfortunately, studies in animal

models also did not provide insight on this issue, because they revealed

transient or non-significant increases in hippocampal GABA outflow

during pilocarpine-induced SE (Khongsombat et al., 2008; Meurs

et al., 2008; Smolders et al., 1997), but did not yet explore the possible

subsequent adaptive changes in GABA neurotransmission.

Here, we used microdialysis to analyze the basal and potassium

stimulated GABA outflow in the ventral hippocampus at different

time-points after pilocarpine induced SE in the rat. In parallel, we mea-

sured the loss of parvalbumin- and somatostatin-expressing GABA in-

terneurons. We found that the loss of GABA neurons is compensated

by hyper-responsiveness of the system in the latency period, whereas

GABA outflow is dramatically reduced when spontaneous seizures

begin to occur.

Materials and methods

Animals

Male Sprague–Dawley rats (250–350 g; Harlan, Italy) were used for

all experiments. Theywere housed under standard conditions: constant

temperature (22–24 °C) and humidity (55–65%), 12 h light/dark cycle,

free access to food and water. Procedures involving animals and their

care were carried out in accordance with European Community (EU

Directive 2010/63/EU), national and local laws and polices (authoriza-

tion: D.M. 83/2009-B and D.M. 246/2012-B). All animals were acclima-

tized to the microdialysis laboratory conditions for at least 1 h before

each experiment and euthanized immediately after the last day of mi-

crodialysis by an anesthetic overdose. Rats were killed by decapitation

under 1.4% isoflurane anesthesia. The number of animals was kept as

small as possible.

Pilocarpine

Rats were randomly assigned to groups that received a single injec-

tion of methyl-scopolamine (1 mg/kg, s.c.) 30 min prior to pilocarpine

(370 mg/kg, i.p.) or a single injection of methyl-scopolamine 30 min

prior to vehicle (0.9% NaCl solution; control animals), and their behavior

was observed by experienced researchers for at least 6 h thereafter.

Within the first 20–25min after pilocarpine injection, 83% of the animals

developed seizures evolving into recurrent generalized convulsions (sta-

tus epilepticus, SE). SE was interrupted 3 h after onset by administration

of diazepam (20 mg/kg, i.p.). One fourth of the animals that entered SE

(i.e. 21% of those administered pilocarpine) died during SE or within 1–

2 days. Test and interspersed control animals were then randomly

assigned to five experimental groups representing different phases of

the natural history of the disease (Fig. 1A): acute phase (24 h after SE),

latency (7–9 days after SE), first spontaneous seizure (11 ± 1 days

after SE), early chronic (22–24 days after SE, i.e. about 10 days after the

first seizure) and late chronic (2 months after SE, i.e. about 50 days

after the first seizure). Animals that did not fully recover (i.e. no increase

in bodyweight within the first week) after pilocarpine SEwere excluded

from the study. Data were collected and processed only from those ani-

mals in which the probe was correctly placed, as estimated using a

hematoxylin-eosin staining (see below). Experiments were considered

completed only when the number of animals in the various groups

achieved five ormore. In summary: inclusion/exclusion criteria were de-

velopment of convulsive SE within 1 h after pilocarpine administration;

weight gain in the first week after SE; correct positioning of themicrodi-

alysis probe.

Analysis and statistics

Convulsive seizures were assessed by 24/24-h video monitoring,

performed using a digital video surveillance system DSS1000

(V4.7.0041FD, AverMedia Technologies, USA). Video monitoring was

started approximately 6 h after pilocarpine administration (i.e. at the

end of direct observation by the researchers – see above) and continued

until day 5. For proper identification of the first spontaneous seizure,

continuous video-EEG monitoring was started from day 5 after SE

until the day of the first spontaneous seizure (Fig. 1A). Video-EEGmon-

itoring (hardware system MP150 and software AcqKnowledge 4.3, all

from Biopac, USA) was started at day 5 because, as previously reported

(Mazzuferi et al., 2010; Paradiso et al., 2009),we do not observe sponta-

neous seizures earlier than 8–9 days after pilocarpine administration

under the experimental conditions employed in this study. Video-EEG

was also performed in the course of microdialysis for assessment of ab-

sence of seizures in the 3 h prior tomicrodialysis and of seizures evoked

by high K+; video-monitoring was also performed in two 2-weeks

epochs in the early (days 11–24) and late (days 49–62) chronic phase

for assessment of generalized seizure progression (Fig. 1A).

EEG seizures were categorized and measured as periods of paroxys-

mal activity of high frequency (N5Hz) characterized by a N3-fold ampli-

tude increment over baseline with progression of the spike frequency

that lasted for a minimum of 3 s (Williams et al., 2009). Seizure severity

was scored using the scale of Racine (Racine, 1972): 1, chewing or

mouth and facial movements; 2, head nodding; 3, forelimb clonus; 4,

generalized seizure with rearing; 5, generalized seizure with rearing

and falling. Video-EEG analysis was performed by two independent in-

vestigators that were blind for the group to which the rats belonged. In

case of differential evaluation, data were reviewed together to reach a

consensus (Paradiso et al., 2011). In the early and late chronic period,

animals were continuously video recorded for two weeks before and

during microdialysis, to identify frequency and duration of generalized

seizures (class 4 or 5), which were statistically examined using the

Student's t-test for unpaired data. The Kruskal-Wallis and post hoc the

Dunn's multiple comparison test were used for evaluation of high K+-

evoked seizures.

Microdialysis

Surgery

Under initial ketamine/xylazine (43 and 7 mg/kg, i.p.) anesthesia,

rats were secured to a stereotaxic apparatus with the nose bar posi-

tioned at +5 mm. Anesthesia was then maintained using isoflurane

(1.4% in air; 1.2 ml/min). A 15 mm long guide cannula (MAB 4.15.iC;

Agn Tho's, Lidingö, Sweden, outer diameter 500 ± 5 μm) equipped

with a dummy cannula (Plastics One, Roanoke, Virginia, USA) and

with a recording electrode glued at its outside (0.5 mm longer than

the cannula, 0.3 mm in diameter) was implanted into the right ventral

hippocampus (A −3.4 mm; L +4.5 mm; P +6.5 mm to bregma;

Fig. 1B). A reference electrodewas placed on the skull. The guide cannu-

la was fixed to the skull with four stainless screws and methacrylic ce-

ment. Rats were allowed 7 days to recover.

In vitro recovery

To optimize the experimental conditions of microdialysis, we esti-

mated the in vitro recovery of GABA when using two perfusion rates

and five different home-made or manufactured probes, all of them of

1 mm membrane length. We compared two home-made probes

endowed with a polyacrylonitrile membrane (molecular weight cut-
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off 40 kDa; AN-69, Hospal, Bologna, Italy) or cuprophanemembrane (mo-

lecular weight cut-off 10 kDa; Hospal) and three manufactured probes

endowed either with cuprophane membrane: MAB 4.15.1.Cu (Agn

Tho's) and CMA11Cu (CMA, Sweden) or with polyesthersulfone mem-

brane: MAB 4.15.1.PES (Microbiotech/se AB, Sweden). The probes were

perfused at rates 2 μl/min or 3 μl/min with a Ringer solution (see the

composition below) while placed in a vial containing 2 nmol/ml γ-[2,3-
3H(N)]-aminobutyric acid (3H-GABA; PerkinElmer) in Ringer solution.

After a 30 min washout period, three 30 min perfusate samples and

three equal volume samples of the solution in the vial were collected;

2.5 ml scintillation fluid (Ultima Gold TM, Packard Bioscience) were

added and 3H-GABA content was analyzed using a liquid scintillation

spectrophotometer (Tri-Carb 2500TR, Packard, Goringhen, Netherlands).

The mean recovery (i.e. the mean 3H-GABA content in the perfusate as a

percentage of the content in an equal volume of the vial solution) was

10.11 ± 0.67% at a flow rate of 2 μl/min and 4.87 ± 0.22 at 3 μl/min

when using the MAB 4.15.1.Cu probe; 9.52 ± 0.68% at a flow rate of

2 μl/min and 4.26 ± 0.62% at 3 μl/min when using the CMA11Cu probe;

6.39 ± 0.22 at a flow rate of 2 μl/min and 6.32 ± 0.84% at 3 μl/min

when using the polyacrylonitrile home-made probe; 5.06 ± 0.21% at

a flow rate of 2 μl/min and 4.73 ± 0.33 at 3 μl/min when using the

MAB 4.15.1.PES probe; and 4.36 ± 0.33% at a flow rate of 2 μl/min and

2.30 ± 0.47 at 3 μl/min when using the home-made cuprophane probe.

Therefore, we chose to use the MAB 4.15.1.Cu probes perfused at a flow

rate 2 μl/min.

Microdialysis procedure

Twenty-four h before the experiment, rats were briefly anesthetized

with isoflurane and a vertical microdialysis probe, endowed with the

1 mm cuprophane dialyzing membrane (MAB 4.15.1.Cu; cut-off 6 kDa;

outer diameter 300 ± 5 μm) was inserted in the guide cannula and

fixed with modeling clay to the guide cannula support. At the day of

the experiment, animals were EEG-monitored to verify absence of sei-

zures for the 3 h preceding the initiation of sample collection. The

animals were attached to an EEG hard-wire system and, at the same

time, to the microdialysis pump (Univentor, model 864, Malta). The

Fig. 1. (A) Schematic diagram of the experiments. Numbers refer to days after SE. The time points ofmicrodialysis experiments are indicated by red bars. See text for details. (B) Schematic

illustration of the microdialysis probe positions within the ventral hippocampus. The solid squares (some overlapping) indicate correctly localized probe-electrode tips (n = 25). Open

squares indicate incorrectly localized probe-electrode tips in animals not included in the study (n = 4). Coronal brain slices containing the microdialysis probes and recording sites

were processed after the experiment for histological analysis. The numbers above the illustration show the distance from bregma (Pellegrino et al. 1979).
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microdialysis probe was perfused at a flow rate 2 μl/min with a Ringer

solution (composition, in mM: MgCl2 0.85, KCl 2.7, NaCl 148, CaCl2 1.2)

with 0.3% BSA. Starting 1 h after the onset of perfusion, 5 basal samples

were collected every 30 min. Stimulation was then applied as a 10 min

perfusionwith amodified Ringer solution containing 100mMK+ (equi-

molar compensation with Na+; composition, in mM: MgCl2 0.85, KCl

100, NaCl 50.7, CaCl2 1.2, 0.3% BSA). From the onset of stimulation, dial-

ysate sampleswere collected every 10min. This stimulation procedure is

known to produce a slight elevation in extracellular K+ concentration

near the dialyzing membrane (Largo et al., 1996) and, as a consequence

to increase the efflux of several neurotransmitters, including GABA

(Aparicio et al., 2004; Marti et al., 2000; Mazzuferi et al., 2005; Takeda

et al., 2003). Perfusion of a hippocampal probe with high K+ is known

to evoke seizures in epilepsy models like kindling (Aparicio et al., 2004;

Marti et al., 2000;Mazzuferi et al., 2005), thus EEG and behaviorwere re-

corded during the all microdialysis session. Routinely, the experiments

were repeated for 3 days in 8 h microdialysis sessions, except for the

acute phase and first seizure groups, in which a single microdialysis ses-

sion was performed, respectively 24 h after SE or within 24 h after the

first spontaneous seizure (Fig. 1A).

For determination of Ca2+ dependency and tetrodotoxin sensitivity

of GABA outflow, we used naïve and early chronic rats. In separate mi-

crodialysis sessions, all rats were either continuously perfused with a

normal Ringer solution; shifted to a perfusion buffer without Ca2+

after the third 30-min collection period; or shifted to a perfusion buffer

containing 1 μM tetrodotoxina (TTX) after the third 30-min collection

period. For characterization of the Ca2+ dependency and TTX sensitivity

of high K+-evoked GABA outflow, the animals were perfused with nor-

mal Ringer solution, Ringer solution without Ca2+ or Ringer with 1 μM

TTX during a 10-min stimulationwith 100mMK+ (as described above).

Chromatography

GABA levels in the dialysate were measured with a high perfor-

mance liquid chromatograph (HPLC) system comprising a Smartline

Pump 1000 solvent delivery module (Knauer, Berlin, Germany), a

HT300L autosampler (HTA, Brescia, Italy) and a Smartline Manager

5000 degasser plus system controller unit (Knauer, Berlin, Germany).

HPLC was coupled with a RF-551 spectrofluorimetric detector

(Shimadzu, Kyoto, Japan). GABA and interfering compoundswere sepa-

rated on a 250×4.6mm, 5 μmparticles, EUROSIL bioselect 300A column

(LabService Analytica, Italy). The column was protected by a 5 × 4 mm

precolumn containing the same packing. Themobile phasewas a binary

gradient between solution A (0.1 M sodium phosphate, pH 3.0) and so-

lution B (40% 0.1 M sodium phosphate, 30% methanol, 30% acetonitrile,

pH 4.0). Precolumn autoderivatization (2min) and injectionwere done

by the addition of 20 μl of the derivatization mixture containing

phthaldialdehyde (Sigma) and 5-mercaptoethanol (Merck), 20:1 (v/v)

to 20 μl of dialysate. Elution was carried out at a rate of 0.9 ml/min at

a temperature of 22 °C. Chromatograms were recorded 25 min at

345 nm excitation and 455 nm emission wavelengths. GABA retention

timewas 17.06min. Themethodwas validated and calibrationwas per-

formed using standard samples prepared by spiking the Ringer solution

andmodified Ringer solution with GABA and amino acid standard solu-

tion for calibrating amino acid analyzers (Sigma). The sensitivity of the

method was 0.16 pmol/20 μl sample according to the ICH Harmonised

Tripartite Guideline (2005).

Quantification and statistics

The amounts of GABA in perfusates have been expressed either as

absolute values (pmol/10 min) or as percent of basal outflow, as previ-

ously described (Mazzuferi et al., 2005). Basal values have been calculat-

ed as the mean amount of GABA measured in the last 3 spontaneous

(basal) fractions collected before stimulus application. In animals in

which multiple microdialysis sessions were performed (i.e. the latency

and the two chronic groups), data from the 3 days were averaged to ob-

tain a single estimate for each animal. Time-course curves were

expressed in absolute values (pmol/10 min) or as percent of basal

values. High K+-evoked GABA overflow was calculated by subtracting

the presumed basal outflow from the total outflow in the samples

taken upon stimulus application and in the following 4 samples (5 col-

lection periods, i.e. 50 min). The presumed basal outflow was obtained

by interpolation between the samples preceding and following the

above-mentioned 5 collection periods containing high K+-evoked over-

flow. The % high K+-evoked outflowwas estimated by dividing the sum

of the outflow in the samples taken upon stimulus application and in

the following 4 by the presumed basal outflow, obtained as described

above, and multiplying by 100. To analyze the data, one-way ANOVA

and post hoc Dunnett's test (p b 0.05 and p b 0.001) or Mann–Whitney

test (statistical significance at p b 0.05) were used, as indicated in the

figure legends.

Immunohistochemistry and immunofluorescence

Tissue preparation

Rats were killed 1 h after completion of the microdialysis procedure

by decapitation after an anesthetic overdose. Their brains were rapidly

removed, immersed in 10% formalin, and paraffin embedded after 48

h. Coronal sections (6 μm thick) were cut across the entire hippocam-

pus, plates 48–52 (Pellegrino et al., 1979) and mounted onto polarized

slides (Superfrost slides, Diapath). To standardize the cutting level and

to verify the correct probe placement, one section every 10 was used

for hematoxylin-eosin staining. These sections were dewaxed (two

washes in xylol for 10 min, 5 min in ethanol 100%, 5 min in ethanol

95%, 5 min in ethanol 80%), incubated in Mayer's hematoxylin solution

0.1% (Fluka, 5 min), washed in water (5 min), incubated in alcohol

eosin solution 0.5% (Diapath, 2 min) and dehydrated; coverslips were

mounted using DPX Mountant for histology (Fluka).

Procedure

Sections were dewaxed and rehydrated as described above. All anti-

gens were unmasked using a commercially available kit (Unmasker,

Diapath), according to the manufacturer's instructions. After washing

in phosphate buffered saline (PBS), sectionswere incubatedwith Triton

x-100 (Sigma; 0.3% in PBS 1×, room temperature, 10 min), washed

twice in PBS 1×, and incubatedwith 5% BSA and 5% serumof the species

in which the secondary antibody was produced for 30 min. They were

incubated in humid atmosphere with the primary antibodies overnight

at 4 °C, as follows: parvalbumin 1:100 (mouse monoclonal, Swant),

somatostatin-14 1:250 (rabbit polyclonal, Peninsula Laboratories). De-

tection of parvalbumin was obtained using the biotin-streptavidin sys-

tem associated with a 3,3-diamino-benzidinetetrahydrochloride

(DAB) substrate kit for peroxidase (Dako EnVision Dual Link System

HRP, Dako). Somatostatin-14 was detected using a goat anti-rabbit,

Alexa Fluor 594-conjugated, secondary antibody (1:1000, Invitrogen)

at room temperature for 3 h. After staining the somatostatin-14 sections

were washed in PBS, counterstained with 0.0001% 4′,6-diamidino-2-

phenylindole (DAPI, Sigma) for 10 min, and washed again. Coverslips

were mounted using Shur/Mount (TBS).

Quantification and statistics

The number of parvalbumin or somatostatin positive cells was

counted in 500,000 μm2 frames, in three hippocampal subareas (CA1 in-

cluding stratum oriens, pyramidale and radiatum; CA3 including stra-

tum oriens, pyramidale, lucidum and radiatum; dentate gyrus, DG,

including hilus, stratum granulare and moleculare), every 50th section

(that is, one 6 μm thick section every 300 μm) of the left hippocampus,

in the region contralateral to the one used for microdialysis. In this way,

three sections spanning 0.9 mm of the central part of the hippocampus

were evaluated in each animal. Images were acquired using a Leica

DFC300 FX video camera mounted on a Leica DMRA2 microscope, cap-

tured with a 10× objective, and analyzed in a blinded manner by four

investigators, using the program Leica FW 4000. Data obtained from
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the multiple sections examined for each rat by the 4 investigators were

averaged to obtain a single estimate for each animal. The counts of

parvalbumin or somatostatin positive cells have been expressed first

as absolute values (number of cells/frame), then as percent of cells in

control animals. Data were analyzed using one-way ANOVA and post

hoc the Dunnet's test.

Chemicals and solutions

Pilocarpine hydrochloride, scopolamine methylnitrate and xylazine

hydrochloride were purchased from Sigma. TTX was purchased from

Tocris. All drugs were freshly dissolved in isoosmotic saline solution

just before use. Diazepam (Valium®, Roche), ketamine (Ketavet®,

InterVet) and isoflurane (IsoFlo®, Esteve Farma) were used in their

original fabricated form. 4-Aminobutyric acid, used as standard for

chromatography, was from Fluka. Acetonitrile (HPLC grade) and meth-

anol (HPLC grade) were purchased from Sigma. Sodium phosphate di-

basic anhydrous (analytical grade) was from Fluka.

Results

Video-EEG

To verify that the animals employed in this study present the charac-

teristics of epilepsy development and progression as extensively report-

ed for the pilocarpine model, we performed behavioral and EEG

monitoring at specific time points (Fig. 1A). Pilocarpine (370 mg/kg,

i.p. 30min after methyl-scopolamine 1 mg/kg) induced a robust convul-

sive SE (latency: 25 ± 5 min), which was interrupted after 3 h using di-

azepam (20 mg/kg, i.p.). For 2–3 days after SE, the animals experienced

someoccasional, self-limiting generalized seizures (less than 1mindura-

tion) and then entered a latency state in which they were apparently

well (Curia et al., 2008; Mazzuferi et al., 2010; Paradiso et al., 2009). An-

imals that were not killed in the acute group (24 h after SE), after being

video-monitored for 5 days, were continuously video-EEGmonitored for

verification that no spontaneous seizures occurred in the first 9 days, for

the latency group, or identification of the first spontaneous seizure, for

the first seizure group. The first spontaneous seizure occurred 11.1 ±

0.6 days after SE (mean ± SEM, n = 18). Thereafter, seizures occurred

in clusters, as previously described (Goffin et al., 2007; Mazzuferi et al.,

2010; Williams et al., 2009), and aggravated in time. In early chronic

rats (from 18 to 24 days after SE) the mean daily frequency of general-

ized (classes 4 and 5) seizures was 1.0 ± 0.2 and the mean forelimb clo-

nus duration was 7.4 ± 1.3 s (mean ± SEM, n = 10), while in late

chronic rats (days 55–62 after SE) themeandaily generalized seizure fre-

quency was 2.5 ± 0.5 and the mean forelimb clonus duration 24 ± 3 s

(mean ± SEM, n = 6), indicating a progression of the disease (Fig. 2).

During the course ofmicrodialysis experiments, ratswere video-EEG

monitored to evaluate the response to perfusion of high K+ in the hip-

pocampus. As shown in Fig. 3, animals in the control, acute and latency

groups exhibited partial seizures of class 1 or 2, only rarely severe sei-

zures. More severe seizures appeared to occur with the first spontane-

ous seizure and in the subsequent stages (time points) of the disease

that we examined, but this phenomenon was not statistically signifi-

cant. It is worth reporting, however, that the response in those animals

was apparently distributed in a bi-modal fashion, with a subgroup

exhibiting generalized seizures (stage 4 or 5) during high K+ perfusion,

and another subgroup responding with no seizures or non-convulsive

seizures only (Fig. 3B). This bi-modal distribution may correlate with

the variable vicinity between a cluster of spontaneous seizures and

the microdialysis session. Interestingly, the duration of high K+ evoked

seizures was non-significantly reduced in the acute period, i.e. in the

post-ictal phase after SE, and then progressively increased in the course

of the disease (Fig. 3C).

GABA release

Basal, unstimulated GABA outflowwas not significantly altered 24 h

after SE, but progressively decreased thereafter, reaching aminimum at

the time of the first seizure and then remaining constantly low (about

30% of control values) in the early and late chronic period (control

group: 3.26 ± 0.12 pmol/10 min; acute: 2.65 ± 0.47; latency: 1.06 ±

0.19; first seizure: 0.83± 0.21; early chronic: 0.89± 0.15; late chronic:

0.86 ± 0.29; Fig. 4A). Perfusion with a solution containing high K+ in-

creased GABA outflow with peak 10 to 20 min after high K+ perfusion,

most likely due to the time needed for accumulation of K+ in the extra-

cellular spaces around themicrodialysis probe (the time course of GABA

outflow is shown in absolute values and in percent of basal values in

Fig. 4B and C, respectively). Notably, whereas high K+ perfusion led to

a robust increase in GABA outflow in control and latency rats, its effect

was very modest in chronic rats. In absolute values, in fact, the net

high K+-evoked GABA overflow was significantly decreased at the

timeof thefirst seizure and in chronic animals (Fig. 4D). Probe perfusion

with 100 mM K+ in those animals achieved not even one third of the

GABA overflow observed in control, acute and latency rats. However,

because of themuch lower basal outflow, the effect of high K+was pro-

portionally greater during latency (Fig. 4C and E): when expressed as

percent of basal levels, GABA overflow was the greatest in latency ani-

mals (up to 217 ± 34%), robust in the control (149 ± 5%) and in the

acute group (179 ± 12%), and much smaller, about 130%, in all other

groups (1st seizure, early and late chronic). These data suggest that

the reduced basal outflow of GABA during latency (Fig. 4A) is compen-

sated by a relatively greater stimulus-evoked overflow (Fig. 4C and E),

whichwas similar to the oneobservedunder control conditions in abso-

lute values (Fig. 4D). In contrast, GABA outflow reduction (i.e. impaired

extracellular GABA concentrations) in the hippocampus occurs in con-

junctionwith (andmay therefore favor) the occurrence of spontaneous

recurrent seizures. Importantly, GABA outflow was found reduced also

in the subset of animals that responded to high K+ perfusion with se-

vere seizures (see above), i.e. extracellular GABA concentrations were

equally impaired even under conditions when they were expected

to be increased (During and Spencer, 1993; Thomas et al., 2005;

Wilson et al., 1996). In fact, the high K+-evoked overflow in chronic an-

imals experiencing generalized seizures was not significantly different

(p N 0.05, Mann Whitney U test) from the one measured in animals

that did not experienced generalized seizures (0.48 ± 0.16 vs. 0.63 ±

0.13 pmol in the convulsive vs. the non-conclusive seizure group).

These alterations in GABA extracellular concentrations were largely

Ca2+-dependent and TTX-sensitive. When Ca2+ was omitted from the

perfusion buffer, the basal GABA outflow gradually declined to 41.3 ±

Fig. 2. Behavioral analysis. Average frequency (left Y axis) and forelimb clonus duration

(right Y axis) of spontaneous generalized seizures (classes 4 and 5) in the early and late

chronic period after pilocarpine induced-SE. Data are themean± SEMof 10 (early chronic

— open columns) and 6 (late chronic— solid columns) animals per group. *pb 0.05 and **p

b 0.01, Student's t-test for unpaired data.
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5.5% in control animals and to 51.8 ± 6.8% in early chronic rats (Fig. 5).

TTX perfusion (1 μM) also decreased the spontaneous efflux of GABA, in

control rats to 21.7 ± 5.4% and in early chronic rats to 34.4 ± 11.2% of

baseline levels (Fig. 5). Both omission of Ca2+ and TTX completely

abolished the effect of the high K+ stimulation (Fig. 5). These data sug-

gest, even if not conclusively demonstrate, a significant contribution of

neuronal exocytotic release to the observed epilepsy-associated alter-

ations in GABA outflow.

Loss of GABA interneurons

The dramatic drop in basal, unstimulated GABA release observed be-

ginning at the stage of latencymight be caused by a loss of GABAneurons.

To explore this possibility, immunohistochemistry and immunofluores-

cence experiments were performed on the brain of rats at the end of

the microdialysis experiments, to estimate the number of parvalbumin

and somatostatin-positive cells in the ventral hippocampus. These exper-

iments revealed that the population of parvalbumin-positive cells de-

creased in the hippocampus of pilocarpine-treated animals. The loss of

parvalbumin-positive cells was most rapid and dramatic in the hilus of

the dentate gyrus, where it became significant already in the acute

phase and further worsened until dropping to less than 10% of control

values in the late chronic group (Fig. 6D). The loss of these cells was

less dramatic and slower in CA3 (Fig. 6E) and especially in CA1, where

it became significant only with the first seizures and did not drop

below about 50% of control values (Fig. 6F). The loss of parvalbumin-

positive cells thatweobserved in this study is in linewithpreviously pub-

lished reports (Andre et al., 2001; Chakir et al., 2006; Kuruba et al., 2011;

Pavlov et al., 2011). Furthermore, we observed that the number of

somatostatin-positive cells in the hilus of the dentate gyrus also signifi-

cantly decreased in pilocarpine-treated animals, reaching a minimum

(about 50% of control values) in chronic animals (Fig. 7B). No significant

variations were observed in the CA1 and CA3 region (data not shown).

Discussion

Main findings

Three key findings emerge from this study: (i) during the

epileptogenesis (latent) period, loss of at least some sub-populations

of GABA cells is already significant and basal GABA outflow is reduced

but the response to high K+ stimulation proportionally increases; (ii)

at the time of the first spontaneous seizure this relatively increased re-

sponsiveness to stimulation disappeared; (iii) this dysfunction remains

then constant until late phases of the disease.

These findings integrate previous observations, where an increased

run-down of the GABAA current, a sign of impaired responsiveness of

GABAA receptors to stimulation, began in the hippocampus at the time

of the first spontaneous seizure (Mazzuferi et al., 2010). Thus, a dramat-

ic impairment of GABA signal appears to take place exactly at the timeof

the first spontaneous seizure, when both reduced extracellular GABA

levels and rapid receptor desensitization are observed. We propose

that these phenomena represent a mechanism of transition from laten-

cy to spontaneous seizures, i.e., epilepsy. Once established, these mal-

adaptive changes in the GABA system are constantly present in the

chronic epileptic condition [see also (Mazzuferi et al., 2010)], arguing

that they also underlie maintenance of the disease.

Fig. 3. Seizure activity in response to hippocampal perfusion with a 100 mM K+ modified Ringer solution for 10 min. (A) Representative seizure evoked by high K+ perfusion in a late

chronic rat. (B) Seizure severity scored according to Racine (1972). (C) EEG-measured single seizure duration during the high K+ stimulation. After the initial lack of response in rats

24 h after SE the duration of seizures progressively increases and reaches the maximum in late chronic animals. Data are the means ± SEM of 5–6 animals per group. *p b 0.05,

Kruskal–Wallis test and post hoc Dunn's test.
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GABA microdialysis

Microdialysis sampling can provide significant insights into brain

function, but has some limitations that should be kept in mind. The

first is that the dialysis membrane extends across a relatively wide

area, in our case including different hippocampal subfields (not only

dentate gyrus but also CA3 and CA1). Thus, the data are an estimate of

the GABA extracellular concentrations in all these different subregions.

Another relevant limitation is that microdialysis probes reside at dis-

tance from the synaptic gap and measure the extracellular concentra-

tions of neurotransmitters, i.e. the result of molecules released into

and removed from the extracellular space by neurons, glial cells and

other non-neuronal cells. Therefore, measured neurotransmitter levels

depend not only on release but also on reuptake. Other factors, like ex-

tracellular space volume (which diminisheswith age), alterations in the

extracellular matrix and environmental factors (for example, tissue

damage associated with the probe's insertion and substances entering

form the bloodstream) may also influence the measures. Moreover,

the relative contribution of neurons and astrocytes to the dialyzed neu-

rotransmitter may be modified by activity. A widely employed strategy

to stimulate neurotransmitter release is the elevation of K+ concentra-

tions in the microdialysis perfusion fluid. Passive diffusion of K+ across

the microdialysis membrane into the tissue will raise extracellular con-

centrations and induce neuronal depolarization and neurotransmitter

release, in principle not only from neurons but also from glia (Stiller

et al., 2003).

Oneway to estimatewhat part of the dialysate content is of neuronal

origin is to establish if the signal fulfills the two classical criteria of neu-

rotransmitter release, Na+- and Ca2+-dependency, by using TTX and

abolishing Ca2+ from the perfusion medium. Data generated in this

manner should nonetheless be interpreted with caution for GABA,

since its release from astrocytes may be also, at least partly, Ca2+-

dependent (Lee et al., 2010, 2011).

With specific reference to microdialysis measured GABA, action

potential-dependent release from neuronal presynaptic vesicles has

been shown to be a major source of the ambient transmitter (Glykys

and Mody, 2007). The remaining GABA probably originates from astro-

cytes (Lee et al., 2010; Yoon et al., 2011) and is released in a non-

vesicular manner by reversed plasma membrane transport (Rossi

et al., 2003). Indeed, GAT-3, a GABA transporter specifically expressed

Fig. 4. (A) Spontaneous basal GABAoutflow from thehippocampus of control (white column) and pilocarpine-treated (black columns) rats. Under basal conditions, extracellular GABA levels

are significantly decreased in the hippocampus of pilocarpine rats, a phenomenon that starts during the latency period and continues at the time of the first spontaneous seizure and in the

chronic state. (B) Time course of the effect of 10min perfusionwith 100mMK+ (horizontal bar) on GABA outflow from the hippocampus of control (open squares), latency (filled squares)

and late chronic rats (filled triangles). In control rats, GABA outflow increases from relatively high basal levels (3.46 ± 0.26 pmol/10 min) to reach 4.53 ± 0.35 pmol/10 min after the stim-

ulus. Animals in the latency period respond to the high K+ increasing GABA outflow up to 3.03 ± 0.92 pmol/10 min, whereas animals in the late chronic phase react very moderately. For

clarity, theprofiles in acute, 1st seizure andearly chronic animals are not shown.However, the one in acute animalswas similar to that in controls and those in 1st seizure and in early chronic

animals were similar to that in late chronic. (C) Time course of the effect of 10 min perfusion with 100 mM K+ (horizontal bar) on GABA outflow from the hippocampus of control (open

circles), latency (filled squares) and late chronic (filled circles) rats. Animals in the latency period respond to the stimulus increasing GABA release up to about 246%,while animals in the late

chronic phase do not react at all. For clarity, the profiles in acute, 1st seizure and early chronic animals are not shown. However, the one in acute animals was similar to that in controls and

those in 1st seizure and in early chronic animals were similar to that in late chronic. (D) High (100 mM) K+-evoked GABA overflow from the hippocampus of control (white column) and

pilocarpine-treated (black column) rats. Note the dramatic drop in GABA overflow beginning at the time of the first seizure. See Materials and methods for details on the quan-

tification. (E) Effect of 100mMK+ perfusion on GABA outflow, expressed as percent of basal release. Data are themeans± SEM of 5–6 rats per group. *p b 0.05, ***p b 0.001; one-

way ANOVA and post hoc Dunnett's test in (A, B and D); Mann–Whitney U test in (C, E).
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in astrocytes, has been shown to significantly contribute to the regula-

tion of extracellular GABA levels (Kersante et al., 2013). In the present

study, both the basal and the high K+-evoked GABA outflow from the

hippocampus of naïve animals were in the range reported by others

(de Groote and Linthorst, 2007; Lasley and Gilbert, 2002;

Luna-Munguia et al., 2012; Portelli et al., 2009; Takeda et al., 2003;

Tong et al., 2009; Wislowska-Stanek et al., 2008). About 50% of the

basal outflow and almost all K+-evoked GABA overflow were Ca2+-de-

pendent, again in agreementwith previous findings (Lasley and Gilbert,

2002). Finally, again similar with our data, the local administration of

TTX decreased extracellular GABA to approximately 25% of baseline

levels in earlier reports (de Groote and Linthorst, 2007; Kersante et al.,

2013).

To our best knowledge, the spontaneous GABA outflow during the

development of TLE has never been measured before. Thus far, the

attempts to correlate the dynamic changes of extracellular GABA con-

centrations in the epileptic hippocampuswith the occurrence of sponta-

neous seizures have been limited, and deal with the sole epileptogenic

insult (SE). Pilocarpine has been reported to cause a short-lasting (2–

3 h) elevation of extracellular GABA concentrations in the hippocampus

(Khongsombat et al., 2008; Meurs et al., 2008; Smolders et al., 2004),

and no changes were observed at 24 h (Goffin et al., 2007). Whereas

previous studies limited measurement of extracellular GABA levels to

the first short period after pilocarpine-induced SE, we studied in detail

the subsequent phases of the disease, and disclosed a progressive de-

crease of basal GABA outflow in epileptic animals, initiating during the

latency period and reaching aminimumat the time of the first spontane-

ous seizure. We also observed that the basal GABA outflow than

remained steadily low in chronic animals. Data from a microdialysis

study in the kindling model support these findings, because a low

interictal GABA release was revealed in fully kindled rats (Luna-

Munguia et al., 2011). On the other hand, no changes in extracellular

GABA levels were observed in chronic rats following intra-hippocampal

injection of kainate (Liu et al., 2012). Differences in the epilepsy model

(pilocarpine and kindling vs. intra-hippocampal kainate) may account

for this discrepancy: one hypothesis could be that the loss of GABAergic

cells is less pronounced with the intra-hippocampal kainate procedure

employed by Liu et al. (2012).

We also found that GABA outflow from the hippocampus of chronic

rats (unlike in control, acute and latency rats) was not significantly in-

creased by high potassium stimulation, in spite of evoking relatively se-

vere seizures. The impaired response to stimulation in epileptic animals

begins at the time of the first spontaneous seizure, and is in sharp con-

trast with a highly increased response during latency.We speculate that

this GABAergic hyper-responsiveness during latency contributes to

maintain an appropriate inhibitory control and to prevent seizure oc-

currence despite the significant loss of GABA neurons. In keeping with

this idea, (1) high K+ perfusion evoked short partial seizures during la-

tency but could evoke generalized seizures in chronic animals, i.e. the

hippocampus seems less likely to develop seizures during latency; (2)

we observed reduction of GABA outflow at the time of the first sponta-

neous seizure, and the exhaustion of pre-synaptic GABA release has

been shown to herald the onset of ictal events in the hippocampal for-

mation in mice (Zhang et al., 2012). Importantly, this exhaustion of

pre-synaptic GABA release capacity seems to occur at the same time of

the increased post-synaptic GABAA current rundown, i.e. of GABAA re-

ceptor desensitization (Mazzuferi et al., 2010). Together, these events

are expected to lead to a severe impairment of GABA inhibitory control

and to strongly favor the occurrence of spontaneous seizures, i.e. lead to

the transition from latency to epilepsy.

GABA cell loss

The loss of GABA neurons has been extensively studied in the past

and a detailed analysis was beyond the scope of this study. To guessti-

mate the contribution of cell loss to the observed changes in GABA out-

flow, however, we studied two classes of GABA interneurons that are

known to be particularly vulnerable to epileptogenic insults (namely

somatostatin- and parvalbumin-positive interneurons) in the hippo-

campi of the animals employed for microdialysis. Somatostatin- and

parvalbumin-positive cells are estimated to account for about one

third of GABA interneurons in the dentate gyrus (Buckmaster and

Dudek, 1997).

These cells have been found tobedamaged after SE in animalmodels

(Chakir et al., 2006; Drexel et al., 2011; Paradiso et al., 2011). It has been

estimated that about 80% of the missing GABAergic neurons in kainate

treated rats are somatostatin-positive (Buckmaster and Jongen-Relo,

1999), and that nearly 80% of somatostatin-containing cell in the hilus

die following pilocarpine SE in mice (Peng et al., 2013). More limited

loss of somatostatin-immunoreactive cells was reported in other

models (Buckmaster and Jongen-Relo, 1999; Dinocourt et al., 2003;

Gorter et al., 2001). Parvalbumin-positive cells have also been reported

to die in various epilepsy models, although in a maybe less dramatic

manner compared with those somatostatin-positive (Andre et al.,

2001; Gill et al., 2010; Gorter et al., 2001; Marx et al., 2013; Sun et al.,

2007). In particular, a progressive reduction of parvalbumin-positive

GABAergic neurons in dentate gyrus, CA1 and CA3 was described in

the pilocarpine model (Drexel et al., 2011; Knopp et al., 2008; Kuruba

et al., 2011; Pavlov et al., 2011).

Fig. 5. Ca2+-dependence and TTX-sensitivity of the spontaneous and stimulated GABA

outflow from the hippocampus of naïve, non-epileptic, rats (A) and early chronic rats

(B) perfusedwith a normal Ringer solution (solid circles), Ringer without Ca2+ (open cir-

cles), or a Ringer solution containing 1 μM TTX (triangles). Perfusion of Ringer without

Ca2+ or with TTX is indicated by an arrow. The 10 min perfusion with high K+ (black

bar) is indicated by a black box above the arrow. Data are presented as a percentage of

basal values (average of the three samples preceding Ca2+ omission or TTX application)

and are themean± SEM of 5–6 animals. °p b 0.05, °°°p b 0.001, no calcium vs. respective

values in normal Ringer;, **p b 0.01 ***p b 0.001 TTX vs. respective values in normal Ring-

er; Mann–Whitney U-test.
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These findings were confirmed in human tissue. The density of

parvalbumin- (Andrioli et al., 2007) and of somatostatin-positive in-

terneurons (Sundstrom et al., 2001) in the hippocampal formation

was significantly reduced in TLE patients compared with autopsy

controls. As in the present study, all above mentioned works rely

on immunohistochemical localization of neurochemical markers,

and therefore it is difficult to establish whether a loss of immuno-

staining is due to the actual loss of the particular cell type, or if the

marker expression diminished below detection threshold while the

cell was still functional. However, double labeling studies with the

Fig. 6. Parvalbumin positive cell loss at various time points after pilocarpine induced SE. (A) and (B) Representative parvalbumin positive cells (brown—DAB; cell nuclei in blue— hema-

toxylin) in the CA3 area of a pilocarpine rat during the latency period, 9 days after SE. (B) is a highermagnification of (A). Horizontal bar: 1mm in (A) and 75 μm in (B). (C-F) Quantification

of parvalbumin cells loss in thewhole ventral hippocampus (C), hilus of DG (D), CA3 (E) and CA1 (F). Control values are in thewhite column, values in pilocarpine-treated rats in the black

columns. See Materials and methods for details on calculations. Note the rapid loss of parvalbumin positive cells in the hilus of the dentate gyrus early after the SE and themassive loss in

late chronic animals (D). The data are the means ± SEM of 5–6 animals per group. *p b 0.05, **p b 0.01, ***p b 0.001 vs. control; one-way ANOVA and post hoc Dunnett's test.
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neuronal degeneration marker Fluoro-Jade B revealed loss of both

somatostatin (Sun et al., 2007) and parvalbumin-expressing inter-

neurons (Huusko et al., 2013) in epilepsy models.

Our findings are in line with those published previously. We found

that the number of parvalbumin-positive cells in pilocarpine treated an-

imals reduces gradually during the course of the disease, alongside the

decrease in basal GABA outflow. In particular, the loss of parvalbumin-

positive neurons was most rapid and advanced in the dentate gyrus,

where it became significant already in the acute phase, whereas it was

less dramatic and slower in the CA3 and especially in the CA1 region,

where it became significant only with the first spontaneous seizure.

We also observed that the number of GABAergic somatostatin-positive

cells in the hilus of the dentate gyrus also decreased, reaching its mini-

mum in the chronic period.

As mentioned above, however, it should be kept in mind that more

than 20 different subtypes of GABA interneurons have been identified

in the hippocampus (Tepper et al., 2010) and some of them, in particu-

lar calretinin and calbindin-positive interneurons, have been shown to

degenerate or even disappear in animal models of TLE (Bouilleret

et al., 2000; van Vliet et al., 2004). These findings lend further support

to the hypothesis that death of GABA neurons, and the consequently re-

duced GABA release, in the hippocampus favors (or rather sustains) ep-

ileptiform activity.

Conclusions

Speculatively, the present data suggest that a GABAergic hyper-

responsiveness may protect from the occurrence of seizures during la-

tency, while impaired GABA release in the hippocampus may favor

the occurrence of spontaneous recurrent seizures and the maintenance

of an epileptic state. Further studies will be needed to validate this hy-

pothesis, in particular with reference to altered chloride regulation oc-

curring in epilepsy that reduces GABA inhibitory efficacy (Pathak

et al., 2007). A better understanding of the (mal)adaptive changes oc-

curring in the GABA system in the natural course of the disease will be

important to design rational therapeutic approaches.
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Abstract—An increase in the release of excitatory amino

acids has consistently been observed in the hippocampus

during seizures, both in humans and animals. However, very

little or nothing is known about the extracellular levels of

glutamate and aspartate during epileptogenesis and in the

interictal chronic period of established epilepsy. The aim

of this study was to systematically evaluate the relationship

between seizure activity and changes in hippocampal gluta-

mate and aspartate extracellular levels under basal and high

K+-evoked conditions, at various time-points in the natural

history of experimental temporal lobe epilepsy, using

in vivo microdialysis. Hippocampal extracellular glutamate

and aspartate levels were evaluated: 24 h after pilocarpine-

induced status epilepticus (SE); during the latency period

preceding spontaneous seizures; immediately after the first

spontaneous seizure; in the chronic (epileptic) period. We

found that (i) basal (spontaneous) glutamate outflow is

increased in the interictal phases of the chronic period,

whereas basal aspartate outflow remains stable for the

entire course of the disease; (ii) high K+ perfusion

increased glutamate and aspartate outflow in both control

and pilocarpine-treated animals, and the overflow of gluta-

mate was clearly increased in the chronic group. Our data

suggest that the glutamatergic signaling is preserved and

even potentiated in the hippocampus of epileptic rats, and

thus may favor the occurrence of spontaneous recurrent

seizures. Together with an impairment of GABA signaling

(Soukupova et al., 2014), these data suggest that a shift

toward excitation occurs in the excitation/inhibition balance

in the chronic epileptic state. � 2015 IBRO. Published by

Elsevier Ltd. All rights reserved.

Key words: temporal lobe epilepsy, pilocarpine, glutamate,

aspartate, microdialysis.

INTRODUCTION

A disorder in glutamate-mediated excitatory

neurotransmission has long been a candidate as a

central factor in the pathophysiology of at least some

forms of human and experimental epilepsy. A number of

studies have suggested that an abnormal amplification

of glutamate signaling occurs during seizures (Bradford,

1995; Sherwin, 1999). Moreover, an impairment of inhibi-

tion due to reduction of GABA release (Soukupova et al.,

2014), desensitization of GABAA receptors (Palma et al.,

2007; Mazzuferi et al., 2010) and/or loss of GABAergic

interneurons (Huusko et al., 2015; Houser, 2014) may

contribute to exaggerate excitatory signals. Altogether,

studies carried out in the last two decades both in epileptic

patients and in animal models support the notion that, dur-

ing seizures, epileptic circuitries lack the necessary bal-

ance between inhibition and excitation in favor of the

latter.

In humans, epilepsy has been found to be associated

with increased extracellular levels of glutamate and

aspartate. A highly significant increase in glutamate

extracellular concentration was observed before and

during partial seizures with secondary generalization in

mesial temporal lobe epilepsy (mTLE) patients

undergoing surgery, using bilateral intrahippocampal

microdialysis and the non-epileptogenic hippocampus of

each patient as control (During and Spencer, 1993).

Microdialysis evidence supports the notion that not only

glutamate but also aspartate extracellular concentrations

are significantly increased in the epileptogenic brain tis-

sue under basal conditions and during intense seizures

in epilepsy surgery patients (Sherwin, 1999; Thomas

et al., 2003). Moreover, the interictal extracellular gluta-

mate levels in the non-epileptogenic human hippocampus

were found to be much lower compared to those in the

epileptogenic area (Cavus et al., 2008). Although these

results indicate a strong association between higher glu-

tamate (and maybe also aspartate) and epileptiform

http://dx.doi.org/10.1016/j.neuroscience.2015.06.013
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activity, for obvious reasons all these human studies lack

stringent controls and do not provide information on the

dynamic changes occurring in the natural history of the

disease.

Several animal studies support and integrate the

observations made in humans. Increases in

hippocampal or cortical extracellular glutamate and

aspartate have been consistently observed during

different types of chemically and electrically induced

seizures in rats. An ictal increase in hippocampal

glutamate levels has been described after

microperfusion of various chemoconvulsants (namely

pilocarpine, picrotoxin and 3,5-dihydrophenylglycine)

into the hippocampus (Meurs et al., 2008) or during

chronic-phase seizures following intrahippocampal kai-

nate injection in rats (Wilson et al., 1996; Kanamori and

Ross, 2011). Hippocampal extracellular aspartate levels

were also found to increase during seizures (Wilson

et al., 1996). A very small number of studies describe

the interictal extracellular levels of glutamate (or aspar-

tate) in chronic models of epilepsy. However, a significant

increase in extracellular glutamate concentrations has

been observed in the hippocampus of rats 60 days after

intra-amygdala kainate injection (Ueda et al., 2001) and

in fully kindled as compared with naı̈ve rats (Mazzuferi

et al., 2005; Maciejak et al., 2009). Similarly, significantly

increased extracellular interictal levels of aspartate have

been observed in a model of focal epilepsy induced by

intracortical injection of ferrous chloride (Ronne

Engstrom et al., 2001).

Altogether, human and animal studies suggest that

glutamate and aspartate extracellular levels are

increased in the chronically epileptic tissue (and further

increased during seizures). Evidence in this respect

needs to be strengthened under rigidly controlled

conditions. Moreover, no data are available on the

changes in these systems that may occur in the course

of the disease, from the initial epileptogenic insult to the

development and maintenance of spontaneous seizures.

In a previous study (Soukupova et al., 2014) we have

demonstrated that GABA release undergoes significant

changes in the course of TLE development. Here, we

used microdialysis to analyze, for the first time in detail,

basal and stimulated glutamate and aspartate outflow in

the hippocampus at different time-points of TLE.

EXPERIMENTAL PROCEDURES

Animals

Male Sprague–Dawley rats (250–350 g; Harlan, Milan,

Italy) were housed under controlled illumination (12-h

light/dark cycle; light on 06.00 am) and environmental

conditions (ambient temperature 22–24 �C, humidity 55–

65%) beginning at least one week before surgeries. Rat

chow and tap water were available ad libitum. The

experimental procedures were approved by the

University of Ferrara Institutional Animal Care and Use

Committee and by Italian Ministry of Health

(authorization: D.M. 246/2012-B) in accordance with

guidelines outlined in the European Communities Council

Directive of 24 November 1986 (86/609/EEC). All animals

were acclimatized to the microdialysis laboratory

conditions for at least 1 h before each experiment. After

the last day of microdialysis, they were killed by

decapitation under 1.4% isoflurane anesthesia.

Dialysates from a subset of the animals employed in this

study (two per group) had been also employed in another,

previously published study (Soukupova et al., 2014) to

measure GABA outflow. All efforts were made to reduce

animal numbers and suffering during the experiments.

Pilocarpine protocol. The pilocarpine protocol was

identical to one we previously described (Soukupova

et al., 2014). Briefly, intraperitoneal injection of pilocarpine

(350 mg/kg) 30 min after a single subcutaneous injection of

methyl-scopolamine (1 mg/kg) induced in animals the typ-

ical behavior: early partial seizures (movements of vibris-

sae and head nods within 5 min after pilocarpine

administration) evolving into recurrent generalized convul-

sions (status epilepticus, SE) within 25–30 min. Rats that

did not develop SE within 30 min received an additional

dose of pilocarpine (175 mg/kg, i.p.). SE was interrupted

3 h after onset by administration of diazepam (20 mg/kg,

i.p.). Control animals received a single injection of methyl-

scopolamine (1 mg/kg) 30 min prior to vehicle (0.9% NaCl

solution, pH adjusted to 7.0). Recording of the seizure

behavior began immediately after the pilocarpine injection

and was continued for at least 6 h thereafter.

To favor recovery from the body weight loss that

follows SE, animals were injected with saline (1 ml of

0.9% NaCl solution, pH adjusted to 7.0) and fed with a

10% sucrose solution for 2–3 days. Those animals that

did not achieve the initial body weight within the first

week after pilocarpine SE were excluded from the

study. Rats were randomly assigned to four

experimental groups: acute phase (24 h after SE),

latency (7–9 days after SE), first spontaneous seizure

(approximately 11 days after SE), and chronic period

(22–24 days after SE, i.e., about 10 days after the first

seizure). Data were collected and processed only from

those animals in which the probe was correctly placed.

In summary: inclusion/exclusion criteria were

development of convulsive SE within 1 h after

pilocarpine administration; weight gain in the first week

after SE; correct positioning of the microdialysis probe.

The number of valid animals per group was pre-

determined as five or more (Soukupova et al., 2014).

Identification of seizures and electroencephalogram

(EEG) activity. EEG seizures were defined as periods of

paroxysmal activity of high frequency (>5 Hz)

characterized by a >3-fold amplitude increment over

baseline with progression of the spike frequency that

lasted for a minimum of 3 s (Williams et al., 2009;

Paradiso et al., 2011). They were detected using a hard

wire system MP150 and AcqKnowledge 4.3 software

(both Biopac, Goleta, CA, USA). Severity of behavioral

seizures was scored according to Racine (1972): class

1, chewing, lips and facial movements; class 2, head

nods; class 3, forelimb clonus; class 4, generalized sei-

zure with rearing; class 5, generalized seizure with rearing

and falling.
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As previously described (Soukupova et al., 2014), a

24/24-h video monitoring was started approximately 6 h

after pilocarpine administration (i.e., at the end of direct

observation by the researchers – see above) and contin-

ued until day 5, using a digital video surveillance system

DSS1000 (V4.7.0041FD, AverMedia Technologies,

Fremont, CA, USA). Beginning at day 5, rats were contin-

uously video-EEG monitored to verify absence of sponta-

neous seizures (for the latency group) or to obtain proper

identification of the first spontaneous seizure (for the first

seizure group). Video-EEG monitoring was started at day

5 after SE because, under the experimental conditions

employed in this study, we do not observe spontaneous

seizures earlier than 8 days after pilocarpine administra-

tion (Paradiso et al., 2009; Mazzuferi et al., 2010).

Following occurrence of the first spontaneous seizure

and until the microdialysis experiments, i.e. in the chronic

period, animals were only video-monitored to determine

frequency and duration of generalized seizures (class 4

or 5). Video-EEG was however performed during

microdialysis sessions, to make sure that spontaneous

seizures were not occurring before or during the

experiment and to examine possible correlations

between high K+-evoked EEG seizure activity and

changes in extracellular glutamate and aspartate. All

video-EEG analyses were conducted by two

independent investigators that were blinded for the

group of tested animals. In case of divergence, data

were examined together to reach a consensus

(Paradiso et al., 2011).

Statistical analysis. Kruskal–Wallis plus post hoc

Dunn’s test and a one-way analysis of variance

(ANOVA) and post hoc Dunnett’s test were used to

determine whether respectively severity and duration of

high K+-evoked seizures during microdialysis differed

significantly from those in normal rats.

In vivo brain microdialysis

Microdialysis procedure. Brain microdialysis

experiments were performed in awake and freely

moving rats as previously described (Soukupova et al.,

2014). In brief, rats were stereotaxically implanted with

a guide cannula coupled with a recording electrode under

general anesthesia induced with ketamine/xylazine (43

and 7 mg/kg, i.p.) and maintained with isoflurane 1.4%

in air (flow 1.2 ml/min). A reference electrode was placed

on the skull. Animals were given a post-operatory anal-

gesic treatment (ketoprofen 5 mg/kg, i.p.) for 2 days,

and allowed to recover for at least 7 days.

Twenty-four hours before the experiment, rats were

briefly anesthetized with isoflurane and a vertical

microdialysis probe, endowed with a 1-mm cuprophane

dialyzing membrane (MAB 4.15.1.Cu, Agn Tho’s,

Lidingö, Sweden; cut-off 6 kDa; outer diameter

300 ± 5 lm; mean glutamate recovery in vitro

15.49 ± 0.42%; mean aspartate recovery in vitro

14.89 ± 0.36%), was inserted and fixed to the guide

cannula. In vitro recovery was measured by placing

probes in a continuously stirred vial containing 2.5 lM

aspartate and 2.5 lM glutamate in Ringer solution (see

composition of Ringer below) and maintained at 37 �C

using a block heater (QBD2, Grant Instruments,

Cambridge, England). Probes were perfused with

Ringer at a flow rate of 2 ll/min. After a 30-min wash-

out period, three 30-min perfusate samples and three

equal volume samples of the solution in the vial were

collected. The amounts of aspartate and glutamate in

the samples were determined using the high-

performance liquid chromatography (HPLC) method

described below.

Probes were placed in the right ventral hippocampus,

at the following stereotaxic coordinates: A �3.4 mm from

bregma; L +4.8 mm; V +7.0 mm below the dura

(Pellegrino et al., 1979). To verify absence of seizures

for the 3 h preceding the initiation of sample collection

and to monitor seizure activity during microdialysis, ani-

mals were attached to an EEG hard-wire system during

the entire microdialysis session. Following an initial 60-

min equilibration period, dialysis was started with Ringer

solution (composition, in mM: MgCl2 0.85, KCl 2.7, NaCl

148, CaCl2 1.2, 0.3% BSA) at a flow rate of 2.0 ll/min

maintained using a Univentor infusion pump (mod. 864,

Zejtun, Malta). Five consecutive 30 min dialysate samples

were collected under baseline conditions (perfusion with

normal Ringer), and stimulation was then applied as a

10-min perfusion with a modified Ringer solution contain-

ing 100 mM K+ (equimolar compensation with Na+; com-

position, in mM: MgCl2 0.85, KCl 100, NaCl 50.7, CaCl2
1.2, 0.3% BSA) after the collection of the fifth post-

equilibration dialysate. From that moment, dialysates

were collected every 10 min. The high potassium perfu-

sion has been described to elevate an extracellular K+

concentration near the dialyzing membrane (Largo

et al., 1996) and thereby increase the efflux of several

neurotransmitters, including glutamate (Takeda et al.,

2003; Tanaka et al., 2003; Mazzuferi et al., 2005).

Moreover, it has been shown (Timmerman and

Westerink, 1997) that, under these experimental condi-

tions, high K+-evoked glutamate overflow is almost

entirely Ca2+-dependent (indicating a prevalent origin

from a vesicular pool), while basal glutamate efflux is

essentially Ca2+-independent and tetrodotoxin-

insensitive (which questions its neuronal origin).

Because perfusion of a hippocampal probe with high K+

is known to provoke seizures in epilepsy models (Marti

et al., 2000; Aparicio et al., 2004; Mazzuferi et al., 2005;

Soukupova et al., 2014), as mentioned above EEG and

behavior were recorded during the entire microdialysis

session. Experiments were repeated for 3 consecutive

days in 8-h microdialysis sessions, except for the acute

(24 h) and first seizure groups, in which only one micro-

dialysis session took place 24 h after SE or within 24 h

after the first spontaneous seizure. On completion of each

experiment, rats were euthanized with an anesthetic over-

dose and their brains removed, fixed in 10% formalin and

paraffin-embedded. Coronal sections were cut in order to

verify probe placement as described in precedence

(Soukupova et al., 2014).

Dialysates were analyzed for glutamate and aspartate

content using a modified HPLC method (Soukupova
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et al., 2014), employing a Smartline manager 5000

degasser and system controller unit, a Smartline 1000

quaternary gradient pump (Knauer, Berlin, Germany),

an HT300L auto-sampler with a 20-ll sample loop

(HTA, Brescia, Italy) and a RF-551 spectrofluorimetric

detector (Shimadzu, Kyoto, Japan). A 250 � 4.6 mm

chromatographic column packed with an EUROSIL bios-

elect 300A and a 5 � 4 mm pre-column containing the

same packing (LabService Analytica, Italy) were used.

The mobile phase was a binary gradient between solution

A (0.1 M sodium phosphate buffer, pH 6.0) and solution B

(40% 0.1 M sodium phosphate buffer, 30% methanol,

30% acetonitrile, pH 6.5), pushed through the system at

a flow rate of 0.8 ml/min. Amino acids were detected at

kexcitation/kemission = 345/455 nm after 2 min pre-column

derivatization with 20 ll orthophthaldialdehyde (OPA;

Sigma, Milan, Italy) mixed with 5-mercaptoethanol

(Sigma, Milan, Italy) 20:1 (v/v) added to 20 ll of sample.

Under these conditions, the mixture of amino acids con-

taining aspartate (tr 4.61 min), glutamate (tr 6.07 min)

and the internal standard L-homoserine (tr 8.99 min),

was separated within 20 min. The method was validated

by spiking the Ringer solution and modified Ringer solu-

tion with aspartate, glutamate, L-homoserine and an

amino acid standard solution (Sigma, Milan, Italy). The

sensitivity of the method was 0.74 pmol/20 ll sample for

glutamate and 1.13 pmol/20 ll sample for aspartate.

Quantification and statistics. The amounts of

glutamate and aspartate in dialysates have been

expressed either as absolute values (pmol/10 min),

which represents the value in 20 ll of sample, or as

percent of basal outflow, as previously described

(Mazzuferi et al., 2005; Soukupova et al., 2014). Briefly,

basal values represent the mean amount of glutamate

and aspartate measured in the last four spontaneous frac-

tions collected before stimulus (when multiple microdialy-

sis sessions were performed, i.e., latency and chronic

group, data from the 3 days were averaged to obtain a

single estimate per animal). Time-course curves were

expressed in absolute values (pmol/10 min) or as percent

of basal values. High K+-evoked glutamate and aspartate

overflow was calculated by subtracting the presumed

basal outflow from the total outflow in the samples taken

upon stimulus application and in the following three sam-

ples. The presumed basal outflow was obtained by inter-

polation between the samples preceding and following the

above-mentioned four collection periods. The %high K+-

evoked overflow was than estimated by dividing the sum

of the outflow in the four samples taken upon and after

stimulus (above) by the presumed basal outflow, and mul-

tiplying by 100. The statistical comparisons were made

using a one-way ANOVA followed by the Dunnett’s test.

The Holm–Sidak multiple comparison test was employed

for an analysis of differences between amino acid concen-

trations in the time-course of the experiments.

Chemicals

Pilocarpine hydrochloride, scopolamine methylnitrate and

xylazine hydrochloride (all from Sigma, Milano, Italy) were

freshly dissolved in isoosmotic 0.9% NaCl (Sigma,

Milano, Italy) solution prior to use. Original medicinal

products containing diazepam (Valium�, Roche, Basel,

Switzerland), ketamine (Ketavet�, InterVet, Aprilia, Italy)

and isoflurane (IsoFlo�, Esteve Farma, Milano, Italy)

were used to sedation and anesthesia. Standards for

chromatography: L-aspartic acid, L-glutamic acid, L-

homoserine and solvents acetonitrile (HPLC grade) and

methanol (HPLC grade) were all from Sigma (Milano,

Italy).

RESULTS

SE and seizure assessment

Animals were video-EEG recorded at specific time points

to monitor the development and progression of epilepsy

and to detect the onset of spontaneous seizures. A

pilocarpine dose of 350 mg/kg (i.p.) was sufficient to

induce SE (latency: 25 ± 5 min) in most of the cases.

About 75% of all rats (17 of 22) needed no further

injections (the remaining 25% received one additional

injection of pilocarpine). Typically, the animals

experienced some occasional, self-limiting generalized

seizures (less than 1 min duration) for 2–3 days after

SE, then entered a latency state in which they were

apparently well (Mazzuferi et al., 2010; Soukupova

et al., 2014). Beginning 5 days after SE, animals were

video-EEG monitored for verification that no spontaneous

seizures occurred until day 9 after SE, for the latency

group, or for identification of the first spontaneous sei-

zure, for the first seizure group. The average seizure-

free period was 11.3 ± 0.5 days (mean ± SEM,

n= 15). After occurrence of the first spontaneous sei-

zure, the remaining animals (i.e., those in the chronic

group) were switched back to simple video-monitoring.

In these animals, behavioral seizures occurred in clusters,

as previously described (Goffin et al., 2007; Williams

et al., 2009; Mazzuferi et al., 2010; Soukupova et al.,

2014), and aggravated in time. During the last week of

monitoring, the frequency of generalized (class 4 and 5)

seizures per day was 1.5 ± 0.4 (mean ± SEM, n= 12).

Rats were video-EEG recorded starting 3 h before and

during microdialysis experiments. No spontaneous

seizure was recorded during perfusion with basal

Ringer. During perfusion with high K+, in line with

previous results (Soukupova et al., 2014) and as shown

in Fig. 1, animals in the control group exhibited no behav-

ioral seizure or partial seizures of class 1, and animals in

the latency group exhibited predominantly seizures of

class 1. Control and latency animals, however, also exhib-

ited numerous wet-dog shakes when perfused with high

K+. More severe seizures occurred in acute (24 h after

SE), in first spontaneous seizure and in chronic animals,

although this phenomenon reached statistical significance

only in chronic animals. It is worth reporting that the

response in first seizure and chronic animals was appar-

ently distributed in a bi-modal fashion, with a subgroup

exhibiting generalized seizures (class 4 or 5) during high

K+ perfusion, and another subgroup responding with

non-generalized seizures only (class 1 or 2; Fig. 1A).

This bi-modal distribution may correlate with the variable

proximity between a cluster of spontaneous seizures

M. Soukupova et al. / Neuroscience 301 (2015) 246–253 249



and the microdialysis session. The duration of high K+-

evoked seizures was non-significantly reduced in the

latency period, i.e., in the post-ictal phase after SE, and

then progressively increased in the course of the disease

(Fig. 1B).

Glutamate

Basal glutamate outflow was higher in epileptic animals

with spontaneous seizures (i.e., first seizure and chronic

group) than in control rats, but the increase was

statistically significant only for the chronic animals group

(Fig. 2; Table 1).

Perfusion with a solution containing high K+

increased glutamate outflow in all experimental groups.

The stimulation effect peaked 10–20 min after high K+

perfusion, most likely due to the time needed for

accumulation of K+ in the extracellular spaces around

the microdialysis probe. In control, acute and latency

rats, glutamate outflow increased from relatively low

basal levels preceding the stimulus to reach

17.57 ± 1.99, 20.34 ± 6.46 and

18.75 ± 4.77 pmol/10 min, 10 min after high K+

perfusion. In first seizure and chronic rats, glutamate

outflow increased from relatively high basal levels to

achieve 22.22 ± 3.28 and 20.76 ± 1.04 pmol/10 min,

respectively, 10 min after the stimulus. The high K+-

evoked glutamate outflow in chronic animals returned to

basal values with a delay of about 30 min compared to

all other experimental groups (Fig. 2B). Such protracted

increase in outflow paralleled the increased severity and

duration of high K+-evoked seizures (Fig. 1) and may

reflect the impairment of compensating GABA release

during this period (Soukupova et al., 2014). When

expressed as percent of basal outflow, the response to

high K+ stimulation was approximately 150% in all exper-

imental groups (Fig. 2C). The net high K+-evoked gluta-

mate overflow was not significantly different from the

one in control animals at the different time points

(Fig. 2D). However, a clear tendency to an increased

overflow was observed in chronic period group, coherent

with the prolonged response described above (Fig. 2D).

When expressed as percent of basal outflow, however,

no differences at all were observed because, as

described above, basal glutamate outflow was also

increased to a similar extent in the chronic group

(Fig. 2E).

Aspartate

The basal aspartate outflow was lower (half or less) than

glutamate outflow in all experimental groups (Table 1). No

significant difference was detected in basal or high K+-

evoked aspartate outflow between the different

experimental groups (Table 1). The time course of high

K+ stimulated aspartate outflow was also similar in all

groups.

DISCUSSION

The main findings of the present study must be discussed

in conjunction with parallel findings on GABA outflow. We

have previously demonstrated that, during the latent

period, basal GABA outflow is reduced but the response

to high K+ stimulation increases whereas, beginning at

the time of the first spontaneous seizure, this increased

responsiveness to stimulation disappears and the

system remains dysfunctional (Soukupova et al., 2014).

In this study we have extended the analysis to the excita-

tory neurotransmitters glutamate and aspartate, and

found that (i) basal (spontaneous) extracellular glutamate

levels are not significantly different from control levels dur-

ing latency but raise significantly in the chronic stage,

whereas aspartate extracellular levels remain stable dur-

ing the entire course of experimental TLE; (ii) stimulus-

evoked (high K+ stimulation) glutamate and aspartate

outflow do not vary significantly in the course of the dis-

ease, even if a clear tendency to an increase is observed

for glutamate in the chronic period. Therefore, contrary to

GABA, the function of the excitatory glutamatergic and

aspartatergic systems is maintained or even increased

in TLE. Even if a significant part of the glutamatergic ter-

minals in the hippocampus synapse on and activate inhi-

bitory GABA neurons, this does not lead to increased

GABA release (that is instead reduced, presumably due

to the loss of GABA neurons; Soukupova et al., 2014)

implicating a net shift in the inhibition to excitation balance

toward excitation.

Before discussing these findings, the limitations of the

microdialysis technique should be considered. First, the

extracellular concentrations of glutamate, aspartate and

GABA are not direct indices of synaptic activity.

Changes in dialysate concentrations of these

neurotransmitters should be regarded as a read-out of

the activity of neuron–astrocyte units. It has been

proposed that dialysate changes in principal

neurotransmitters are an index of their volume

transmission rather than of their synaptic release (Del

Arco et al., 2003). The activity of neurons is functionally

linked to that of astrocytes, which can also release and

reuptake glutamate, aspartate or GABA, thereby con-

tributing to the regulation of their amounts in the

Fig. 1. Seizure activity in response to hippocampal perfusion with

100 mM K+ for 10 min in control (white columns) and pilocarpine-

treated (gray and black columns) rats. (A) Seizure severity scored

according to Racine (1972). (B) EEG-measured single seizure

duration during the high K+ stimulation. Data are the

means ± SEM of 5–6 animals per group. **p< 0.01 Kruskal–Wallis

and post hoc Dunn’s test. *p< 0.05, one-way ANOVA and post hoc

Dunnett’s test.
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extracellular space (Del Arco et al., 2003). Once released

from neurons and astrocytes, glutamate, aspartate or

GABA can be re-uptaken or spill-over from the synaptic

cleft to perisynaptic and extrasynaptic regions, where

they reach the microdialysis probe (Watson et al.,

2006). Thus, variations in the extracellular space volume

Fig. 2. (A) Spontaneous basal glutamate outflow from the hippocampus of control (white column) and pilocarpine-treated (gray and black columns)

rats. Basal glutamate levels are significantly higher in the hippocampus of chronic pilocarpine-treated rats compared to controls. (B) Time course of

the effect of 10 min perfusion with 100 mM K+ (horizontal bar) on glutamate outflow from the hippocampus of control (open circles), latency (gray

circles) and chronic rats (black circles). The time of high K+ perfusion shown here and in (C) corresponds exactly to the time when high K+ is in the

probe (the switch to high K+ solution was performed 17 min before, i.e., the time necessary to reach the brain via the tubing in our system). In

control rats, glutamate outflow increases from 11.63 ± 0.69 pmol/10 min to reach 17.57 ± 1.99 pmol/10 min after the stimulus. Similarly, glutamate

outflow increases from 11.33 ± 2.45 to 18.75 ± 4.77 pmol/10 min in the latency period group. In chronic rats, glutamate outflow raises from

relatively high basal levels (15.79 ± 1.07) to reach 20.76 ± 1.04 pmol/10 min in the first 10 min after the stimulus and 23.03 ± 3.55 pmol/10 min

20 min after the stimulus. For clarity, the profiles in acute and first seizure animals are not shown. However, the one in acute animals was similar to

that in latency animals and the one in first seizure animals was similar to that in chronic animals. (C) Time course of the effect of 10-min perfusion

with the high K+ (horizontal bar) on glutamate outflow from the hippocampus of control (open circles), latency (gray circles) and early chronic (black

circles) rats. All animals respond to the stimulus with an increase in glutamate outflow to approximately 150% of basal values. For clarity, the profiles

in acute and first seizure animals are not shown. However, the one in acute animals was similar to that in latency animals and the one in first seizure

animals was similar to that in chronic animals. (D) High (100 mM) K+-evoked glutamate overflow from the hippocampus of control (white column)

and pilocarpine-treated (gray and black columns) rats. See ‘Quantification and statistics’ for details. (E) Effect of 100 mM K+ perfusion on glutamate

overflow, expressed as percent of basal release. The glutamate percent overflow remains stable in all experimental groups. Data are the

means ± SEM of 5–6 animals per group. *p< 0.05, one-way ANOVA plus Dunnett’s test (A) or Holm–Sidak t test (B).

Table 1. Basal and high K+-evoked glutamate and aspartate outflow from the hippocampus of control and pilocarpine-treated rats

Control Acute Latency 1st seizure Chronic

Glutamate

Basal outflow (pmol/10 min) 11.87 ± 0.63 11.79 ± 0.45 11.23 ± 1.44 16.19 ± 3.13 17.40 ± 1.12*

High K+-evoked overflow (pmol) 15.69 ± 2.40 14.13 ± 5.38 11.63 ± 4.47 12.25 ± 2.26 21.92 ± 2.68

High K+-evoked overflow (% basal) 138.6 ± 7.3 128.0 ± 14.1 123.3 ± 8.6 124.3 ± 3.7 137.7 ± 3.5

Aspartate

Basal outflow (pmol/10 min) 5.92 ± 0.89 6.58 ± 2.00 6.01 ± 0.15 7.17 ± 1.55 6.25 ± 0.78

High K+-evoked overflow (pmol) 7.19 ± 1.23 8.47 ± 1.29 10.89 ± 1.15 7.99 ± 3.86 9.32 ± 1.63

High K+-evoked overflow (% basal) 142.0 ± 8.3 137.6 ± 10.7 156.3 ± 17.0 122.3 ± 9.9 147.5 ± 10.2

Data are the means ± SEM of 5–6 animals per group.
* p< 0.05 vs. Control; ANOVA and post hoc Dunnett’s test.
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(that have been reported to occur in epilepsy; Lux et al.,

1989), alterations in the extracellular matrix and environ-

mental factors (like tissue damage associated with the

probe’s insertion and substances entering from the blood-

stream) may also influence the measures.

Even with the above limitations, the present data

suggest that the development of TLE sets a new

equilibrium between excitatory and inhibitory

neurotransmission in the hippocampus. We found here

that the basal outflow of glutamate is increased in the

chronic epileptic period in the pilocarpine model, and

that of aspartate remains stable at all time-points. It

should be emphasized that this increased glutamate

outflow was detected in inter-seizure periods: because

spontaneous seizures increase glutamate release

(During and Spencer, 1993) and therefore represent a

confounding factor under these experimental conditions,

animals were video-EEG monitored beginning 3 h before

microdialysis, and the experiment was interrupted if a

spontaneous seizure occurred. These findings are in line

with previous observations in humans, in which the

microdialysis-measured outflow of glutamate was higher

in the epileptogenic hippocampus of patients with

medication-resistant complex partial seizures than in the

contralateral, non-epileptogenic hippocampus (Cavus

et al., 2008). Similarly, increased extracellular concentra-

tions of glutamate have been reported in the hippocam-

pus of chronically epileptic rats (Ronne Engstrom et al.,

2001; Ueda et al., 2001; Mazzuferi et al., 2005;

Maciejak et al., 2009). At variance with our findings, the

spontaneous outflow of aspartate was found elevated in

one study (Ronne Engstrom et al., 2001). Altogether,

these data suggest that increased extracellular glutamate

levels in the hippocampus may play a role in the mainte-

nance of a chronic epileptic condition.

The absence of differences in the response to

stimulation (high K+ perfusion) at the different time

points also supports preservation of function of

excitatory networks. Indeed, with reference to basal

levels, high K+-evoked the outflow of approximately an

extra 50% glutamate and aspartate in controls as well

as in all pilocarpine treated animals. If anything, the

glutamate response to stimulation was increased in

chronic animals, in which we observed a net tendency

toward a prolonged response, with longer time needed

to recover basal glutamate outflow levels and an overall

tendency to increase the overflow generated by the

stimulation. A similar phenomenon was described by

others (Ueda et al., 2001). In our previous study

(Soukupova et al., 2014) we observed a reduced basal

GABA outflow and a strong impairment of the

GABAergic response to potassium stimulation in the

chronic phase, most likely caused by loss of GABA

interneurons (Huusko et al., 2015; Houser, 2014;

Soukupova et al., 2014). Together, these data support a

dramatic unbalance of the excitation to inhibition ratio in

favor of excitation, a phenomenon that greatly favors

the spontaneous occurrence of seizures.

The maintenance of an apparently normal excitatory

signal may seem surprising if considering that not only

inhibitory interneurons, but also principal excitatory

neurons are lost in the epileptic tissue. Studies of the

resected tissue from patients with intractable TLE and

animals with SE-induced epilepsy have shown

neuropathological modifications (Pitkanen and Sutula,

2002), including: (1) hippocampal neuronal loss, primarily

of CA1 and CA3 pyramidal neurons, (2) sprouting and

reorganization of the mossy fibers, the axons of dentate

gyrus granule cells, (3) increased neurogenesis in the

dentate gyrus and (4) hippocampal gliosis. It may be

hypothesized that sprouted mossy fibers, newborn gran-

ule cells and gliosis may compensate for the extensive

loss of excitatory neurons in the sclerotic hippocampus,

maintaining unmodified (or not significantly modified) the

extracellular levels of glutamate and aspartate.

Another puzzling observation is that the variations in

glutamate levels are not paralleled by variations in

aspartate. Glutamate and aspartate are located in the

same excitatory terminals in the hippocampus, even if

glutamate is more abundant than aspartate (Gundersen,

2008). However, aspartate vesicles are also co-

expressed with GABA vesicles and, therefore, aspartate

may be co-released with GABA in the hippocampus

(Gundersen, 2008; Nadler, 2011). Altogether, while the

co-release of aspartate at excitatory synapses may be

increased in chronic epilepsy (like that of glutamate), the

co-release of aspartate and GABA at inhibitory synapses

may be decreased because of loss of GABA terminals

(Soukupova et al., 2014). As a consequence, its outflow,

as detected by microdialysis, could remain essentially

unchanged.

CONCLUSION

Based on the data presented in this study and on the data

from our previous work (Soukupova et al., 2014) we sug-

gest that preserved glutamatergic and aspartatergic

extracellular levels, together with an impairment of

GABA release, favor the occurrence of spontaneous

recurrent seizures and contribute to maintaining a chronic

epileptic state. The present findings support the growing

body of data implicating that the dampening excitatory

neurotransmission may be a useful strategy to block

epileptic seizures (Zwart et al., 2014).
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