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Reactive Disruption of the Hippocampal Neurogenic Niche After Induction of Seizures by Injection of Kainic Acid in the Amygdala
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Adult neurogenesis persists in the adult hippocampus due to the presence of multipotent neural stem cells (NSCs). Hippocampal neurogenesis is involved in a range of cognitive functions and is tightly regulated by neuronal activity. NSCs respond promptly to physiological and pathological stimuli altering their neurogenic and gliogenic potential. In a mouse model of mesial temporal lobe epilepsy (MTLE), seizures triggered by the intrahippocampal injection of the glutamate receptor agonist kainic acid (KA) induce NSCs to convert into reactive NSCs (React-NSCs) which stop producing new neurons and ultimately generate reactive astrocytes thus contributing to the development of hippocampal sclerosis and abolishing neurogenesis. We herein show how seizures triggered by the injection of KA in the amygdala, an alternative model of MTLE which allows parallel experimental manipulation in the dentate gyrus, also trigger the induction of React-NSCs and provoke the disruption of the neurogenic niche resulting in impaired neurogenesis. These results highlight the sensitivity of NSCs to the surrounding neuronal circuit activity and demonstrate that the induction of React-NSCs and the disruption of the neurogenic niche are not due to the direct effect of KA in the hippocampus. These results also suggest that neurogenesis might be lost in the hippocampus of patients with MTLE. Indeed we provide results from human MTLE samples absence of cell proliferation, of neural stem cell-like cells and of neurogenesis.
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INTRODUCTION

In the hippocampus of most mammals, including humans (Eriksson et al., 1998; Moreno-Jiménez et al., 2019), neurogenesis continues postnatally (Altman and Das, 1965) and throughout adulthood due to the existence of a population of neural stem cells (NSCs) with neurogenic (Seri et al., 2001) and gliogenic potential (Encinas et al., 2011). Neuronal activity is a major regulator of adult hippocampal NSCs which respond differentially to different levels of neuronal activity. Tonic gamma-aminobutyric acid (GABA) promotes quiescence of NSCs while its reduction promotes their activation (entry into the cell cycle) (Song et al., 2012). As neuronal activity increases above physiological levels in experimental models of electroconvulsive therapy (electroconvulsive shock, ECS) (Segi-Nishida et al., 2008; Jun et al., 2015) or epilepsy (Huttmann et al., 2003; Indulekha et al., 2010) NSCs get activated in increasing numbers which in turn accelerates their depletion in the long term (Sierra et al., 2015) after an initial boost of neurogenesis (Parent et al., 1997). Furthermore, in an experimental model of mesial temporal lobe epilepsy (MTLE), that characterizes by seizures being originated in the hippocampus and related structures, NSCs undergo a profound alteration of their neurogenic program. Shortly after seizures NSCs transform into reactive NSCs (React-NSCs) and later into reactive astrocytes that contribute to hippocampal sclerosis, a pathological hallmark of MTLE consisting of neuronal death and reactive gliosis. React-NSCs get activated massively switching to a symmetric manner of cell division and transform into a reactive-like multibranched and thickened phenotype with overexpression of nestin and GFAP (Sierra et al., 2015). As a result neurogenesis is lost. The rodent MTLE model is based on a single injection of the glutamate receptors agonist kainic acid (KA) in the hippocampus (hcMTLE) (Bouilleret et al., 1999). Thus it could be argued that the strong effects observed in the neurogenic niche could be due to the direct effect of KA. Thus we wondered how NSCs and the neurogenic cascade would be affected in an alternative model of MTLE (aMTLE) based on the intra-amygdalar injection of KA (Mouri et al., 2008). In addition, we showed that in a similar fashion to what we found in the mouse models of MTLE, cell proliferation and neurogenesis are lost in the hippocampus of MTLE patients.

MATERIALS AND METHODS

Animals

Nestin-GFP transgenic mouse line (on a C57BL/6 background) was used for all procedures addressing tissue analysis (Sierra et al., 2015) except for three wild type mice used for the injection tracking (see below). At least three mice were used in each control (PBS) group and at least five were used for the aMTLE group per time point. All procedures on these mice were approved by the University of the Basque Country (EHU/UPV) Ethics Committee (Leioa, Spain) and the Comunidad Foral de Bizkaia (CEEA: M20/2015/236). C57BL/6 mice were used for the EEG studies. The procedures were approved by the Comité Ético Científico para el Cuidado de Animales y Ambiente, CEC-CAA of the Universidad Pontificia de Chile and the bioethics committee of the Chilean (Comision Nacional de Investigación Científica y Tecnólogica, CONICYT). Five mice were used in each control (PBS) and aMTLE group.

Intra-Amygdalar Injection

PBS or KA was injected into the right basolateral-amygdala using the following coordinates: AP −1.4 mm, ML −3.1 mm, and DV −4.7 mm, using a dose of 100 nL of sterile PBS, or KA at 13 mM (1.3 nmol). Three mice were injected with fluorescein (CSFE) and sacrificed 24 h after to test the accuracy of the stereotaxic injection (Figure 1).
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FIGURE 1. Intra-amygdalar injection of KA induces seizures and epileptiform activity in the ipsi and contralateral hippocampus. (A) KA was stereotaxically injected via canula into the basomedial basolateral nucleus of the amygdala (BM/BL, 100 nL at a concentration of 13 mM). The accuracy of the injection was tested by injecting fluorescein (CFSE) and sacrificing mice 24 h later. Co-staining with Tbr1 and DAPI was performed to assure identification of the BL. M, medial nucleus. BM, basomedial nucleus. L, lateral nucleus. CEP, endopiriform cortex. Scale bar is 50 μm in (A). (B) Intrahippocampal electrophysiological recordings performed 2 months after KA injection. Local field potential (LFP) activity recorded in the hippocampal pyramidal layer from one electrode in the ipsilateral hemisphere (KA injected side, Ipsi, upper panel) and one electrode in the contralateral hippocampus (uninjected side, Contra, lower panel) in a urethane anesthetized mouse. (C) Filtered LFP (100–250 Hz). Asterisks depict epileptiform discharges. (D) Zoomed in activity depicts wave ripple complex during basal activity (left) and epileptiform discharge (right) for filtered signal shown in (C). (E) Epileptiform discharge events were automatically detected in both control and KA mice (see section “Supplementary Material” for details). Epileptiform events were more abundant in KA mice (n = 52 sessions, 5 animals) compared to control mice (n = 33 sessions, 5 animals). Moreover, in KA mice, the hemisphere ipsilateral to KA injection (Ipsi) had a higher rate of epileptiform events compared to contralateral (Contra) hemisphere (Kruskal–Wallis test, P = 1.049 × 10–7).



Electroencephalographic Recordings

Neuronal activity was recorded by using a 32-channel silicon probe (Right hemisphere: A1 × 32-Poly3-6 mm-50-177; left hemisphere; 32 channel-4 shank silicon probe, Buzsáki 32. Neuronexus, mean resistance 1 MΩ) stained with DiI (for a subsequent anatomical identification). Electrodes were located as close as possible to the dorsal CA1 stratum pyramidale, for which the electrode was descended 0.8–1 mm, until ripple oscillations were visually detected online. Electrical activity was recorded with an electrical amplifier (Intan RHD 2132 amplifier board connected to an RHD2000 evaluation system; Intan Technologies). Local field potential (LFP; sampling rate 20 kHz) were digitally filtered between 0.3–2 kHz.

5-Bromo-2′-deoxyuridine (BrdU) Administration

BrdU was administered intraperitoneally (four injections 2 h-apart)on the 2nd day after the intra-amygdalar injection (four injections 2 h-apart).

Immunohistochemistry and Cell Quantification

Experiments were performed essentially as described before following methods optimized for the use in transgenic mice (Encinas et al., 2006, 2011; Encinas and Enikolopov, 2008; Sierra et al., 2015).

Image Capture

All fluorescence immunostaining images were collected employing a Leica SP8 laser scanning microscope and their corresponding manufacturer’s software following protocols optimized for stereotaxic quantification and quantitative image analysis (Encinas et al., 2011; Sierra et al., 2015).

Human Tissue

Human samples from individuals with MTLE. Freshly resected hippocampi from adult drug-resistant MTLE patients were obtained from the Basque Biobank at the Cruces University Hospital (Bilbao, Spain) with the patient’s written consent and with approval of the University of the Basque Country Ethics committee (CEISH/154/2012).

Statistical Analysis

SigmaPlot (San Jose, CA, United States) was used for statistical analysis. For the analysis of pairs of groups a Student’s t-test, a Mann–Whitney Rank Sum test or a One-column sample test were performed.

For an extended description of see sections “Materials and Methods” and “Supplementary Material and Methods” in Supplementary Material.

RESULTS

We first confirmed the accuracy of the coordinates used to target the basolateral nucleus of the amygdala by injecting fluorescein (CFSE) and co-staining for DAPI and the neuronal marker Tbr1 to assure identification of the exact area (Figure 1A). Then we analyzed the effect on neuronal activity of the intra-amygdalar injection of KA to confirm its validity as a model of MTLE to study alterations of hippocampal neurogenesis. In hcMTLE a single injection is enough to trigger an initial set of seizures and then spontaneous seizures become chronic (Bouilleret et al., 1999; Sierra et al., 2015). Here we confirmed the existence of initial seizures behaviorally (using the Racine scale) on the day of the surgery and then registered neuronal activity by electroencephalographic recordings (EEG) through bilateral electrode insertion in the hippocampus (Figure 1B and Supplementary Figure 1) at a later time point. Seizures (Figure 1B), as well as ripples (Figure 1C) and epileptiform discharges (Figure 1D), were registered in both the ipsi and contralateral hippocampus of aMTLE mice 2 months after the KA injection. The frequency of the epileptiform activity was quantified by automatic detection of epileptiform events set up using baseline activity under anesthesia in control (PBS-injected) and aMTLE mice (Supplementary Figure 1). The frequency of the epileptiform events was significantly higher in the contralateral hippocampus of aMTLE mice (n = 5) than in controls (ipsilateral, n = 5). In the ipsilateral hippocampus of aMTLE mice (n = 5) epileptiform events were significantly more frequent than in the control and the contralateral aMTLE hippocampus (Figure 1E).

We proceeded to analyze the dentate gyrus of mice injected either with PBS or KA in the amygdala and sacrificed 1 week later (Figure 2). We observed an overall overexpression of GFAP and Nestin-GFP typical of reactive gliosis (Figure 2A). The number of React-NSCs, as previously described for hcMTLE (Sierra et al., 2015), was drastically increased in the aMTLE mice compared to the PBS-injected mice (Figure 2B). React-NSCs presented several thickened prolongations emerging from the soma, had lost the fine broccoli-like apical arborization, overexpressed Nestin-GFP and GFAP and frequently moved into the granule cell layer (GCL) away from the subgranular zone (SGZ) (Figure 2E). Quantification of these morphological parameters is shown in Figure 3. To evaluate cell proliferation we administered BrdU on the second day (four injections, 2 h apart) after the intra-amygdalar injection of KA or PBS. The overall number of BrdU-labeled cells was significantly increased in the SGZ + GCL (Figures 2C,D) as well as in the hilus (Figures 4A,B) where astrocytes (GFAP-positive, Nestin-GFP-negative cells) and reactive astrocytes (Nestin-GFP/S100ß-positive cells) accounted for most of the BrdU-labeled cells (Figures 4C–F). As expected, BrdU incorporation by React-NSCs (Nestin-GFP/GFAP-positive and negative for S100ß) was significantly higher than their normal NSCs counterparts of the PBS-injected mice (Figures 2E–G) both in percentage (Figure 2F) and in total numbers (Figure 2G). Astrocyte proliferation was almost absent in the PBS animals but was increased in the KA mice (Figure 2H). We quantified, also in the SGZ + GCL, the presence of reactive astrocytes (Nestin-GFP/S100ß-positive cells, Supplementary Figure 2) to evaluate the development of gliosis in the dentate gyrus. Reactive astrocytes were mostly absent in the PBS mice whereas their proportion among total astrocytes (Figure 2I) as well as their total number (Figure 2J) increased in the aMTLE mice. Together these results show the early transformation of NSCs into React-NSCs in response to the local neuronal hyperexcitation triggered by the intra-amygdalar injection of KA (Figure 5E). Furthermore, we confirmed the induction of React-NSCs (Figure 5A) as well as incremented NSCs/Reactive-NSCs activation (entry into the cell cycle) (Figure 5B), and overall cell proliferation (Figures 5C,D), in the contralateral dentate gyrus (all measurements performed in the SGZ + GCL). Branching (Figures 5F,G), as well as thickening of the processes (Figures 5H,I), morphological hallmarks of React-NSCs, were significantly increased in aMTLE. Finally, we analyzed cell death in the SGZ + GCL, another hallmark of hippocampal sclerosis in MTLE, and found that it was significantly increased in the ipsilateral and the contralateral hippocampus of the aMTLE mice compared to the PBS-injected ones (Supplementary Figure 3). As in hcMTLE we found that in aMTLE reactive gliosis and induction of React-NSCs, as well as cell death, extended along the whole septo-temporal length of the dentate gyrus. Neuroblasts (DCX-positive cells) with abnormal morphology and location were found in both the ipsi and contralateral dentate gyrus (data not shown).
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FIGURE 2. Intra-amygdalar injection of KA induces gliosis and React-NSCs in the dentate gyrus in the short term (1 week). BrdU (four injections, 2 h-apart) was injected the 2nd day after the KA injection. (A) Representative confocal microscopy images showing the reactive gliosis developed in the dentate gyrus. (B) Quantification of the number of React-NSCs (Nestin-GFP/GFAP-positive, S100ß-negative cells with reactive morphology). (C) Quantification of the number of BrdU-positive cells. (D) Representative confocal microscopy images for BrdU staining. (E) Representative confocal microscopy images showing a NSC in a control mouse and React-NSCs in a KA mouse labeled with BrdU (arrows). (F–I) Quantification of: (F) total number of BrdU-labeled NSCs or React-NSCs (Nestin-GFP/GFAP-positive, S100ß-negative); (G) percentage of BrdU-label NSCs or React-NSCs among the total number of NSCs/React-NSCs; (H) percentage of BrdU-labeled astrocytes (BrdU/GFAP-positive, Nestin-GFP-negative cells) among the total number of astrocytes (GFAP-positive Nestin-GFP-negative); (I) percentage of reactive astrocytes (Nestin-GFP/S100ß-positive cells) among the total number of astrocytes; and (J) total number of reactive astrocytes. All quantifications are referred to the SGZ + GCL. For quantifications regarding the hilus refer to (Supplementary Figure 3). Scale bar is 50 μm in (A) and (D); and 10 μm in (E). n = 3 for PBS and 5 for KA mice. ∗∗∗p < 0.001, ∗∗p < 0.005, ∗p < 0.05 by Student’s t-test (B,C,G); One-column sample t-test (H) and Mann–Whitney Rank Sum test (I,J). Bars show mean ± SEM. Dots show individual data. The same settings for image acquisition were used for PBS and KA samples.
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FIGURE 3. Morphological parameters of React-NSCs. (A) Confocal microscopy images of NSCs in a control mouse (upper row) and React-NSCs in a KA mouse (lower row). (B–E) Quantification of number of primary processes (those directly emerging from the soma) (B); number of secondary processes (those emerging from the primary processes) (C); thickness of the primary process (D); and secondary processes (E). n = 5 per group. ∗∗∗p < 0.001, ∗∗p < 0.005, ∗p < 0.05 by Student’s t-test. Bars show mean ± SEM. Dots show individual data.
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FIGURE 4. Development of reactive gliosis in the hilus in the short term (1 week). (A) Representative confocal images of PBS (left panel) and KA (right) mice after staining for Nestin-GFP, BrdU and S100β to assess reactive gliosis. (B–F) Quantification of the density of BrdU+ cells (B); percentage of BrdU-labeled astrocytes among astrocytes (C); total number of BrdU-labeled astrocytes (D); percentage of BrdU-labeled of reactive astrocytes among astrocytes (E); total BrdU-labeled reactive astrocytes (F). Scale bar is 20 μm. n = 5 per group. ∗∗∗p < 0.001, ∗∗p < 0.005, ∗p < 0.05 by Student’s t-test (C,E) and Mann-Whitney Rank Sum test (B,D,F). Bars show mean ± SEM. Dots show individual data.
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FIGURE 5. Intra-amygdalar injection of KA induces gliosis and React-NSCs in the contralateral dentate gyrus. BrdU (four injections, 2 h-apart) was injected the second day after the KA injection. Animals were sacrificed 1 week after the PBS or KA injection. (A) Representative confocal microscopy images showing the reactive gliosis developed in the dentate gyrus. (B) Quantification of the percentage of BrdU-label NSCs or React-NSCs among the total number of NSCs/React-NSCs. (C) Quantification of the total number of BrdU-positive cells in the SGZ + GCL. (D) Representative confocal microscopy images for BrdU staining. (E) Confocal microscopy images of NSCs in a control mouse (upper row) and React-NSCs in a KA mouse (lower row). (F) Quantification of number of primary processes (those directly emerging from the soma); (G) Number of secondary processes (those emerging from the primary processes); (H) thickness of the primary process; and (I) secondary processes. n = 5 per group. Scale bar is 50 μm in (A) and 10 μm in (E). ∗∗∗p < 0.001, ∗∗p < 0.005, ∗p < 0.05 by Student’s t-test (B,G,I) and Mann–Whitney Rank Sum test (C,F,H). Bars show mean ± SEM. Dots show individual data.



In order to investigate the effects of seizures on the neurogenic niche in the longer term we studied animals that were sacrificed 6 weeks after the intra-amygdalar injection of KA (Figure 6). We first observed a marked gliosis in the dentate gyrus characterized by a massive generation of reactive astrocytes and/or React-NSCs. In sharp contrast with the PBS-injected mice, multibranched cells strongly expressing Nestin-GFP and GFAP were prominently distributed in the hilus, the SGZ, the GCL and to a lower extent into the molecular layer of the aMTLE mice (Figure 6A). The number of React-NSCs, described as Nestin-GFP/GFAP cells (with the morphological criteria explained before, Figure 2) was significantly increased in the KA mice (Figure 3B). We next quantified the number of BrdU cells (BrdU was administered in day 2 after the KA injection, the same as in the 1 w experiments) to assess differentiation. There were significantly more BrdU-positive cells in the SGZ + GCL of KA mice most likely reflecting the initial increase of cell division found at the 1-week time point (Figure 6C). BrdU-positive cells were also observed in the hilus (Figure 6D) where most of them were reactive astrocytes (Figure 7). We next assessed the BrdU-labeled population by cell types in the SGZ + GCL. The proportion of NSCs or React-NSCs in the KA mice, defined as Nestin-GFP (and GFAP)-positive cells lacking S100ß expression that were labeled with BrdU was significantly increased in the aMTLE animals (Figures 6E,L). As the total number of BrdU cells was increased, this translated in a significant increase in the total number of BrdU-labeled NSCs/React-NSCs (Figures 6F,L). BrdU-labeled reactive astrocytes (defined as S100ß and Nestin-GFP-positive cells) were absent in the control mice whereas they were abundant in the KA mice as observed by relative proportion over the total BrdU-positive population (Figure 6G) and in total number as quantified in the SGZ + GCL (Figure 6H). Reactive astrocytes were absent in the hilus of PBS-injected mice but were abundant in aMTLE mice (Figure 7). Due to the prominent reactive gliosis (Figure 7A) and the notorious increase in cell proliferation (Figure 7B) observed in the hilus the generation of astrocytes (Figures 7C,D) and of reactive astrocytes (Figures 7E,F) was assessed also in this region. A significant increase in astrogliogenesis and reactive astrogliogenesis was confirmed. Finally, we analyzed neurogenesis by colocalization of BrdU with the neuronal marker NeuN (Figure 6K). We found that neurogenesis was greatly impaired. The proportion of BrdU/NeuN-positive cells among the total BrdU population was significantly diminished (Figure 6I). In spite of the larger population of BrdU-positive cells, the total number of BrdU/NeuN-positive cells was also significantly decreased in the KA mice (Figure 3J). We checked also the expression of DCX, the specific marker of neuroblasts/immature neurons and confirmed the almost total absence of neurogenesis associated with reactive gliosis in the dentate gyrus (Supplementary Figures 4A,B). Noteworthy, the few DCX-positive cells that were found in the KA mice presented the morphological abnormalities that characterize aberrant neurogenesis (Supplementary Figures 4A,B). These results are very similar to those we reported for hcMTLE and show how the neuronal activity of the hippocampus and related structures is an essential regulator of NSC activity and how seizures cause a drastic disruption of the hippocampal neurogenic niche.


[image: image]

FIGURE 6. Intra-amygdalar injection of KA induces gliosis and React-NSCs in the dentate gyrus in the long term (6 weeks). BrdU (four injections, 2 h-apart) was injected the 2nd day after the KA injection. (A) Representative confocal microscopy images showing the reactive gliosis developed in the dentate gyrus. (B) Quantification of the number of React-NSCs (Nestin-GFP/GFAP-positive, S100ß-negative cells with reactive morphology). (C) Quantification of the number of BrdU-positive cells. (D) Representative confocal microscopy images for BrdU staining. (E–I) Quantifications of: (E) percentage of BrdU-labeled NSCs (in PBS) or React-NSCs (in KA) among total BrdU-positive cells; (F) Total number of BrdU-labeled NSCs/React-NSCs; (G) Percentage of BrdU-positive reactive astrocytes (BrdU/Nestin-GFP/S100ß-positive cells) among total BrdU-positive cells; (H) Total number of BrdU-labeled reactive astrocytes; (I) Percentage of BrdU-labeled NeuN-positive neurons among total BrdU-positive cells; (J) Total number of BrdU-labeled neurons. All Quantifications are referred to the SGZ + GCL. For quantifications for the hilus refer to Supplementary Figure 4. (K) Representative confocal microscopy image of BrdU-labeled neurons in the GCL of a control mouse. (L) Representative image of two BrdU-labeled React-NSCs (arrows) in the GCL of a KA mouse. Scale bar is 50 μm in (A) and (D); and 10 μm in (K) and (L). n = 5 in both groups. ∗∗∗p < 0.001, ∗∗p < 0.005, ∗p < 0.05 by Student’s t-test (B,E); One-column sample t-test (G,H) and Mann–Whitney Rank Sum test (C,I,J). Bars show mean ± SEM. Dots show individual data. The same settings for image acquisition were used for PBS and KA samples.
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FIGURE 7. Development of seizure-reactive gliosis in the hilus in the longer term (6 weeks). (A) Representative confocal images of PBS (left panel) and KA (right) mice after staining for Nestin-GFP, BrdU, and S100ß to assess reactive gliosis. (B–F) Quantification of (B) density of BrdU+ cells; (C) Percentage of BrdU-labeled astrocytes among astrocytes; (D) Total number of BrdU-labeled astrocytes; (E) percentage of BrdU-labeled reactive astrocytes among astrocytes; (F) total BrdU-labeled reactive astrocytes. BrdU (four injections, 2 h-apart) was administered on the 2nd day after KA injection. Scale bar is 20 μm. n = 5 per group. ∗p < 0.05 by Mann–Whitney Rank Sum test. Bars show mean ± SEM. Dots show individual data.



We thus have observed in both aMTLE and the hcMTLE (Sierra et al., 2015) that reactive gliosis associates with abolished neurogenesis. We next investigated whether the same effect takes place in the human hippocampus. We analyzed hippocampi resected for therapeutic purposes from three patients (38, 46, and 56 years-old, all with hippocampal sclerosis ILAE type 1) of drug-resistant MTLE. We collected the samples as soon as they were removed from the patients to assure optimal conditions of tissue fixation. We studied the dentate gyrus and observed apparent granule cell dispersion (GCD) with the classical enlargement and loss of density of the GCL (Figure 8A). We also confirmed the presence of reactive gliosis using GFAP and S100β (Figure 8B) to identify astrocytes which presented the classical morphology of reactive astrocytes (Figure 8C). Importantly no cell resembling a putative NSC (radial morphology with soma located in the SGZ or lower part of the GCL) was found (Figure 8C). We cannot, however, make the claim that this result means that NSCs has transformed into React-NSC and ultimately into reactive astrocytes as reported to occur in the rodent models. We addressed the existence of cell division by using the mitosis marker Ki67. Ki67-positive cells were extremely rare in the dentate gyrus with none or just one cell found per human sample (Figure 8D). We also assessed the presence of neuroblasts (young migrating neurons) using immunostaining for DCX. No DCX-positive cell was found in the dentate gyrus of any of the human samples. In some samples a few scattered DCX-positive cells were found outside of the dentate gyrus (Figure 8E). The absence of cell proliferation and neurogenesis in the hippocampal neurogenic niche of patients of MTLE are agreement with what we have observed herein and in our previous study of hcMTLE (Sierra et al., 2015).
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FIGURE 8. Absence of cell proliferation and neurogenesis in the hippocampus of drug-resistant MTLE patients. Unilateral resection of the hippocampus was performed for therapeutic purposes. Confocal microscopy images showing the characteristic dispersion of the GCL (A) and the reactive gliosis (B) which characterize MTLE. (C) Images of reactive astrocytes in the neurogenic niche. (D) Cell proliferation was extremely rare in the dentate gyrus. (E) A DCX-positive cell found in the stratum oriens (SO) of the hippocampus (CA3). No DCX-positive cell was found in the dentate of any of the samples. Scale bar is 15 μm in (A) and (B); 20 μm in (C) and 10 μm in (D).



DISCUSSION

We had shown before that seizures induced in an experimental model of MTLE by intrahippocampal injection of MTLE have a profound effect on NSCs. Very soon after seizures NSCs become React-NSCs, i.e., they become multi branched with thicker processes overexpressing nestin and GFAP; lose their fine arborization in the molecular layer; migrate from the SGZ and closer to the molecular layer and get activated (enter mitosis) with much higher rate (Sierra et al., 2015). Finally, React-NSCs after several weeks become reactive astrocytes indistinguishable, at least by biomarker expression, morphology and location, to those derived from parenchymal astrocytes.

It could be argued that the injection of KA in hcMTLE could have a direct effect on NSCs. We now provide evidence that neuronal hyperexcitation of the hippocampal circuits triggered by the injection of KA in a separated, although connected, structure such as the amygdala provokes a very similar reactive reaction into the neurogenic niche of the dentate gyrus. 1 week after the intra-amygdalar injection of KA, the induction of React-NSCs with higher rate of activation and reactive gliosis were clear (Figure 2). In the longer term, 6 weeks after the injection of KA, the reactive gliosis was further developed and neurogenesis was almost abolished. The few neurons that were found presented the characteristic aberrant features (abnormal dendrites and location) described in other models of MTLE (Parent et al., 2006). Further, the aMTLE model allows further manipulations in the hippocampus. For instance we here present data from electrode arrays used to monitor neuronal activity over time to validate the model. In a similar fashion to hcMTLE (Bouilleret et al., 1999; Sierra et al., 2015), spontaneous seizures and epileptiform activity were recorded several weeks after the initial episodes of seizures triggered by the injection of KA suggesting that aMTLE mice become chronically epileptic.

The aMTLE model can be used in combination for instance with optogenetic manipulation and viral vector injections in the hippocampus without the surgery for the KA injection interfering with these manipulations. This work also provides confirmation for pro-gliogenic and anti-neurogenic effects of seizures in MTLE. Thus the cognitive functions associated with neurogenesis will be abolished or lost. Hippocampal neurogenesis is has been shown to participate in spatial and associative learning (Saxe et al., 2006; Dupret et al., 2008; Farioli-Vecchioli et al., 2008; Imayoshi et al., 2008; Clelland et al., 2009; Deng et al., 2009), as well as in the responses to stress and depression (Snyder et al., 2011). It could then be argued that part of the cognitive problems found in MTLE patients, such as memory impairment (Gargaro et al., 2013) and anxiety and depression (Heuser et al., 2009) as neuropsychiatric comorbidities could be attributed to impaired neurogenesis. We here show that the neurogenic niche of MTLE patients lacks cell proliferation and neurogenesis (Figure 4). A previous report, using similarly prepared samples, reported that cell proliferation (assessed by Ki67 staining) and neurogenesis (assessed by DCX immunostaining) are present in the adult human dentate gyrus and decline with age and could be similar or slightly lower in TLE (Fahrner et al., 2007). Although there has been intense debate regarding the presence of neurogenesis in the adult human hippocampus with reports in favor (Eriksson et al., 1998; Spalding et al., 2013; Boldrini et al., 2018) and against (Cipriani et al., 2018; Sorrells et al., 2018) a new report shows the existence of abundant neurogenesis in the adult, and even in the aged, human hippocampus by overcoming the technical obstacles associated with working with human tissue by tightly controlling for the port-mortem fixation conditions of the tissue (Moreno-Jiménez et al., 2019). An even newer work supports the persistence of cell proliferation and neurogenesis (again measured by DCX immunostaining) even in aged human brains (Tobin et al., 2019). One of the main articles arguing against the existence of adult human hippocampal neurogenesis uses epileptic tissue (Sorrells et al., 2018). Although in some experimental models of epilepsy boosted neurogenesis is found (Parent et al., 1997, 1998), longer-term studies reported depleted neurogenesis in rodents (Hattiangady et al., 2004) in accordance with data from humans (Mikkonen et al., 1998; Mathern et al., 2002; Pirttilä et al., 2005).

We conclude that NSCs respond swiftly to surrounding neuronal hyperexcitation and that when this activity is in the form of seizures, NSCs abandoned neurogenesis and switch to a reactive gliogenesis. Reactive gliosis, which have been proposed to be key to the development of secondary recurrent seizures (Devinsky et al., 2013) and neuroinflammation are being considered as targets for therapeutic efforts to fight epilepsy. Although the React-NSCs functional contribution to gliosis and neuroinflammation remains to be explored, because of the loss of neurogenesis, and arguably of its physiological functions and capacity to regenerate the dead neuronal population, we propose that React-NSCs should be considered targets as well.
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