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A B S T R A C T   

About 1–2% of people worldwide suffer from epilepsy, which is characterized by unpredictable and intermittent 
seizure occurrence. Despite the fact that the exact origin of temporal lobe epilepsy is frequently unknown, it is 
frequently linked to an early triggering insult like brain damage, tumors, or Status Epilepticus (SE). We used an 
experimental approach consisting of electrical stimulation of the amygdaloid complex to induce two behaviorally 
and structurally distinct SE states: Type I (fully convulsive), with more severe seizure behaviors and more 
extensive brain damage, and Type II (partial convulsive), with less severe seizure behaviors and brain damage. 
Our goal was to better understand how the various types of SE impact the hippocampus leading to the devel-
opment of epilepsy. Despite clear variations between the two behaviors in terms of neurodegeneration, study of 
neurogenesis revealed a comparable rise in the number of Ki-67 + cells and an increase in Doublecortin (DCX) in 
both kinds of SE.   

Introduction 

Over 1% of the world’s population suffers from epilepsy, which is 
defined by irregular and unpredictable seizure occurrence (Engel, 
2001). According to Pitkänen and Lukasiuk (2009), epilepsy is 
frequently diagnosed after an initial precipitating injury such as a brain 
lesion, tumor, meningitis, encephalitis, Status Epilepticus (SE), or febrile 
seizures during childhood (Engel, 1995; and ILAE Commission on 
Neurosurgery of Epilepsy 2004; Pitkänen and Lukasiuk, 2009). The SE, 
which has long been linked to the development of mesial temporal 
sclerosis, is one possible injury that is referred to. The SE is defined as a 
period of continuous seizure activity lasting at least five minutes, or 
repeated seizures without recovery to normal consciousness between 
them (Trinka et al., 2015) and it has been long implicated in the 
development of mesial temporal sclerosis and temporal lobe epilepsy 
(TLE) (Treiman, 1998). 

Although SE-induced epilepsy in rodents is characterized by wide-
spread lesions (beyond limbic system regions), it has been used to study 

epileptogenesis, in which different types of brain insults cause a complex 
cascade of neuroplastic events that ultimately result in the occurrence of 
spontaneous recurrent seizures (SRS) (Leite et al., 1990; Pitkänen and 
Lukasiuk, 2011). In fact, both human and animal models of temporal 
lobe epilepsy (TLE) show numerous hippocampus alterations in addition 
to extra-temporal structures (Sloviter, 2005; Pitkänen and Lukasiuk, 
2011). In particular, partial degeneration of CA1/CA3 pyramidal neu-
rons and hilar neurons, reductions in gamma-amino butyric acid (GABA) 
positive interneurons, and loss of the calbindin calcium binding protein 
(CBP) in dentate granule cells are among the structural changes in the 
hippocampus (Santos et al., 2019) reductions in gamma-amino butyric 
acid (GABA) positive interneurons (Shetty and Turner, 2001), loss of the 
calbindin calcium binding protein (CBP) in dentate granule cells (Shetty 
and Hattiangady, 2007), abnormal sprouting of dentate granule cell 
mossy fiber (Nadler et al., 1981; Mello et al., 1992, 1993), alterations in 
levels of expression of multiple peptides that play antiseizure roles such 
as neuropeptide Y (NPY), galanin, ghrelin, somatostatin and dynorphin 
in hippocampal circuitry (Schwarzer et al., 1995; Kovac and Walker, 

* Correspondence to: Department of Morphology, Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brazil. 
** Correspondence to: Ribeirão Preto School of Medicine, University of São Paulo Ribeirão Preto, 14049-900, Brazil. 

E-mail addresses: victorrsantos@gmail.com (V.R. Santos), ngcairas@usp.br (N. Garcia-Cairasco).  

Contents lists available at ScienceDirect 

IBRO Neuroscience Reports 

journal homepage: www.sciencedirect.com/journal/IBRO-Neuroscience-Reports 

https://doi.org/10.1016/j.ibneur.2023.06.001 
Received 15 February 2023; Received in revised form 5 June 2023; Accepted 5 June 2023   

mailto:victorrsantos@gmail.com
mailto:ngcairas@usp.br
www.sciencedirect.com/science/journal/26672421
https://www.sciencedirect.com/journal/IBRO-Neuroscience-Reports
https://doi.org/10.1016/j.ibneur.2023.06.001
https://doi.org/10.1016/j.ibneur.2023.06.001
https://doi.org/10.1016/j.ibneur.2023.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ibneur.2023.06.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


IBRO Neuroscience Reports 15 (2023) 68–76

69

2013), among others. The axons of dentate granule cells (hippocampal 
mossy fibers) branch out of the dentate hilus and abnormally innervate 
the dentate inner molecular layer in TLE, a phenomenon known as 
aberrant mossy fiber sprouting (Tauck and Nadler, 1985; Sutula et al., 
1992; Mello et al., 1993). 

Additionally, numerous studies have demonstrated a striking in-
crease in neurogenesis following SE or amygdala kindling (Parent et al. 
1997; Scharfman, Goodman, and Sollas, 2000; Scharfman et al. 2003; 
Pierce et al., 2011; Parent et al. 2006). The newly formed granule cells in 
those SE or "kindling" models have abnormal dendritic orientation and 
morphology (Shapiro and Ribak, 2005; Walter et al., 2007; Santos et al., 
2017); aberrant synaptic connectivity (Jessberger et al. 2007); altered 
number and density of dendritic spines (Santos et al. 2011; Scharfman 
et al. 2000). Additional research suggests that these cells lead to a 
reduced seizure activity threshold in the hippocampus of epileptic ani-
mals and are probably implicated with SRS (Scharfman et al., 2002; 
Scharfman et al. 2003; Scharfman et al., 2000; Pierce et al., 2011) 
Adeno-associated viral vectors expressing the human NPY gene can also 
be used to genetically modify animals following epileptogenesis and 
inject them into the hippocampus, which can reduce SRS to 40% (Noè 
et al., 2008; Ledri et al., 2015; Nikitidou Ledri et al., 2016). 

The effects of brain damage and the changes that take place between 
the onset of SE and the emergence of the SRS during the latent phase are 
crucial in the development of epilepsy. The length and intensity of SE 
appear to be crucial variables that affect how epileptogenesis manifests 
and progresses. Thus, it is crucial to understand how epileptogenesis 
culminates in the emergence of SRS to analyze the neuroplasticity that 
occurs in limbic areas after SE. Animal models have been created over 
the past few decades that allow SE to be triggered without the need of 
chemicals by repeatedly stimulating different limbic areas electrically. 
Compared to the chemical models, these models have a number of 
benefits. First of all, they are free from the interpretative difficulties 
brought on by the usage of a poisonous substance and its pervasive ef-
fects on the nervous system. Second, they are capable of producing a 
range of SE states and behaviors (Handforth and Ackermann, 1988; 
Mohapel et al., 1996; Nissinen et al., 2000; Brandt et al., 2003; Tilelli 
et al., 2005). 

Several studies have reported various types of SE based on the 
behavior of the animals using a model of self-sustained SE (SSSE) by 
electrical stimulation of the amygdaloid complex (AmyC) (Nissinen 
et al. 2000; Brandt et al. 2003; Tilelli et al. 2005). According to Tilelli 
et al. (2005), the identical protocol of electrical stimulation of the AmyC 
can produce at least two behaviorally distinct forms of SE, and they vary 
in the intensity of the behavioral components: Based on the behavioral 
repertoire displayed during SE, Type I and Type II can be differentiated 
using both the Racine/Pinel and Rovner’s scales (Racine, 1972; Pinel 
and Rovner, 1978). The most severe behaviors (limb myoclonus, rear-
ing, falling, and eventually running and jumping) normally found in 
other models of SE, referred to as Generalized SE, are present in Type I 
SE and are characterized by recurring stages 4 and 5. The second is 
classified as SE Type II or Ambulatory SE and is characterized by 
persistent hyperactive motor and exploratory behaviors and Racine 
stages 1 and 2 together with less severe seizure characteristics (facial 
automatisms and neck myoclonus and eventually limb myoclonus, 
rearing, falling). It’s interesting to note that the explanation for these 
variations in SE phenotypic manifestation, linked to the below-described 
neuroanatomical particularities, rests on a nervous system trait that was 
first postulated at least three decades ago but has only just been 
explained: the short-term effects of SE have not been thoroughly 
examined, in particular it is unknown whether the various types of SE 
are associated with specific changes in the hippocampal circuitry. This is 
due to the fact that subtle differences in the starting point can lead to 
drastically different outcomes when brain circuitry scales up in 
complexity, resembling a chaotic-like system (Skarda and Freeman, 
1987; Koch, 1999). 

In the current investigation, which is a follow-up study, we assessed 

the histopathology in brain tissue from rats that had AmyC electrically 
stimulated (similar to Tilelli et al., 2005) to produce SE and found 
changes at acute and semi-chronic time periods. Our goal was to find out 
how much differing SE severity circumstances affect the hippocampus’s 
capacity to evolve epileptogenesis processes. Our findings demonstrate 
that particular circuitry neurodegeneration and neurogenesis patterns 
are related to behavioral SE expression. 

Experimental procedures 

Our findings are the result of new histochemical and immunohisto-
chemical analysis for FluoroJade-C (FJC), Neu-N, Ki-67, Prox-1, Dou-
blecortin (DCX) and Neuropeptide Y (NPY) in the tissues of the animals 
presented in a previously published study from our group (Tilelli et al., 
2005) where previous results and detailed methods can be viewed. All 
procedures were approved by the University of São Paulo Institutional 
care and experiments with laboratory animals were conducted in 
accordance with the rules of the Brazilian Society for Neuroscience and 
Behavior, which are based on the Society for Neuroscience guidelines for 
animal experimentation and were approved by Ribeirão Preto School of 
Medicine Commission on Ethics on Animal Experimentation (CETEA; 
protocol # 195/2005). 

Briefly, adult male Wistar rats (total 36; n = 4, per group) were 
stereotaxically implanted, under anesthesia (ketamine, 70 mg/kg, Bayer 
S.A., and xylazine, 7 mg/kg, Agender LTDA), with Teflon-coated bipolar 
stainless-steel electrodes (A-M Systems, Inc). One stimulation/recording 
bipolar electrode was implanted in the AmyC (3.6 mm posterior, 5.0 mm 
lateral and 6.5 mm ventral to bregma) the surface of the brain. To record 
the spread of electrographic seizure activity to the ipsilateral hippo-
campus, a bipolar electrode was implanted into the hilus (distance be-
tween tips 0.8 mm; coordinates of the lower tip: 4.1 mm posterior, 2.6 
mm lateral and 3.7 mm ventral to bregma). Animals received 30 min of 
biphasic square waves electrical stimulation, 300 µA amplitude, 60 Hz 
frequency, 100 ms duration, every 500 miliseconds leading to devel-
opment of SSSE. After 1.5 h of SSSE all animals received 5 mg/kg 
Diazepam i.p. Three hours, 24 h or 15 days after the SE, animals were 
perfused with Millonig’s buffer followed by PFA 4%, had their brains 
removed, cryoprotected in sucrose 30%, sliced in 40 µm slices using a 
cryostate and kept at − 20ºC in antifreeze solution until 24 h prior to the 
histology procedures, when they were washed overnight in 100 mM 
PBS. 

For further details on animals housing, stereotaxic surgery, SE in-
duction, euthanasia, tissue processing, behavioral recording and ana-
lyses, please refer to Tilelli et al. (2005). 

FluoroJade C 

The FJC staining was used to identify neurons in degeneration 
(Schmued et al., (1997) slightly modified by Castro et al. (2011) and 
performed as follows: brain sections (5 from each animal) were 
immersed in 100% ethanol for 3 min, followed by 1 min in 70% ethanol 
and 1 min in distilled water. Slides were then transferred to a solution of 
0.06% potassium permanganate for 15 min and gently shaken on a 
rotating platform. Sections were then rinsed three times for 1 min each 
in distilled water and transferred to the FJC staining solution with gentle 
shaking for 30 min. The 0.0001% working solution of FJC was prepared 
by adding 1 ml of stock FJC solution (0.01%; Histo-chem INC) to 99 ml 
of 0.1% acetic acid in distilled water. After staining, the sections were 
rinsed three times each for 1 min in distilled water and were 
cover-slipped with Fluoromount G (SouthernBiotech – USA). Severity of 
neuronal damage in a section was semi-quantitatively assessed by a 
grading system similar to that previously described by Nissinen et al. 
(2000), and applied in Tilelli et al. (2005), as follows: score 0, no 
obvious damage; score 1, small lesions involving 20–50% of neurons; 
score 2, lesions involving more than 50% of neurons. 
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Immunohistochemistry 

Immunohistochemical assays were done in free-floating tissue (5 
slices from each animal). For single labeling, sections were quenched 
with 3% peroxidase in 10% methanol for 30 min before blocking solu-
tion and overnight incubation with primary antibodies Rabbit anti-NPY 
(1:750, Peninsula, USA) or Goat anti-DCX marker of immature neurons 
(1:500, Santa Cruz Biotechnology INC.; CA, USA) The sections were then 
incubated with the secondary antibody: biotinylated Goat anti-rabbit 
(1:500; Vector Laboratories) or Donkey anti-Goat (1:500; Chemicon) 
for 1 h. Finally, sections were incubated in avidin-biotin-peroxidase 
complex (Elite ABC Kit, Vector Laboratories) for 1 h and developed 
with diaminobenzidine reaction (DAB Peroxidase (HRP) Substrate Kit, 
Vector Laboratories). 

For the immunofluorescence, 5 slices from each animal were washed 

with 0.1 M phosphate buffer saline (0.1 M PBS), pH 7,4, for 30 min. 
Slices were then transferred to a 0.75% glycine in PBS for 10 min and 
then incubated for 1 h in blocking solution with 2% of bovine serum 
albumin (Sigma-BSA) and 0.2% Triton X-100 (Sigma) in PBS. The tissue 
was incubated with primary antibodies overnight at 4 ◦C in blocking 
solution. The following primary antibodies were used: Mouse anti-Neu- 
N (1:700, MAB 377, Chemicon International), marker of mature neu-
rons, Rabbit anti-Ki-67, marker of cell proliferation at dentate granule 
cells (both at 1:2000, gently donated by Prof. PhD. Alysson Muotri, 
University of California, San Diego). The slices were then rinsed in 
blocking solution and incubated for 1–2 h at room temperature with 
secondary antibodies diluted in blocking solution. The following sec-
ondary antibodies were used: goat anti-rabbit Alexa Fluor 594; goat anti- 
mouse Alexa Fluor 488 (1:1500 from Invitrogen). After the antibodies 
incubation the slices were rinsed in PBS and cover-slipped with 

Fig. 1. Hippocampal neurodegeneration after different SE. Confocal maximum projection of Fluorojade C staining labeling degenerating neurons (FJC+ in 
green) in the hippocampus of rats. SE Type I induces more severe damage and more FJC+ cells are observed in both brain’s hemispheres. SE Type II induces less 
severe damage, with few cells detected at the ipsilateral side of amygdala stimulation. Scale Bar: 100 µm. 
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Fluoromount G. 

Statistics and data analysis 

Statistical comparisons were performed with GraphPad Prism 5 
(GraphPad Software, Inc.; CA, USA), and significance was accepted with 
a p value ≤ 0.05. Comparisons between two groups were determined 
using a t-test. Multiple group comparisons were made using One-Way 
analysis of variance (ANOVA) and post hoc test of Bonfferoni and 
Tukey were used to identify further factors that differed significantly. 
Specific statistical test and p-values are described in the results. 

Results 

The Severity of seizures during SE can be correlated with the amount of 
neurodegeneration 

By using FJC staining at 3 and 24 h after SE, we examined the po-
tential for neurodegeneration in numerous brain regions, including the 
hippocampus. No SE or control group showed any labeling in the hip-
pocampus at the three-hours mark, demonstrating that cell death or 
neurodegeneration do not take place or can be seen by FJC staining at 
this early stage following SE. On the other hand, animals with SE Type I 
had considerably more tagged cells dispersed bilaterally in the hippo-
campus hilus, CA3 and CA1, at 24 h following SE. In the hilus, CA3 and 
CA1 of the hippocampus, ipsilateral to the stimulation site, we were able 
to see very little staining in Type II rats (Fig. 1). To map the existence of 
neurodegeneration, we also conducted a semiquantitative study of 
various temporal lobe structures (Table 1). In our animals, a similar 
pattern to that seen in Nissinen et al. (2000) was observed, with Type I 
SE showing bilateral cell damage and Type II SE showing unilateral and 
sparser cell damage. 

We employed the mitotic marker Ki-67 in rats 3 and 24 h after SE 
stimulation to study the impact of various forms of SE on neurogenic 
subgranular zone cell proliferation. With no statistically significant 
differences between the two types of SE (p = 0.075), we observed that 
3 h after SE, both Type I and Type II animals already displayed a sig-
nificant increase in Ki-67 immunostaining (Fig. 2) when compared to the 
controls. This suggests that SE induced/activated cell proliferation in 
both groups of animals. Additionally, both types I and II demonstrated a 
significantly higher level of Ki-67 immunostaining in the hippocampus 

of animals perfused 24 h after SE compared to control animals (P 0.001). 
In the subgranular zone (SGZ) of the dentate gyrus, the Ki-67 tagged 
cells showed up as clusters, as was previously observed using the pilo-
carpine SE model (Parent et al. 1997). The number of Ki-67 + cells in the 
hippocampus did not differ between the two sides at each time point, 
which is an interesting finding and suggests that both Type I and Type II 
animals saw a similar increase in cell proliferation in the hippocampus 
(P = 0.085). 

The process of neurogenesis is multi-staged and strictly controlled. 
Newly formed neurons undergo various maturation stages after exiting 
the cell cycle before becoming fully developed granule neurons (Zhao 
et al., 2006). We used DCX immunohistochemistry to mark the neuro-
blasts produced in SGZ, in order to examine the role of SE in the dif-
ferentiation and maturation of developing neurons. Similar outcomes 
were observed 14 days after SE with a rise in the number of immature 
newborn neurons expressing DCX. When compared to the control group, 
we observed a substantial increase in the number of new neurons in the 
SGZ/GCL of the dentate gyrus in both types of SE groups after 14 days 
after SE stimulation (p 0001, Fig. 3). when compared to the control 
group. It’s interesting to note that there was no difference in the number 
of newborn DCX+ cells between the two SE types (P = 0084), indicating 
that both SE types have a similar effect on the rise in neurogenesis. 

NPY as a putative protective endogenous peptide 

In animal models of epilepsy, NPY is well-known to have a significant 
antiseizure function (Dubé, 2007; Kang et al., 2000; Noè et al., 2008). 
We carried out IHC for NPY in the hippocampus to determine whether it 
would aid in explaining the differences seen in rats exposed to the 
identical stimulation protocol. Qualitative data indicate that animals in 
Type I appear to have an asymmetry in NPY+ cells in the hilus of DG, 
with fewer cells in the hippocampus on the side opposite to the stimu-
lation site and lower overall NPY density, even though there were 
insufficient slices to conduct cell counting and statistical analysis. 
However, Type II demonstrated symmetrical NPY expression, and 
NPY+ interneurons were seen in both experimental groups.in greater 
amount when qualitatively compared to controls (Fig. 4). 

Discussion 

Neurodegeneration 

In the present study we conducted more detailed histological anal-
ysis in hippocampus from animals with two different types of SSSE 
induced by electrical stimulation of basolateral amygdala. In Tilleli et al. 
(2005) the authors suggested the patterns of neurodegeneration indi-
rectly, based on lack of Neu-N immunoreactivity (Mullen et al., 1992). In 
the present study the previous findings were confirmed by means of FJC 
histochemistry, demonstrating that distinct patterns of cell death in the 
hippocampus, among other plastic events, are associated with distinct 
patterns of seizure behavior during SE. In Type I animals (more severe 
behavioral seizures) we observed significantly bilateral higher number 
of FJC positive neurons in the hilus of the dentate gyrus, CA1 and CA3, 
with relative preservation of the granule cells within the granule cell 
dentate gyrus and CA2 than in Type II animals (less severe behavioral 
seizures). Type II animals had FJC positive cells only in the ipsilateral 
side of the stimulation. 

Neuronal death is one of the most conspicuous findings in hippo-
campal sclerosis (Cavazos et al., 1994; Gorter et al., 2003; Walker, 
2015). Previous studies in rodents have documented that a low number 
of induced-clonic seizures is sufficient to cause hippocampal neuronal 
death (Wasterlain et al., 1993; Fujikawa et al., 2000a; Fujikawa, 2003) 
and the ILAE proposed in 2013 that not only the number of degenerating 
cells but the pattern of neurodegeneration should be taken into account 
for better understanding the subtypes of epileptic syndromes (Blümcke 
et al., 2013). Chemically-induced seizure models (systemic and 

Table 1 
Neuronal cell damage in different regions of the temporal lobe.  

Brain Structures Sub-regions FJC+

Amygdaloid Complex  SE Type I SE Type II  

Central Nucleus (CeA) XX X  
Medial Nucleus (MeA) XX X  
Basolateral Nucleus (BLA) XX XX 

Hippocampal formation     
Dentate Gyrus φ φ  
Hilus XX X  
CA3 XX X  
CA2 φ φ  
CA1 XX φ  
Subiculum XX φ 

Piriform Cortex     
Layer II XX φ  
Layer III XX X 

Enthorinal Cortex     
Layer II XX X  
Layer III XX X  
Deep Layers XX X 

Neocortex     
Barrel Field X X  
S2 X φ  
IG-CG1 XX φ 

Different types of SE cause similar increase in cell proliferation and neurogenesis 
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intra-hippocampal administration of pilocarpine) have shown neuronal 
loss in several other areas of the brain such as secondary auditory cortex, 
endopiriform nucleus, piriform cortex, entorhinal cortex, several 
amygdaloid complex areas (central nucleus, cortical nucleus, 
amygdalo-hippocampal transition area) and several thalamic areas, 
highlighted by FJC staining, in the 24 h time-point (Castro et al., 2011). 

We observed similar neurodegeneration pattern in Type I SE rats in the 
same areas. 

We discovered that behaviorally severe SE leads to greater neuro-
degeneration. According to our theory, the intensity of SE can be utilized 
to estimate how much neurodegeneration will occur 24 h after SE. More 
neurons and brain regions are activated and more degeneration is 

Fig. 2. Increase of Cell Proliferation at SGZ. Confocal maximum projection of immunolabeling for Ki-67 (in red) and nuclei staining with DAPI (in blue) in the rat 
hippocampus. Note the nuclei double staining with Ki-67 and DAPI in cells in the process of proliferation at hippocampus SGZ. The graph shows quantification of 
groups of Ki-67 + cells in SGZ of the hippocampus at 3 h (superior) and 24 h (inferior) after SE. *p < 0.05. Scale Bar: 15 µm. 

Fig. 3. Increased neurogenesis in DG. Photomicrograph of immunolabeling neuroblast expressing doublecortin (DCX) immature neurons in granule cell dentate 
gyrus 14 days after SE. Increase of immature neurons in DG in Type I SE and Type II SE. Graph show number of DCX-labeled neurons per animal in the DG at 14 days 
after SE. * **p < 0.001. Scale Bar: 100 µm. 
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induced by more severe behavioral patterns. Olney et al. (1983) while 
evaluating the neurotoxic effects of glutamate analogs, showed that 
administration of kainic acid caused neuronal death in limbic structures. 
The mechanisms by which kainic acid, as well as other excitatory 
chemical agents, cause neuronal death can be partially explained by the 
"excitotoxic hypothesis", which has provided a plausible explanation 
regarding the pathological induction of neuronal death in a wide variety 
of neurological diseases. According to this, the excessive activation of 
NMDA receptor on postsynaptic membranes induced by large glutamate 
release during SE results in an excessive influx of calcium into the 
postsynaptic neurons and in the presynaptic terminals as well (Waste-
rlain et al., 1993; Fujikawa et al., 2000b; Fujikawa, 2003). The inability 
of the cell to bind the excessive intracellular calcium triggers the acti-
vation of various processes including necrosis and/or apoptosis and 
consequent neuronal death (Wasterlain et al. 1993; Fujikawa, 2003; 
Fujikawa, 1996). The hypothesis is further strengthened by the findings 
that administration of NMDA receptor antagonists has a neuroprotective 
effect in animals even after the onset of SE (Fujikawa, Daniels, and Kim, 
1994; Fujikawa, 1995). 

Cell Proliferation and Neurogenesis 

Our study is the first to demonstrate increase in hippocampal neu-
rogenesis during epileptogenesis in a model of SE induced by electrical 
stimulation of the amygdala, in agreement with findings in others ani-
mal models of TLE (Parent et al. 1997; Parent et al. 1998; Bengzon et al. 
1997; Nakagawa et al. 2000; Romcy-Pereira & Garcia-Cairasco, 2003; 

Jessberger et al. 2005). 
We found an expressive increase in cell proliferation as soon as 3 h 

after SE. Several studies demonstrated that in acute and chronic models 
of limbic seizures neurogenesis in the dentate gyrus is stimulated (Parent 
et al. 1997; Bengzon et al. 1997; Romcy-Pereira & Garcia-Cairasco, 
2003). In adult rodent models of TLE induced by kainic acid or pilo-
carpine, cell proliferation in the dentate gyrus is increased 2–5 fold after 
a latent period of several days (Hattiangady et al., 2004). It has been 
demonstrated that in other experimental models of epilepsy, such as 
electrical stimulation of the amygdala (Parent et al., 1998), electrical 
stimulation of hippocampus (Bengzon et al., 1997), audiogenic kindling 
(Romcy-Pereira and Garcia-Cairasco, 2003), and KA-induced (Jess-
berger et al., 2005; Shapiro et al., 2005), repeated seizures stimulate 
neurogenesis in the hippocampal granular cell layer (GCL). Some studies 
have shown the Type 2 progenitor cells are more susceptible to stimuli 
like voluntary exercise, extended exposure to antidepressant drugs, and 
are linked to increase of cell proliferation in seizures (Hsieh and Eisch, 
2010). 

To analyze the differentiation of new cells into neurons we quanti-
fied the number of immature neurons at 14 days after SE. We found 
expressive increase of DCX positive cells in subgranular zone and GCL, 
suggesting a robust differentiation of new neurons in the dentate gyrus. 
Interestingly, we have found no difference in the number of DCX cells 
among the animals with different severity of SE. However, Ki-67 
expression was not different bilaterally, what could indicate that 
although it is known that proliferation of new neurons in hippocampus is 
an activity-dependent event, there is no direct correlation between the 

Fig. 4. NPY expression in DG. Photomicrograph of immunolabeling interneurons expressing NPY into dentate gyrus 14 days after SE. A qualitative examination 
suggests that the side of the hippocampus opposing the stimulation has less NPY+ neurons. Scale Bar: 100 µm. 
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level of cell death observed in FJC and the stimulation for neurogenesis. 
The presence of migration and integration of ectopic cells were found in 
other studies, such as the pioneering work of Parent et al. (1997). Using 
the DCX immuno-labeling, Arisi & Garcia-Cairasco (2007) also found 
ectopic cell migration to polymorphic layer of the dentate gyrus in 
epileptic animals after pilocarpine-induced SE. Granule neurons in the 
hilus make abnormal connections and exhibit electrophysiological 
characteristics similar to those described for mature dentate gyrus 
neurons (Scharfman et al., 2000). 

NPY plasticity 

The exact role of NPY and the receptors involved in its “antiseizure” 
action are not fully known. Although only qualitatively, we currently 
have shown that animals exposed to the same initial insult appear to 
differentially express NPY+ cells after the occurrence of SSSE according 
to behaviorally distinct classes of seizures. We observed in the most 
severe type of SE (Type I) a clear asymmetry in the expression of NPY 
with more hilar positive cells contralateral to the site of stimulation. In 
Type II animals the expression is symmetric and in both groups the NPY 
plasticity is activity-dependent and there are more cells in experimental 
animals, in comparison to the control group, in accordance with the 
literature (Tu et al., 2005, 2006; Howell et al., 2007; Cardoso et al., 
2010). 

One plausible speculation is that the brain could compensate hy-
perexcitability in epilepsy by favoring multiple endogenous antiseizure 
systems by means, among others, of up/downregulation of neurotrans-
mitters and/or receptors (Dragunow, 1986; Guo et al., 2014; Wallace, 
2003). In that context, one promising endogenous substance that can be 
used as a target for humans’ treatment is the NPY. Richichi et al. (2004) 
have demonstrated that the injection of neurotropic recombinant 
adeno-associated viral particles carrying the human gene for NPY into 
the hippocampal formation of rats leads to long-lasting expression of 
NPY with decrease in occurrence of acute induced epileptic seizures and 
SE, as well as slowing down the acquisition of kindling. Interestingly, 
some years later the same group showed that those injections success-
fully decrease spontaneous seizures in a chronic rat model of TLE (Noè 
et al., 2008). Additionally, it was demonstrated that NPY suppresses 
excitatory synaptic transmission in principal neurons in human epileptic 
hippocampal slices (Ledri et al., 2015) and it seems likely that the effects 
of NPY is most prominent via its receptor type 2 and those same authors 
suggest that the overexpression of both the ligand and the receptor may 
be the best option for individualized fine-tuning treatment for phar-
macoresistant TLE patients (Nikitidou Ledri et al., 2016). 

Considering that the nervous system is highly plastic, just as an ac-
tion produces a reaction, after an initial insult both epileptogenesis as 
well as antiepileptogenic mechanisms take place. As it usually happens 
in a complex system, the same signal (SE, neurodegeneration) can 
trigger adaptations (neurogenesis) in different ways, in this case towards 
excitation and inhibition, therefore, antiepileptogenesis can be viewed 
as an alternative “interpretation” of the initial insult, initiating 
compensatory responses such as NPY-associated plasticity in order to 
bring back homeostasis to the circuits. 

Conclusion 

Briefly, the current study showed that a similar initial insult (elec-
trical stimulation of the AmyC) in a rat model of TLE led to different 
types of SE due to different behavioral pattern and cell death brain areas. 
More severe seizure behaviors present with generalized (bilateral) brain 
degeneration, while less severe seizure behaviors are related to unilat-
eral brain neuronal death. On the other hand, both types of SE drive 
similar increase of cell proliferation and neurogenesis in both side of the 
hippocampus as we have shown, although qualitatively, the NPY 
expression in the hilus of hippocampal formation demonstrate no dif-
ferences. Small differences in the position of the stimulation electrode or 

individual nuances can be responsible for the different outcomes. Usu-
ally, the animals that do not respond as expected are removed from the 
experimental groups, however by doing that we could be missing 
important data that would help us understanding how epileptogenesis 
processes transform a normal brain into an epileptic one. 
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