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Introduction

Although considered non-existent for decades, the occurrence and controlled regulation of hippocampal neurogenesis in the adult mammalian brain has now been broadly accepted in the field [START_REF] Gonçalves | Adult Neurogenesis in the Hippocampus: From Stem Cells to Behavior[END_REF]. This form of brain plasticity has received extensive attention after identification of various hormonal and environmental regulators [START_REF] Voss | Exercise and Hippocampal Memory Systems[END_REF][START_REF] Kempermann | Environmental enrichment, new neurons and the neurobiology of individuality[END_REF][START_REF] Lucassen | Regulation of Adult Neurogenesis and Plasticity by (Early) Stress, Glucocorticoids, and Inflammation, Cold Spring Harb[END_REF].

This interest further increased following the (re-)confirmation of neurogenesis in human brain [START_REF] Eriksson | Neurogenesis in the adult human hippocampus[END_REF][START_REF] Boldrini | Human Hippocampal Neurogenesis Persists throughout Aging[END_REF][START_REF] Spalding | Dynamics of hippocampal neurogenesis in adult humans[END_REF], that was paralleled by an intense debate over optimal detection methods, tissue preservation and a possible functional role in human brain recently [START_REF] Lucassen | Limits to human neurogenesis-really?[END_REF][START_REF] Tartt | Considerations for Assessing the Extent of Hippocampal Neurogenesis in the Adult and Aging Human Brain[END_REF][START_REF] Moreno-Jiménez | Adult hippocampal neurogenesis is abundant in neurologically healthy subjects and drops sharply in patients with Alzheimer's disease[END_REF][START_REF] Paredes | Does Adult Neurogenesis Persist in the Human Hippocampus?[END_REF][START_REF] Kempermann | Human Adult Neurogenesis: Evidence and Remaining Questions[END_REF].

Adult hippocampal neurogenesis (AHN) is driven by a neural stem cell (NSC) pool in the subgranular zone (SGZ) of the dentate gyrus (DG). NSC are commonly found in a quiescent state, but upon activation they give rise to neural progenitor cells that divide and produce neuroblasts. In turn, these neuroblasts differentiate into immature neurons (Figure 1), that, over the course of several weeks, transform into fully functional granule neurons and integrate into the existing hippocampal network [START_REF] Kempermann | Milestones of neuronal development in the adult hippocampus[END_REF][START_REF] Van Praag | Functional neurogenesis in the adult hippocampus[END_REF]. Granule neurons in the DG are the first relay station in the information flow entering the hippocampus and their firing rate is under a strong inhibitory control from different types of local interneurons, constituting a robust electrophysiological filter or -gating‖ function which, when disrupted by insults such as traumatic brain injury (TBI) or status epilepticus, leads to hippocampal network hyperexcitability and memory dysfunction [START_REF] Folweiler | Diminished Dentate Gyrus Filtering of Cortical Input Leads to Enhanced Area Ca3 Excitability after Mild Traumatic Brain Injury[END_REF][START_REF] Brenner | BK channel β4 subunit reduces dentate gyrus excitability and protects against temporal lobe seizures[END_REF][START_REF] Scharfman | Advances in understanding hilar mossy cells of the dentate gyrus[END_REF]. The development and functional integration of newborn granule cells originated from AHN is controlled locally by GABA-ergic interneurons, such as parvalbumin γ-aminobutyric acid-releasing interneurons, and glutamatergic interneurons such as mossy cells [START_REF] Bao | Long-Range GABAergic Inputs Regulate Neural Stem Cell Quiescence and Control Adult Hippocampal Neurogenesis[END_REF][START_REF] Yeh | Mossy Cells Control Adult Neural Stem Cell Quiescence and Maintenance through a Dynamic Balance between Direct and Indirect Pathways[END_REF][START_REF] Alvarez | A disynaptic feedback network activated by experience promotes the integration of new granule cells[END_REF][START_REF] Wadiche | GABAergic Signaling to Newborn Neurons in Dentate Gyrus[END_REF] demonstrating that a delicate balance in excitation and inhibition is crucial for the physiological -on demand‖ contribution of AHN to hippocampal plasticity [START_REF] Dieni | Dynamic functions of GABA signaling during granule cell maturation[END_REF].

The production of newborn neurons decreases slowly with age [START_REF] Moreno-Jiménez | Adult hippocampal neurogenesis is abundant in neurologically healthy subjects and drops sharply in patients with Alzheimer's disease[END_REF][START_REF] Snyder | Recalibrating the Relevance of Adult Neurogenesis[END_REF][START_REF] Kuhn | Neurogenesis in the dentate gyrus of the adult rat: age-related decrease of neuronal progenitor proliferation[END_REF][START_REF] Lemaire | Prenatal stress produces learning deficits associated with an inhibition of neurogenesis in the hippocampus[END_REF] possibly due to changes in the vasculature or neurogenic niche [START_REF] Pombero | Vascular pattern of the dentate gyrus is regulated by neural progenitors[END_REF][START_REF] Drapeau | Stem cell review series: role of neurogenesis in age-related memory disorders[END_REF], the systemic environment [START_REF] Mosher | Influence of hippocampal niche signals on neural stem cell functions during aging[END_REF], or the limited regenerative capacity of NSCs [START_REF] Encinas | Division-coupled astrocytic differentiation and age-related depletion of neural stem cells in the adult hippocampus[END_REF]. Over time, this is thought to result in a depletion of the stem cell pool, although the production of new neurons can still be increased in the senescent brain by manipulating glucocorticoids [START_REF] Cameron | Restoring production of hippocampal neurons in old age[END_REF][START_REF] Montaron | Lifelong corticosterone level determines agerelated decline in neurogenesis and memory[END_REF][START_REF] Montaron | Adrenalectomy increases neurogenesis but not PSA-NCAM expression in aged dentate gyrus[END_REF], neurosteroids [START_REF] Mayo | Pregnenolone sulfate enhances neurogenesis and PSA-NCAM in young and aged hippocampus[END_REF], or exposing animals to physical activity [START_REF] Van Praag | Exercise enhances learning and hippocampal neurogenesis in aged mice[END_REF] or an enriched environment [START_REF] Van Praag | Exercise enhances learning and hippocampal neurogenesis in aged mice[END_REF][START_REF] Kempermann | Experience-induced neurogenesis in the senescent dentate gyrus[END_REF]. Experimental studies in rodents have shown that AHN critically contributes to complex memory processes, such as navigating through space [START_REF] Dupret | Spatial Relational Memory Requires Hippocampal Adult Neurogenesis[END_REF][START_REF] Farioli-Vecchioli | The Timing of Differentiation of Adult Hippocampal Neurons Is Crucial for Spatial Memory[END_REF][START_REF] Garthe | Adult-Generated Hippocampal Neurons Allow the Flexible Use of Spatially Precise Learning Strategies[END_REF], behavioural pattern separation [START_REF] Clelland | A Functional Role for Adult Hippocampal Neurogenesis in Spatial Pattern Separation[END_REF][START_REF] Tronel | Adult-born neurons are necessary for extended contextual discrimination[END_REF][START_REF] Sahay | Increasing adult hippocampal neurogenesis is sufficient to improve pattern separation[END_REF], remembering [START_REF] Arruda-Carvalho | Posttraining ablation of adult-generated olfactory granule cells degrades odor-reward memories[END_REF],

forgetting [START_REF] Akers | Hippocampal Neurogenesis Regulates Forgetting During Adulthood and Infancy[END_REF], anxiety [START_REF] Revest | Adult hippocampal neurogenesis is involved in anxiety-related behaviors[END_REF], and drug addiction [START_REF] Deroche-Gamonet | Depleting adult dentate gyrus neurogenesis increases cocaine-seeking behavior[END_REF]. Interestingly, during aging the extent of memory impairment has been quantitatively linked to the rate of neurogenesis [START_REF] Drapeau | Spatial memory performances of aged rats in the water maze predict levels of hippocampal neurogenesis[END_REF].

In addition to environmental stimuli, AHN is tightly regulated by cell-intrinsic and extrinsic molecular signals, such as growth factors, transcription factors, adhesion molecules, neurotransmitters, hormones and epigenetic regulators (Reviewed in [START_REF] Toda | The role of adult hippocampal neurogenesis in brain health and disease[END_REF][START_REF] Bielefeld | miRNA-Mediated Regulation of Adult Hippocampal Neurogenesis; Implications for Epilepsy[END_REF][START_REF] Schouten | New Neurons in Aging Brains: Molecular Control by Small Non-Coding RNAs[END_REF]. This tight regulation of the neurogenesis cascade is likely aimed at maintaining a steady rate of neuron production throughout life. Changes in intrinsic programs and external environment with ageing together may lead to memory deficits [START_REF] Drapeau | Stem cell review series: role of neurogenesis in age-related memory disorders[END_REF].

Over the years, multiple pathologies, i.e. epileptic seizures, stroke, and traumatic brain injury (TBI), were demonstrated to affect the hippocampal neurogenic cascade in multiple ways. These alterations have been primarily identified in epilepsy models and captured under the umbrella term -aberrant neurogenesis‖ [START_REF] Jessberger | Epigenetic modulation of seizureinduced neurogenesis and cognitive decline[END_REF], encompassing a variety of abnormal outcomes of, and changes in, the neurogenic cascade (Figure 1) and in the morphology and location of newborn granule neurons, which are fundamentally different from the outcome of physiologically reactive AHN.

Here, we use these as examples to discuss recent advances in this field.

Aberrant AHN and functional implications

Since AHN is a multi-step process that includes NSC activation, proliferation, apoptotic selection, migration and neuronal differentiation, each individual stage is sensitive to dysregulation in a pathological environment or following specific insults. This can result in multiple (dys)functional outcomes such as: an excessive activation of NSCs [START_REF] Sierra | Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis[END_REF][START_REF] Lugert | Quiescent and active hippocampal neural stem cells with distinct morphologies respond selectively to physiological and pathological stimuli and aging[END_REF]; alterations in NSC fate [START_REF] Sierra | Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis[END_REF][START_REF] Bielefeld | Co-administration of Anti microRNA-124 and -137 Oligonucleotides Prevents Hippocampal Neural Stem Cell Loss Upon Non-convulsive Seizures[END_REF]; downregulation of the proliferative capacity of NSCs, neural progenitor cells or neuroblasts [START_REF] Parent | Dentate granule cell neurogenesis is increased by seizures and contributes to aberrant network reorganization in the adult rat hippocampus[END_REF][START_REF] Bielefeld | Co-administration of Anti microRNA-124 and -137 Oligonucleotides Prevents Hippocampal Neural Stem Cell Loss Upon Non-convulsive Seizures[END_REF][START_REF] Jessberger | Seizures induce proliferation and dispersion of doublecortin-positive hippocampal progenitor cells[END_REF]; an abnormal development and length of the dendritic tree of newborn neurons [START_REF] Overstreet-Wadiche | Seizures Accelerate Functional Integration of Adult-Generated Granule Cells[END_REF][START_REF] Lasarge | Disrupted hippocampal network physiology following PTEN deletion from newborn dentate granule cells[END_REF] and ectopic migration of newborn neurons [START_REF] Mccloskey | Stereological methods reveal the robust size and stability of ectopic hilar granule cells after pilocarpine-induced status epilepticus in the adult rat[END_REF] (summarized in Table 1). In particular, the development of abnormal dendritic trees may be a significant feature of aberrant neurogenesis, since low synaptic connectivity prevents immature neurons from responding to cortical activity [START_REF] Dieni | Low excitatory innervation balances high intrinsic excitability of immature dentate neurons[END_REF]. Overall, these abnormalities result in the generation of newborn neurons with altered properties, which in turn can alter their integration in, and functional contributions to the preexisting hippocampal network.

Since AHN is located in the DG, i.e. the start of the trisynaptic circuit, changes in their properties will influence CA3 and subsequent CA1 projections, thereby affecting hippocampal network function and ultimately, cognition. Moreover, adding substantial numbers of NSC-derived reactive astrocytes to the neuronal population of the DG will likely also induce profound changes in functioning of the hippocampal circuit.

One of the most common pathologies studied in relation to AHN is epilepsy and the occurrence of epileptic seizures. Despite the variability in literature largely derived from the wide range of experimental epilepsy models, it is well established that convulsive epileptic seizures initially increase the rate of neurogenesis, which is then followed by a long-lasting decline [START_REF] Parent | Dentate granule cell neurogenesis is increased by seizures and contributes to aberrant network reorganization in the adult rat hippocampus[END_REF][START_REF] Lugert | Quiescent and active hippocampal neural stem cells with distinct morphologies respond selectively to physiological and pathological stimuli and aging[END_REF][START_REF] Jessberger | Seizures induce proliferation and dispersion of doublecortin-positive hippocampal progenitor cells[END_REF][START_REF] Hüttmann | Seizures preferentially stimulate proliferation of radial glia-like astrocytes in the adult dentate gyrus: functional and immunocytochemical analysis[END_REF]. In addition, neurons born during and after the seizures display morphological and functional alterations. In fact, the concept of aberrant neurogenesis was first described in the context of seizureassociated plasticity that lead to long-lasting structural changes in hippocampal morphology [START_REF] Jessberger | Epigenetic modulation of seizureinduced neurogenesis and cognitive decline[END_REF]. Furthermore, the hyperactivation of NSCs induced by seizures eventually exhausts the NSC pool and leads to a strong and long-lasting decrease in AHN at later stages [START_REF] Sierra | Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis[END_REF].

The hyperactivation of NSCs as a phenomenon per se has only recently been studied in more detail. Upon activation by strong stimuli, like convulsive seizures, NSCs do not only enter the cell cycle in much larger numbers, they also shift their division mode from asymmetric to symmetric division, and with an important change: after seizures, NSCs transform into reactive NSCs (React-NSCs) in a seemingly similar manner as astrocytes do when they convert into reactive astrocytes. React-NSCs become multibranched and extend basal prolongations as they move away from the SGZ in an upward direction after which they locate throughout the entire GCL up into the molecular layer. Their prolongations are much thicker than the normal single radial process and the fine ‗broccoli-like' arborization that normal NSCs develop as they migrate into the molecular layer, is lost. Furthermore, React-NSCs overexpress GFAP and nestin. Thus, React-NSCs divide symmetrically at the cost of maintaining a neuronal progenitor cell pool and in turn, seem to further differentiate into reactive astrocytes, thereby contributing to increased astrogliosis [START_REF] Sierra | Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis[END_REF].

Besides the loss of NSCs and the induction of astrogliosis, other alterations are observed in the newly generated neurons after seizure onset. One of the most striking and consistent observations has been the ectopic displacement of such cells to both the outer layers of the granule cell layer (GCL), the molecular layer (ML), or the hilus of the DG. Next to this ectopic location, these neurons also show altered dendritic arborization, including the generation of basal dendrites. Together, these phenomena are thought to change local neuronal rewiring and hence the structural and functional organization of the hippocampal network. Furthermore, several studies have highlighted neuron-intrinsic alterations in baseline excitability, which potentially could contribute to the formation of a pro-epileptogenic microenvironment known to facilitate recurrent seizures [START_REF] Wood | Functional integration of new hippocampal neurons following insults to the adult brain is determined by characteristics of pathological environment[END_REF][START_REF] Zhan | High ratio of synaptic excitation to synaptic inhibition in hilar ectopic granule cells of pilocarpine-treated rats[END_REF].

Epileptic seizures comprise a wide variety of pathologies, with convulsive seizures being mostly studied. Recently, however, several studies have addressed the effects of less severe, non-convulsive, seizures on several aspects of the neurogenic cascade. These studies have shown that also non-convulsive seizures induce aberrant neurogenesis, though not all outcome parameters have been addressed thus far. Even epileptiform activity per se, as characterized by burst discharges and interictal spikes e.g., and an abnormal increase in neuronal activity that does not trigger seizures of any kind, already affects neurogenesis [START_REF] Sierra | Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis[END_REF]. Non-convulsive seizures induce neuroblast proliferation, reactive NSCs and decrease the total NSC pool shortly after seizure onset, but this occurs to a lesser extent than after convulsive seizures [START_REF] Sierra | Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis[END_REF][START_REF] Bielefeld | Co-administration of Anti microRNA-124 and -137 Oligonucleotides Prevents Hippocampal Neural Stem Cell Loss Upon Non-convulsive Seizures[END_REF][START_REF] Uemori | Seizure severity-dependent selective vulnerability of the granule cell layer and aberrant neurogenesis in the rat hippocampus[END_REF]. As the long-term development and subsequent integration of the newborn neurons was not assessed in these studies, it remains still unknown whether some of these changes are transient or compensated for by other phases, and thus whether or not the entire neurogenic process can be considered aberrant.

Interestingly, many of the hallmarks of aberrant neurogenesis, including increased numbers of newborn granule cells, ectopic granule cells, malformations of the dendritic tree and synapse composition, have also been observed after other comparable brain insults, such as stroke [START_REF] Cuartero | Abolition of aberrant neurogenesis ameliorates cognitive impairment after stroke in mice[END_REF][START_REF] Woitke | Adult hippocampal neurogenesis poststroke: More new granule cells but aberrant morphology and impaired spatial memory[END_REF][START_REF] Niv | Aberrant Neurogenesis After Stroke[END_REF][START_REF] Lindvall | Neurogenesis following Stroke Affecting the Adult Brain[END_REF]. They seem to depend on the severity, location and size of the stroke lesion [START_REF] Niv | Aberrant Neurogenesis After Stroke[END_REF], suggesting that aberrant neurogenesis may be a common pathological substrate for several types of brain insults. Furthermore, the induction of reactive astrocytes derived from React-NSCs has also been confirmed after stroke [START_REF] Faiz | Adult Neural Stem Cells from the Subventricular Zone Give Rise to Reactive Astrocytes in the Cortex after Stroke[END_REF], suggesting that the induction of React-NSC may be a characteristic feature of aberrant AHN.

Several models of epilepsy in mice show a massive inflammatory response in brain areas affected during the onset and propagation of epileptic activity [START_REF] Wheless | Treatment of pediatric epilepsy: European expert opinion[END_REF][START_REF] Allan | Interleukin-1 and neuronal injury[END_REF][START_REF] Bartfai | Interleukin-1 System in CNS Stress: Seizures, Fever, and Neurotrauma[END_REF][START_REF] Allan | Cytokines and acute neurodegeneration[END_REF][START_REF] Semple | Role of Chemokines in CNS Health and Pathology: A Focus on the CCL2/CCR2 and CXCL8/CXCR2 Networks[END_REF].

However, the production of these proinflammatory molecules is also accompanied by the synthesis of other anti-inflammatory mediators which avoid the possible harmful effects [START_REF] Baker | SOCS1 and SOCS3 in the control of CNS immunity[END_REF]. For example, neurons upregulate IL-1 and TNF-alpha receptors during seizures [START_REF] Blobe | Role of Transforming Growth Factor β in Human Disease[END_REF][START_REF] Sapolsky | Interleukin-1 stimulates the secretion of hypothalamic corticotropin-releasing factor[END_REF]. Therefore, when this delicate balance between pro-and antiinflammatory molecules is affected, a loop of neuronal hyperexcitation and neuroinflammation may be generated, which may contribute to the development of chronic seizures: neuronal excitotoxicity provokes glial and NSC-mediated proinflammatory reactivity which in turns promotes seizures, further neuronal excitotoxicity and NSC-derived reactive astrocytes (RAs) [START_REF] Sierra | Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis[END_REF]. RAs are essential players in epilepsy-related neuroinflammation. In normal conditions astrocytes regulate ion levels (especially potassium), the amount of interstitial liquid and glutamate levels at the synapses. These capabilities are lost or altered in RAs, which in turn can contribute to perpetuation of seizures [START_REF] Wetherington | Astrocytes in the Epileptic Brain[END_REF] In fact, the induction of RAs in a healthy brain is enough to trigger epileptic seizures [START_REF] Robel | Reactive astrogliosis causes the development of spontaneous seizures[END_REF]. This effect may be due to ionic imbalance that facilitates neuronal depolarization and glutamate persistence for longer time in the synaptic cleft as RAs fail to remove it, thus lowering the threshold for the synchronous hyperexcitation that characterizes epilepsy. In addition, astrocytes use glutamate to generate glutamine via glutamine synthetase. Glutamine is required by neurons to synthesize GABA. In a proinflammatory context, RAs may not only capture less glutamate but also have diminished expression of glutamine synthetase [START_REF] Eid | Loss of glutamine synthetase in the human epileptogenic hippocampus: possible mechanism for raised extracellular glutamate in mesial temporal lobe epilepsy[END_REF] and therefore the amount of GABA is decreased, as has been shown in human epileptic tissue of hippocampal sclerosis [START_REF] Petroff | Book Review: GABA and Glutamate in the Human Brain[END_REF]. The contribution of microglia in epilepsy is also slowly being revealed in the last years. One of the possible mechanisms involved could be altered synaptic pruning as shown in a model of Rett syndrome [START_REF] Schafer | Microglia contribute to circuit defects in Mecp2 null mice independent of microglia-specific loss of Mecp2 expression[END_REF] or after an upregulation of the complement components [START_REF] Aronica | Complement activation in experimental and human temporal lobe epilepsy[END_REF]. More recently, it has been shown how the natural capacity of microglia to phagocytose cell debris is impaired due to seizures and therefore dead neurons and their toxic remains accumulate. This impairment is at least partially mediated by altered ATP widespread release during seizures, which disrupts ATP basal microgradients fundamental for microglia recognition of apoptotic cells [START_REF] Abiega | Neuronal Hyperactivity Disturbs ATP Microgradients, Impairs Microglial Motility, and Reduces Phagocytic Receptor Expression Triggering Apoptosis/Microglial Phagocytosis Uncoupling[END_REF]. As the blood brain barrier (BBB) is altered after seizures, blood-to-brain extravasation of peripheral immune cells is possible. Although in the previously mentioned report [START_REF] Abiega | Neuronal Hyperactivity Disturbs ATP Microgradients, Impairs Microglial Motility, and Reduces Phagocytic Receptor Expression Triggering Apoptosis/Microglial Phagocytosis Uncoupling[END_REF] both monocyte and neutrophil invasion were ruled out in a mice model of MTLE, this cellular invasion has been shown to be relevant in epilepsy experimentally induced by a viral infection [START_REF] Cusick | Infiltrating macrophages are key to the development of seizures following virus infection[END_REF]. In this case, the main contribution to neuroinflammation by infiltrating macrophages is caused by their elevated release of cytokines (especially interleukin-6, IL-6), a biological response also triggered in microglia [START_REF] Hanak | Positive modulation of mGluR5 attenuates seizures and reduces TNF-α+ macrophages and microglia in the brain in a murine model of virusinduced temporal lobe epilepsy[END_REF]. Microglial phagocytic capacity is also known to be changed by insults to the brain. While in physiological conditions only a little proportion of the microglia show active phagocytosis, their phagocytic index increases after exposing them to an inflammatory challenge in vitro, which may be in order to maintain the phagocytosis/apoptosis coupling ratio.

However, this microglial phagocytosis shows a chronic impairment in an experimental model of MTLE which leads to the accumulation of apoptotic cells contributing to the development of an inflammatory response [START_REF] Abiega | Neuronal Hyperactivity Disturbs ATP Microgradients, Impairs Microglial Motility, and Reduces Phagocytic Receptor Expression Triggering Apoptosis/Microglial Phagocytosis Uncoupling[END_REF].

Though not studied in as much detail as epileptic seizures, it has become clear that also traumatic brain injury (TBI) strongly affects the hippocampus. Following an initial insult, like physical injury to the cortex e.g., its secondary damage involves local inflammation, excitotoxicity and other long-term changes that are triggered by the initial trauma [START_REF] Mengel | Modeling oscillatory control in NF-κB, p53 and Wnt signaling[END_REF][START_REF] Krishnamurthy | Cellular and Molecular Mechanisms of Secondary Neuronal Injury following Traumatic Brain Injury[END_REF][START_REF] Girgis | Hippocampal Neurophysiologic Changes after Mild Traumatic Brain Injury and Potential Neuromodulation Treatment Approaches[END_REF]. Shortly after TBI, astrogliosis is observed in the hippocampus, although it is not yet clear whether there is a contribution from TBIinduced React-NSCs or whether it is fully dependent on resident astrocytes.

Even more so than for experimental seizures, experimental TBI comprises a wide range of models which provoke different effects and, not unexpectedly, different and even opposing results have been reported in the literature regarding changes in neurogenesis. In general, and comparable to epileptic seizures, TBI also induces proliferation in the SGZ of the DG, which returns to baseline levels 1-2 weeks post trauma [START_REF] Yu | Traumatic brain injury-induced hippocampal neurogenesis requires activation of early nestin-expressing progenitors[END_REF][START_REF] Gao | Moderate traumatic brain injury promotes neural precursor proliferation without increasing neurogenesis in the adult hippocampus[END_REF]. The newborn neurons studied after TBI also share several features with those observed after seizures, such as an ectopic location and aberrant dendritic development [START_REF] Ibrahim | Traumatic Brain Injury Causes Aberrant Migration of Adult-Born Neurons in the Hippocampus[END_REF][START_REF] Villasana | Functional Integration of Adult-Born Hippocampal Neurons after Traumatic Brain Injury[END_REF][START_REF] Shapiro | Altered Hippocampal Neurogenesis during the First 7 Days after a Fluid Percussion Traumatic Brain Injury[END_REF]. This phenotype clearly resembles the aberrant neurogenesis that is observed after epileptic seizures and stroke, and thus one can hypothesize that similar downstream mechanisms may underlie these phenomena in these different pathologies.

While initial effects of TBI on AHN have been extensively characterized in rodent models [START_REF] Dash | Enhanced neurogenesis in the rodent hippocampus following traumatic brain injury[END_REF][START_REF] Ngwenya | Impact of Traumatic Brain Injury on Neurogenesis[END_REF], recent evidence indicates that TBI may also induce neurogenesis in the human brain [START_REF] Zheng | Neurogenesis in Adult Human Brain after Traumatic Brain Injury[END_REF]. Interestingly, TBI induces increased migration of adult-born immature neurons, one of the typical hallmarks of the aberrant neurogenesis that is also observed after seizures. Although these atypical, immature neurons do become mature and differentiate into granular neurons, their ectopic location remains limited to the outer GCL, with a reduced dendritic complexity after TBI [START_REF] Ibrahim | Traumatic Brain Injury Causes Aberrant Migration of Adult-Born Neurons in the Hippocampus[END_REF][START_REF] Villasana | Functional Integration of Adult-Born Hippocampal Neurons after Traumatic Brain Injury[END_REF]. Electrophysiological characterization of granule cells after TBI has further revealed increased excitability, both cell-intrinsic as well as cell-extrinsic by decreased inhibitory synaptic input and decreased feed-forward inhibition on granule cells [START_REF] Zheng | Neurogenesis in Adult Human Brain after Traumatic Brain Injury[END_REF][START_REF] Santhakumar | Long-term hyperexcitability in the hippocampus after experimental head trauma[END_REF][START_REF] Golarai | Physiological and structural evidence for hippocampal involvement in persistent seizure susceptibility after traumatic brain injury[END_REF][START_REF] Witgen | Regional hippocampal alteration associated with cognitive deficit following experimental brain injury: A systems, network and cellular evaluation[END_REF]. Importantly, the severity of TBI determined its effects on AHN: while mild TBI did not affect measures like NSC proliferation, immature neuron numbers or newly-generated mature neurons, moderate TBI also promoted NSC proliferation but did not increase neurogenesis. Severe TBI again increased NSC proliferation as well as the numbers of immature neurons and newly-generated mature neurons, thereby resembling the differences observed before between strong convulsive seizures and milder, non-convulsive ones [START_REF] Wang | Traumatic Brain Injury Severity Affects Neurogenesis in Adult Mouse Hippocampus[END_REF]. Consistent with earlier findings on the effects of seizures on radial glia-like Type-1 NSCs in the hippocampus [START_REF] Lugert | Quiescent and active hippocampal neural stem cells with distinct morphologies respond selectively to physiological and pathological stimuli and aging[END_REF], TBI particularly activates the proliferation of quiescent Type 1 cells [START_REF] Yu | Traumatic brain injury-induced hippocampal neurogenesis requires activation of early nestin-expressing progenitors[END_REF] and undermines their long-term neurogenic potential [START_REF] Neuberger | Enhanced Dentate Neurogenesis after Brain Injury Undermines Long-Term Neurogenic Potential and Promotes Seizure Susceptibility[END_REF]. Although astrogenic React-NSCs are induced after both convulsive and non-convulsive seizures [START_REF] Sierra | Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis[END_REF][START_REF] Bielefeld | Co-administration of Anti microRNA-124 and -137 Oligonucleotides Prevents Hippocampal Neural Stem Cell Loss Upon Non-convulsive Seizures[END_REF], their induction by TBI has not yet been characterized.

Hippocampal neurogenesis plays a crucial role in a wide array of behaviours and in agreement, both epileptic seizures, stroke, and TBI have been associated with cognitive deficits over time [START_REF] Rabinowitz | Cognitive sequelae of traumatic brain injury[END_REF][START_REF] Sun | Post-stroke cognitive impairment: epidemiology, mechanisms and management[END_REF][START_REF] Vingerhoets | Cognitive effects of seizures[END_REF]. This has lead to the hypothesis that prevention of insult-induced alterations in the hippocampal neurogenic cascade could possibly rescue at least some of the cognitive deficits common to these types of pathologies.

Several studies have identified some of the possible molecular mechanisms involved in aberrant AHN, among which the Wnt signaling pathway seems to be a central contributor [START_REF] Qu | Wnt/β-catenin signalling pathway mediated aberrant hippocampal neurogenesis in kainic acid-induced epilepsy[END_REF][START_REF] Jagasia | New regulators in adult neurogenesis and their potential role for repair[END_REF]. In addition, other studies have found a consistent upregulation of microRNAs associated with seizure-induced aberrant AHN (reviewed in [START_REF] Bielefeld | miRNA-Mediated Regulation of Adult Hippocampal Neurogenesis; Implications for Epilepsy[END_REF]. In particular, the synergistic action of the microRNAs miR-124 and miR-137 seems to be a relevant regulator of aberrant AHN [START_REF] Bielefeld | Co-administration of Anti microRNA-124 and -137 Oligonucleotides Prevents Hippocampal Neural Stem Cell Loss Upon Non-convulsive Seizures[END_REF][START_REF] Schouten | MicroRNA-124 and -137 cooperativity controls caspase-3 activity through BCL2L13 in hippocampal neural stem cells[END_REF]. Although the molecular mechanisms involved have not been extensively characterized, mitochondrial (oxidative) pathways seem likely to be involved [START_REF] Schouten | MicroRNA-124 and -137 cooperativity controls caspase-3 activity through BCL2L13 in hippocampal neural stem cells[END_REF][START_REF] Schouten | Multiomics profile of the mouse dentate gyrus after kainic acid-induced status epilepticus[END_REF], some of which are linked to adequate lineage progression of adult NSCs [START_REF] Beckervordersandforth | Role of Mitochondrial Metabolism in the Control of Early Lineage Progression and Aging Phenotypes in Adult Hippocampal Neurogenesis[END_REF]. 3 previous single-cell RNA sequencing studies have identified a common group of genes expressed in mouse hippocampal NSCs [114][START_REF] Hochgerner | Conserved properties of dentate gyrus neurogenesis across postnatal development revealed by singlecell RNA sequencing[END_REF][START_REF] Artegiani | A Single-Cell RNA Sequencing Study Reveals Cellular and Molecular Dynamics of the Hippocampal Neurogenic Niche[END_REF] (Supplementary Table 1), from which we generated a list of genes that are predicted to be common targets for both miR-124 and miR-137 using mirWalk 2.0, a comprehensive atlas of microRNA-target interactions [START_REF] Dweep | miRWalk2.0: a comprehensive atlas of microRNA-target interactions[END_REF] (Supplementary Table 2) and used it to obtain a list of 1018 genes expressed in NSCs that are predicted to be common targets for both microRNAs (Supplementary Table 3). Gene ontology analyses using The PANTHER (Protein ANalysis THrough Evolutionary Relationships) Classification System, Version 14 [START_REF] Mi | PANTHER version 14: more genomes, a new PANTHER GO-slim and improvements in enrichment analysis tools[END_REF] identified a list of 18 significantly overrepresented and 6 significantly underrepresented biological pathways (BPs, Figure 2A). Interestingly, the top overrepresented BP (FDR corrected p value=2.45 E-3) was mitochondrial fatty acid beta-oxidation (FAO), a BP previously identified as key regulator of adult NSC activity [START_REF] Knobloch | A Fatty Acid Oxidation-Dependent Metabolic Shift Regulates Adult Neural Stem Cell Activity[END_REF]. 7 genes involved in FAO were predicted as common miR-124 and miR-137 targets (Figure 2B). Previous studies have shown that cytokine-mediated astrocyte activation in the striatum is linked to enhanced FAO and increased astrocyte resistance to (metabolic) insults [START_REF] Escartin | Activation of Astrocytes by CNTF Induces Metabolic Plasticity and Increases Resistance to Metabolic Insults[END_REF], pointing at FAO as a possible candidate molecular pathway for further studies aimed to understand the regulation of NSC by neurological insults.

The hippocampal neurogenic cascade as potential therapeutic target

Effects of aberrant neurogenesis on cognition have been extensively characterized. However, the shift from neurogenesis towards astrogenesis, due to the induction of React-NSCs, has not been studied in great detail. Interestingly, astrogliosis in the hippocampus has been shown to drive the formation of chronic epileptic seizures, possibly by deregulation of the tripartite synapse and hence the electric homeostasis of the neuronal-glial network [START_REF] Robel | Reactive astrogliosis causes the development of spontaneous seizures[END_REF].

As a significant number of TBI patients suffer from post-traumatic epileptic seizures [START_REF] Christensen | Long-term risk of epilepsy after traumatic brain injury in children and young adults: a population-based cohort study[END_REF], which has also been shown in established rodent models, these studies together raise the question whether inhibiting the induction of aberrant neurogenesis and astrogliosis could be a potential therapeutic target to prevent or rescue the secondary cognitive deficits and occurrence of post-traumatic epilepsy.

Several studies have attempted to inhibit neurogenesis using approaches like irradiation, but altogether failed to reach a consensus on the role of neurogenesis in seizure development and cognitive impairment, possibly due to differences in spatiotemporal design and readouts and the choice of behavioral paradigm [START_REF] Jung | Continuous cytosine-b-D-arabinofuranoside infusion reduces ectopic granule cells in adult rat hippocampus with attenuation of spontaneous recurrent seizures following pilocarpine-induced status epilepticus[END_REF][START_REF] Pekcec | Modulation of neurogenesis by targeted hippocampal irradiation fails to affect kindling progression[END_REF][START_REF] Raedt | Radiation of the rat brain suppresses seizure-induced neurogenesis and transiently enhances excitability during kindling acquisition[END_REF][START_REF] Zhu | Ablation of aberrant neurogenesis fails to attenuate cognitive deficit of chronically epileptic mice[END_REF].

The most compelling evidence linking aberrant neurogenesis to cognitive deficits in relation to epilepsy comes from a study that used a genetic approach to ablate neurogenesis in the DG, shortly prior to the chemical induction of epileptic seizures by means of pilocarpine. Mice with intact neurogenesis showed cognitive deficits and chronic spontaneous seizures, which could both be rescued by the genetic ablation of neurogenesis [START_REF] Cho | Aberrant hippocampal neurogenesis contributes to epilepsy and associated cognitive decline[END_REF]. Inhibiting neurogenesis to prevent cognitive deficits was recently shown to also be a promising strategy after stroke [START_REF] Cuartero | Abolition of aberrant neurogenesis ameliorates cognitive impairment after stroke in mice[END_REF].

To date, most studies addressing aberrant neurogenesis in the context of the 3 brain disorders discussed here have been exploratory approaches using a complete inhibition of the neurogenic cascade in order to understand the molecular mechanisms behind this pathological shift in stem cell fate decisions and aberrant neurogenesis.

These studies have been of great value, as they have given the field new approaches to tackle the induction of aberrant neurogenesis. In order to work towards translational therapeutic strategies, one must consider strategies that are solely aimed at preventing the shift from healthy neurogenesis towards aberrant neurogenesis, maintaining a healthy baseline level of neurogenesis that will be crucial for proper cognitive functions, instead of complete inhibition of the neurogenic cascade, which in itself will hamper cognitive processes.

We have recently employed such a non-genetic approach using microRNA interference in vivo [START_REF] Bielefeld | Co-administration of Anti microRNA-124 and -137 Oligonucleotides Prevents Hippocampal Neural Stem Cell Loss Upon Non-convulsive Seizures[END_REF]. Our study identified non-convulsive seizure-induced changes in NSCs that resulted in a shift from neurogenesis towards reactive astrogenesis. In a first attempt to rescue the seizure-induced effects on NSCs and their progeny, we infused anti-microRNA oligonucleotides (AMOs) to simultaneously inhibit miR-124 and miR-137 specifically and found that this intervention blocked or reversed several seizure-induced alterations in NSCs. Although we did not address the effects of miR-124 and miR-137 AMOs on long-term seizure outcomes, the contribution of aberrant new neurons to hippocampal circuits or cognition, recent studies have demonstrated the effectiveness of AMOs targeting miR-135a and miR-134 to reduce spontaneous recurrent seizures in experimental models of epilepsy [START_REF] Reschke | Potent Anti-seizure Effects of Locked Nucleic Acid Antagomirs Targeting miR-134 in Multiple Mouse and Rat Models of Epilepsy[END_REF][START_REF] Vangoor | Antagonizing increased miR-135a levels at the chronic stage of experimental TLE reduces spontaneous recurrent seizures[END_REF] and to identify a role for miR-22 in aberrant neurogenesis after status epilepticus, where miR-22 AMOs exacerbated the ectopic migration of newborn neurons [START_REF] Beamer | MicroRNA-22 Controls Aberrant Neurogenesis and Changes in Neuronal Morphology After Status Epilepticus[END_REF]. Overall, these results underscore the potential of AMOs as experimental tools that could be further developed towards future therapeutic strategies to counteract the deleterious effects of brain insults.

Future perspectives

During recent years, it has become clear that insult-induced aberrant neurogenesis is detrimental to hippocampal function and results in cognitive deficits.

First attempts to rescue the induction of aberrant neurogenesis have recently been employed, but we are still a long way from fully understanding the process, its consequences, and thus potential therapeutic targets and strategies. Instead of a complete inhibition of the full neurogenic cascade, rather individual stages of the neurogenic process might be worthwhile to consider as potential targets (i.e. NSC hyperactivation, the induction of React-NSCs, or the differentiation and integration phase of the newborn neurons (Figure 1). It will be crucial in the coming years to also focus more on the epigenetic dysregulation of the neurogenic cascade upon the induction of pathology, as this will help to identify novel therapeutic approaches with a higher clinical translational value that can be employed to prevent cognitive deficits.

The gap from preclinically used approaches to the clinic is still significant, but the use of RNA interference is a first step. The temporary nature of RNA interference compared to genetic approaches provides powerful, specific tools with more translational value. Recently, the first clinical RNA interference approach has been approved by the FDA [START_REF]FDA approves first-of-its kind targeted RNA-based therapy to treat a rare disease | FDA[END_REF], giving way for the further development of such approaches, that one day may hopefully be able to help prevent the comorbid cognitive deficits associated with the devastating pathologies of epilepsy, stroke and TBI. 
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Table 1 . Overview of aberrant neurogenic phenotypes and associated cognitive deficits associated with epileptic seizures, stroke, and TBI.

 1 

	Pathology Model	Time	Aberrant phenotype	Cognitive	Reference
			point		deficits
	Epileptic	Pilocarpine-SE	1d-27 d Transient Increased	Not assessed [55]
	seizures	(Rat)		proliferation, Ectopic	
				newborn neurons	
		Systemic Kainic	3 wk -1	Increased numbers of	Not assessed [131]
		Acid-SE	yr	newborn neurons (3-	
		(Rat)		5wks after SE),	
				Basal dendrites,	
				Ectopic newborn	
				neurons,	
				Increased mushroom	
				spines	
		Intrahippocampal	3, 7, 50 d Increased NSC	Not assessed [58]
		Kainic Acid-SE		proliferation,	
		(mouse)		Induction of reactive	
				NSCs,	
				Depletion of the NSC	
				pool at 50 days	
		Intrahippocampal Kainic	3 d	Increased neuroblast	Not assessed [59]
		Acid, non-convulsive		proliferation,	
		seizures		Induction of reactive	
		(mouse)		NSCs,	
				Loss of neurogenic	
				NSCs	
		Pilocarpine-SE (mouse)	6 wk	Increased newborn	Impaired	[126]
				neurons,	Novel-
				Ectopic newborn	Object
				neurons	location
					memory
		Pilocarpine-SE and	1-21	Ectopic hilar newborn	Not assessed [52]
		Kainic Acid-SE	months	neurons,	
		(rat)		Basal dendrites	
		Pilocarpine-SE	2-17	Ectopic hilar newborn	Not assessed [53]
		(rat)	months	neurons	
		Intra-amygdale Kainic	9 d	Increased	Not assessed [54]
		Acid SE		proliferation,