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A B S T R A C T   

α-actinin-2 (α-actn-2) is an F-actin-crosslinking protein, localized in dendritic spines. In vitro studies suggested 
that it is involved in spinogenesis, morphogenesis, actin organization, cell migration and anchoring of the NR1 
subunit of the N-methyl-D-aspartate (NMDA) receptors in dendritic spines. However, little is known regarding its 
function in vivo. We examined the levels of α-actn-2 expression within the dentate gyrus (DG) during the 
development of chronic limbic seizures (epileptogenesis) induced by pilocarpine in rats. In this model, plasticity 
of the DG glutamatergic granule cells including spine loss, spinogenesis, morphogenesis, neo-synaptogenesis, 
aberrant migration, and alterations of NMDA receptors have been well characterized. We showed that α-actn- 
2 immunolabeling was reduced in the inner molecular layer at 1-2 weeks post-status epilepticus (SE), when 
granule cell spinogenesis and morphogenesis occur. This low level persisted at the chronic stage when new 
functional synapses are established. This decreased of α-actn-2 protein is concomitant with the recovery of 
drebrin A (DA), another actin-binding protein, at the chronic stage. Indeed, we demonstrated in cultured cells 
that in contrast to DA, α-actn-2 did not protect F-actin destabilization and DA inhibited α-actn-2 binding to F- 
actin. Such alteration could affect the anchoring of NR1 in dendritic spines. Furthermore, we showed that the 
expression of α-actn-2 and NR1 are co-down-regulated in membrane fractions of pilocarpine animals at chronic 
stage. Last, we showed that α-actn-2 is expressed in migrating newly born granule cells observed within the hilus 
of pilocarpine-treated rats. Altogether, our results suggest that α-actn-2 is not critical for the structural integrity 
and stabilization of granule cell dendritic spines. Instead, its expression is regulated when spinogenesis and 
morphogenesis occur and within migrating granule cells. Our data also suggest that the balance between α-actn-2 
and DA expression levels may modulate NR1 anchoring within dendritic spines.   

1. Introduction 

The actin filaments (F-actin) are the primary structural elements 
found in dendritic spines. Alterations in the shape and density of den-
dritic spines are intimately linked with regulation of actin structure and 
dynamics (Sekino et al., 2007; Hotulainen and Hoogenraad, 2010; Fer-
hat, 2012; Soria Fregozo and Pérez Vega, 2012; Lai and Ip, 2013; Ber-
tling and Hotulainen, 2017; Koganezawa et al., 2017; Borovac et al., 
2018). Therefore, the identification of the molecular bases that underlie 
organization and dynamics of actin filaments in dendritic spines are 
essential to comprehend the mechanisms of synaptic plasticity in 

physiological and physiopathological conditions. 
α-actinins are one of the principal actin crosslinking and bundling 

proteins present in most cell types. They are members of the spectrin/ 
dystrophin superfamily of proteins (Meyer and Aebi, 1990; Otey and 
Carpen, 2004; Sjöblom et al., 2008; Honda, 2015; Murphy and Young, 
2015). Four isoforms compose the α-actinin family: α-actinin-1, -2, -3 
and -4. These isoforms are encoded by four different genes (gene name; 
ACTN1; ACTN2; ACTN3; ACTN4). The mRNAs encoding α-actinin-1, -2, 
and -4 have been detected by RT-PCR (Schnizler et al., 2009) and the 
encoded proteins by mass spectrometry in post-synaptic density (PSD) 
preparations (Walikonis et al., 2000; Peng et al., 2004) from cultured rat 
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hippocampal neurons. 
Through their actin crosslinking and bundling activities, α-actinins 

are involved in organizing actin filaments in different cellular structures 
or compartments such as stress fibers (Otey and Carpen, 2004; Burridge 
and Wittchen, 2013), the lamellipodia of migrating cells (Small et al., 
2002), and dendritic spines (Wyszynski et al., 1998; Nakagawa et al., 
2004; Hodges et al., 2014). Noteworthy, these activities are inhibited by 
drebrin, another actin-binding protein (Ishikawa et al., 1994). 

Besides its role in crosslinking and bundling actin filaments, α-acti-
nin interacts with numerous partners (~30), including NMDA receptors, 
L-type calcium (Ca2+) channel Cav1.2, potassium (K+) channels, tran-
sient receptor potential (TRP) channels, cell adhesion proteins (e.g. 
integrins and cadherin), phosphatidylinositol-bisphosphate (PIP2), the 
α/β-catenin complex, densin-180, and Ca2+/calmodulin dependent 
protein kinase II alpha (CaMKIIα) (Otey et al., 1990; Pavalko et al., 
1991; Otey et al., 1993; Knudsen et al., 1995; Wyszynski et al., 1997; 
Maruoka et al., 2000; Walikonis et al., 2001; Sadeghi et al., 2002; Otey 
and Carpen, 2004; Li et al., 2007; Michailidis et al., 2007; Sjöblom et al., 
2008; Jalan-Sakrikar et al., 2012; Hall et al., 2013; Matt et al., 2018; 
Penny and Gold, 2018). As a result of these interactions, α-actinin is 
believed to play several important functions within the cell : it connects 
actin filaments to different transmembrane molecules and post-synaptic 
density (PSD) components, it modulates the activity of several receptors, 
it regulates the membrane localization, trafficking and function of cation 
channels and it mediates interactions between actin filaments and 
various signaling pathways (Wyszynski et al., 1997; Maruoka et al., 
2000; Sadeghi et al., 2002; Otey and Carpen, 2004; Li et al., 2007; 
Sjöblom et al., 2008; Tseng et al., 2017). 

Among the different actinins, immunofluorescence and immunoe-
lectron microscopy studies revealed that α-actn-2 is highly concentrated 
in dendritic spines and the PSD (Wyszynski et al., 1997, 1998; Allison 
et al., 2000; Nakagawa et al., 2004; Hodges et al., 2014). Consistent with 
these localizations, several studies showed that α-actn-2 is involved in 
the plasticity of dendritic spines (spinogenesis, morphogenesis) and as-
sembly of the PSD. Indeed, overexpression or down-regulation of α-actn- 
2 increases the density and length of dendritic protrusions that lack a 
PSD in cultured rat hippocampal neurons (Nakagawa et al., 2004; Hoe 
et al., 2009; Hodges et al., 2014). Furthermore, at resting intracellular 
Ca2+, α-actn-2 interacts with one component of the PSD, the NR1 
subunit of the NMDA receptor (Wyszynski et al., 1997; Krupp et al., 
1999; Merrill et al., 2007), suggesting that α-actn-2 functions as a post- 
synaptic-anchoring protein for NMDA glutamatergic receptors (Wys-
zynski et al., 1998). 

Most of the studies on α-actn-2 regulation and function were per-
formed using in vitro binding and yeast two hybrid assays or in vitro 
preparations of non-neuronal and neuronal cultures. In this study, we 
examined the role of α-actn-2 in vivo, using a pathophysiological model 
of temporal lobe epilepsy (TLE) induced by pilocarpine in adult rats. 
Indeed, this experimental model reveals extensive remodeling in the 
dentate gyrus, including neo-spinogenesis, morphogenesis (Isokawa and 
Mello, 1991; Isokawa, 1998, 2000; Kurz et al., 2008), ectopic localiza-
tion of dentate granule cells (Parent et al., 1997; Covolan et al., 2000; 
Parent, 2002; Parent et al., 2006; Parent, 2007), and alterations of 
synaptic receptors such as the NMDA receptor (Geddes et al., 1990; 
Hosford et al., 1991; McDonald et al., 1991; Lee et al., 1994; Jiang et al., 
2007; Khan et al., 2008; Di Maio et al., 2011; Lopes et al., 2013; Hoeller 
et al., 2016; Peng et al., 2016; Amakhin et al., 2017; Zubareva et al., 
2018) following excessive glutamate release associated with long term 
intracellular calcium [Ca(2+)](i) (Raza et al., 2001; Costa et al., 2004; 
Barker-Haliski and White, 2015). At first, we investigated the regulation 
of α-actn-2 protein and mRNA levels at the different stages of reactive 
plasticity induced by pilocarpine using immunohistochemistry and in 
situ hybridization. We next evaluated its interaction with F-actin and 
drebrin A in cell cultures using transfection and immunocytochemistry 
approaches. Finally, to assess the potential role of α-actn-2 in membrane 
anchoring of NR1 and in dentate granule cell migration, we respectively 

investigated, the co-regulation of α-actn-2 and NR1 expression levels 
using fractionation and Western blot techniques at chronic stage as well 
as the expression of α-actn-2 in ectopic newly born granule cells in 
pilocarpine rats at latent and chronic stages. 

2. Material and methods 

2.1. Experimental animals 

All experiments involving animals use protocols that were approved 
by National and European regulations (EU directive N◦ 2010/63) and in 
agreement with the authorization for animal experimentation attributed 
to the laboratory by the Prefecture des Bouches-du-Rhône (permit 
number: D 13 055 08). All efforts were made to minimize animal 
suffering and to reduce the number of rats used. 

Adult male Wistar rats weighing 180-200 g (Charles River, France) 
were injected intraperitoneally (i.p.) with a low dose of the cholinergic 
antagonist methyl scopolamine nitrate (1 mg/kg; Sigma, Saint Louis, 
MO, USA), in order to minimize the peripheral effects of pilocarpine 
hydrochloride (340 mg/kg; Sigma), a muscarinic cholinergic agonist, 
provided 30 min later by i.p. injection. The injection protocols were 
similar to those previously described (Mello et al., 1993; Obenaus et al., 
1993). In the present study, seizures were assessed by 3 different 
experienced observers through direct visual observation of the animals. 
The monitoring began on the same day (from 8 AM to 8 PM) the animals 
were injected and continued until their sacrifice. Fifty five to Sixty 
percent (55-60%) of the pilocarpine-treated animals survived the period 
of acute seizures (status epilepticus, SE; Esclapez et al., 1999; Goffin 
et al., 2007). To reduce mortality of these animals, the period of status 
epilepticus was stopped after 2 h by a single injection of diazepam (8 
mg/kg, i.p.; Roche, Boulogne-Billancourt, France). Only animals that 
developed sustained SE after the pilocarpine injection were included in 
this study. These rats were then observed daily (at least three hours a 
day) in the vivarium for the occurrence of spontaneous recurrent limbic 
seizures (SRS). Among these animals, 90% of the pilocarpine-treated 
developed SRS. Only seizures of grade 3 or greater on the Racine 
(1972) scale were scored (i.e., forelimb clonus ± rearing ± falling). The 
onset of the SRS occurrence was 2-3 weeks for pilocarpine rats (Soussi 
et al., 2015). The frequency and intensity of seizures indeed differ from 
one animal to another within the same cohort, which is inherent to the 
model. In general, all animals display an average of 4 seizures per day in 
the two cohorts (one cohort used for histochemical experiments and one 
cohort used for biochemical analysis) used in this study, similar to that 
previously reported by Bajorat et al. (2011). Pilocarpine-treated animals 
were studied at several post-injection intervals: during the latent period, 
when animals displayed no behavioral seizures (1 and 2 weeks; 6 rats for 
each time point), and during the chronic stage, when the animals have 
developed SRS (8-16 weeks; 10 rats). Each group of pilocarpine-treated 
animals was compared to saline-treated rats used as controls. Reported 
histological and biochemistry observations were made of 22 pilocarpine 
rats and of 13 control saline-injected rats. 

2.2. Tissue preparation 

The sections used in this study for immunohistochemical and in situ 
hybridization experiments were obtained from the same rats used in a 
previous study (Soussi et al., 2015). Briefly, the rats were deeply anes-
thetized with chloral hydrate injection (500 mg/kg, i.p.) and perfused 
through the heart with a fixative solution of 4% paraformaldehyde 
(PFA). The brains were cryoprotected in a solution containing 20% su-
crose, frozen on dry ice, and sectioned coronally at 40 μm with a cryo-
stat. The sections were collected sequentially in tubes containing an 
ethylene glycol-based cryoprotective solution and stored at -20◦C until 
processing. 

Selected sections from each rat were processed for nonradioactive in 
situ hybridization with sense or antisense α-actn-2 cRNA probe and for 
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immunohistochemistry. Sections from control and pilocarpine-treated 
rats were always processed in parallel. 

2.3. Immunohistochemistry 

2.3.1. Single immunohistochemical labeling for α-actn-2 or Prox-1 
Free-floating sections were processed for immunohistochemistry 

with standard avidin-biotinylated-peroxidase methods (Vectastain, ABC 
Kit, Vector Laboratories, Burlingame, CA, USA) according to previously 
described protocol (Esclapez et al., 1994; Sbai et al., 2012). In this study, 
we used as primary antibodies, the mouse monoclonal antibody against 
α-actinin (1:20000; EA53, Sigma) or the rabbit antibody against Prox-1 
(1/10000, Chemicon International, Temecula, CA, USA) and as sec-
ondary antibodies, the biotinylated horse anti-mouse immunoglobulin G 
(IgG; 1:200) or the biotinylated goat anti-rabbit IgG (1:200; Vector 
Laboratories, Burlingame, CA). Sections were then incubated for 1 h at 
RT in an avidin-biotin-peroxidase solution prepared in PB according to 
the manufacturer’s recommendations. Then, sections from control and 
pilocarpine-treated rats were incubated for identical times in the chro-
mogen solution, the 3-3-diaminobenzidine-HCl and H2O2 diluted in 
dH2O (Sigma fast tablets). Series of sections from all groups that were 
processed identically were removed from the chromogen solution at 
three time intervals (5, 10 and 15 min) to compare the labeling in-
tensities among sections from the four animal groups at each interval. 
The differences in the levels of labeling in relation to the color-reaction 
times reflect differences in the amounts of proteins between groups. The 
sections were mounted on Superfrost Plus slides, dehydrated and cov-
erslipped with Permount (Fischer Scientific, Electron Microscopy Sci-
ences, Washington, PA, USA). 

The specificity of the immunohistochemical labeling was tested for 
each primary antibody or antiserum: 1) by incubating some sections 
from control and pilocarpine-treated animals in a solution containing 
mouse or rabbit normal IgG (from Vector), instead of the primary 
antibody or antiserum, and 2) by incubating some sections in a solution 
omitting the primary antibody or antiserum. In all cases, no specific 
staining was detected under these conditions. 

2.3.2. Double immunofluorescence labeling for α-actn-2 and Prox-1 
For double labeling, sections were processes as previously described 

(Soussi et al., 2015). Briefly, sections were incubated in a mixture con-
taining α-actinin and Prox-1 antibodies and after several rinses in PB, 
they were incubated in a mixture of the following secondary antibodies: 
Alexa 488-conjugated goat anti-mouse IgG (1:200), and Cy3-conjugated 
goat anti-rabbit IgG (1:200) both from Jackson Immunoresearch (West 
Grove, PA, USA). All sections were mounted on superfrost slides, dried, 
and coverslipped with Fluoromount G (Southern Biotechnology Asso-
ciates, Birmingham, AL, USA). Immunohistochemical controls for 
double-labeling experiments included incubation of some sections in a 
mixture of one primary antibody and normal IgG (mouse/rabbit normal 
IgG). In all cases, these sections exhibited the same pattern of immu-
nolabeling as sections processed for single labeling. The specimens were 
then analyzed using a confocal microscope (Zeiss, LSM 700, Germany) 
and images were acquired using Zen software (Zeiss, Jena, Germany), 
and processed using Adobe Photoshop and ImageJ softwares. 

2.4. In situ hybridization histochemistry 

2.4.1. Probe synthesis 
The α-actn-2 probes used in this study were digoxigenin-labeled 

riboprobes obtained by in vitro transcription of a rat full-length actn-2 
cDNA (NCBI accession number NM_001170325). The DNA templates for 
synthesizing RNA probes to α- actn-2 mRNA were constructed using RT- 
PCR (Reverse Transcriptase-Polymerase chain reaction (PCR) strategy, 
using a sense primer (position 190-213; 5’atgaatcagatagagcccggcgtg3’) 
and an antisense primer (2848-2872; 5’ gccctctacggggagagcggacctc 3’), 
as described previously (Sbai et al., 2012). This cDNA of 2682 bp was 

inserted into the pCR TOPO II vector (Invitrogen, Burlingame, CA, USA) 
and the construct was subsequently fully sequenced to verify the 
integrity of the α-actn-2 cDNA insert and to determine its orientation. 
The recombinant plasmid containing the α-actn-2 cDNA insert was 
linearized with the restriction enzyme BamHI and transcribed with T7 
RNA polymerase to obtain the sense probe or linearized with EcoRV and 
transcribed with Sp6 to obtain the antisense probe. The transcription 
was carried out with the nonradioactive RNA labeling kit (Roche Di-
agnostics, Meylan, France), as previously described (Esclapez et al., 
1993; Ferhat et al., 1998a, 1998b). Briefly, the sense and antisense 
transcripts labeled with digoxigenin-11-UTP were digested by alkaline 
hydrolysis for 30 min in order to obtain probes of approximately 150 
nucleotides in length. 

The labeling efficiency of the digoxigenin-labeled probes for both 
mRNAs was determined each time by direct immunological detection on 
dot blots with a nucleic acid detection kit (Roche Diagnostics). The in-
tensity of the signal for each probe was compared with a serial dilution 
of digoxigenin-labeled control RNA of known concentration. Only sense 
and antisense α-actn-2 probes with comparable signal intensity (com-
parable labeling efficiency), as determined in dot blots, were used for in 
situ hybridization. 

2.4.2. Hybridization and detection 
Free-floating sections were processed for α-actn-2 in situ hybridiza-

tion according to a previously described protocol (Esclapez et al., 1993; 
Boulland et al., 2007). Sections were incubated overnight at 50◦C in the 
hybridization solution containing 0.2 ng/μl of the digoxigenin labeled 
RNA probes (antisense or sense control). Low- to high-stringency washes 
were performed with decreasing concentrations of SSC, ending with an 
incubation in 0.1X SSC, 10 mM sodium thiosulfate for 30 min at 55◦C. 
Sections were then processed for immunodetection of the digoxigenin 
label by means of a nucleic acid detection kit (Roche Diagnostics) and 
chromogen solution containing nitroblue tetrazolium (NBT) and 5- 
bromo-4-chloro-3-indolyl phosphate (BCIP) reagents. Incubation times 
in the chromogen solution were determined according to two different 
protocols (Esclapez and Houser, 1999). In one set of experiments, sec-
tions from control (Ctl) and pilocarpine-treated animals were incubated 
in the chromogen solution until optimal staining was achieved in each of 
the 4 animal groups (control, 1 week, 2 weeks, and chronic pilocarpine- 
treated rats). For the α-actn-2 probe, the optimal color-reaction times 
(24 h) were similar for all sections from all animal groups. A second set 
of experiments was performed to compare directly the differences in 
levels of labeling for mRNA-containing neurons between the four animal 
groups. Sections from these groups were incubated for identical times in 
the chromogen solution. Series of sections from all groups that were 
processed identically were removed from the chromogen solution at 
three time intervals for α-actn-2 probe (6, 12 and 24 h) to compare the 
labeling intensities among sections from the four animal groups at each 
interval. The differences in the levels of labeling in relation to the color- 
reaction times have been discussed previously and reflect differences in 
the amounts of mRNA (Esclapez et al., 1993; Ferhat et al., 1998b; 
Esclapez and Houser, 1999). In all experiments, the color reaction was 
stopped by rinsing the sections in 10 mM Tris HCl, pH 8.0, with 1 mM 
ethylene diamine tetraacetate (EDTA). Sections were then mounted on 
superfrost slides, dried, and coverslipped in an aqueous mounting me-
dium (Crystal/Mount; Biomeda, Foster City, CA, USA). 

2.5. Subcellular fractionation and Western Blot analysis 

Ctl and pilocarpine-treated rats were rapidly decapitated and 
hippocampi were quickly dissected out from brains into ice-cold PB. For 
subcellular fractionation, both hippocampi of each Ctl (n=3) and 
pilocarpine-treated (n=3) rats were disaggregated into 10 volumes of 
cold homogenization buffer (320 mM sucrose, 10 mM Hepes, ph 7.4, 2 
mM EDTA, protease inhibitors, 1/100, and 10 mM β-Glycerophosphate) 
using p1000 tips followed by p100 tips. Samples were sonicated using 
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two 5-second pulses. To remove pelleted nuclear fraction, samples were 
centrifuged at 1000 x g for 5 min at 4◦C. All hippocampal supernatants 
were then centrifuged at 200000 x g for 30 min at 4◦C to yield cytosolic 
fractions (C) and membrane fractions (M). The membrane fractions were 
re-suspended in 1/3-1/4 of the original volume of the homogenate. The 
cytosolic and membrane fractions were then separated into aliquots and 
protein concentrations were then determined by the DC protein assay 
(Biorad, Hercule, CA, USA) according to the manufacturer’s protocol. 
After 5 min boiling, laemmli buffer with 6% 2-mercaptoethanol was 
added to aliquots containing equal amounts of protein which were 
resolved on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis (PAGE) using a MiniBlot system (Bio-Rad). After elec-
trophoresis, the proteins were transferred onto Hybond-ECL nitrocellu-
lose membranes (Amersham Biosciences, Buckinghamshire, UK) in 
transfer buffer (25 mM Tris, 192 mM glycine, 20% ethanol). Before 
blocking, the blots were stained with ponceau red to visualize transfer 
efficiency. The blots were then blocked in Tris-buffered saline (TBS and 
0,05% tween 20, TBS-T) containing 5% milk for 1 h at RT and sequen-
tially incubated overnight at 4◦C in TBS-T containing 5% milk and 
following primary antibodies: mouse monoclonal α-actinin antibody (1/ 
2000, sigma) or rabbit polyclonal antibody α-actinin (1/1000, abcam, 
Paris, France); rabbit polyclonal drebrin antibody (1/1000, sigma); 
mouse monoclonal GAPDH antibody (1/5000, millipore, Guyancourt, 
France); mouse monoclonal β-actin antibody (1/10000, Sigma); mouse 
monoclonal NTSR3 antibody (1/200, Santa cruz, Dallas TX, USA) and 
goat polyclonal NR1 antibody (1/400, Santa cruz). After incubation 
with primary antibodies, blots were washed three times for 5 min in 
TBS-T, incubated with corresponding horseradish peroxidase (HRP) 
secondary antibodies all from Jackson ImmunoReasearch: goat anti- 
mouse IgG-HRP (1/1000), goat anti-rabbit IgG Fc-HRP (1/10000); 
rabbit anti-goat IgG-HRP (1/2000) and rabbit anti-mouse IgG (1/2000) 
in TBS-T containing 5% milk for 1 h at RT and washed three times for 5 
min each with TBS-T. Finally, proteins were detected using a chem-
iluminescence kit (ECL prime, Roche Diagnostics) and visualized using 
chemiluminescence imaging system (UVITEC CAMBRIDGE, England, 
UK). Chemiluminescent signals were then quantified using ImageJ 
software. Data are presented as a percentage of control values, consid-
ered as being 100% and are expressed as means ± S.E.M from at least 
three separate experiments. 

2.6. Cell line, transfection and immunofluorescence 

Chinese Ovary (CHO-K1) cells were obtained from the American 
Type Tissue Culture Collection (ATCC, Molsheim, France). They were 
grown in F12 (Invitrogen, Cergy Pontoise, France), supplemented with 
10% Fetal Bovine Serum (FBS, Invitrogen), 2 mM glutamine (Invi-
trogen), 100 i.u./ml penicillin and 100 mg/ml streptomycin (Sigma) and 
were transiently transfected with either 1 μg of α-actn-2-RFP or 1 μg 
α-actn-2-RFP and 1 μg drebrin A-GFP (DA-GFP) constructs using Jet PEI 
(Polyplus) according to the manufacturer’s protocol (Ozyme, Illkirch, 
France). Twenty-four hours after transfection, cells were fixed with 4% 
PFA in PB for 20 min at RT. 

For the F-actin staining, the cells expressing α-actn-2-RFP were 
incubated with 0.5% Triton X-100 and 1% BR for 30 min and exposed for 
2 h at RT to 0.5 unit per coverslip of Alexa-488 phalloidin (Molecular 
Probes, Leiden, Netherlands). Cells were rinsed in PB and then mounted 
with Fluoromount G. 

Image acquisition was performed on a Zeiss laser-scanning micro-
scope. Images of α-actn-2-RFP/F-actin or α-actn-2-RFP/DA-GFP were 
obtained using the 488 nm band of an Argon laser and the 594 nm bands 
of a solid state laser for excitation. Fluorescence images were acquired 
by sequential scanning using 63 X 1.32 oil immersion lens (zoom 1) and 
processed with Adobe Photoshop software. 

2.7. Primary cultures of rat hippocampal neurons and transfection 

The primary hippocampal cells (mixed culture) were prepared from 
embryonic day 18 (E18) rats and cultured in Neurobasal supplemented 
with 2% B-27, 1% penicillin-streptomycin, and 0.3% glutamine in a 
humidified atmosphere containing 5% CO2 at 37◦C. At 21 days in vitro 
(div), when neurons displayed mature morphological and physiological 
features (Ivanov et al., 2009b), hippocampal cultures were transiently 
transfected with GFP or DA-GFP using lipofectamine 2000 reagent ac-
cording to manufacture protocol (Invitrogen). Forty-eight hours 
following transfection, the cells were fixed with 4% PFA in PB for 20 min 
at RT and immunostained for endogeneous α-actn-2. Image acquisition 
was then performed using Zen software (Zeiss, Jena, Germany), and 
processed using Adobe Photoshop and ImageJ softwares. 

2.8. Data analysis 

All histo- and cytochemical quantifications were performed blindly. 
Qualitative and semi-quantitative analyses of the levels of immunolab-
eling for α-actn-2 were conducted in the outer molecular layer (OML), 
inner molecular layer (IML) of the dentate gyrus (DG), granule cell layer 
(G), and hilus (H) to identify differences between Ctl (n=6 rats) and 
pilocarpine animals (1w: n=6 rats; 2w: n=6 rats; 12 weeks: n=4 rats). 
This analysis of labeling intensity was performed by optical densito-
metric measurements of the labeling with an image analyzing system 
according to previously described methods (Esclapez and Houser, 1999; 
Ferhat et al., 2003; Sbai et al., 2012). The image analysis system used in 
this study included a PC-compatible computer, a Nikon digital camera 
DXM 1200 connected to an Eclipse E800 light microscope, a Nikon ACT- 
1 frame grabber, and ImageJ software. All images were acquired under 
the same conditions of light illumination, with a stabilized microscope 
light source, and at a final digitized size of 640 x 480 pixels. The 
densitometric analysis of labeling was performed using ImageJ software, 
which automatically determined the gray-level value. For each Ctl and 
pilocarpine animal, quantitative data were obtained from the dentate 
gyrus on both sides in 4 sections. For each dentate gyrus, the analysis of 
labeling intensity was performed from a total of 10 microscopic fields 
(minimum of 240) per region of interest. For each of these microscopic 
fields, the total gray-level value was automatically obtained. The gray- 
level value of the corpus callosum was used as a reference value for 
background. The specific intensity of labeling corresponding to the 
corrected gray-level value was calculated by subtracting the gray-level 
value of the background from the total gray-level value. The corrected 
gray-level values of Ctl and pilocarpine animals were then normalized 
on the mean value of Ctl animals. For each region of interest, the mean 
and corresponding standard error to the mean (S.E.M) intensity of la-
beling obtained from the total number of microscopic fields were 
calculated for each series of Ctl and pilocarpine-treated animals. A 
detailed qualitative and semi-quantitative analysis of the labeling in-
tensity of α-actn-2 mRNA-containing neurons was performed on G and H 
as previously described for immunohistochemistry to identify differ-
ences between Ctl (n=6 rats) and pilocarpine animals (1w: n=4 rats; 2w: 
n=4 rats; 12 weeks: n=4 rats). 

Ectopic hilar Prox-1-immuno-labeled cells were subjected to blind 
counting analysis on digitized images using imageJ software. The region 
of interest was selected manually using area selection tool. Counts were 
made from 3-4 rats/group using 3 sections (18-24 dentate gyri) spanning 
the entire hilus region. The mean number of hilar Prox-1-labeled cells in 
pilocarpine-treated animals was compared with mean value of saline- 
treated animals. 

To quantify the data from the immunocytochemistry, regions of in-
terest containing pyramidal-shape neurons were chosen randomly for 
image acquisitions from separate experiments. In order to compare the 
different experiments, all pictures were taken with the same parameters. 
Three to four transfected neurons were chosen randomly from 3 inde-
pendent experiments for GFP and DA-GFP constructs and the total 
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fluorescence intensity of α-actn-2 was collected from their cell bodies 
and from at least three dendritic segments of 100 μm per neuron using 
imageJ software. The mean immunofluorescence intensity of α-actn-2 in 
the dendrites and the cell bodies of DA-GFP neurons were compared 
with the mean value of GFP control neurons represented as 100 AU. 

2.9. Statistical analysis 

Sample sizes and statistical power were determined according to Dell 
et al. (2002) and Festing and Altman (2002) using biostaTGV site 
(http://biostatgv.sentiweb.fr/?module=etudes/sujets#). 

Student’s t-test was used to compare two groups as previously 
described in Sharvit et al. (2013). ANOVA analysis followed by a 
Tukey’s post hoc test was used for multiple comparisons. All data were 
expressed as the mean ± S.E.M. Statistical significance was set up to * 
p<0.05, ** p<0.01, and *** p<0.001. 

3. Results 

3.1. α-actn-2 protein is expressed in adult rat hippocampus 

In the Ctl adult rats, α-actn-2 immunolabeling showed a regional- 
and laminar-specific pattern within the hippocampal formation 
(Fig. 1A), as previously described (Wyszynski et al., 1998; Dunah et al., 
2000). 

A detailed analysis in the hippocampus showed that while the α-actn- 
2 immunolabeling was moderate in the stratum oriens (O), stratum 
radiatum (R), the stratum lacunosum-moleculare (LM) of the CA1-CA3 
areas and in the hilus (H), the molecular layer (ML) of the dentate 
gyrus (DG) and the dendritic layers of CA2 displayed stronger α-actn-2 
immunolabeling (Fig. 1A). Similarly, the cell bodies of hippocampal 
pyramidal neurons were weakly labeled in CA1 and CA3, whereas they 
were strongly immunolabeled in CA2 (Fig. 1A, see arrowheads in inset). 
The α-actn-2 immunohistochemical labeling was abolished when the 
EA-53 α-actn-2 antibody was omitted (data not shown). Scattered cell 
bodies highly immunolabeled for α-actn-2 were also observed in the 
stratum lacunosum-moleculare of CA1 (Fig. 1B, see arrowheads in b1 
inset). In the dentate gyrus, at lower magnification, α-actn-2 labeling 
was homogeneous in the molecular layer (M) and hilus (Fig. 1A). Some 
processes immunolabeled for α-actn-2 likely corresponding to granule 
cell dendrites were observed in the inner molecular layer (IML) (Fig. 1B, 
see black arrowheads). At higher magnification, this labeling appears 
punctiform (Fig. 1B, see white arrowheads in b3 and b4 insets). In the 
granule cell layer (G), most of the cell bodies were weakly labeled but 
several scattered cells located within this layer, along the infragranular 
border of the dentate gyrus as well as in the hilus were strongly labeled 
for α-actn-2 (Fig. 1B, see arrows in b2 inset). Part of these scattered cells 
located in the dentate gyrus and hilus could correspond to interneurons 
as previously reported (Wyszynski et al., 1998; Ratzliff and Soltesz, 
2001). 

3.2. Hippocampal α-actn-2 protein expression is altered in the 
pilocarpine-treated rats 

The α-actn-2 labeling pattern was altered in pilocarpine animals 
(Fig. 2C-H) at all time points analyzed compared to that observed in Ctl 
rats (Fig. 2A, B). The main difference between Ctl animals (Fig. 2A, B) 
and pilocarpine rats at 1 week (Fig. 2C, D) and 2 weeks (Fig. 2E, F) was 
observed in the inner molecular layer, as well as in the granule cell layer 
and hilus of the dentate gyrus. Indeed, quantitative analysis showed that 
in the inner molecular layer, the mean intensities of α-actn-2 labeling 
were reduced in the pilocarpine rats at 1 week (80.26 ± 1.49%, 19.74%; 
P < 0.01; Tukey’s test), 2 weeks (77.36 ± 1.16%, 22.64%; P < 0.01; 
Tukey’s test) and 12 weeks (81.48 ± 1.24%, 18.52; P < 0.01; Tukey’s 
test) when compared with Ctl rats (100 ± 1.51%) (Fig. 2I). The loss of 
labeling in the inner molecular layer contrasted with the preserved 

levels of labeling we observed in two-thirds of the outer molecular layer 
(OML) (100 ± 1,42% in Ctl, 94,73 ± 1,66% at 1 week, 96,75 ± 1,21% at 
2 weeks and 102,78 ± 1,40% at 12 weeks; P > 0.05; ANOVA) (Fig. 2I). In 
the granule cell layer, the mean intensities of α-actn-2 immunolabeling 
were increased in the pilocarpine animals at 2 weeks (106.66 ± 1.36%, 
7%; P < 0.05; Tukey’s test) when compared with Ctl rats (100 ± 1.76%), 
while no difference was observed in pilocarpine-treated animals at 1 
week (97.35 ± 1.68%, P > 0.05; ANOVA) and 12 weeks (99.34 ± 1.61%, 
P > 0.05; ANOVA) (Fig. 2I). Similar to our observations in the inner 
molecular layer, the mean intensities of labeling in the hilus were 
decreased in pilocarpine animals at 1 week (88.06 ± 1.67%, 11.94%; P 
< 0.01; Tukey’s test) and at 2 weeks (85.42 ± 1.68%, 14.58%; P < 0.01; 
Tukey’s test), when compared to Ctl rats (100 ± 1.71%), whereas an 
increase was observed in pilocarpine rats at 12 weeks (107,25 ± 1.64%; 
7%; P < 0.05; Tukey’s test) (Fig. 2I). 

All together our data suggested that decreased α-actn-2 labeling in 
the inner molecular layer was associated with neo-spinogenesis and 
morphogenesis previously described in the pilocarpine model used in 

Fig. 1. immunohistochemical labeling of adult rat hippocampus. A: Coronal 
section of the rat brain processed with α-actn-2 antibody EA-53 and revealed by 
immunoperoxydase labeling. Low magnification pictures showing regional and 
laminar differences in immunoreactivity in the hippocampus (A). While the 
α-actn-2 immunolabeling was moderate in the stratum oriens (O), stratum 
radiatum (R), the stratum lacunosum-moleculare (LM) of the CA1-CA3 areas 
and in the hilus (H), the molecular layer (ML) of the dentate gyrus (DG) and the 
dendritic layers of CA2 displayed stronger α-actn-2 immunolabeling (A). The 
cell bodies of hippocampal pyramidal neurons were weakly labeled in CA1 and 
CA3 (A), whereas they were strongly immunolabeled in CA2 (A, see arrow-
heads). Scattered interneurons were intensely immunolabeled for α-actn-2 in 
the stratum lacunosum-moleculare of CA1 (B, see black arrowheads in b1) as 
well as in the hilus (B, see arrows in b2). Note that few cells located within 
granule cell layer (G) and along the infragranular border of the dentate gyrus 
were also labeled for α-actn-2 (B, see arrows). In addition, high magnification 
pictures (B) show that α-actn-2 immunolabeling appears punctiform in the 
molecular layer (M) (B, see white arrowheads in IML in b3 and b4 insets). Scale 
bars : 500 μm in (A); 30 μm in inset in A, 100 μm in (B) and 30 μm in b1 and b2 
insets, 10 μm in b3 and b4 insets. 
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Fig. 2. Comparison of immunolabeling for α-actn-2 
in coronal sections of the hippocampal formation 
from control (Ctl; n= 6 rats; A and B) and pilocarpine 
animals at 1 week (n= 6 rats; C and D), 2 weeks (n= 6 
rats; E and F), and 12 weeks (n= 4 rats; G and H). The 
profile of immunolabeling for α-actn-2 was clearly 
modified in pilocarpine animals (D, F and H) at all 
time points compared to Ctl rats (B). The main dif-
ference between pilocarpine animals and Ctl animals 
(A and B) was observed in the molecular layer (M), 
the granule cell layer (G) and the hilus (H) of the 
dentate gyrus (DG). Insets in B, D, F, and H corre-
spond to high magnification of the inner molecular 
layer (IML) of the dentate gyrus. The labeling for 
α-actn-2 appears punctiform (see insets). Scale bars : 
450 μm in (A, C, E, and G); 90 μm in (B, D, F, and H); 
10 μm in insets. I) Histograms comparing the mean 
intensities of immunolabeling for α-actn-2 in the 
inner molecular layer (IML), outer molecular layer 
(OML), granule cell layer (G), and hilus (H) of the 
dentate gyrus (DG) from Ctl and pilocarpine-treated 
animals at 1 week, 2 weeks, and 12 weeks. Statisti-
cally significant differences in the mean estimated 
intensity of labeling are indicated (*P < 0.01, **P <
0.001; ANOVA with a post hoc Tukey’s test). All data 
were expressed as the mean ± S.E.M.   

O. Sbai et al.                                                                                                                                                                                                                                     



Experimental Neurology 335 (2021) 113512

7

our study (Isokawa and Mello, 1991; Isokawa, 1998, 2000; Kurz et al., 
2008), whereas the reduced α-actn-2 labeling observed in the hilus could 
be associated with the loss of some subpopulations of hilar neurons 
occurring during epileptogenesis (Sloviter, 1987; Obenaus et al., 1993; 

Buckmaster et al., 2002; Boulland et al., 2007; Houser, 2014). 
Many studies have reported that dentate granule cells are relatively 

well preserved in the pilocarpine model we used (Mello et al., 1993; 
Obenaus et al., 1993; Debski et al., 2016). Thus using in situ 

Fig. 3. Comparison of α-actn-2 mRNA expression in coronal 
sections of the hippocampal formation from control (Ctl; n= 6 
rats; A and B) and pilocarpine rats at 1 week (n= 6 rats; C and 
D), 2 weeks (n= 6 rats; E and F), and 12 weeks (n= 4 rats; G 
and H) processed for the same color reaction time. (A-H) 
correspond to sections processed with antisense RNA probe. 
Inset in A corresponds to a section processed with the sense Ctl 
RNA probe. No staining is observed with the sense probe in the 
hippocampal formation. In all pilocarpine animals (C-H), the 
main difference compared to Ctl animals (A and B) is observed 
in the hilus (H) and in the granule cells of the dentate gyrus 
(DG). Scale bars : 450 μm in (A, C, E and G); 90 μm in (B, D, F 
and H); 100 μm in inset in A. I : Histogram comparing the 
mean intensities of α-actn-2 mRNA in the hilus and granule 
cell layer of the dentate gyrus from Ctl and pilocarpine ani-
mals at 1-, 2-, and 12 weeks. Statistically significant differ-
ences in the mean estimated intensity of labeling are indicated 
(*P < 0.05, **P < 0.01; ANOVA with a post hoc Tukey’s test). 
All data were expressed as the mean ± S.E.M.   
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hybridization for α-actn-2 mRNA, we further investigated whether 
α-actn-2 protein decrease observed in the IML of the pilocarpine rats 
reflected granule cell dendritic spine plasticity rather than loss of den-
tate granule cells. 

3.3. Hippocampal α-actn-2 mRNA expression is altered in the pilocarpine- 
treated rats 

The levels of α-actn-2 mRNA labeling within the hippocampal for-
mation were compared between pilocarpine and Ctl rats. In situ hy-
bridization analysis using a digoxygenin-labeled antisense probe for 
α-actn-2 showed moderate to strong labeling of the α-actn-2 mRNA 
containing cells in the hippocampus of Ctl animals. This α-actn-2 la-
beling was restricted to CA1, CA2, and CA3 pyramidal cell layers 
(Fig. 3A) and the granule cell layer of the dentate gyrus (Fig. 3A, B), as 
previously reported (Dunah et al., 2000). In addition to the principal 
cells, several hilar cells of the dentate gyrus were also labeled for α-actn- 
2 mRNA (Fig. 3B, see arrowheads) that could correspond to interneurons 
(Freund and Buzsáki, 1996; Houser, 2007) and/or mossy cells (Amaral, 
1978). No labeling was detected with the digoxygenin-labeled sense 
control probe (Fig. 3A, see inset). 

In all pilocarpine rats, the labeling patterns for α-actn-2 mRNA were 
altered compared to Ctl rats (Fig. 3) at all color reaction times examined. 
These differences in labeling intensity of α-actn-2 mRNA between 
pilocarpine-treated and Ctl animals were consistently observed in all 
animals and regions examined including the granule cell layer and hilus 
of the dentate gyrus. Quantitative data showed that, in granule cell 
layer, the mean intensities of α-actn-2 mRNA labeling were increased in 
the pilocarpine animals at 1 week (120.58 ± 2.16%, 20.6%; P < 0.01; 
Tukey’s test) and 2 weeks (142.50 ± 3.9%, 42.50%; P < 0.01; Tukey’s 
test), when compared to Ctl rats (100 ± 3.30%) (Fig. 1I). However, no 
difference in α-actn-2 mRNA was observed in the granule cell layer 
between Ctl rats and 12 weeks pilocarpine-treated animals (104,70 ±
2.64, 4.70%; P > 0.05; ANOVA; Fig. 3I). In contrast to the granule cell 
layer, the mean intensities of α-actn-2 mRNA labeling were decreased in 
the hilus of the pilocarpine animals at 1 week (66.86 ± 2.06%, 44.76%, 
P < 0.01; Tukey’s test) and 2 weeks (79.70 ± 2.66, 40.19%; P < 0.01; 
Tukey’s test), when compared with Ctl rats (100 ± 3.45%) (Fig. 3I). No 
difference was observed between Ctl and 12 weeks pilocarpine rats 
(93.37 ± 1.83%, 6,63%; P > 0.05; ANOVA) (Fig. 3I). In addition, the 
increased expression levels of α-actn-2 mRNA in the granule cell layer 
observed 1-2 weeks (Fig. 3I) after injection of pilocarpine translated into 
a significant increase of α-actn-2 immunolabeling in the granule cell 
layer and hilus only in pilocarpine animals at 2- and 12 weeks respec-
tively (Fig. 2I). Interestingly, several cells located at the base of granule 
cell layer and/or in the hilus, which were only weakly labeled in Ctl 
animals, showed clearly increased levels of α-actn-2 mRNA in pilocar-
pine animals at 2 weeks (compare A and B with E and F, see arrowheads) 
and 12 weeks (compare A and B with G and H, see arrowheads). 

The increased levels of α-actn-2 mRNA within the granule cell layer 
further suggested that the α-actn-2 protein decrease in the inner mo-
lecular layer was associated with dendritic spine plasticity of granule 
cells rather than with a loss of dentate granule cells. 

In the course of epileptogenesis, the temporal profile of α-actn-2 
immunolabeling shows a significant decrease in the inner molecular 
layer at the latent period, which did not return to Ctl levels at the chronic 
stage. We hypothesize that α-actn-2 is not critical for stabilization and 
structural integrity of mature dendritic spines observed at this chronic 
stage, in contrast with DA, another actin-binding protein (Ferhat, 2012; 
Sbai et al., 2012), known to reorganize and stabilize F-actin (Ivanov 
et al., 2009a, 2009b; Mikati et al., 2013; Worth et al., 2013). To test this 
hypothesis, we analyzed the effects of α-actn-2 on the organization and 
stabilization of F-actin in CHO-K1 cells and its interaction with DA in 
CHO-K1 cells and in neurons transfected with GFP, DA-GFP and/or 
α-actn-2-RFP. 

3.4. α-actn-2-RFP did not reorganize F-actin 

F-actin organization was examined in CHO transfected cells using 
Alexa Fluor 594/488 phalloidin. Control GFP transfected cells (Fig. 4A1) 
showed actin stress fibers (see arrowheads) crossing over the cytoplasm, 
and bundles of F-actin (see arrows) beneath the plasma membrane (Fig. 
4A2). In addition, these GFP cells did not display any morphological 
alterations compared with DA-GFP transfected cells (Fig. 4B1). As we 
previously reported, overexpression of DA-GFP in CHO-K1 cells does not 
only alter the organization of the microfilaments, but also affects the 
general cell morphology (Ivanov et al., 2009a, 2009b; Ferhat, 2012). 
These DA-GFP cells displayed several cell processes often branched (Fig. 
4B1, B2, see arrowheads). DA-GFP (Fig. 4B1) mainly co-localized with F- 
actin (Fig. 4B2, see insets in B1 and B2, yellow). In contrast to control 
GFP cells (Fig. 4A1), DA-GFP cells lost actin stress fibers (Fig. 4B2). 
Instead, thick and twisted bundles of F-actin were observed in the 
cytoplasm and/or within the cell processes (Fig. 4B1, B2, see arrowheads 
and insets in B1 and B2). In contrast to DA-GFP, the organization of the 
F-actin and the general cell morphology were not altered in α-actn-2- 
RFP cells. Indeed, α-actn-2-RFP cells (Fig. 4C1) displayed actin stress 
fibers within the cytoplasm (see arrows) and bundles of F-actin (see 
arrowheads) beneath the plasma membrane, similar to those observed in 
control GFP cells (Fig. 4A2). α-actn-2-RFP (Fig. 4C1) mainly co-localized 
with F-actin (Fig. 4C2, see arrows and arrowheads in C1 and C2 insets, 
yellow). 

All together, these results indicated that α-actn-2-RFP did not alter 
the microfilament organization nor the general shape of the cells. 

3.5. α-actn-2-RFP did not stabilize F-actin 

To examine the stabilizing effects of α-actn-2-RFP on F-actin, GFP 
(Fig. 4A3), DA-GFP (Fig. 4B3) and α-actn-2-RFP (Fig. 4C3) expressing 
cells were treated with cytochalasin B, a microfilament-depolymerizing 
drug (Yahara et al., 1982; Cooper, 1987) for 15 min and F-actin was 
stained using Alexa Fluor 594/488 phalloidin (Fig. 4A4, B4, C4). In all 
un-transfected and GFP-transfected cells (Fig. 4A3), cytochalasin B 
treatment induced the fragmentation of cortical actin bundles and actin 
stress fibers (Edson et al., 1993; Ballestrem et al., 1998; Rami et al., 
2006; Ivanov et al., 2009a, 2009b), since Alexa Fluor 594 phalloidin 
showed a patchy punctuate-like aggregation in the cytoplasm (Fig. 4A4, 
see arrowheads) and beneath the plasma membrane (Fig. 4A4, see ar-
rows). However, in all DA-GFP cells (Fig. 4B3), the F-actin bundles in the 
cell body as well as within the processes were resistant to cytochalasin B 
treatment (Fig. 4B4) as underlined by the superimposition of DAGFP and 
F-actin (Fig. 4, compare panels B3 and B4). In contrast to DA-GFP (Fig. 
4B3), CHO cells overexpressing α-actn-2-RFP treated with cytochalasin 
B displayed an altered F-actin network, similar to that observed in 
cytochalasin B treated GFP cells (Fig. 4A3). Indeed, α-actn-2-RFP (Fig. 
4C3, see arrows in inset) still binds F-actin aggregates (short F-actin, Fig. 
4C4, see inset, yellow) but does not protect actin filaments against 
cytochalasin B destabilization. 

3.6. DA-GFP inhibits the binding of α-actn-2 on F-actin 

We examined in non-neuronal and neuronal cell cultures whether DA 
competes with α-actn-2 for F-actin binding as shown by biochemical 
studies (test tube) (Ishikawa et al., 1994). To this end, DA-GFP (Fig. 
4D1) and α-actn-2-RFP (Fig. 4D2) were first co-transfected in CHO-K1 
cells and their distribution with respect to each other was analyzed. 
Our data showed clearly that α-actn-2-RFP did not bind to F-actin 
bundles induced by DA-GFP in the cytoplasm and/or within the cell 
processes (Fig. 4D3, see arrowheads in D3 inset), since the two proteins 
did not co-localize (see stars in Fig. 4D1, D2, D3). Instead α-actn-2-RFP 
aggregated in the cytoplasm (Fig. 4D2, see arrows in inset). Thus, our 
data indicated that DA competitively inhibits the actin-binding activity 
of α-actn-2 in CHO-K1 cells. 
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We next examined whether DA could also inhibit the binding of 
α-actn-2 to F-actin in mature hippocampal neuron cultures. To this end, 
we overexpressed GFP (Fig. 5A) used as a control or DA-GFP (Fig. 5C) in 
mature cultured hippocampal neurons and analyzed the expression and 
distribution of endogenous α-actn-2 by confocal microscopy. 

Confocal analysis revealed that both green fluorescent protein (GFP, 
used as a control) (Fig. 5A) and DA-GFP (Fig. 5C) were distributed 
within dendritic shafts as well as in dendritic protrusions. GFP fluores-
cence was equally homogenous between dendritic shafts and dendritic 
protrusions. In contrast, DA-GFP fluorescence in dendritic protrusions 
was higher than in dendritic shafts and dendritic necks. Remarkable 
morphological changes were also found in dendritic protrusions of DA- 
GFP- (Fig. 5C) when compared to those of GFP neurons (Fig. 5A). As a 
matter of fact, the dendrites of DA-GFP neurons exhibited longer pro-
trusions (Fig. 5C, see c1 inset) as compared with the ones found in GFP 
neurons (Fig. 5A, see a1 inset). All protrusions induced by DA-GFP 
displayed heads suggesting that these long protrusions were dendritic 
spines. This pattern of expression of DA-GFP and related morphological 
changes were similar to those we previously described (Ivanov et al., 
2009b; Ferhat, 2012). 

The pattern of immunolabeling for α-actn-2 in GFP neurons was 
similar to that previously reported (Wyszynski et al., 1997, 1998; Biou 
et al., 2008; Hodges et al., 2014). As illustrated in Figure 5B, α-actn-2 
immunolabeling was mainly punctiform in GFP neurons. Briefly, in GFP 
neurons (Fig. 5A, inset a1), α-actn-2 protein (Fig. 5B, inset b1) was 
localized in the cell bodies and particularly enriched within dendritic 
spines (Fig. 5B, see arrowheads in b2, yellow). However, in DA-GFP 
neurons (Fig. 5C), the pattern of α-actn-2 immunolabeling was clearly 
altered (Fig. 5D) compared to that in GFP neurons (Fig. 5B). Indeed, in 
DA-GFP neurons (Fig. 5C, inset c1), α-actn-2 protein (Fig. 5D, inset d1) 
was hardly seen in dendritric spines (Fig. 5D, see arrowheads in d2, 
green). Note also that only few α-actn-2 protein puncta (see arrows in 
Fig. 5D, inset d3, red) were observed within the cell bodies (highlighted 
with DAPI, blue, see insets d4 and d5 in Fig. 5D) of DA-GFP neurons 
(Fig. 5C, green). Quantitative analysis showed a decrease of the total 
fluorescence intensity for α-actn-2 in the dendrites (dendritic shafts and 
spines) (Fig. 5E, GFP: 100 ± 12.18%; DA-GFP: 41.30 ± 5.90%; 58.7%; P 
< 0.001; Student’s t test) and in the cell bodies of DA-GFP neurons 
(Fig. 5F, GFP: 100 ± 17.35%; DA-GFP: 24.24% ± 7.15%; 75.76%; P <
0.001; Student’s t-test) compared to those of GFP control neurons. Such 
results suggest that DA-GFP overexpression causes the release of α-actn- 
2 from F-actin that could lead to its degradation by proteases in hip-
pocampal neurons, similar to what was observed in CHO-K1 cells. In all, 
our in vitro CHO and neuron experiments put forward cellular and mo-
lecular mechanisms that could be involved in vivo, in our pilocarpine 
model. 

Furthermore, decrease of α-actn-2 expression could affect the 
membrane anchoring of NR1, known to interact with α-actn-2 (Wys-
zynski et al., 1997). To test this hypothesis, we used fractionation and 
Western blot techniques to investigate the co-regulation of NR1 and 
α-actn-2 expression levels in pilocarpine-treated rats at chronic stage, 
when DA, but not α-actn-2 (present results), had returned to control 
levels (Ferhat, 2012; Sbai et al., 2012). 

3.7. α-actn-2 and NR1 levels are co-regulated in pilocarpine-treated rats 

Before studying α-actn-2 and NR1 expression, we first validated our 
fractionation technique in our experimental conditions. Briefly, freshly 
isolated hippocampi from adult Ctl rats (n= 4 rats) were fractionated 
into cytosolic (C) and membrane (M) fractions. The purity of the frac-
tions was assessed by Western blotting against specific markers: β-actin 
and GAPDH were used as major cytosolic markers (Baghirova et al., 
2015). NTSR3 (neurotensin receptor 3/sortilin) (Béraud-Dufour et al., 
2009; Mazella et al., 2010) and NR1 (Wyszynski et al., 1997, 1998; 
Reyes-Montaño et al., 2006; Henson et al., 2012) were used as mem-
brane markers. Consistent with previous studies, NTSR3, NR1, β-actin, 
GAPDH, α-actn-2 (Wyszynski et al., 1997; Hodges et al., 2014), and DA 
(Sbai et al., 2012) proteins were detected as a single band with molec-
ular weight of 100, 130, 42, 38, 100, and 120 kDa respectively, in Ctl 
and pilocarpine rats (Fig. 6A, B). We did not observe these bands when 
omitting the primary antibodies (data not shown). Our data showed that 
both β-actin and GAPDH are mainly present in the cytosolic fraction and 
at much lower levels in the membrane fraction (Fig. 6A). Both NTSR3 
and NR1 were present in the membrane fraction of hippocampal tissue, 
but absent from the cytosolic fraction (Fig. 6A), confirming the mem-
brane fraction enrichment. 

In order to study the α-actn-2 and NR1 expression, we performed 
Western blotting analysis to follow the expression of α-actn-2, NR1, and 
DA in the hippocampal membrane fractions of Ctl (n=3) and 12 week 
pilocarpine-treated (n=3) rats (Fig. 6B). The same amounts (50 μg) of 
hippocampal membrane fraction from Ctl and 12 weeks pilocarpine rats 
were compared. NTSR3 was used as a control for normalization of 
protein loading because it has been shown to be enriched in membrane 
fraction (see Figure 6, panel A) and whose expression is not reduced at 
chronic stage (see Figure 6, panel B). Quantitative analyses showed that 
α-actn-2 and NR1 immunoreactivities were both decreased in the pilo-
carpine animals compared with Ctl rats (α-actn-2: 100% in Ctl, 34.9 ±
10.4% at 12 weeks; 65.1%; NR1: 100% in Ctl, 12.4 ± 3,7% at 12 weeks; 
87.6%; P < 0.001; Student’s t-test) (Fig. 6C, D). In contrast to α-actn-2 
and NR1, DA immunoreactivy showed a tendency for decrease but dif-
ferences did not reach statistical significance (100% in Ctl, 55.5 ± 29.6% 
at 12 weeks; P > 0.05; ANOVA) (Fig. 6E). These biochemistry data 
confirm our previous studies (Ferhat, 2012; Sbai et al., 2012). Indeed, 
these data showed that DA is significantly decreased at latent stage but 
returns to Ctl levels at chronic stage in all analyzed areas of the hippo-
campus using immunohistochemistry approaches. Thus, the Western 
blot data showed that in contrast to DA and NTSR3, α-actn-2 and NR1 
levels are co-regulated in the membrane fraction of the chronic 
pilocarpine-treated rats. 

Taken together, these data suggest that α-actn-2 contributes in the 
membrane anchoring of NR1. 

3.8. The increased immunolabeling for α-actn-2 in the hilus at chronic 
stage occurred in the hilar ectopic dentate granule cells 

In addition to the loss of α-actn-2 labeling in the inner molecular 
layer, we showed a significant increased immunolabeling for α-actn-2 in 

Fig. 4. Overexpression of drebrin A-GFP (DA-GFP) dissociates α-actinin-2-RFP (α-actn-2-RFP) from F-actin in CHO cells. CHO cells transfected with GFP (A1, green), 
DA-GFP (B1, green) and α-actn-2-RFP (C1, red) were stained with Alexa-488/594 phalloidin to assess F-actin organization (A2, red; B2, red; C2, green). Inset in panel 
C1 corresponds to high magnification of a cell process from a CHO cell expressing α-actn-2-RFP. Inset in C2 corresponds to the merge of α-actn-2-RFP and F-actin. 
α-actn-2-RFP (red) did co-localize with F-actin (green) (yellow, see arrows and arrowheads). Effects of the microfilament-depolymerizing drug cytochalasin B (10 μg/ 
ml, 15 min) in cells transfected with GFP (A3, green), DA-GFP (B3, green), and α-actn-2-RFP (C3, red). F-actin organization in these cells was assessed with Alexa-488/ 
594 phalloidin (A4, red; B4, red; C4, green). Inset in panel C3 corresponds to a region of the cell overexpressing α-actn-2-RFP and treated with cytochalasin B at high 
magnification. Inset in panel C4 corresponds to a region of the same cell overexpressing α-actn-2-RFP, treated with cytochalasin B, and labeled for F-actin. In cells 
treated with cytochalasin B, α-actn-2-RFP (red) co-localized with F-actin (green) (yellow, see arrowheads in inset of C4). CHO cell transfected with DA-GFP (D1, 
green) and α-actn-2-RFP (D2, red) shows that DA-GFP inhibits α-actn-2-RFP to bind to F-actin since the two proteins did not co-localize. Instead, α-actn-2-RFP 
aggregates (see arrowheads) into the cytoplasm. Inset in D1 corresponds to region of the cell overexpressing DA-GFP (green) at high magnification. Inset in D2 
corresponds to the same region of the cell shown in inset of D1 overexpressing α-actn-2-RFP (D2, red) at high magnification. Inset in panel D3 corresponds to the 
merge of insets of D1 and D2. Scale bars : 10 μm in all panels and 3 μm in all insets. 
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Fig. 5. Effects of DA-GFP overexpression on endogenous α-actn-2 expression and localization in mixed cultured of mature hippocampal neurons. Neurons were 
transfected at 21 div with control GFP (A and a1, green) or DA-GFP (C and c1, green) for 48 h. At 23 div, neurons were fixed and then immunostained for α-actn-2 (B, 
b1, D, d1 and d3, red). Insets a1 and c1 show higher magnification views of representative GFP and DA-GFP dendritic segments shown in A and C respectively. Insets 
b1 and d1 show the same region of the dendritic segment stained for α-actn-2 at high magnification. Insets b2 and d2 correspond to the merge of a1 and b1 color 
insets and c1 and d1 color insets respectively. Insets d3, d4, and d5 show higher magnification views of the same region of the cell body stained for α-actn-2 or DAPI 
or α-actn-2 and DAPI. DAPI was used for identifying DA-GFP cell bodies (see inset d4, blue). Inset d5 corresponds to the merge of insets d3 and d4. In GFP neurons (A 
and a1), α-actn-2 protein is mainly punctiform (B and b1). In GFP neurons (A and a1), α-actn-2 (B and b1) is localized in the cell body and mainly enriched within the 
dendritic spines (see arrowheads in b2, yellow) while in DA-GFP neurons (C and c1), α-actn-2 protein is hardly seen in dendritric spines (see arrowheads in d2, 
green), suggesting that DA-GFP overexpression prevents enrichment of α-actn-2 in dendritic spines. Note that some α-actn-2 protein puncta were found (see arrows in 
D, d3 and d5, red) within the cell body of DA-GFP neurons. The total fluorescence intensity of α-actn-2 in the dendritic shafts and spines (E) and in the cell bodies (F) 
was quantified. The average fluorescence intensity of α-actn-2 in the dendrites and the cell bodies of DA-GFP neurons were significantly lower than that of GFP 
control neurons. AU : Arbitrary unit. Scale bars : 10 μm in (A, B, C, D, d3, d4 and d5); 2 μm in (b1, b2, d1 and d2). 
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the granule cell layer at 2 weeks after pilocarpine treatment and in the 
hilus at chronic stage (Fig. 2 I). These increases were associated with 
labeling of numerous cells bodies and processes observed in the granule 
cell layer and hilus of pilocarpine rats (Fig. 7). Immunolabeling for 
α-actn-2 in pilocarpine rats was observed within the hilar cells of the 
dentate gyrus at 12 weeks (Fig. 7B-D) and persisted for up to 16 weeks 
after SE (Fig. 7E, F). Note that α-actn-2 was found in the cell bodies 
(Fig. 7B-F, see arrowheads in B, E and F insets) and several processes of 
these hilar cells were also labeled for α-actn-2 (Fig. 7B-D, F, see arrows in 
B and F insets). 

It has been shown that SE can induce aberrant migration of newly 
born post-mitotic dentate granule cells from the dentate subgranular 
zone (SGZ) to the hilus after pilocarpine treatment (Parent et al., 1997; 
Scharfman et al., 2000; Dashtipour et al., 2001; Parent, 2002; Parent and 
Lowenstein, 2002; McCloskey et al., 2006; Parent et al., 2006; Parent, 
2007; Parent and Murphy, 2008). Indeed, we confirmed in our experi-
mental conditions the increase of numerous ectopic dentate granule cells 
revealed by Prox-1 (prospero homeobox protein-1) immunolabeling in 
the hilus of pilocarpine animals (Fig. 8). Figure 8 illustrates Prox-1 
immunolabeling in the hippocampal formation of Ctl rats (Fig. 8A, B) 
and pilocarpine rats at 2 weeks (Fig. 8C, D) and 12 weeks (Fig. 8E, F). In 
Ctl- and in all pilocarpine rats at all time points examined, Prox-1- 
immunolabeled cells were densely and uniformely found throughout 
the granule cell layer (Fig. 8B, D, F). Very few scattered hilar Prox-1- 
immunolabeled cells were also observed in the hilus (see arrows in 

Fig. 8B) of Ctl rats consistent with previous work (Amaral, 1978; Seress 
and Pokorny, 1981; Gaarskjaer and Laurberg, 1983; Martí-Subirana 
et al., 1986; Scharfman et al., 2003; McCloskey et al., 2006; Parent et al., 
2006; Parent, 2007). In contrast with Ctl rats, more hilar Prox-1- 
immunolabeled cells were distributed throughout the hilus of pilocar-
pine rats (see arrows in Fig. 8D, F). Thus, our results indicated that Prox- 
1 is a valid marker to identify the granule cells including ectopic ones 
within the hilus in our experimental model conditions. Our quantitative 
data showed that the average number of Prox-1-labeled cells in the hilus 
after status epilepticus was significantly increased (2 weeks: 163.50 ±
38.55 cells; 7,43 fold; 12 weeks: 170.75 ± 9.94 cells; 7,76 fold; P < 0.01; 
Tukey’s test) compared to that of Ctl rats (22 ± 5.13 cells) (Fig. 8G). The 
average number of ectopic hilar granule cells was stable over time. No 
statistical difference was found between the average number of Prox-1- 
labeled cells in the hilus of pilocarpine animals at 2 weeks (163.50 ±
38.55 cells) and 12 weeks (170.75 ± 9.94 cells; P > 0.05; ANOVA) 
(Fig. 8G). Taken together, these data are consistent with those previ-
ously reported (McCloskey et al., 2006; Parent et al., 2006; Jiao and 
Nadler, 2007). 

We further examined whether these numerous strongly labeled cells 
for α-actn-2 within the granule cell layer and hilus could correspond to 
these ectopic granule cells. Simultaneous detection of α-actn-2 (red) and 
Prox-1 (green) in Ctl and pilocarpine-treated animals (Fig. 9) revealed 
that all Prox-1 containing cells were co-labeled with α-actn-2 in the 
granule cell layer of Ctl (Fig. 9A, B, C) and pilocarpine rats at 2 weeks 

Fig. 6. Analysis of the co-regulation of α-actn-2 and 
NR1 expression levels in Ctl (n=3 rats) and 12 week 
(n=3 rats) pilocarpine-treated rats. The purity of 
subcellular fractions from hippocampal tissue iso-
lated from adult rats of 5 months was assessed by 
Western blotting against specific markers (A). The 
cytosolic and membrane fractions are denoted by C 
and M, respectively. Cytosolic markers: β-actin and 
GAPDH; membrane markers: NR1 and NTSR3. 
Representative lanes from a Western blot showing 
NTSR3 (100 kDa), NR1 (130 kDa), β-actin (42 kDa) 
and GAPDH (38 kDa) protein levels in the hippo-
campal soluble (lane 1) and membrane fractions 
(lane 2). B: Representative lanes from a Western blot 
showing α-actn-2 (100 kDa), NR1, and drebrin A (120 
kDa) protein levels in the hippocampal membrane 
fraction of control (Ctl; lane 1) and pilocarpine rats at 
12 weeks (lane 2). NTSR3 is used as a control for 
normalization of protein loading. Histograms 
comparing the mean ratios for α-actn-2/NTSR3 (C), 
NR1/NTSR3 (D), drebrin A/NTSR3 (E) in the hippo-
campal membrane fraction between Ctl and pilocar-
pine animals at 12 weeks. The Western blot study 
shows that the α-actn-2/NTSR3 and NR1/NTSR3 ra-
tios are significantly decreased in pilocarpine animals 
compared to those of Ctl rats. Note that no significant 
difference for drebrin A/NTSR3 was found in 12 
week pilocarpine animals compared to Ctl rats. Data 
were converted to percent Ctl for comparison, W, 
week(s). Statistically significant difference in the 
mean ratio of labeling is indicated (***P < 0.001; 
ANOVA with a post hoc Student’s t-test). All data 
were expressed as the mean ± S.E.M.   
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(Fig. 9D, E, F) and 12 weeks (Fig. 9G, H, I). In addition, all ectopic hilar 
granule cells labeled for Prox-1 were also labeled for α-actn-2 in pilo-
carpine rats at 2 weeks (see arrows in Fig. 9D, E, F), 12 weeks (see ar-
rows in Fig. 9G, H, I, J) and 16 weeks (see arrows in Fig. 9K). The 
average diameter of the cell bodies of these ectopic hilar granule cells 
labeled for α-actn-2 was around 15 μm (n= 10 neurons), consistent with 
the range of 7-20 μm diameter described previously for these cells (Jiao 
and Nadler, 2007; Hosford et al., 2016). 

At higher magnification, the pattern of α-actn-2 immunolabeling in 
the somatodendritic compartment (Fig. 9J, K) of ectopic hilar granule 
cells in chronic rats was punctiform, similar to that previously described 
in vivo (Wyszynski et al., 1998) and in vitro (Wyszynski et al., 1997, 
1998; Nakagawa et al., 2004; Hodges et al., 2014). Double 

immunostaining with α-actn-2 and Prox-1 showed that α-actn-2 puncta 
(red) appeared to be attached to dendritic shafts and were contained in 
protrusions of different morphology, displaying both large and small 
heads reminiscent of dendritic spines (see arrowheads in Fig. 9J and 
inset in Fig. 9K, red). 

Thus, our results demonstrate that ectopic spiny granule cells (Pierce 
et al., 2011) within the hilus of pilocarpine-treated animals express 
α-actn-2. 

Fig. 7. Status epilepticus induces the appearance of 
hilar α-actn-2 expressing cells in chronic rats. 
Immunohistochemistry for α-actn-2 in control (Ctl; 
n= 6 rats; A) and pilocarpine rats at 12 weeks (n= 4 
rats; B-D) and 16 weeks (n= 3 rats; E and F). 
Increased immunolabeling for α-actn-2 in pilocarpine 
rats was observed within the hilar cells of the dentate 
gyrus at 12 weeks (B-D), and persisted for up to 16 
weeks (E and F) after SE. These hilar cells likely 
correspond to hilar ectopic dentate granule cells (in-
sets in B, E and F). Note that α-actn-2 was present in 
the cell bodies (see arrowheads in B-F and insets in B, 
E and F) and several processes of these hilar cells 
were also labeled for α-actn-2 (see arrows in B-D and 
F, and in insets B and F). Scale bars for all panels and 
insets : 55 μm.   
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Fig. 8. Comparison of immunolabeling for Prox-1 in coronal sections of the hippocampal formation from control (Ctl; n= 3 rats; A and B) and pilocarpine animals at 
2 weeks (n= 4 rats; C and D), and 12 weeks (chronic; n= 4 rats; E and F). B, D, and F correspond to higher magnification of boxed dentate gyrus (DG). In Ctl rat (A and 
B), Prox-1 protein expression is mainly restricted to the granule cell layer (G) of dentate gyrus. Note that very few cells express Prox-1 protein in the hilus (H) of Ctl 
animals (see arrows). At 2- (C and D) and 12 weeks (E and F) after SE, Prox-1 protein expression is observed in the granule cell layer of dentate gyrus as well as in 
hilar cells (see arrows). Histogram comparing the average number of Prox-1-labeled cells in the hilus of the dentate gyrus from Ctl and pilocarpine animals at 2- and 
12 weeks (G). The mean number of hilar Prox-1 positive cells is significantly increased in pilocarpine animals at 2- and 12 weeks compared with Ctl animals. Scale 
bars : 500 μm in (A, C and E); 125 μm in (B, D and F). 
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4. Discussion 

4.1. Regulation of α-actn-2 expression is associated with neuroplastic 
modifications observed in pilocarpine rats 

In the pilocarpine model of TLE, we report a significant decrease in 

α-actn-2 protein levels in the inner molecular layer of the dentate gyrus, 
the area of major network remodeling. Decreased α-actn-2 protein levels 
was observed mainly at 1 and 2 weeks after injection of pilocarpine, 
when sprouting of mossy fibers starts in the supragranular layer of the 
dentate gyrus (Merrill et al., 2007; Mello et al., 1993; Buckmaster et al., 
2002; Longo et al., 2003). At the chronic stage, when the sprouting of 

Fig. 9. The increased immunolabeling for α-actn-2 in the hilus at chronic stage occurred in the hilar ectopic dentate granule cells. Confocal images of double labeling 
for Prox-1 (transcription factor, the prospero-like homeobox protein 1, A, D and G, green) and α-actn-2 (B, E and H, red) in coronal sections of dentate gyrus (DG) 
from control (Ctl; n= 4 rats; A, B and C) and pilocarpine animals at 2- (n= 4 rats; D, E and F) and 12 weeks (n= 4 rats; G, H and I). C, F and I correspond to the merge 
of panels A and B, D and E, and G and H respectively. In Ctl and pilocarpine animals, the granule cell layer (G) of the dentate gyrus is double-immunolabeled for Prox- 
1 and α-actn-2 (C, F and I). In addition to this granule cell layer of the dentate gyrus, double-labeled cells for Prox-1 and α-actn-2 are also observed in the hilus (H) of 
pilocarpine animals (F and I). High magnification images show double-immunolabeled cells (g) for Prox-1 and α-actn-2 in the hilus (J and K, see arrows), which likely 
correspond to ectopic hilar granule cells. The immunolabeling for α-actn-2 (red) is mainly punctiform in the cell bodies (see arrows in J and K, and see insets in J) and 
dendrites of ectopic hilar granule cells of chronic pilocarpine rats (J and K), and α-actn-2 puncta appeared in dendritic protrusions (see arrowheads in J and in inset in 
K, red). Scale bars : 15 μm in A-K and in insets in J; 1μm in inset in K. 
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mossy fibers attained a plateau, the α-actn-2 levels in the inner molec-
ular layer were still decreased compared to those in Ctl rats. These ob-
servations suggest that α-actn-2 does not play a role in the stabilization 
of newly formed connections. In addition, this decrease occurred during 
remodeling of the shape and density of granule cell dendritic spines 
(Isokawa, 1998, 2000). Double immunostaining studies revealed that 
α-actn-2 labeled cells in the hilus were also labeled for Prox-1 in pilo-
carpine animals, confirming that they are newly born migrating granule 
cells. Altogether, our results suggest that α-actn-2 is not critical in the 
stabilization and structural integrity of dendritic spines of hippocampal 
granule cells at chronic stage but its expression is associated with the 
plasticity of dendritic spines, likely via modulation of the organization 
and dynamics of actin cytoskeleton. 

4.2. α-actn-2 expression is associated with spinogenesis and 
morphogenesis 

In the inner molecular layer, the dendrites of the dentate granule 
cells exhibit a global spine loss straightway after pilocarpine-induced SE 
(Isokawa and Mello, 1991; Isokawa, 1998, 2000). This spine loss arises 
from denervation of the dendrites of granule cells caused by the death of 
mossy cells and the degeneration of their axon terminals (Buckmaster 
et al., 2002; Boulland et al., 2007). Moreover, the loss of dendritic spines 
found in the inner molecular layer is transitory. A recovery of the spine 
density started 3 days after SE, reaching a plateau at the chronic phase, 
15-35 days later. However, these spine densities never attained Ctl 
values (Isokawa, 1998, 2000). Remarkably, the recovery rate of spine 
density is dependent on spine morphology. Indeed, the density of spines 
with mushroom-shape recovered slowly and incompletely compared to 
the recovery of thin spines with a clear neck (Isokawa, 1998, 2000). The 
subsequent recovery of dendritic spine density and shape presumably 
reflects the development and morphogenesis of new spines on pre- 
existing granule cell dendrites and/or on outgrowing dendrites from 
newly born granule cells following epilepsy-induced neurogenesis 
(Parent et al., 1997; Covolan et al., 2000; Parent, 2002; Parent et al., 
2006; Parent, 2007). Based on our results, spine loss is associated with 
decreased α-actn-2 immunolabeling observed in the inner molecular 
layer 1 and 2 weeks after pilocarpine injection (see Figure 2), when 
spinogenesis and spine morphogenesis occur. This observation is in 
keeping with the work of Hodges et al. (2014), showing that <<α-actn-2 
knockdown in rat hippocampal neurons creates an increased density of 
immature, filopodia-like protrusions that fail to mature into a 
mushroom-shaped spine during development>>. Therefore, our data 
suggest that α-actn-2 expression is associated with spinogenesis and 
morphogenesis of new dendritic spines in the epilepsy model we studied. 
In addition to α-actn-2, other actin-binding proteins such as actin 
crosslinker protein spinophilin/neurabin II may also contribute to these 
functions. In favor of this hypothesis, the work of Feng et al. (2000), 
whom reported similar observations, showing that Knockout of the 
spinophilin/neurabin II gene increased the number of filopodia-like 
protrusions in cultured neurons and the density of spines in vivo. 

The α-actn-2 protein levels in the inner molecular layer did not re-
turn to the Ctl levels at chronic stage, when functional glutamatergic 
synapses are established (Okazaki et al., 1995; Okazaki and Nadler, 
2001; Buckmaster et al., 2002). This strongly suggests that α-actn-2 is 
not critical for the stabilization and structural integrity of dendritic 
spines of dentate granule cells. Several lines of evidence support this 
idea: (1) it has been previously shown that <<α-actin-2 associates and 
dissociates from post-synaptic sites more dynamically than PSD-95, 
which appears to be relatively stably integrated in the PSD>> (Naka-
gawa et al., 2004, 2) our data showed that overexpression of α-actn-2 in 
CHO-K1 cells did not protect actin filaments from cytochalasin B 
destabilization, in contrast to other actin-binding proteins such as acidic 
calponin (Rami et al., 2006) and DA (Ivanov et al., 2009a, 2009b; Fer-
hat, 2012); (3) similar to non-neuronal cells, it has been reported in 
cultured hippocampal neurons, that latrunculine A treatment led to a 

complete loss of α-actn-2 clusters (Allison et al., 1998, 2000), consistent 
with the fact that α-actn-2 does not stabilize the actin cytoskeleton; (4) 
the main effect of α-actinins is to organize actin filaments in vitro, in non- 
neuronal cells (Meyer and Aebi, 1990), in various cellular compart-
ments, such as stress fibers (Burridge and Wittchen, 2013), the lamel-
lipodia of migrating cells (Small et al., 2002), cell matrix adhesions 
(Choi et al., 2008), cadherin-based cell-cell junctions (Knudsen et al., 
1995), glomerular podocytes (Dandapani et al., 2007) and in dendritic 
spines. Indeed, knockdown of α-actn-2 in cultured hippocampal neurons 
induced decreased actin filament bundles in their dendritic spines 
(Hodges et al., 2014). Altogether, these observations suggest that the 
absence of α-actn-2 may affect the dynamics and organization of actin 
filaments, leading to the plasticity (density and shape) of dendritic spine 
after SE. These data indicate also that a fine balance of actin filament 
bundling within the spine is required to drive dendritic spine matura-
tion, density and morphology. 

Despite an increase of α-actn-2 mRNA in the granule cell layer at 1-2 
weeks after pilocarpine injection, we did not observe a recovery of 
α-actn-2 protein expression in the inner molecular layer at the chronic 
stage. At least two possibilities may be considered. The first possibility is 
that the lack of recovery of actn-2 protein in the inner molecular layer at 
chronic stage to Ctl levels may be due to the recovery of DA, a stabilizing 
actin-binding protein at this stage (Ivanov et al., 2009a, 2009b; Ferhat, 
2012; Sbai et al., 2012), which is known to inhibit the actin-binding and 
actin crosslinking activities of α-actinin in vitro (Ishikawa et al., 1994). 
This idea is supported by our data showing that DA-GFP overexpression 
caused the release of α-actn-2 from F-actin in CHO cells (see Figure 4) 
and mature cultured hippocampal neurons (see Figure 5). The second 
possibility is that α-actn-2 mRNA is not translated into α-actn-2 protein 
within the granule cell bodies leading to reduction levels in the inner 
molecular layer. This suggestion is unlikely since the increase of α-actn-2 
mRNA in the granule cell layer observed at 1-2 weeks after pilocarpine 
treatment is followed by increased α-actn-2 protein expression in the 
granule cell layer at 2 weeks after SE. In addition to the reduction α-actn- 
2 protein expression in inner molecular layer at 1-2 weeks after pilo-
carpine injection, decreased α-actn-2 mRNA and protein levels were also 
observed in the hilus. Loss of hilar neurons including mossy cells and 
inhibitory interneurons is well established in experimental TLE (Slo-
viter, 1987; Obenaus et al., 1993; Buckmaster et al., 2002; Boulland 
et al., 2007; Houser, 2014). Therefore, their degeneration is likely to 
account for the reduction of α-actn-2 expression. In favor of this idea, it 
has been shown that α-actn-2 is expressed in hilar interneurons (Ratzliff 
and Soltesz, 2001). 

Two hypotheses can be proposed to explain the loss of α-actn-2 in 
pilocarpine rats at latent stage. First, the decreased levels of α-actn-2 
protein in the inner molecular layer of pilocarpine rats may result from 
the down-regulation of its mRNA expression. Our data argue against this 
hypothesis. Indeed, the levels of α-actn-2 mRNA were increased 
compared to those of Ctl rats, in the soma of granule cells. Second, 
α-actinin has been identified as a substrate of caspase-3, caspase 6 and 
calpain 1 (Selliah et al., 1996; Raynaud et al., 2003; Lebart and 
Benyamin, 2006), which are all activated in epilepsy (Ferrer et al., 2000; 
Henshall et al., 2002; Troy et al., 2002; Narkilahti and Pitkänen, 2005; 
Seinfeld et al., 2016). Caspase- and/or calpain-mediated actinin break-
down may thus contribute to decrease α-actn-2 immunolabeling in 
spines located in the inner molecular layer after SE or after DA-GFP 
overexpression in neurons. Overall, the alteration of the actin cyto-
skeleton dynamics in dendrites can contribute in dendritic injury and 
α-actn-2 loss in the inner molecular layer of pilocarpine animals leading 
to synaptic dysfunction in epilepsy. 

4.3. NR1-α-actn-2 co-down-regulation could contribute to synaptic 
dysfunction in epilepsy 

NR1 expression is down-regulated in the rat pilocarpine model of 
TLE (Hoeller et al., 2016). In addition, Hodges et al. (2014) have shown 
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that knocking-down α-actn-2 prevents the recruitment of the NR1 sub-
unit of NMDA receptor to the dendritic spines. Our data in pilocarpine 
epileptic rats further demonstrate that membrane NR1 is co-down- 
regulated with membrane α-actn-2. If the effects observed on α-actn-2 
and NR1 were due to neuronal loss and/or synapses at chronic stage, the 
expression of NTSR3 would also be reduced. This is not the case, since 
our results clearly show that the expression of NTSR3 is not altered at the 
chronic stage. In conclusion, all these data are in favor of protein 
regulation of NR1 and α-actn-2 instead of protein loss due to general loss 
of neuron and/or synapses at this stage. Therefore, the co-down- 
regulation suggests that the loss of NR1 at the membranes could result 
from the reduced expression of α-actn-2 in epileptic animals. 

Krupp et al. (1999) and Merrill et al. (2007) proposed a model for the 
interaction between NR1, F-actin and α-actinin. Under resting condi-
tions, NR1 is connected to F-actin via α-actinin. Upon activation of NR1 
and the subsequent Ca2+ influx, calmodulin (CaM) is activated (Ca2+/ 
CaM) leading to dissociation of α-actinin from NR1, likely by competi-
tive displacement, resulting in the dissociation of F-actin from NR1. It 
has been shown by biochemical studies that the levels of drebrin 
modulate the interaction of α-actinin with F-actin since the actin- 
binding activity of α-actinin is inhibited by drebrin (Ishikawa et al., 
1994). Our data further support such interaction at the cellular level (see 
Figures 4 and 5). Indeed, we showed that in mature hippocampal neu-
rons DA-GFP overexpression causes significant reduction of α-actn-2 
protein in dendritic spines. It is tempting to speculate that the level of 
DA at the chronic stage is high enough to cause α-actn-2 dissociation 
from F-actin. Indeed, our data showed that DA expression levels are not 
modified at chronic stage as compared with Ctl levels (see Figure 6E; 
Ferhat, 2012; Sbai et al., 2012). If the cytoplasmic domain of NR1 is no 
more anchored to F-actin and if α-actn-2 dissociated from F-actin, these 
proteins may be proteolytically cleaved by proteases such as thrombin 
for NR1 (Gingrich et al., 2000) and caspases and/or calpains for α-actn-2 
(Selliah et al., 1996; Ferrer et al., 2000; Communal et al., 2002; Henshall 
et al., 2002; Troy et al., 2002; Raynaud et al., 2003; Narkilahti and 
Pitkänen, 2005; Lebart and Benyamin, 2006; Klaiman et al., 2008; 
Seinfeld et al., 2016; Deng et al., 2019). Obviously, such molecular 
mechanisms can take place to contribute to α-actn-2 and NR1 loss in 
hippocampal dendritic spines of pilocarpine-treated animals. Thus, we 
conclude that in pathological conditions such as epilepsy, the alteration 
of NR1 anchoring at the membrane of dendritic spines could result from 
the dissociation of α-actn-2 from F-actin by DA. This alteration of actin 
cytoskeleton dynamics and organization in dendritic spines could 
contribute to synaptic dysfunction in epilepsy. 

4.4. α-actn-2 expression is associated with migrating dentate granule cells 

Neurogenesis of granule cells in the dentate gyrus continues 
throughout life and under physiological conditions, it gives rise to 
granule cells that migrate from the subgranular zone (SGZ) to the 
granule cell layer. Dentate granule cell neurogenesis increases greatly 
after epileptogenic insults (Parent and Lowenstein, 2002). The dentate 
granule cell layer is often abnormal both in human and experimental 
TLE, with dispersion of the layer and appearance of hilar-ectopic dentate 
granule cells (Houser, 1990; Parent and Lowenstein, 2002; McCloskey 
et al., 2006; Parent et al., 2006; Parent, 2007). These hilar cells arise 
from neuroblasts of the dentate SGZ origin (Parent et al., 2006), which 
migrate away from the granule cell layer into the hilus (Parent et al., 
1997; Scharfman et al., 2000; Dashtipour et al., 2001; Bonde et al., 2006; 
Parent et al., 2006). Our data show significantly increased immuno-
labeling for α-actn-2 in the granule cells of the SGZ 2 weeks after pilo-
carpine treatment (see Figures 2F and 2I) and this increase is observed in 
the hilus only at chronic stage (see Figure 2I and Figure 7). One possible 
explanation is that SE induces increased of α-actn-2 expression in these 
neuroblasts, which migrate from the dentate SGZ to the hilus of chronic 
rats 2 weeks after pilocarpine treatment. Indeed, our data showed 
clearly that the increased immunolabeling for α-actn-2 in the SGZ and 

the hilus occurred within granule cells of the SGZ and in ectopic granule 
cells since all α-actn-2 positive cells are also positive for Prox-1. More-
over, increased α-actn-2 was observed during a period of important 
dentate granule cell migration (Parent et al., 1997, 2006). Several 
studies reported that the actin cytoskeleton and its associated proteins 
are instrumental for cell migration (Fox and Walsh, 1999; Ridley et al., 
2003; Rottner and Stradal, 2011; Raftopoulou and Hall, 2004; Govek 
et al., 2005; Broussard et al., 2008; Lian and Sheen, 2015). For example, 
α-actinin-4, a member of the family of actin-crosslinking proteins, is 
involved in neural stem/progenitor cell migration (Ge et al., 2016) and 
in various cancer cell migration and metastasis (Shao et al., 2010, 2014; 
Lian and Sheen, 2015; Kovac et al., 2018). Thus, α-actn-2 may also play a 
role in dentate granule cell migration. Further studies are needed to 
decipher the molecular mechanisms leading to α-actn-2 increase in 
migrating granule cells. Indeed, the effects of α-actn-2 loss of function in 
vivo need to be determined. However, an RNA interference approach or 
genetic manipulation may be hampered by the functional redundancy 
between the related genes of the α-actinin family, three of which (α-actn- 
1, 2, 4) were found in the PSD fraction (Peng et al., 2004). 

4.5. Experimental limitations 

In the present study, histochemical (immunohistochemistry and in 
situ hybridization) and biochemical analyses were performed on 2 
different cohorts. For optimal experimental conditions these 2 ap-
proaches cannot be performed using the same animals because the tis-
sues require different treatments (see Material and methods). It has been 
well-reported that several factors and experimental conditions such as 
rodent species, strain, sex, age, doses and routes of administration of 
pilocarpine, as well as combinations with other drugs administered 
before and/or after SE can affect the severity and the duration of the SE, 
animal mortality, and therefore potential variability of results between 
laboratories. Differences between experimental protocoles can lead to 
variability in the duration of the latent phase, in the frequency and 
severity of SRS, and in the extent of the lesions including hippocampal 
and extrahippocampal damage (for review see Curia et al., 2008; Kan-
dratavicius et al., 2014). To limit and overcome variability, methodo-
logical procedures should be standardized. Improvement can include 
continuous EEG video-recordings (Goffin et al., 2007; Sloviter et al., 
2007; Curia et al., 2008; Bajorat et al., 2011) to monitor the duration of 
SE and of the latent period and SRS frequency of each animal. In the 
present study, using daily visual observations, all pilocarpine animals 
displayed an average of 4 seizures per day in the two cohorts, as reported 
by Bajorat et al. (2011). The severity of the SE and SRS could indeed lead 
to certain variability in the extent of lesions and reorganization of the 
neuronal networks. However, plasticity of the DG glutamatergic granule 
cells including spine loss, spinogenesis, morphogenesis, 
neo-synaptogenesis, aberrant migration, and alterations of NMDA re-
ceptors have been well characterized and reproduced by several labo-
ratories using similar pilocarpine models (Isokawa and Mello, 1991; 
Parent et al., 1997; Isokawa, 1998; Covolan et al., 2000; Isokawa, 2000; 
Parent, 2002; Parent et al., 2006; Parent, 2007; Kurz et al., 2008; Sbai 
et al., 2012; Hoeller et al., 2016). Revisiting for example the question of 
ectopic cell migration in this model (see Figure 8), our results are 
consistent with previous reports on this issue (Parent et al., 1997, 2006) 
using different cohorts. Therefore, we emphasize that using the same 
experimental protocol we can generate animals with relatively similar 
features allowing to compare data between different cohorts. 

5. Conclusions 

Based on our observations, we conclude that in vivo, α-actn-2, 
together with other proteins such as acidic calponin, is not critical for 
synaptic structural integrity and stabilization. Indeed, the decreased 
α-actn-2 protein expression takes place when dentate granule cell spi-
nogenesis and morphogenesis occur. In addition, double 
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immunostaining studies suggested that the increased α-actn-2 levels in 
the hilus at chronic stage occurred within migrating granule cells. These 
effects are likely mediated via modulation of actin cytoskeleton reor-
ganization and dynamics, and glutamatergic synaptic function under-
lying the development of spontaneous seizures in pilocarpine animals. 
Thus, α-actn-2 appears as a novel modulator of reactive synaptic and 
non-synaptic plasticity associated with epilepsy. 

Declaration of Competing Interest 

The authors declare no competing interests. 

Acknowledgements 

This work was supported by funding from the Centre National de la 
Recherche Scientifique (CNRS) to the Institut of NeuroPhysiopathologie 
(INP), UMR7051; the Institut National de la Santé et de la Recherche 
Médicale (INSERM) to the Institut de Neurosciences des Systèmes (INS) 
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Béraud-Dufour, S., Coppola, T., Massa, F., Mazella, J., 2009. Neurotensin receptor-2 and 
-3 are crucial for the anti-apoptotic effect of neurotensin on pancreatic beta-TC3 
cells. Int. J. Biochem. Cell Biol. 41, 2398–2402. https://doi.org/10.1016/j. 
biocel.2009.04.002. 

Bertling, E., Hotulainen, P., 2017. New waves in dendritic spine actin cytoskeleton: From 
branches and bundles to rings, from actin binding proteins to post-translational 
modifications. Mol. Cell. Neurosci. 84, 77–84. https://doi.org/10.1016/j. 
mcn.2017.05.002. 

Biou, V., Brinkhaus, H., Malenka, R.C., Matus, A., 2008. Interactions between drebrin 
and Ras regulate dendritic spine plasticity. Eur. J. Neurosci. 27, 2847–2859. https:// 
doi.org/10.1111/j.1460-9568.2008.06269.x. 

Bonde, S., Ekdahl, C.T., Lindvall, O., 2006. Long-term neuronal replacement in adult rat 
hippocampus after status epilepticus despite chronic inflammation. Eur. J. Neurosci. 
23, 965–974. https://doi.org/10.1111/j.1460-9568.2006.04635.x. 

Borovac, J., Bosch, M., Okamoto, K., 2018. Regulation of actin dynamics during 
structural plasticity of dendritic spines: Signaling messengers and actin-binding 
proteins. Mol. Cell. Neurosci. 91, 122–130. https://doi.org/10.1016/j. 
mcn.2018.07.001. 

Boulland, J.-L., Ferhat, L., Tallak Solbu, T., Ferrand, N., Chaudhry, F.A., Storm- 
Mathisen, J., Esclapez, M., 2007. Changes in vesicular transporters for gamma- 
aminobutyric acid and glutamate reveal vulnerability and reorganization of 
hippocampal neurons following pilocarpine-induced seizures. J. Comp. Neurol. 503, 
466–485. https://doi.org/10.1002/cne.21384. 

Broussard, J.A., Webb, D.J., Kaverina, I., 2008. Asymmetric focal adhesion disassembly 
in motile cells. Curr. Opin. Cell Biol. 20, 85–90. https://doi.org/10.1016/j. 
ceb.2007.10.009. 

Buckmaster, P.S., Zhang, G.F., Yamawaki, R., 2002. Axon sprouting in a model of 
temporal lobe epilepsy creates a predominantly excitatory feedback circuit. 
J. Neurosci. 22, 6650–6658, 20026730.  

Burridge, K., Wittchen, E.S., 2013. The tension mounts: stress fibers as force-generating 
mechanotransducers. J. Cell Biol. 200, 9–19. https://doi.org/10.1083/ 
jcb.201210090. 

Choi, C.K., Vicente-Manzanares, M., Zareno, J., Whitmore, L.A., Mogilner, A., 
Horwitz, A.R., 2008. Actin and alpha-actinin orchestrate the assembly and 
maturation of nascent adhesions in a myosin II motor-independent manner. Nat. Cell 
Biol. 10, 1039–1050. https://doi.org/10.1038/ncb1763. 

Communal, C., Sumandea, M., de Tombe, P., Narula, J., Solaro, R.J., Hajjar, R.J., 2002. 
Functional consequences of caspase activation in cardiac myocytes. Proc. Natl. Acad. 
Sci. U. S. A. 99, 6252–6256. https://doi.org/10.1073/pnas.092022999. 

Cooper, J.A., 1987. Effects of cytochalasin and phalloidin on actin. J. Cell Biol. 105, 
1473–1478. https://doi.org/10.1083/jcb.105.4.1473. 

Costa, M.S., Rocha, J.B.T., Perosa, S.R., Cavalheiro, E.A., Naffah-Mazzacoratti, M. da G., 
2004. Pilocarpine-induced status epilepticus increases glutamate release in rat 
hippocampal synaptosomes. Neurosci. Lett. 356, 41–44. https://doi.org/10.1016/j. 
neulet.2003.11.019. 

Covolan, L., Ribeiro, L.T., Longo, B.M., Mello, L.E., 2000. Cell damage and neurogenesis 
in the dentate granule cell layer of adult rats after pilocarpine- or kainate-induced 
status epilepticus. Hippocampus 10, 169–180. https://doi.org/10.1002/(SICI)1098- 
1063(2000)10:2<169::AID-HIPO6>3.0.CO;2-W. 

Curia, G., Longob, D., Biaginib, G., Jonesc, R.S.G., Avoli, M., 2008. The pilocarpine 
model of temporal lobe epilepsy. J. Neurosci. Methods 172, 143–157. https://doi. 
org/10.1016/j.jneumeth.2008.04.019. 

Dandapani, S.V., Sugimoto, H., Matthews, B.D., Kolb, R.J., Sinha, S., Gerszten, R.E., 
Zhou, J., Ingber, D.E., Kalluri, R., Pollak, M.R., 2007. Alpha-actinin-4 is required for 
normal podocyte adhesion. J. Biol. Chem. 282, 467–477. https://doi.org/10.1074/ 
jbc.M605024200. 

Dashtipour, K., Tran, P.H., Okazaki, M.M., Nadler, J.V., Ribak, C.E., 2001. Ultrastructural 
features and synaptic connections of hilar ectopic granule cells in the rat dentate 
gyrus are different from those of granule cells in the granule cell layer. Brain Res. 
890, 261–271. https://doi.org/10.1016/s0006-8993(00)03119-x. 

Debski, K.J., Pitkanen, A., Puhakka, N., Bot, A.M., Khurana, I., Harikrishnan, K.N., 
Ziemann, M., Kaspi, A., El-Osta, A., Lukasiuk, K., Kobow, K., 2016. Etiology matters - 
Genomic DNA methylation patterns in three rat models of acquired epilepsy. Sci. 
Rep. 6, 25668. https://doi.org/10.1038/srep25668. 

Dell, R.B., Holleran, S., Ramakrishnan, R., 2002. Sample size determination. ILAR J. 43, 
207–213. https://doi.org/10.1093/ilar.43.4.207. 

Deng, X., Wang, M., Hu, S., Feng, Y., Shao, Y., Xie, Y., Wu, M., Chen, Y., Shi, X., 2019. 
The Neuroprotective Effect of Astaxanthin on Pilocarpine-Induced Status Epilepticus 
in Rats. Front. Cell. Neurosci. 13, 123. https://doi.org/10.3389/fncel.2019.00123. 

Di Maio, R., Mastroberardino, P.G., Hu, X., Montero, L., Greenamyre, J.T., 2011. 
Pilocapine alters NMDA receptor expression and function in hippocampal neurons: 
NADPH oxidase and ERK1/2 mechanisms. Neurobiol. Dis. 42, 482–495. https://doi. 
org/10.1016/j.nbd.2011.02.012. 

Dunah, A.W., Wyszynski, M., Martin, D.M., Sheng, M., Standaert, D.G., 2000. alpha- 
actinin-2 in rat striatum: localization and interaction with NMDA glutamate receptor 
subunits. Brain Res. Mol. Brain Res. 79, 77–87. https://doi.org/10.1016/s0169-328x 
(00)00102-9. 

Edson, K., Weisshaar, B., Matus, A., 1993. Actin depolymerisation induces process 
formation on MAP2-transfected non-neuronal cells. Development 117, 689–700. 

Esclapez, M., Houser, C.R., 1999. Up-regulation of GAD65 and GAD67 in remaining 
hippocampal GABA neurons in a model of temporal lobe epilepsy. J. Comp. Neurol. 
412, 488–505. 

Esclapez, M., Tillakaratne, N.J., Tobin, A.J., Houser, C.R., 1993. Comparative 
localization of mRNAs encoding two forms of glutamic acid decarboxylase with 
nonradioactive in situ hybridization methods. J. Comp. Neurol. 331, 339–362. 
https://doi.org/10.1002/cne.903310305. 

Esclapez, M., Tillakaratne, N.J., Kaufman, D.L., Tobin, A.J., Houser, C.R., 1994. 
Comparative localization of two forms of glutamic acid decarboxylase and their 
mRNAs in rat brain supports the concept of functional differences between the 
forms. J. Neurosci. 14, 1834–1855. https://doi.org/10.1523/JNEUROSCI.14-03- 
01834.1994. 

Esclapez, M., Hirsch, J.C., Ben-Ari, Y., Bernard, C., 1999. Newly formed excitatory 
pathways provide a substrate for hyperexcitability in experimental temporal lobe 
epilepsy. J. Comp. Neurol. 408, 449–460. 

Feng, J., Yan, Z., Ferreira, A., Tomizawa, K., Liauw, J.A., Zhuo, M., Allen, P.B., 
Ouimet, C.C., Greengard, P., 2000. Spinophilin regulates the formation and function 
of dendritic spines. Proc. Natl. Acad. Sci. U. S. A. 97, 9287–9292. https://doi.org/ 
10.1073/pnas.97.16.9287. 

Ferhat, L., 2012. Potential role of drebrin a, an f-actin binding protein, in reactive 
synaptic plasticity after pilocarpine-induced seizures: functional implications in 
epilepsy. Int. J. Cell Biol. 2012 https://doi.org/10.1155/2012/474351, 474351.  

Ferhat, L., Cook, C., Chauviere, M., Harper, M., Kress, M., Lyons, G.E., Baas, P.W., 1998a. 
Expression of the mitotic motor protein Eg5 in postmitotic neurons: implications for 
neuronal development. J. Neurosci. 18, 7822–7835. https://doi.org/10.1523/ 
JNEUROSCI.18-19-07822.1998. 

Ferhat, L., Kuriyama, R., Lyons, G.E., Micales, B., Baas, P.W., 1998b. Expression of the 
mitotic motor protein CHO1/MKLP1 in postmitotic neurons. Eur. J. Neurosci. 10, 
1383–1393. https://doi.org/10.1046/j.1460-9568.1998.00159.x. 

Ferhat, L., Esclapez, M., Represa, A., Fattoum, A., Shirao, T., Ben-Ari, Y., 2003. Increased 
levels of acidic calponin during dendritic spine plasticity after pilocarpine-induced 
seizures. Hippocampus 13, 845–858. https://doi.org/10.1002/hipo.10136. 
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