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Adult hippocampal neurogenesis is a unique and exceptional process in the mammalian brain that in a lifelong and activity-dependent way generates new excitatory principal neurons. A comprehensive view on their function in greater contexts has now emerged, revealing to which extent the hippocampus (and hence brain and mind) depend on these neurons. Due to a postmitotic period of heightened synaptic plasticity they bias incoming excitation to the dentate gyrus to non-overlapping subnetworks, resulting in pattern separation and the avoidance of catastrophic interference. Temporally, this promotes the flexible integration of novel information into familiar contexts and contributes to episodic memory, which in humans would be critical for autobiographic memory. Together these local effects represent a unique strategy to solve the plasticity-stability dilemma that all learning neuronal networks are facing. Neurogenesis-dependent plasticity also improves memory consolidation. This relates to the surprising involvement of adult neurogenesis in forgetting, which is also hypothesized to be critically relevant for negative plasticity, for example in post-traumatic stress disorder. In addition, adult-born neurons also directly mediate stress-resilience and take part in affective behaviors. Finally, the activity- and experience-dependent plasticity that is contributed by adult neurogenesis is associated with an individualization of the hippocampal circuitry. While a solid and largely consensual understanding of how new neurons contribute to hippocampal function has been reached, an overarching unifying theory that embeds neurogenesis-dependent functionality and effects on connectomics is still missing. More sophisticated multi-electrode electrophysiology, advanced ethologically relevant behavioral tests, and next-generation computational modeling will let us take the next steps.
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INTRODUCTION

Adult neurogenesis is a fascinating topic that is relevant at a grander scale because the new neurons exert distinct and relevant functions. These functions influence our understanding of cognition and affective behavior and might have important translational consequences. In the past 60 years since the original discovery of adult hippocampal neurogenesis by Altman and Das (1965), a number of different functions that are provided by new neurons have been revealed by increasingly sophisticated experiments. This Perspective article attempts to briefly summarize the state-of-the-art (Figure 1) and to provide an outlook to the remaining challenges. The argument flows from cellular over network to behavioral effects and moves from effects taking place in seconds to a life-course perspective, pointing to some possible ways to integrate concepts across these various domains and scales. As a Perspective article the overview cannot be exhaustive and the path to integration cannot be more than a suggestion, but this article will hopefully nevertheless raise awareness that the apparently divergent ideas about what adult neurogenesis is good for have begun to coalesce into a common framework.
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FIGURE 1. Proposed functions of adult hippocampal neurogenesis in learning and memory as well as in affective behaviors. This list is not exhaustive, but the field is now at a point, at which many of the proposed functions converge. Forgetting and memory consolidation, for example, are clearly related, and so are pattern separation and orthogonalization. We have not yet achieved a unifying theory for all or most of these ideas, but much progress has been made. This article discusses some of the avenues that the field might take to obtain a more integrative view on what new neurons in the hippocampus are good for.




WHERE ADULT HIPPOCAMPAL NEUROGENESIS TAKES PLACE

Adult hippocampal neurogenesis is limited to only one part of the hippocampal formation, the dentate gyrus, which is not even part of the canonical “hippocampus proper.” As the dentate gyrus is a late-evolved mammalian specialty (Treves et al., 2008; Hevner, 2016), adult hippocampal neurogenesis as we see it in mice, the best studied species in this context, is a mammalian specialty as well (Kempermann, 2012). There is, however, adult neurogenesis also in the functionally and structurally homolog regions in birds and fish. Especially the bird studies, for example involving spatial navigation in food-caching birds, suggest that hippocampal function might benefit in more than one way from adding new neurons (Brenowitz and Larson, 2015), but adult neurogenesis in the mammalian dentate gyrus occurs in a much more focused sub-system. The new granule cell neurons selectively contribute to the mossy fiber connection between the dentate gyrus (DG) and area CA3. This structure, especially in its infrapyramidal blade has been known as extremely plastic for a long time (Schwegler et al., 1981; Römer et al., 2011). As adult neurogenesis is regulated by (cognitive) activity, the mossy fiber system and the network in the dentate gyrus are adaptable to an extent not seen in any other context of the adult brain. Within the canonical tri-synaptic backbone of the hippocampus (Entorhinal cortex → DG → CA3 → CA1 Subiculum/Entorhinal cortex) the DG → CA3 sub-system is unique. Excitatory neurons are added to the network—if there is a turnover, it takes place at protracted time-scales. Adult hippocampal neurogenesis is not about replacement but about network plasticity.



THE LOCAL NETWORK EFFECTS OF ADULT NEUROGENESIS SUPPORT PATTERN SEPARATION

Activity in the dentate gyrus is extremely sparse and the network is massively inhibited through a dominance of the local inhibitory interneurons. In their postmitotic development the new neurons go through a phase of increased excitability and enhanced synaptic plasticity (Schmidt-Hieber et al., 2004; Ge et al., 2007). This, together with the close feedback loop they establish with local basket cells, results in biasing the excitation in the network to the new cells and further suppression of the network through lateral inhibition. Through this principle and due to the general sparseness of the overall activity, incoming input (from the entorhinal cortex via the performant path) activates neuronal clusters in the dentate gyrus in a non-overlapping way (for review see Lodge and Bischofberger, 2019). This results in the increased spatial separation of input patterns. “Pattern separation” is a cardinal function of the dentate gyrus and research of the past decades has shown that it is achieved through a key contribution of the newborn neurons (Clelland et al., 2009; França et al., 2017). See also Hvoslef-Eide and Oomen for an extensive review on the topic (Hvoslef-Eide and Oomen, 2016).

The insight that new neurons are involved in pattern separation has propelled adult hippocampal neurogenesis from an odd side note to a key feature, underlying a central functionality of the hippocampus (Sahay et al., 2011). Nevertheless, the immediate local network function attributable to increased synaptic plasticity appears to be transient and dependent on a critical window in the course of development of the new neurons (Gu et al., 2012). There are other functional contributions beyond this critical time window (Lemaire et al., 2012), but the lasting network effects are not well understood to date.

In the Morris water maze task, the newborn neurons improved only the hippocampus-dependent aspects of the task performance (Dupret et al., 2008) and improved the flexible use of advanced learning strategies (Garthe et al., 2016). These results link functionality that depends on pattern separation with other aspects of task performance. One of the key challenges for the field is to understand these links and to develop integrative concepts. The proposed functions as in Figure 1 and the additional examples in the text have a common core that the field will have to unravel in the future. Neither are these all separate functions, nor can the be subsumed under pattern separation as a core functionality of the dentate gyrus.

Nevertheless, given the broad acceptance of a role of adult-born neurons in pattern separation, the issue has also particular relevance for adult hippocampal neurogenesis in humans. Adult hippocampal neurogenesis in the human dentate gyrus has repeatedly been questioned because in terms of morphology, marker expression and other aspects, the situation in humans appears to be different from the one in rodents. Because these questions have been extensively discussed elsewhere (Moreno-Jiménez et al., 2021; Sorrells et al., 2021), we will not go into greater detail in this Perspective article on Function. Nevertheless, the fact that, between species, things might look different is a poor argument to support the non-existence of adult neurogenesis in the lesser-studied species. It remains a puzzling question, how the human dentate gyrus would, if those claims were true, achieve pattern separation (and its other functions) without adult neurogenesis.



NETWORK COMPLEXITY IS STILL UNDERAPPRECIATED IN THE ADULT NEUROGENESIS FIELD

The exact position of the dentate gyrus in the overall hippocampal network is much more complex than the canonical tri-synaptic backbone suggests (Bienkowski et al., 2018). Among them, there are (1) connections between the EC and CA3, bypassing the DG altogether, so that CA3 already “knows” the information reaching CA3 via the DG, (2) recurrent connections from CA3 to the DG, and (3) additional pathways between hippocampus and cortex, which might reflect that the DG is, in evolutionary terms, a late add-on. These networks complicate the judgment of how new neurons affect overall hippocampal function. For a review of contributions of adult neurogenesis at the network level, see Tuncdemir et al. (2019).

The dentate gyrus (Kohara et al., 2014) and the newborn neurons (Llorens-Martín et al., 2015) also project to region CA2, which is of particular interest, because CA2 is involved in social memory (Hitti and Siegelbaum, 2014). Social interaction in turn is a stimulus for adult neurogenesis (Moreno-Jiménez et al., 2019) and, finally, an association between adult neurogenesis and social memory has been described (Cope et al., 2020).



THE TEMPORAL DIMENSION OF PATTERN SEPARATION

Pattern separation can also be described as the avoidance of catastrophic interference (Wiskott et al., 2006). Many behavioral studies that manipulated adult neurogenesis have shown that adult hippocampal neurogenesis in fact contributes to what is called “behavioral pattern separation” (in contrast to the computational pattern separation which solely looks at the trueness of the outputs compared to the inputs). One aspect of pattern separation is the detection of novelty. Adult hippocampal neurogenesis correlates with novelty seeking in rodents (Lemaire et al., 1999; Denny et al., 2012) and biases attention toward novelty (Weeden et al., 2019). Exposure to learning stimuli and environmental enrichment stimulate adult neurogenesis (Kempermann et al., 1997; Gould et al., 1999; for review see Kempermann, 2015). To identify new things as new is also relevant for the contextualization of information. This has been shown for example in highly reductionistic studies with the paradigm of “contextual fear conditioning,” where new neurons add the memory of the context of the unpleasant stimulus (Saxe et al., 2006; Ko et al., 2009; Gao et al., 2018). In more complex spatial learning tasks, adult neurogenesis allows the integration of new information into previously learned contexts (Garthe et al., 2009; Swan et al., 2014). This reversal learning or updating is an important aspect of cognitive flexibility (Berdugo-Vega et al., 2021). A commonly used example of this is the parking lot analogy: every day you have to remember where exactly your parked your car in the same parking lot. To achieve this, you do not necessarily have to forget where you parked the day before or last Christmas, but you have to distinguish irrelevant past information from relevant new information in a pre-established context that is largely stable (and changing only with respect to features like weather, etc.).

New neurons are a particular way to solve the so-called stability-plasticity dilemma: stable immutable neuronal networks do not forget but cannot learn anything new, while highly plastic networks readily learn new contents but cannot retain them. Computational models revealed that in terms of the lowest error rate and the better efficiency adult neurogenesis can outperform other solutions to this problem (Wiskott et al., 2006).

The resulting separation of bouts of information thus has a temporal dimension. Adult neurogenesis thereby allows ordering information in time (sometimes referred to as applying a “time stamp”), which is a pre-requisite for episodic memory and a cardinal function of the hippocampus (Aimone et al., 2006, 2010). Episodic memory in turn is the foundation of autobiographic memory, which is central to human self-awareness. From that perspective, the question of adult hippocampal neurogenesis in humans seems even more pressing.



ADULT NEUROGENESIS AND FORGETTING VERSUS MEMORY CONSOLIDATION

The link between adult hippocampal neurogenesis and forgetting is particular intriguing and only at first sight counter-intuitive (Akers et al., 2014; Scott et al., 2021). Flexibility over time means that information must also be cleared from the hippocampus not only in order to make room for new computations but also to support the distinction of relevant new from older information.

The literature on forgetting in the context of adult hippocampal neurogenesis, is more complex than this one aspect, though, and it might well be that those findings point to the functions of newborn neurons, for which we still lack a comprehensive idea (Tran et al., 2019). The same applies also to the findings that the new cells are relevant for memory consolidation (Kitamura and Inokuchi, 2014), recall and reconsolidation (Lods et al., 2021) and post-learning modifications (Luchetti et al., 2021). Intuitively, these observations harmonize well with the described core functionality, on further inspection many questions arise. These relate especially to the question of the temporal dimensions of the contribution that the new neurons make to the network. Are these only part of the initial computation at the “gateway to memory,” in the sense of new cells acting as “gatekeepers” at this gateway, or is that initial function intricately linked to consecutive and more lasting consequences, extending beyond that critical period? The latter seems likely but is much harder to address and has as yet been hardly studied.



TURNOVER VERSUS LONGTERM EFFECTS OF ADULT NEUROGENESIS

The new neurons in the hippocampus do not contribute to an immediate turnover of cells. Over long periods, a slow turnover might in fact occur (Spalding et al., 2013). Modeling has revealed that this is actually beneficial for the computation involving new neurons (Appleby et al., 2011). This however implies that the new cells are part of the network for much longer periods of time than their initial contribution during a phase of increased synaptic plasticity requires. After this period they blend into the existing network, but thereby also lastingly change it. This prolonged network effect is only poorly understood. It seems plausible that these effects are distinct from the original effects and they might relate to the observations that relate to recall and reconsolidation, but no details are known.



AGE-RELATED CHANGES IN CELL NUMBERS AND DEVELOPMENTAL DYNAMICS

With aging, adult neurogenesis declines (Kuhn et al., 1996; Ben Abdallah et al., 2010; Encinas et al., 2011) and in human samples after puberty only small number of radial glia-like cells or cells with canonical neural stem cell markers are found (Terreros-Roncal et al., 2021). Inter-individual variation is likely to be large. But while the population of stem cells might ultimately disappear, intermediate progenitor cells (at least based on the expression of proxy markers like Doublecortin) have been detectable even in the oldest specimens, up to 100 years of age (Knoth et al., 2010).

If adult neurogenesis would go to zero altogether this would raise the question, like in the case of human adult neurogenesis, how the computational task that is deemed essential and relies on new neurons, continues to be achieved, once no new cells are available any longer. This has stimulated the hypothesis that in old age of rodents (and at relatively much younger age in humans) neurogenesis in the hippocampus becomes decoupled from stem cells and their proliferation but draws from a reservoir of later-stage cells that were produced earlier in development and rest until needed (Kempermann et al., 2018). This concept of immature neurons or “neurons in waiting” extends far beyond the hippocampus and has been suggested for the cortex (Bonfanti and Nacher, 2012; La Rosa et al., 2020). In theory this harbors the possibility that there is a functional contribution of newborn neurons also in regions previously considered non-neurogenic because of their lack of stem cells. For the hippocampus this hypothesis has not yet been tested experimentally, but the point is that scenarios are possible in which adult neurogenesis assumes the proposed functional role, despite an appearance that differs from the one familiar from mice.

If correct, this idea means that the relationship between function and regulation might change over time. Recruitment of new cells occurs postmitotically (Tashiro et al., 2007), but overall behavioral activity (especially locomotion) can at least on the short term strongly stimulate precursor cell proliferation (van Praag et al., 1999). This latter effect is so strong that many experimental studies addressing network effects have boosted neurogenesis through wheel running in rodents in order to increase the measurable output. At the behavioral level, however, there were subtle differences in the functional consequences that could be attributed to the contribution of adult neurogenesis enhanced either through voluntary wheel running or environmental enrichment (Garthe et al., 2016).



A LIFE-COURSE PERSPECTIVE ON ADULT NEUROGENESIS AND ITS FUNCTIONS

From an evolutionary perspective the early and acute link between physical activity and the regulation of neurogenesis might point to the fact that cognition is strongly dependent on experience of the world, which for animals (and our ancestors that did not yet have smartphones) has been invariably linked to movement within that world (Kempermann et al., 2010). Action in the sense of movement and beyond always precedes cognition. With increasing experience and past network adaptations this stimulus might become less necessary, because the foundations have been laid. Old animals might have “seen it all” and require less plasticity. At the same time, their continued activity might have maintained their potential neurogenesis at a higher level so that they, should unexpected challenges arise in oldest age, still have more room for network plasticity (Kempermann, 2008). This “neurogenic reserve hypothesis” relates considerations about the functional relevance of adult neurogenesis, which tend to focus on short periods of time, to a life-course perspective and acknowledges that the process might change considerably over time without, however, losing its relevance. The idea of the “neurons in waiting” is in line with this concept but both remain to be proven, especially in their conjunction.



ADULT NEUROGENESIS AND AFFECTIVE BEHAVIORS

The hippocampus is not only involved in learning and memory but, as part of the limbic system, also in affective behaviors. Both aspects are not independent of each other (Anacker and Hen, 2017). Emotional context, for example, are critical for the evaluation of incoming information for processing and subsequent storage.

But in addition to the emotional input on cognition, adult neurogenesis also appears to be involved in decision making that anticipates future rewards (Seib et al., 2021). As reward signals are involved in memory consolidation and reactivation in the hippocampus (Singer and Frank, 2009), the finding that adult-born neurons contribute to learning in situations of uncertainty about future reward adds a novel perspective (Seib et al., 2020). This example underscores that the conceptually different functions that can be ascribed to adult neurogenesis are interdependent and that this also includes functions that are related to emotional behaviors.

The same is true for the finding that adult neurogenesis conveys stress resilience, which is also not straightforward to subsume under the cognitive functions (Anacker et al., 2018).

In the case of post-traumatic stress disorder, the hippocampus plays an important role in the persistence and the persistent influence of emotionally loaded memories. Among other things, psychotherapy aims at “unlearning” such associations and prevent an over-generalization of fear (Guo et al., 2018). In the (by and large for many reasons still problematic) animal models of PTSD and depression (the related condition in which the affective state cannot be linked to learnable life events), adult hippocampal neurogenesis has often, but not unambiguously been shown to contribute to the disease-like phenotype (Besnard and Sahay, 2016). Reduced neurogenesis would be associated with the impaired ability to forget and to update information in an affect-loaded context. In one study, however, adult-born neurons stabilized the effects of aversive stimuli to distract from learning a task (Schoenfeld et al., 2021), so that the picture is not black and white.

Affective behaviors are mostly related to the function of the ventral hippocampus in rodents (corresponding to the anterior hippocampus in humans), which shows subtle differences in adult neurogenesis compared to the dorsal part, most notably a slightly reduced responsiveness to behavioral stimuli that regulate neurogenesis. Accordingly, in suicidal patients with major depression, fewer cells with neurogenesis-markers were detectable the anterior hippocampus (Boldrini et al., 2019). Whereas the findings of a role of adult neurogenesis in the remodeling of stress responses are experimentally well substantiated (Anacker et al., 2018), so that the contribution to the stress-related pathological states is plausible (Anacker and Hen, 2017), it is not clear to date to what extent adult-born neurons might be relevant for the actual emotions themselves (possibly extending beyond anxiety, etc.).



ADULT NEUROGENESIS AND THE EMERGENCE OF INDIVIDUALITY

If adult hippocampal neurogenesis allows the adaptation of the network in the hippocampus to the cognitive (and affective) in response to the experiences made and, based on these experiences, the predicted challenges ahead, it must follow that adult hippocampal neurogenesis contributes to the individualization of the hippocampus and its neuronal network. As such adult neurogenesis is a potent local driver of the connectome of the brain and hence might indirectly contribute to what makes each person’s brain unique (see for example the discussion in Abbott et al. (2020)).

In the reductionist context of a mouse study it could be shown that such individualization emerges also when both the genetic background and the outer environment are kept constant (Freund et al., 2013; Zocher et al., 2019). The driver of the individualization must lie in the so-called “non-shared environment”, that is the part of the environmental factor that is dependent on the actions of the individual. In that study, 20% of the inter-individual variance in adult hippocampal neurogenesis could be explained by the individual trajectories of explorative, territorial behavior (“roaming entropy”).1 A key question for future research in this context is to which extent adult hippocampal neurogenesis is indeed causal for the observed individualization and how this contribution interacts with other causal factors.

Nevertheless, the findings implicate that a substantial part of the functional consequences of adult neurogenesis might indeed be dependent on individual behavior, thereby contributing to what we become and are, due to our own actions (Kempermann, 2019). Roaming entropy has also been studied in humans, where it was found that greater levels of roaming entropy were associated with more positive affect and enhanced hippocampal-striatal connectivity (Heller et al., 2020).



DISCUSSION AND OUTLOOK

Over the past twenty years, after the first paper directly targeting the functional consequences of adult hippocampal neurogenesis (Shors et al., 2001), the field has matured and a rich picture has begun to emerge (Christian et al., 2014, 2020; Anacker and Hen, 2017; Tuncdemir et al., 2019; Abrous et al., 2021). As outlined above, this picture has clear threads and themes, for example around pattern separation, catastrophic interference and flexibility, but also still has many blank spots on its map. The broad scope of studies to date have revealed that the contribution of adult neurogenesis to function is dependent not only on the tasks and the species involved, but also on time, both with respect to time of neuronal development and time within the task at hand (Kim et al., 2012; Masachs et al., 2021). As function refers to events from cellular to behavioral, the question of how the different layers and points of time are linked becomes central.

How, for example, does a stem cell “know” that the hippocampus is about to “learn” and, hence, is in need of new neurons? How is the overall number of new neurons controlled or are these stochastic effects? How is the phase of increased synaptic plasticity controlled and why does it end? Assessing function across scales in an integrative way remains the major challenge for our field. At the same time, the comparatively clearly laid-out network structure in the hippocampus and the precisely identifiable position of adult neurogenesis within that system, bears many advantages over other systems, e.g., in the cortex. The multi-scale nature of neurogenesis-dependent functions is part of the even greater question of how to appreciate best the complexity of the function that adult-born neurons contribute, not only to the local network, but also the hippocampus and the entire brain. Ultimately this calls for an understanding of the networks that not only link the hippocampal sub-regions with each other but also the hippocampus with the rest of the brain. Given the central role of the hippocampus in overall brain function, an involvement of adult neurogenesis in a great number of processes can be discussed. Not all these ascriptions will be useful and some will be indirect or far-fetched, but in total also weak and more distant links will be relevant for a comprehensive understanding. To gain such wider insight we must:


1.learn more about the network effects of adult hippocampal neurogenesis, locally and in the greater context, under baseline and gain- or loss-of-function conditions, which calls for improved multi-electrode electrophysiology in vivo and ex vivo and the use of optogenetics and chemogenetics,

2.develop and apply improved behavioral tasks with multi-dimensional readouts that allow to assess realistically complex and ethologically relevant behaviors and relate them to specific aspects of adult neurogenesis,

3.build better, broadly informed computational models that allow specific functional predictions for both physiologic and pathological conditions, as well as, for example, across species boundaries, especially toward humans, and

4.develop a unifying hypothesis about the role of continued neurogenesis in the context of the (human) mind and brain.





DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.


FOOTNOTES

1
https://www.brandmaier.de/roamingentropy/


REFERENCES

Abbott, L. F., Bock, D. D., Callaway, E. M., Denk, W., Dulac, C., Fairhall, A. L., et al. (2020). The mind of a mouse. Cell 182, 1372–1376.

Abrous, D. N., Koehl, M., and Lemoine, M. (2021). A Baldwin interpretation of adult hippocampal neurogenesis: from functional relevance to physiopathology. Mol. Psychiatry. [Epub ahead of print]. doi: 10.1038/s41380-021-01172-4

Aimone, J. B., Deng, W., and Gage, F. H. (2010). Adult neurogenesis: integrating theories and separating functions. Trends Cogn. Sci. 14, 325–337. doi: 10.1016/j.tics.2010.04.003

Aimone, J. B., Wiles, J., and Gage, F. H. (2006). Potential role for adult neurogenesis in the encoding of time in new memories. Nat. Neurosci. 9, 723–727. doi: 10.1038/nn1707

Akers, K. G., Martinez-Canabal, A., Restivo, L., Yiu, A. P., De Cristofaro, A., Hsiang, H. L. L., et al. (2014). Hippocampal neurogenesis regulates forgetting during adulthood and infancy. Science 344, 598–602. doi: 10.1126/science.1248903

Altman, J., and Das, G. D. (1965). Autoradiographic and histological evidence of postnatal hippocampal neurogenesis in rats. J. Comp. Neurol. 124, 319–335. doi: 10.1002/cne.901240303

Anacker, C., and Hen, R. (2017). Adult hippocampal neurogenesis and cognitive flexibility - linking memory and mood. Nat. Rev. Neurosci. 18, 335–346. doi: 10.1038/nrn.2017.45

Anacker, C., Luna, V. M., Stevens, G. S., Millette, A., Shores, R., Jimenez, J. C., et al. (2018). Hippocampal neurogenesis confers stress resilience by inhibiting the ventral dentate gyrus. Nature 559, 98–102. doi: 10.1038/s41586-018-0262-264

Appleby, P. A., Kempermann, G., and Wiskott, L. (2011). The role of additive neurogenesis and synaptic plasticity in a hippocampal memory model with grid-cell like input. PLoS Comput. Biol. 7:e1001063. doi: 10.1371/journal.pcbi.1001063

Ben Abdallah, N. M.-B., Slomianka, L., Vyssotski, A. L., and Lipp, H.-P. (2010). Early age-related changes in adult hippocampal neurogenesis in C57 mice. Neurobiol. Aging 31, 151–161. doi: 10.1016/j.neurobiolaging.2008.03.002

Berdugo-Vega, G., Lee, C.-C., Garthe, A., Kempermann, G., and Calegari, F. (2021). Adult-born neurons promote cognitive flexibility by improving memory precision and indexing. Hippocampus 31, 1068–1079. doi: 10.1002/hipo.23373

Besnard, A., and Sahay, A. (2016). Adult hippocampal neurogenesis, fear generalization, and stress. Neuropsychopharmacology 41, 24–44. doi: 10.1038/npp.2015.167

Bienkowski, M. S., Bowman, I., Song, M. Y., Gou, L., Ard, T., Cotter, K., et al. (2018). Integration of gene expression and brain-wide connectivity reveals the multiscale organization of mouse hippocampal networks. Nat. Neurosci. 21, 1628–1643. doi: 10.1038/s41593-018-0241-y

Boldrini, M., Galfalvy, H., Dwork, A. J., Rosoklija, G. B., Trencevska-Ivanovska, I., Pavlovski, G., et al. (2019). Resilience is associated with larger dentate gyrus, while suicide decedents with major depressive disorder have fewer granule neurons. Biol. Psychiatry 85, 850–862. doi: 10.1016/j.biopsych.2018.12.022

Bonfanti, L., and Nacher, J. (2012). New scenarios for neuronal structural plasticity in non-neurogenic brain parenchyma: the case of cortical layer II immature neurons. Prog. Neurobiol. 98, 1–15. doi: 10.1016/j.pneurobio.2012.05.002

Brenowitz, E. A., and Larson, T. A. (2015). Neurogenesis in the adult avian song-control system. Cold Spring Harb. Perspect. Biol. 7:a019000. doi: 10.1101/cshperspect.a019000

Christian, K. M., Ming, G.-L., and Song, H. (2020). Adult neurogenesis and the dentate gyrus: predicting function from form. Behav. Brain Res. 379:112346. doi: 10.1016/j.bbr.2019.112346

Christian, K. M., Song, H., and Ming, G. (2014). Functions and dysfunctions of adult hippocampal neurogenesis. Annu. Rev. Neurosci. 37, 243–262. doi: 10.1146/annurev-neuro-071013-014134

Clelland, C. D., Choi, M., Romberg, C., Clemenson, G. D., Fragniere, A., Tyers, P., et al. (2009). A functional role for adult hippocampal neurogenesis in spatial pattern separation. Science 325, 210–213. doi: 10.1126/science.1173215

Cope, E. C., Waters, R. C., Diethorn, E. J., Pagliai, K. A., Dias, C. G., Tsuda, M., et al. (2020). Adult-Born neurons in the hippocampus are essential for social memory maintenance. eNeuro 7:ENEURO.0182-20.2020. doi: 10.1523/ENEURO.0182-20.2020

Denny, C. A., Burghardt, N. S., Schachter, D. M., Hen, R., and Drew, M. R. (2012). 4- to 6-week-old adult-born hippocampal neurons influence novelty-evoked exploration and contextual fear conditioning. Hippocampus 22, 1188–1201. doi: 10.1002/hipo.20964

Dupret, D., Revest, J.-M., Koehl, M., Ichas, F., De Giorgi, F., Costet, P., et al. (2008). Spatial relational memory requires hippocampal adult neurogenesis. PLoS One 3:e1959. doi: 10.1371/journal.pone.0001959

Encinas, J. M., Michurina, T. V., Peunova, N., Park, J.-H., Tordo, J., Peterson, D. A., et al. (2011). Division-coupled astrocytic differentiation and age-related depletion of neural stem cells in the adult hippocampus. Cell Stem Cell 8, 566–579. doi: 10.1016/j.stem.2011.03.010

França, T. F. A., Bitencourt, A. M., Maximilla, N. R., Barros, D. M., and Monserrat, J. M. (2017). Hippocampal neurogenesis and pattern separation: a meta-analysis of behavioral data. Hippocampus 27, 937–950. doi: 10.1002/hipo.22746

Freund, J., Brandmaier, A. M., Lewejohann, L., Kirste, I., Kritzler, M., Krüger, A., et al. (2013). Emergence of individuality in genetically identical mice. Science 340, 756–759. doi: 10.1126/science.1235294

Gao, A., Xia, F., Guskjolen, A. J., Ramsaran, A. I., Santoro, A., Josselyn, S. A., et al. (2018). Elevation of hippocampal neurogenesis induces a temporally graded pattern of forgetting of contextual fear memories. J. Neurosci. 38, 3190–3198. doi: 10.1523/JNEUROSCI.3126-17.2018

Garthe, A., Behr, J., and Kempermann, G. (2009). Adult-generated hippocampal neurons allow the flexible use of spatially precise learning strategies. PLoS One 4:e5464. doi: 10.1371/journal.pone.0005464

Garthe, A., Roeder, I., and Kempermann, G. (2016). Mice in an enriched environment learn more flexibly because of adult hippocampal neurogenesis. Hippocampus 26, 261–271. doi: 10.1002/hipo.22520

Ge, S., Yang, C.-H., Hsu, K.-S., Ming, G.-L., and Song, H. (2007). A critical period for enhanced synaptic plasticity in newly generated neurons of the adult brain. Neuron 54, 559–566. doi: 10.1016/j.neuron.2007.05.002

Gould, E., Beylin, A., Tanapat, P., Reeves, A., and Shors, T. J. (1999). Learning enhances adult neurogenesis in the hippocampal formation. Nat. Neurosci. 2, 260–265. doi: 10.1038/6365

Gu, Y., Arruda-Carvalho, M., Wang, J., Janoschka, S. R., Josselyn, S. A., Frankland, P. W., et al. (2012). Optical controlling reveals time-dependent roles for adult-born dentate granule cells. Nat. Neurosci. 15, 1700–1706. doi: 10.1038/nn.3260

Guo, N., Soden, M. E., Herber, C., Kim, M. T., Besnard, A., Lin, P., et al. (2018). Dentate granule cell recruitment of feedforward inhibition governs engram maintenance and remote memory generalization. Nat. Med. 24, 438–449. doi: 10.1038/nm.4491

Heller, A. S., Shi, T. C., Ezie, C. E. C., Reneau, T. R., Baez, L. M., Gibbons, C. J., et al. (2020). Association between real-world experiential diversity and positive affect relates to hippocampal-striatal functional connectivity. Nat. Neurosci. 23, 800–804. doi: 10.1038/s41593-020-0636-4

Hevner, R. F. (2016). Evolution of the mammalian dentate gyrus. J. Comp. Neurol. 524, 578–594. doi: 10.1002/cne.23851

Hitti, F. L., and Siegelbaum, S. A. (2014). The hippocampal CA2 region is essential for social memory. Nature 508, 88–92. doi: 10.1038/nature13028

Hvoslef-Eide, M., and Oomen, C. A. (2016). Adult neurogenesis and pattern separation in rodents: a critical evaluation of data, tasks and interpretation. Front. Biol. 11:168–181. doi: 10.1007/s11515-016-1406-1402

Kempermann, G. (2008). The neurogenic reserve hypothesis: What is adult hippocampal neurogenesis good for? Trends Neurosci. 31, 163–169. doi: 10.1016/j.tins.2008.01.002

Kempermann, G. (2012). New neurons for “survival of the fittest”. Nat. Rev. Neurosci. 13, 727–736. doi: 10.1038/nrn3319

Kempermann, G. (2015). Activity dependency and aging in the regulation of adult neurogenesis. Cold Spring Harb. Perspect. Biol. 7:a018929. doi: 10.1101/cshperspect.a018929

Kempermann, G. (2019). Environmental enrichment, new neurons and the neurobiology of individuality. Nat. Rev. Neurosci. 20, 235–245. doi: 10.1038/s41583-019-0120-x

Kempermann, G., Fabel, K., Ehninger, D., Babu, H., Leal-Galicia, P., Garthe, A., et al. (2010). Why and how physical activity promotes experience-induced brain plasticity. Front. Neurosci. 4:189. doi: 10.3389/fnins.2010.00189

Kempermann, G., Gage, F. H., Aigner, L., Song, H., Curtis, M. A., Thuret, S., et al. (2018). Human adult neurogenesis: evidence and remaining questions. Cell Stem Cell 23, 25–30. doi: 10.1016/j.stem.2018.04.004

Kempermann, G., Kuhn, H. G., and Gage, F. H. (1997). More hippocampal neurons in adult mice living in an enriched environment. Nature 386, 493–495. doi: 10.1038/386493a0

Kim, W. R., Christian, K., Ming, G.-L., and Song, H. (2012). Time-dependent involvement of adult-born dentate granule cells in behavior. Behav. Brain Res. 227, 470–479. doi: 10.1016/j.bbr.2011.07.012

Kitamura, T., and Inokuchi, K. (2014). Role of adult neurogenesis in hippocampal-cortical memory consolidation. Mol. Brain 7:13. doi: 10.1186/1756-6606-7-13

Knoth, R., Singec, I., Ditter, M., Pantazis, G., Capetian, P., Meyer, R. P., et al. (2010). Murine features of neurogenesis in the human hippocampus across the lifespan from 0 to 100 years. PLoS One 5:e8809. doi: 10.1371/journal.pone.0008809

Ko, H.-G., Jang, D.-J., Son, J., Kwak, C., Choi, J.-H., Ji, Y.-H., et al. (2009). Effect of ablated hippocampal neurogenesis on the formation and extinction of contextual fear memory. Mol. Brain 2:1. doi: 10.1186/1756-6606-2-1

Kohara, K., Pignatelli, M., Rivest, A. J., Jung, H.-Y., Kitamura, T., Suh, J., et al. (2014). Cell type-specific genetic and optogenetic tools reveal hippocampal CA2 circuits. Nat. Neurosci. 17, 269–279. doi: 10.1038/nn.3614

Kuhn, H. G., Dickinson-Anson, H., and Gage, F. H. (1996). Neurogenesis in the dentate gyrus of the adult rat: age-related decrease of neuronal progenitor proliferation. J. Neurosci. 16, 2027–2033. doi: 10.1523/JNEUROSCI.16-06-02027.1996

La Rosa, C., Cavallo, F., Pecora, A., Chincarini, M., Ala, U., Faulkes, C. G., et al. (2020). Phylogenetic variation in cortical layer II immature neuron reservoir of mammals. eLife 9:e55456 doi: 10.7554/eLife.55456

Lemaire, V., Aurousseau, C., Le Moal, M., and Abrous, D. N. (1999). Behavioural trait of reactivity to novelty is related to hippocampal neurogenesis. Eur. J. Neurosci. 11, 4006–4014. doi: 10.1046/j.1460-9568.1999.00833.x

Lemaire, V., Tronel, S., Montaron, M.-F., Fabre, A., Dugast, E., and Abrous, D. N. (2012). Long-lasting plasticity of hippocampal adult-born neurons. J. Neurosci. 32, 3101–3108. doi: 10.1523/JNEUROSCI.4731-11.2012

Llorens-Martín, M., Jurado-Arjona, J., Avila, J., and Hernández, F. (2015). Novel connection between newborn granule neurons and the hippocampal CA2 field. Exp. Neurol. 263, 285–292. doi: 10.1016/j.expneurol.2014.10.021

Lodge, M., and Bischofberger, J. (2019). Synaptic properties of newly generated granule cells support sparse coding in the adult hippocampus. Behav. Brain Res. 372:112036. doi: 10.1016/j.bbr.2019.112036

Lods, M., Pacary, E., Mazier, W., Farrugia, F., Mortessagne, P., Masachs, N., et al. (2021). Adult-born neurons immature during learning are necessary for remote memory reconsolidation in rats. Nat. Commun. 12:1778. doi: 10.1038/s41467-021-22069-4

Luchetti, A., Yamaguchi, 山口拓馬, T., Uemura, M., Yovianto, G., Čulig, L., Yang, M., et al. (2021). Within-Trial persistence of learned behavior as a dissociable behavioral component in hippocampus-dependent memory tasks: a potential postlearning role of immature neurons in the adult dentate gyrus. eNeuro 8:ENEURO.0195-21.2021. doi: 10.1523/ENEURO.0195-21.2021

Masachs, N., Charrier, V., Farrugia, F., Lemaire, V., Blin, N., Mazier, W., et al. (2021). The temporal origin of dentate granule neurons dictates their role in spatial memory. Mol. Psychiatry 26, 7130–7140. doi: 10.1038/s41380-021-01276-x

Moreno-Jiménez, E. P., Jurado-Arjona, J., Ávila, J., and Llorens-Martín, M. (2019). The social component of environmental enrichment is a pro-neurogenic stimulus in adult c57BL6 Female Mice. Front. Cell Dev. Biol. 7:62. doi: 10.3389/fcell.2019.00062

Moreno-Jiménez, E. P., Terreros-Roncal, J., Flor-García, M., Rábano, A., and Llorens-Martín, M. (2021). Evidences for adult hippocampal neurogenesis in humans. J. Neurosci. 41, 2541–2553. doi: 10.1523/JNEUROSCI.0675-20.2020

Römer, B., Krebs, J., Overall, R. W., Fabel, K., Babu, H., Overstreet-Wadiche, L., et al. (2011). Adult hippocampal neurogenesis and plasticity in the infrapyramidal bundle of the mossy fiber projection: I. Co-regulation by activity. Front. Neurosci. 5:107. doi: 10.3389/fnins.2011.00107

Sahay, A., Scobie, K. N., Hill, A. S., O’Carroll, C. M., Kheirbek, M. A., Burghardt, N. S., et al. (2011). Increasing adult hippocampal neurogenesis is sufficient to improve pattern separation. Nature 472, 466–470. doi: 10.1038/nature09817

Saxe, M. D., Battaglia, F., Wang, J.-W., Malleret, G., David, D. J., Monckton, J. E., et al. (2006). Ablation of hippocampal neurogenesis impairs contextual fear conditioning and synaptic plasticity in the dentate gyrus. Proc. Natl. Acad. Sci. U.S.A. 103, 17501–17506. doi: 10.1073/pnas.0607207103

Schmidt-Hieber, C., Jonas, P., and Bischofberger, J. (2004). Enhanced synaptic plasticity in newly generated granule cells of the adult hippocampus. Nature 429, 184–187. doi: 10.1038/nature02553

Schoenfeld, T. J., Smith, J. A., Sonti, A. N., and Cameron, H. A. (2021). Adult neurogenesis alters response to an aversive distractor in a labyrinth maze without affecting spatial learning or memory. Hippocampus 31, 102–114. doi: 10.1002/hipo.23267

Schwegler, H., Lipp, H. P., Van der Loos, H., and Buselmaier, W. (1981). Individual hippocampal mossy fiber distribution in mice correlates with two-way avoidance performance. Science 214, 817–819. doi: 10.1126/science.7292015

Scott, G. A., Terstege, D. J., Roebuck, A. J., Gorzo, K. A., Vu, A. P., Howland, J. G., et al. (2021). Adult neurogenesis mediates forgetting of multiple types of memory in the rat. Mol. Brain 14:97. doi: 10.1186/s13041-021-00808-804

Seib, D. R., Espinueva, D. F., Floresco, S. B., and Snyder, J. S. (2020). A role for neurogenesis in probabilistic reward learning. Behav. Neurosci. 134, 283–295. doi: 10.1037/bne0000370

Seib, D. R., Espinueva, D. F., Princz-Lebel, O., Chahley, E., Stevenson, J., O’Leary, T. P., et al. (2021). Hippocampal neurogenesis promotes preference for future rewards. Mol. Psychiatry 26, 6317–6335. doi: 10.1038/s41380-021-01165-3

Shors, T. J., Miesegaes, G., Beylin, A., Zhao, M., Rydel, T., and Gould, E. (2001). Neurogenesis in the adult is involved in the formation of trace memories. Nature 410, 372–376. doi: 10.1038/35066584

Singer, A. C., and Frank, L. M. (2009). Rewarded outcomes enhance reactivation of experience in the hippocampus. Neuron 64, 910–921. doi: 10.1016/j.neuron.2009.11.016

Sorrells, S. F., Paredes, M. F., Zhang, Z., Kang, G., Pastor-Alonso, O., Biagiotti, S., et al. (2021). Positive controls in adults and children support that very few, if any, new neurons are born in the adult human hippocampus. J. Neurosci. 41, 2554–2565. doi: 10.1523/JNEUROSCI.0676-20.2020

Spalding, K. L., Bergmann, O., Alkass, K., Bernard, S., Salehpour, M., Huttner, H. B., et al. (2013). Dynamics of hippocampal neurogenesis in adult humans. Cell 153, 1219–1227. doi: 10.1016/j.cell.2013.05.002

Swan, A. A., Clutton, J. E., Chary, P. K., Cook, S. G., Liu, G. G., and Drew, M. R. (2014). Characterization of the role of adult neurogenesis in touch-screen discrimination learning. Hippocampus 24, 1581–1591. doi: 10.1002/hipo.22337

Tashiro, A., Makino, H., and Gage, F. H. (2007). Experience-specific functional modification of the dentate gyrus through adult neurogenesis: a critical period during an immature stage. J. Neurosci. 27, 3252–3259. doi: 10.1523/JNEUROSCI.4941-06.2007

Terreros-Roncal, J., Moreno-Jiménez, E. P., Flor-García, M., Rodríguez-Moreno, C. B., Trinchero, M. F., Cafini, F., et al. (2021). Impact of neurodegenerative diseases on human adult hippocampal neurogenesis. Science 374, 1106–1113. doi: 10.1126/science.abl5163

Tran, L. M., Josselyn, S. A., Richards, B. A., and Frankland, P. W. (2019). Forgetting at biologically realistic levels of neurogenesis in a large-scale hippocampal model. Behav. Brain Res. 376, 112180. doi: 10.1016/j.bbr.2019.112180

Treves, A., Tashiro, A., Witter, M. P., and Moser, E. I. (2008). What is the mammalian dentate gyrus good for? Neuroscience 154, 1155–1172. doi: 10.1016/j.neuroscience.2008.04.073

Tuncdemir, S. N., Lacefield, C. O., and Hen, R. (2019). Contributions of adult neurogenesis to dentate gyrus network activity and computations. Behav. Brain Res. 374, 112112. doi: 10.1016/j.bbr.2019.112112

van Praag, H., Kempermann, G., and Gage, F. H. (1999). Running increases cell proliferation and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci. 2, 266–270. doi: 10.1038/6368

Weeden, C. S. S., Mercurio, J. C., and Cameron, H. A. (2019). A role for hippocampal adult neurogenesis in shifting attention toward novel stimuli. Behav. Brain Res. 376:112152. doi: 10.1016/j.bbr.2019.112152

Wiskott, L., Rasch, M. J., and Kempermann, G. (2006). A functional hypothesis for adult hippocampal neurogenesis: avoidance of catastrophic interference in the dentate gyrus. Hippocampus 16, 329–343. doi: 10.1002/hipo.20167

Zocher, S., Schilling, S., Grzyb, A. N., Adusumilli, V. S., Lopes, J. B., Günther, S., et al. (2019). Early-life environmental enrichment generates persistent individualized behavior in mice. bioRxiv [Preprint]. doi: 10.1101/851907


Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kempermann. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-16-852680-g001.jpg
Spatial Orthogonolization and
context / ‘ avoidance of catastrophic
Navigation |- interference
it /) ) (Behavioral)
b e Pattern
Time stamp . =.m separation
\ /’ ’
7
N \ /
N \ p
N
N 0 2
N \
CORNG _ \ el
Emotional context dotacton i
seeking

~
~
~
~

Reward learning /

\
\
\
|
|

Affectlve
behaviors and

) mood
=B

Memory Forgetting
consolidation

Flexible learning and updating





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		What Is Adult Hippocampal Neurogenesis Good for?



		INTRODUCTION



		WHERE ADULT HIPPOCAMPAL NEUROGENESIS TAKES PLACE



		THE LOCAL NETWORK EFFECTS OF ADULT NEUROGENESIS SUPPORT PATTERN SEPARATION



		NETWORK COMPLEXITY IS STILL UNDERAPPRECIATED IN THE ADULT NEUROGENESIS FIELD



		THE TEMPORAL DIMENSION OF PATTERN SEPARATION



		ADULT NEUROGENESIS AND FORGETTING VERSUS MEMORY CONSOLIDATION



		TURNOVER VERSUS LONGTERM EFFECTS OF ADULT NEUROGENESIS



		AGE-RELATED CHANGES IN CELL NUMBERS AND DEVELOPMENTAL DYNAMICS



		A LIFE-COURSE PERSPECTIVE ON ADULT NEUROGENESIS AND ITS FUNCTIONS



		ADULT NEUROGENESIS AND AFFECTIVE BEHAVIORS



		ADULT NEUROGENESIS AND THE EMERGENCE OF INDIVIDUALITY



		DISCUSSION AND OUTLOOK



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

What Is Adult Hippocampal
Neurogenesis Good for?









OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





