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New neurons are continuously generated and functionally integrated into the dentate gyrus (DG) network during the adult lifespan of most mammals. The hippocampus is a crucial structure for spatial learning and memory, and the addition of new neurons into the DG circuitry of rodents seems to be a key element for these processes to occur. The Morris water maze (MWM) and contextual fear conditioning (CFC) are among the most commonly used hippocampus-dependent behavioral tasks to study episodic-like learning and memory in rodents. While the functional contribution of adult hippocampal neurogenesis (AHN) through these paradigms has been widely addressed, results have generated controversial findings. In this review, we analyze and discuss possible factors in the experimental methods that could explain the inconsistent results among AHN studies; moreover, we provide specific suggestions for the design of more sensitive protocols to assess AHN-mediated learning and memory functions.
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INTRODUCTION

The discovery of neurogenesis in the brain of adult mammals (Altman and Das, 1965; Kaplan and Hinds, 1977) contradicted the long-held dogma that the adult brain does not create new neurons. The idea was met with an intense skepticism that lasted over three decades. However, it is currently well accepted that new neurons are continuously generated in the subventricular zone of lateral ventricles and in the subgranular zone (SGZ) of dentate gyrus (DG) during the adult lifespan of a variety of mammals (Kuhn et al., 1996; Alvarez-Buylla and Lim, 2004; Pilz et al., 2018). The SGZ is a fine region between the hilus and the granular layer of the DG that harbors neural stem cells (NSCs) with different proliferative activity (Seri et al., 2001; Harris et al., 2021). In rodents, the neurogenic process in the DG comprises multiple steps that begin with the proliferation of NSCs. NSCs can either self-renew or give rise to intermediate progenitor cells, named type 2a cells, which have a high proliferative activity (von Bohlen und Halbach, 2007; Kempermann et al., 2015). These cells can self-renew or generate cells that further differentiate into so called type 2b cells, some of which still self-renew, while other progress into neuroblasts (Kempermann et al., 2004). During the first week after birth, neuroblasts migrate toward the inner zone of granule cell layer and exit from the cell-cycle becoming post-mitotic neurons (Brandt et al., 2003; Zhao, 2006). At this time point, about 60% of newborn neurons die by apoptosis, in a phase called early survival (Sierra et al., 2010). The new neurons that survive this phase extend their axons and form synapses with CA3 pyramidal neurons, while their dendrites grow toward the molecular layer and begin receiving inputs from neurons in the entorhinal cortex (Esposito, 2005; Zhao, 2006; Toni et al., 2008). Expression of NMDA receptors around 2–3 weeks after cell birth is important for the survival and network integration of the newly born neurons (Tashiro et al., 2006). Early synaptic integration of new neurons is followed by a phase of increased synaptic plasticity (around 4–6 weeks after birth) which may allow adult-born neurons to contribute to information processing in the DG (Wang et al., 2000; Schmidt-Hieber et al., 2004; Ge et al., 2007). In mice, new neurons reach structural and functional maturation at 6–8 weeks after birth (van Praag et al., 2002; Zhao, 2006), while the process occurs faster in rats (Snyder et al., 2009). The maturation stage as well as the time frame in which synaptic integration of newly born neurons occur are key factors regarding their contribution to DG network plasticity and cognition as they have unique physiological properties according to their developmental phase (Mongiat and Schinder, 2011).

The DG is a crucial structure that participates in hippocampus-dependent learning and memory (Hainmueller and Bartos, 2020). Thousands of new neurons are added to the DG of adult rats and mice daily (Cameron and McKay, 2001; Schauwecker, 2006). It has been shown that spatial learning modulates the rate of proliferation, survival, maturation and activation of newborn neurons (Gould et al., 1999; Kee et al., 2007; Tronel et al., 2010). Notably, spatial memory abilities in rodents have been positively correlated with the rate of adult hippocampal neurogenesis (AHN) (Drapeau et al., 2003; Berdugo-Vega et al., 2020). In contrast, the reduction of AHN impairs certain forms of hippocampal learning (Shors et al., 2002; Deng et al., 2009). While the specific contribution of AHN in cognition remains a central question, many studies have suggested that it promotes memory precision, resolution of conflicting information and memory consolidation (Aimone et al., 2011; Epp et al., 2016; Terranova et al., 2019; Berdugo-Vega et al., 2021).

The hippocampus is a key structure in navigation and in spatial learning and memory (Morris et al., 1982), while it is also essential for remembering aversive contexts (Phillips and LeDoux, 1992). Since the seminal work of O’Keefe (1976) a body of evidence has shown that cells in the hippocampus have a key role in the spatial representation of the environment. Thus, from the time that neurogenesis was fully accepted to occur in the adult hippocampus, researchers were interested in evaluating the functional contribution of new neurons to the hippocampal circuit as well as to hippocampus-dependent tasks.

Different behavioral paradigms have been used to study the functional implications of AHN in spatial learning and memory (for a review see, Lieberwirth et al., 2016). Morris water maze (MWM) and contextual fear conditioning and memory (CFC) are the most commonly used hippocampus-dependent tasks to evaluate episodic-like learning and memory (Phillips and LeDoux, 1992; Vorhees and Williams, 2006, 2014; Curzon et al., 2009). MWM is a reliable task that strongly correlates with hippocampal synaptic plasticity (Morris et al., 1986; Jeffery and Morris, 1993; Bannerman et al., 1995). From a practical point of view, it is easily adaptable to many experimental conditions that attempt to evaluate different aspects of cognition such as flexible and discriminative learning, as well as working and reference memory (Vorhees and Williams, 2006). As we will thoroughly revise in this work, MWM has shown that AHN is required for specific aspects of hippocampal-dependent cognition like memory precision (Berdugo-Vega et al., 2021), cognitive flexibility (Garthe et al., 2009), memory clearance (Epp et al., 2016), and long-term memory consolidation and reconsolidation (Snyder et al., 2005; Lods et al., 2021).

Contextual fear conditioning on the other hand, represents a form of associative learning widely used for studying episodic learning and memory as spatial representation is crucial for remembering an aversive context (Curzon et al., 2009). It has been extensively shown that the DG is key in supporting contextual fear memory (Phillips and LeDoux, 1992; Rudy et al., 2002; Sanders et al., 2003; Wiltgen, 2006; Bernier et al., 2017). Actually it has been observed that optogenetic stimulation of DG neurons which had been activated during fear acquisition drives fear expression (Liu et al., 2012; Ramirez et al., 2013; Redondo et al., 2014). As for the contribution of AHN to this task, it has been shown that newly born neurons promote contextual fear discrimination (Sahay et al., 2011), long-term memory consolidation (Kitamura et al., 2009; Kitamura and Inokuchi, 2014) and memory clearance (Gao et al., 2018). This task also allows investigating maladaptive fear responses such as excessive fear generalization, a hallmark of many anxiety and stress-related disorders, which have been shown to be modulated by AHN (Asok et al., 2019; for a review see, Besnard and Sahay, 2016).

Although the studies mentioned above have shown a causal relation between AHN and episodic-like memory through MWM and CFC paradigms, other studies have not (Raber et al., 2004; Meshi et al., 2006; Saxe et al., 2006; Clark et al., 2008; Zhang et al., 2008; Jaholkowski et al., 2009). Many factors could explain the discrepancy in the results. For instance, the diverse genetic background between rat and mice, as well as the diversity among the most common mice strains used for experimentation (C57BL/6, BALB/c, and 129Sv/J). In this regard, differences in the rate of adult hippocampal neuronal proliferation, survival rate, and maturation have been reported among strains (Kempermann et al., 1997; Snyder et al., 2009). Another possible factor contributing to the discrepancies is the experimental protocol used to evaluate performance in the absence of neurons: the amount of time elapsed between ablation and testing reflects the contribution to behavior of different cohorts of neurons at different stages of development (Gu et al., 2012). Also, the wide range of techniques to manipulate AHN including cytotoxic or chemical tools, irradiation, transgenic mice, and optogenetic modulation, may differ in efficacy, specificity, side effects, and the targeted newborn neuron cohort, therefore adding complexity to the interpretation of data (see Supplementary Tables 1, 2). Finally, it should also be considered that neurogenesis naturally declines with age in both, mice and rat (Kuhn et al., 1996) while its ablation may affect behavioral functions in an age-dependent manner (Martinez-Canabal et al., 2013) (see below).

Based on these factors, in this review, we will analyze and discuss the results in young-adult rodents that have provided evidence for the impact of AHN on spatial learning and memory using the MWM and CFC tasks. We also suggest some considerations to allow the design of more sensitive protocols for evaluating the role of AHN in such particular functions.



THE MORRIS WATER MAZE

The MWM is a behavioral paradigm that is used to evaluate spatial learning and memory in rodents and is commonly related to hippocampal synaptic plasticity (Morris et al., 1986; Vorhees and Williams, 2006). This test relies on the ability of rodents to navigate in a circular pool filled with water and find a safe place, which is a submerged hidden platform. The animals encode the platform location using distal visual cues surrounding the pool. Spatial learning is analyzed across repeated trials through which rodents learn the platform position (Vorhees and Williams, 2006). Spatial memory is usually evaluated through the time spent swimming over the goal quadrant when the platform is absent (D’Hooge and De Deyn, 2001).

In the field of adult neurogenesis, inconsistent results have been reported when this paradigm has been used. While some studies have found a positive effect of newly adult-generated neurons in learning and memory phases (Rola et al., 2004; Dupret et al., 2008; Farioli-Vecchioli et al., 2008; Zhang et al., 2008; Deng et al., 2009; Garthe et al., 2009), others have not (Shors et al., 2002; Madsen et al., 2003; Raber et al., 2004; Meshi et al., 2006; Saxe et al., 2006). Some possible factors that differ across the studies and that likely contribute to the discrepant results in each phase of this task are discussed below.


Impact of Adult Neurogenesis on the Learning Phase of the Morris Water Maze Test

After suppressing adult neurogenesis, some studies reported alterations during the learning phase (i.e., animals had a higher latency or took a longer swim path to find the hidden platform) (Farioli-Vecchioli et al., 2008; Zhang et al., 2008; Garthe et al., 2009) while others did not (Shors et al., 2002; Madsen et al., 2003; Raber et al., 2004; Rola et al., 2004; Snyder et al., 2005; Meshi et al., 2006; Saxe et al., 2006; Deng et al., 2009; Jessberger et al., 2009; Martinez-Canabal et al., 2013). The reasons that alterations during the learning phase are reported only in some studies may be related to several factors including, but not limited to, (i) the accuracy of the parameters used to evaluate learning (see below allocentric vs. egocentric search strategies), (ii) the degree to which the behavioral protocol requires the animals to exhibit DG-associated behaviors, (iii) the saliency of visual cues located in the testing room, and (iv) the age of the animals at the time of AHN manipulation. We analyze such factors in the following paragraphs.

It is worth noting that during the learning phase of the MWM, rodents develop allocentric and egocentric search strategies to find the hidden platform (Vorhees and Williams, 2014; Rogers et al., 2017; Grech et al., 2018). When using allocentric strategies, the animals use the positional relationship among the distal cues around the pool to find the platform, independent of its self-position (world-centered view; object to object), while when utilizing egocentric navigation, the animal represents the platform location using internal cues relying on its self-position (animal-centered view; self-to-object) (Figures 1A,B; Rogers et al., 2017). Allocentric navigation is more dependent on the integrity and function of the hippocampus than egocentric navigation. The analysis of the search strategies developed by rodents during MWM learning reflects a suitable parameter for the evaluation of hippocampal spatial learning. Moreover, there is now a consensus that parameters such as the latency to find the platform or the path length are less reliable measurements for the evaluation of hippocampal spatial learning (Garthe et al., 2009; Gil-Mohapel et al., 2013; Rogers et al., 2017). The establishment of allocentric navigation strategies can be promoted by using different departure positions during the training phase in MWM. This requires that rodents learn and use the spatial relation among the distal cues in a flexible manner to successfully find the platform in each departure location.
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FIGURE 1. Searching strategies used by rodents during spatial learning in the Morris water maze. (A) Spatial allocentric strategy (object to object) is characterized by the ability to navigate using distal cues located outside the maze and at some distance from the rodent. The bottom panel shows representative examples of three allocentric search strategies listed from most precise to least precise (direct swim→ focal swim → directed search), which have been related to AHN. (B) Non-spatial egocentric strategy (self to object) characterized by the ability to navigate using internal cues independent of external cues based on a sequence of bodily movements. The bottom panel presents representative examples of six spatially imprecise egocentric search strategies (chaining, scanning, random, thigmotaxis, and perseverance). The decrease in AHN has been related to more imprecise search strategies. (C,D) Example of the search strategies adopted by rodents with normal (C) and low levels of neurogenesis (D). The bottom bar charts illustrate the percentage of search strategies employed by rodents across training. Green bar: spatially precise search. Blue bar: spatially imprecise search. Gray bar: perseverance search. Rodents with low hippocampal neurogenesis require more training days before they begin to use spatially precise search strategies (green) than rodents with normal neurogenesis. When the platform changes to a new location, rodents with low neurogenesis spend more time searching over the old platform location (perseverance; gray bar) and adopt more imprecise search strategies (blue) than controls.


The search strategy pattern adopted by the rodent can be classified according to the type of learning taking place from the least precise strategies (thigmotaxis, chaining, scanning, and random search) to the most precise (direct swim, focal search, and directed search) (Figures 1A,B; Garthe et al., 2009). Mice with normal levels of AHN begin the training phase using less precise search strategies (egocentric), but after a few trials, they develop highly precise search strategies (allocentric), such as a “focal or directed search,” to reach the platform (Figure 1C; Garthe et al., 2009). In contrast, mice with low levels of AHN need to perform more trials than rodents with normal levels to achieve allocentric searching patterns, and on the last day of training, animals scarcely conduct highly precise searches (Figure 1D; Garthe et al., 2009). In line with the latter, Gil-Mohapel et al. (2013) observed a positive correlation between the levels of AHN during aging and the type of search strategies, as young mice with high levels of AHN adopt more precise allocentric strategies, and old mice with lower neurogenesis levels exhibit less precise ones (Gil-Mohapel et al., 2013). Interestingly, it has been found that the use of precise hippocampal allocentric strategies during aging can be rescued by compensating for the age-related decline in AHN (Berdugo-Vega et al., 2020). In addition, it has been shown that increasing AHN in young mice with adequate spatial navigation strategies, promotes more spatially precise trajectories once hippocampal-navigation is acquired (Stone et al., 2011; Berdugo-Vega et al., 2021). These studies strongly suggest that AHN contributes to the development of precise allocentric search strategies during the learning phase of MWM, which points out a role of AHN in memory precision. Notably, unlike the search strategy pattern, some studies have shown that other parameters, such as latency and the swim distance to find the platform, remain relatively unaltered in mice with low neurogenesis during the learning period (see Supplementary Table 1; Garthe et al., 2009; Gil-Mohapel et al., 2013; Berdugo-Vega et al., 2020). Taken together, these studies suggest that the assessment of navigational learning strategies represents a key parameter to reveal important aspects of cognition associated with AHN function which do not become evident when assessing other classical parameters (i.e., latency and swim distance to reach the platform).

Regarding the degree of the hippocampal-dependency of the task, it has been proposed that MWM protocols promoting cognitive flexibility during the learning phase place a substantial demand on both hippocampal and AHN functions (Appleby and Wiskott, 2009; Burghardt et al., 2012). Pertinently, cognitive flexibility refers to the process by which previous knowledge or behaviors can be modified to adapt to new circumstances (Anacker and Hen, 2017). In rodents, cognitive flexibility can be evaluated using the reversal learning protocol in the MWM, where the animals have to learn a new platform location after having already learned one. The reversal learning protocol urges animals to form allocentric navigation strategies given that they have to learn the current positional relation between the distal visual cues around the pool and the new platform location (Anacker and Hen, 2017). After applying the reversal learning protocol, research groups have shown that rodents with reduced neurogenesis are unable to efficiently learn the new platform location (Dupret et al., 2008; Farioli-Vecchioli et al., 2008; Zhang et al., 2008; Garthe et al., 2009, 2016; for a discussion see Anacker and Hen, 2017; Abrous et al., 2021). In this case, rodents show prolonged times searching over the old platform location, a search pattern called perseverance. They also adopt more imprecise search strategies toward the new goal than rodents with normal levels of neurogenesis (Figures 1C,D and Supplementary Table 1). Remarkably, the increase of AHN reduces the perseverance search pattern after reversal learning (Berdugo-Vega et al., 2021). These results indicate that adult new neurons are needed to improve the integration of novel data when a main contingency has changed the previous consolidated information.

A recent study reported that immature new neurons (DCX + without tertiary dendrites) are more likely implicated in tasks that demand cognitive flexibility than mature new neurons (Webler et al., 2019). Several lines of research indicate that immature new neurons may contribute to cognitive flexibility by enhancing the inhibitory tone in the DG-CA3 circuit to reduce the proactive interference between two similar experiences (i.e., old and new platform location) which is important to improve memory resolution (Kempermann, 2008; McAvoy et al., 2015; Besnard and Sahay, 2016; Berdugo-Vega et al., 2021). It has been suggested that newborn neurons can reduce the activity of mature granule cells through feedback inhibition (recruiting local interneurons) or direct inhibition via G protein-coupled inwardly rectifying potassium channels (Lacefield et al., 2012; Luna et al., 2019). Similarly, young neurons could inhibit CA3 pyramidal cells through feedforward inhibition (Rangel et al., 2013; Aimone, 2016). By modulating the timing of inhibition, adult-new neurons can increase the sparseness of two memory representations (Figures 2A,B).
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FIGURE 2. The roles of adult neurogenesis in different contextual fear-related behaviors. (A) Activation of adult born- neurons (yellow neurons) activates GABAergic inhibitory interneurons (red triangles) in the DG and CA3 (Restivo et al., 2015; Temprana et al., 2015), which may increase sparsity activity in the DG-CA3 circuit potentially promoting pattern separation. Left below, the function of pattern separation prevents interference among different neuron population codes that are active during two similar experiences: A (blue) vs. B (yellow). This process facilitates the ability of the animal to discriminate between the conditioned context (A, blue) and a similarly close safe context (sloping walls, B yellow, ➀). Through this mechanism, AHN may promote fear memory extinction by reducing the interference between an old aversive memory association (context with foot shock) and a new safe association (context with no foot shock, ➁). After fear memory extinction, the increase in AHN by environmental enrichment (EE) prevents spontaneous fear recovery ➂. (B) A decrease in adult born- neurons reduces sparsity activity in the DG-CA3 circuit which may impair pattern separation (Niibori et al., 2012; Denny et al., 2014). Bottom right, low neurogenesis impairs pattern separation, which decreases the ability of an animal to discriminate between closely similar contexts ➀. Impairment in pattern separation due to low neurogenesis may also impair fear memory extinction. Rodents with low neurogenesis are not able to reduce the conditioned fear response (freezing) as efficiently as mice with normal levels of neurogenesis (trial 2 vs. trial 3) during extinction training ➁. The reduction in AHN by irradiation (X-ray) promotes spontaneous fear recovery ➂.


Specifically, it has been shown that after reversal learning, mice with increased AHN display low neuronal activity in the suprapyramidal blade of the DG as well as in the CA3ab region. Thus, this sparsity decreases the overlap in memory representations from both structures (Berdugo-Vega et al., 2021). The contribution of immature new neurons to cognitive flexibility may also be explained by the “clearance hypothesis,” which states that the birth of neurons after learning induces the clearance of old hippocampus-dependent memories to allow new information to be stored (Josselyn and Frankland, 2012; Akers et al., 2014; Epp et al., 2016; Frankland and Josselyn, 2016). In fact, it has been observed that increasing AHN after initial learning facilitates the encoding of new conflicting learning (old vs. novel platform location) in MWM. Conversely, decreasing AHN after initial learning impedes the encoding of new conflicting learning (Epp et al., 2016). This indicates that AHN may reduce the proactive interference between two conflicting learning events by inducing the forgetting of the first one. It has been proposed that integration of new neurons into the hippocampal circuit modifies existing synaptic connections related to previous learning events by adding new connections (Weisz and Argibay, 2012). This structural remodeling of hippocampal circuits may change the pattern of activity associated to the previously learned event, which leads to memory decay over time and then allows the addition of new information (Frankland et al., 2013). Therefore, if AHN is ablated before learning, there are few chances that new neurons born afterwards incorporate into the hippocampal circuit. This may in turn prevent the clearance of previous learning and obstruct the addition of new information like learning a novel platform location. The role of AHN in cognitive flexibility has been thoroughly revised by Anacker and Hen (2017). Unveiling the precise mechanisms through which adult-born neurons promote cognitive flexibility is an issue worthy of further investigation. Still, these results highlight the importance of analyzing cognitive flexibility during MWM learning as a pertinent protocol to evaluate the contribution of AHN.

It has been shown that AHN is of particular importance in the performance of tasks that require spatial discrimination, where rodents have to distinguish between two highly similar contexts and learn that they are different from each other (McHugh et al., 2007; Clelland et al., 2009). In this regard, it has been reported that the posttraining ablation of newly born hippocampal neurons in mice impairs their ability to differentiate between two closely located similar cues in a water maze visual discrimination task (Arruda-Carvalho et al., 2011). This finding supports the specialized role of AHN in memory discrimination and agrees with the findings of other studies reporting that rodents with low neurogenesis have an impaired ability to correctly distinguish between two similar contexts in a fear conditioning task, or to recognize closely spaced arms in a radial maze (Clelland et al., 2009) and to distinguish objects in a two-choice touch screen spatial discrimination task (Clelland et al., 2009; Swan et al., 2014). The underlying mechanism associated to this discriminative behavior has not been well described. Still, as mentioned above, AHN may improve the discrimination of similar experiences by resolving the proactive interference between newly and previously learned spatial representations (Figures 2A,B). Moreover, computational models predict that AHN improves discrimination by temporal encoding of memories formed at different times through distinct population of young neurons (temporal separation) (Aimone et al., 2006). Likewise, AHN may promote discrimination by increasing memory resolution. The combination of immature with mature neurons as individual coding units, leads to a more precise and detailed codified memory. Mature neurons may strongly encode familiar features that have been previously experienced while immature neurons weakly encode novel features of the environment (Aimone et al., 2011). Memories incorporating more information (high resolution) will facilitate their discrimination. Therefore, the impact of new neurons is more evident when a MWM protocol requires the use of more DG-associated functions, such as reversal learning for cognitive flexibility, and spatial discrimination.

It has been shown that the saliency of the cues set around the testing room modulates the precision of the searching patterns in MWM task (Commins and Fey, 2019). Some features of the cues like shape, size, brightness, and distance from the pool or from the platform can contribute to its saliency. Rogers et al. (2017) observed that mice evaluated in an MWM paradigm using visual cues with high saliency showed higher percentage of spatial allocentric searching strategies than mice evaluated with low saliency visual cues. These observations denote that the saliency of the visual cues set around the testing area clearly influences the type of searching strategy (egocentric or allocentric) that is established. As mentioned above, several works have suggested that adult neurogenesis is required to establish precise allocentric search patterns during MWM learning (Dupret et al., 2008; Garthe et al., 2009; Stone et al., 2011; Gil-Mohapel et al., 2013; Berdugo-Vega et al., 2020). However, given that most neurogenesis studies do not describe the features of the cues employed around the testing room, it is unknown how the saliency of the cues could modulate (facilitate or hinder) the establishment of such precise allocentric searching patterns in rodents with low or increased AHN. Therefore, to provide a better understanding of the role of the saliency of visual cues located in the testing room, it is desirable that studies comprising neurogenesis behavioral evaluation clearly explain their features.

Finally, the age of animals at the time of AHN reduction is another factor that influences whether alterations in spatial learning are observed after neurogenesis manipulation. The generation of newborn neurons declines with the age of rodents. High rates of AHN are found in juvenile animals, moderate rates in adult, and low rates in old ages (Kuhn et al., 1996). In rats, an early age-related decrease in AHN is observed from 2 to 6 weeks and the decline persists until 48 weeks old (12 months old) when it reaches a steady rate (Heine et al., 2004). Likewise, in mice, a steep decline in AHN is observed from 4 to 8 weeks of age and then a progressive decline occurs until 72 weeks old (18 months old) (Bondolfi et al., 2004; Ben Abdallah et al., 2010; Gil-Mohapel et al., 2013). Notably, it has been shown that learning the location of a hidden platform in MWM is impaired only when neurogenesis is suppressed in juvenile mice (4–8 weeks old) but not in adult mice (8–12 weeks) or middle-age mice (44–48 weeks) (Martinez-Canabal et al., 2013). This finding is consistent with studies showing no effect of reducing AHN on MWM performances in adult rodents (see Supplementary Table 1; Shors et al., 2002; Madsen et al., 2003; Raber et al., 2004; Meshi et al., 2006; Saxe et al., 2006; Jaholkowski et al., 2009). In contrast, studies reducing neurogenesis in juvenile rodents (3–8 weeks old) have reported alterations in MWM performance (see Supplementary Table 1; Rola et al., 2004; Snyder et al., 2005; Dupret et al., 2008; Zhang et al., 2008; Deng et al., 2009; Garthe et al., 2009, 2016). Spatial learning alterations in younger rodents after neurogenesis suppression have been attributed to the fact that hippocampal circuitry has not yet fully developed (Bachevalier and Beauregard, 1993; Dumas, 2005). Once the hippocampus is completely mature, it might be less vulnerable to the reduction of AHN or such disruption could be compensated by pre-existing neurons (Martinez-Canabal et al., 2013). Therefore, the age of the animal at the time of AHN manipulation is another factor that should be considered for a proper design of behavioral experiments aimed at evaluating the role of AHN in hippocampal function.

Overall, the above mentioned works suggest that the decrease in AHN does not affect the general learning phase in the MWM but negatively impacts specific DG functions, such as the selection of precise allocentric spatial research strategies, cognitive flexibility, and spatial discrimination tasks. Moreover, given that the saliency of the visual cues located in the testing room can influence the use of allocentric searching patterns, the features of the visual cues must be carefully considered before the onset of the learning phase and should be described in detail. Finally, the age of rodents at the time of AHN reduction influences whether alterations in spatial learning are observed after neurogenesis manipulation. In the next section, we discuss results related to AHN and the memory phase in the MWM task.



Impact of Adult Neurogenesis on Morris Water Maze Memory Performance

Regarding the evaluation of the role of adult-born neurons in memory using the MWM paradigm, there are several differences across studies that complicate their integration. To understand these results, we analyzed them according to the time elapsed between the end of the learning period and the beginning of the memory evaluation phase: short-term (≤24 h) and long-term (≥1 week) retention intervals.


Short-Term Memory

Several works have reported impairments in rodents with decreased AHN when memory retrieval was evaluated in retention time intervals ≤ 24 h. However, others have failed to find such impairments. Some possible explanations for the discrepancy among studies may be related, but not limited to the degree of the hippocampal dependency of the protocol employed (see above), the specificity of the methods used to modulate AHN, the age of the newborn neurons affected during testing and the possible stress generated when using intermediate probe tests.

In regard to the age of adult born neurons, it has been shown that immature new neurons ∼4–6 weeks old are particularly important for hippocampal memory function (Kee et al., 2007). New-born neurons at this age are more likely to be active than older neurons in mice that have been trained in the MWM (Kee et al., 2007). The absence of c-fos activation in new neurons ∼4–6 weeks old after MWM training is associated with an impairment in short-term memory recall (Farioli-Vecchioli et al., 2008). Interestingly, it has been observed that postlearning (but not prelearning) silencing or elimination of new neurons that are ∼4 weeks old impairs spatial memory expression in the MWM (Arruda-Carvalho et al., 2011; Gu et al., 2012). However, the postlearning silencing of adult-born neurons at ∼2 or ∼8 weeks old does not impair memory expression in MWM (Gu et al., 2012). Hence, the preferential recruitment of immature (∼4–6 weeks old) new neurons stresses their contribution to memory processing. These studies suggest that the impact of AHN on memory retrieval relies on a specific and small cohort of adult born neurons of a specific age. Furthermore, they also show that if immature new neurons (∼4–6 weeks old) are available at the time of learning, they come to form an essential component of hippocampal memory trace and then consistently influence short-term memory retrieval (Farioli-Vecchioli et al., 2008; Arruda-Carvalho et al., 2011; Gu et al., 2012; Epp et al., 2016). The specific manipulation of this small cohort of new neurons can explain why some studies have found alterations in memory retrieval while others have failed to do so. It has been observed that ~4–6 weeks old neurons express plastic properties (see below) that make them more likely to be recruited into spatial memory circuits compared to older (~8 weeks old) or younger (∼3 weeks old) granule cells. This however, does not rule out that younger or older cohorts of adult-born neurons may contribute to memory processing; still their functional activation during short-term memory retrieval seems to be limited.

Overall, as discussed in regard to the learning phase, the impact of AHN on memory formation seems to become more evident with protocol configurations that promote cognitive flexibility and spatial discrimination, while it is particularly important to consider the age of the new neurons when being tested.



Long-Term Memory

In addition to short-term memory findings, there are other studies involving the MWM that highlight the importance of new neurons in long-term memory. Notably, animals with reduced neurogenesis already before learning, spent less time swimming in the goal quadrant when memory was evaluated 1 or 4 weeks after the end of the learning phase (Snyder et al., 2005; Deng et al., 2009; Jessberger et al., 2009; Ben Abdallah et al., 2013). Conversely, the increase of AHN before learning has been associated with improvements in long-term memory retrieval (Wang et al., 2014). A recent work shows that adult-born neurons 1–2 and 6 weeks old at the time of learning are activated by long-term memory retrieval in MWM. Interestingly, the specific silencing of 1–2 week-old new neurons during long-term memory recall impairs remote memory reconsolidation. This suggests that immature new neurons that have been influenced by learning modulate the establishment of remote memories after activation (Lods et al., 2021).

Concerning long-term memory consolidation, it has been suggested that a given memory is initially dependent on the hippocampal region and that over time, cortical structures end up storing, at least partially, such memories (Wiltgen et al., 2004; Frankland and Bontempi, 2005; Preston and Eichenbaum, 2013; Kitamura et al., 2017). The mechanism by which hippocampal dependency decays over time and how the hippocampus and cortical regions interact to consolidate memories remains unknown. However, it has been shown that adult new neurons modulate the period during which a memory is hippocampus-dependent. The potential contributions of AHN to the mechanisms that underlie long-term memory consolidation have been hypothesized (Kitamura and Inokuchi, 2014; Terranova et al., 2019). Some of these proposals are further explained in the following section on contextual fear conditioning.

Considering all the above, we suggest some specifications that should be considered in the design of a sensitive protocol for the assessment of the functional relevance of AHN through the MWM: (1) precise parameters should be analyzed that reflect the formation of a spatial allocentric cognitive map to the escape platform, such as the searching strategies used by rodents during navigation; (2) cognitive flexibility and spatial discrimination behaviors should be promoted using the reversal learning and visual discrimination in the MWM task; (3) the saliency of the visual cues should be evaluated regarding whether they promote the establishment of hippocampal allocentric searching strategies; (4) the age of rodents at the time of AHN manipulation; and (5) the best time to manipulate AHN during the task should be identified.





CONTEXTUAL FEAR CONDITIONING

Contextual fear conditioning is a behavioral procedure in which an animal learns to predict the presence of an aversive stimulus, like a foot-shock, through its association with a specific context (conditioning chamber). The foot-shock represents the unconditioned stimulus (US), and the context represents the conditioned stimulus (CS). The association between the US and the CS drives a classical fear response in rodents characterized by freezing (immobility) (Fanselow, 1980; Curzon et al., 2009; Maren et al., 2013). This behavioral paradigm highlights two phases: the learning or conditioning phase and memory evaluation (see below). Two of the major brain areas shown to be involved in contextual fear conditioning include the amygdala and the hippocampus. Studies attempting to identify the individual contribution of each structure to contextual fear conditioning have reported that lesions in the amygdala as well as in the hippocampus attenuate freezing during contextual retrieval, while lesions to the hippocampus interfere with contextual, but not with cued (i.e., sound) conditioning (Phillips and LeDoux, 1992; Zepeda et al., 2013).

Similar to studies in MWM, inconsistent results have been reported regarding the role of AHN in fear conditioning. However, a common factor among studies reporting alterations when AHN is decreased is that only contextual, but not cued fear memory is affected in rodents with low neurogenesis levels (see Supplementary Table 2). This highlights the fact that contextual fear representation, which is more dependent on hippocampal function, is indeed modulated by AHN.

Below, we discuss some factors that differ across the studies and that likely contribute to the discrepant results. Moreover, we briefly analyze other fear-related behaviors that have been associated with the function of AHN, such as fear extinction, spontaneous fear recovery, and fear generalization.


Adult Neurogenesis in the Conditioning Phase

During the conditioning phase, animals learn to associate a foot shock with a specific context. Rodents are placed into the context (conditioning chamber), and then single or multiple foot shocks are delivered. Learning performance is evaluated through the progressive increase in a freezing response across the training session (only for multiple training, not for single training sessions). The methodology employed during conditioning varies considerably among AHN studies. These variations may yield discrepancies among the findings. Here, we highlight four factors related to the conditioning protocol that may impact CFC results.


First: Training Severity

This refers to the intensity, duration and the number of foot shocks delivered to rodents during the conditioning phase; these factors determine the time of incubation and the brain areas involved in processing fear-associated memories (Poulos et al., 2016). Training severity is quite variable among adult neurogenesis studies; some use intense training methods, such as multiple foot shocks (Winocur et al., 2006; Kitamura et al., 2009; Snyder et al., 2009), while others employ mild training methods such as a single foot shock (Imayoshi et al., 2008; Pan et al., 2012). Notably, memory is more consistently affected after a single foot shock than after multiple foot shocks in rodents with diminished AHN (Saxe et al., 2006; Winocur et al., 2006; Zhang et al., 2008; Snyder et al., 2009; Pan et al., 2012). It has been considered that multiple foot shocks produce greater emotional arousal than a single foot shock in rodents (Wiltgen, 2006; Drew et al., 2010; Poulos et al., 2016). Pertinently, greater arousal could strengthen contextual fear acquisition in extrahippocampal sources (neocortex) and then mask the participation of the hippocampus and adult neurogenesis (Wiltgen, 2006; Drew et al., 2010). The fact that a single shock is particularly sensitive to AHN has led to the hypothesis that adult-born new neurons are specifically important for encoding mild events into memory (low emotional arousal; single shock) rather than for encoding intense events into memory (high emotional arousal; multiple foot shock). Therefore, a single trial seems to be a more suitable training method for the evaluation of the role of AHN in CFC.



Second: Rodent Nociception

The sensory perception of foot shocks in rodents can modulate their fear response during memory evaluation. Moreover, the sensory perception of a foot shock can result in a decreased conditioned fear or even the lack of a fear response (i.e., non-conditioned animal) if the shock is perceived as a low-intensity stimulus. In contrast, the sensory perception of a foot shock can increase animals’ conditioned fear or even result in a maladaptive fear response (i.e., fear generalization) if the shock is perceived as a high-intensity stimulus (Baldi, 2004). Thus, the impact of a foot shock can be differently perceived in rodents previously exposed to aversive manipulation and can be differently perceived among different mouse strains (genetic background) (Wotjak, 2019). In adult neurogenesis studies, rodents are often subjected to invasive procedures, such as ablation or tracing of new neurons prior to the commencement of behavioral protocols (i.e., surgeries or multiple drug injections) (Saxe et al., 2006; Deng et al., 2009; Arruda-Carvalho et al., 2011; Gu et al., 2012; Huckleberry et al., 2018). These procedures may represent aversive experiences that affect the sensory perception of the rodent to a further negative event, such as a foot shock. Moreover, some adult neurogenesis studies use a mixed genetic background of mice among their experimental groups (transgenic vs. wild-type mice) (Saxe et al., 2006; Deng et al., 2009; Denny et al., 2012), which likely increases the variability in sensory perception and alters the freezing response. To exclude the “sensory perception” variable in their results, some authors have employed two ablating methods (irradiation and transgenic mice) (Saxe et al., 2006), while others have evaluated the outcomes of a shock sensitivity curve test before conducting the behavioral test (Tronel et al., 2012). Therefore, the impact of shock intensity in a cohort of independent animals should be evaluated and adjusted before behavioral procedures begin. These results should also be reported to enhance the comparability of data among different AHN studies.



Third: The Preshock Time Interval

This refers to the interval between the introduction of the rodent into the context and the delivery of the first foot shock. The preshock time is important for context encoding and memory resolution, as animals need time to form a representation of the context before the shock is presented (Drew et al., 2010). If a shock is delivered immediately after the introduction of the rodent in the context, without a preshock interval, contextual learning does not occur. In particular, AHN seems to be important for memory resolution when the preshock interval is short (Drew et al., 2010; Denny et al., 2012). Mice with reduced AHN exhibit impairments in contextual fear memory only when a single shock is delivered after a preshock period of 180 s but not when it is prolonged to 360 s (Drew et al., 2010; Denny et al., 2012). These studies suggest that new neurons are necessary for the rapid acquisition of context memories, a role that has also been attributed to the DG-CA3 circuit (Nakashiba et al., 2012; Hainmueller and Bartos, 2020). Therefore, a preshock interval of 180 s seems to be a suitable parameter in the evaluation of the implications of adult neurogenesis in CFC.



Fourth: The Context Configuration

The DG is critical for associating individual items with their context, which comprises the background setting of a spatial environment (Lee and Jung, 2017). The features of the conditioning chamber (context) vary extensively among adult neurogenesis studies. Some groups use chambers that are insulated inside a cabinet, which reduces visual access to the cues surrounding the chamber (Warner-Schmidt et al., 2008; Drew et al., 2010; Denny et al., 2012). In contrast, others employ non-insulated chambers with clear walls, which increase access to visual cues (Winocur et al., 2006; Farioli-Vecchioli et al., 2008; Imayoshi et al., 2008; Snyder et al., 2009; Pan et al., 2012). Given that these studies use different conditioning parameters, it is difficult to determine to what extent access to visual cues around the environment may influence animals’ behavioral results. Hence, it would be desirable to establish whether mice with low neurogenesis need longer preshock intervals to encode a complex context (non-insulated chamber with visual access to the environment) than a simple one (insulated chamber with no visual access to the environment). Further experiments are necessary to evaluate the adequate combination of these variables (severity of training, preshock time, and context configuration) to design an optimal conditioning protocol in AHN studies.

Overall, the impact of AHN seems to become more evident when the conditioning phase consists of mild training (single foot shock) and a short preshock interval (180 s). Moreover, the reactivity of the rodent to a foot shock and access to visual cues in the conditioning context are variables that should be considered in the interpretation of the results.




Impact of Adult Neurogenesis in Contextual Fear Memory

During the memory phase, rodents are placed in the context again but do not receive any foot shocks. If they remember the context as an aversive experience, the animals display freezing behavior (immobility). Contextual memory is evaluated through the percentage of time that rodents freeze during memory assessment. While a high percentage of freezing reflects adequate contextual fear memory establishment, lower levels of freezing indicate degraded or impaired contextual fear memory. Interestingly, in the AHN literature, there are several studies showing that newly generated adult neurons are necessary for optimal contextual fear memory function (Saxe et al., 2006; Winocur et al., 2006; Farioli-Vecchioli et al., 2008; Imayoshi et al., 2008; Hernández-Rabaza et al., 2009; Snyder et al., 2009; Drew et al., 2010; Gu et al., 2012; Pan et al., 2012; Huckleberry et al., 2018). Here, we briefly describe two characteristics of AHN that are important for the resolution of contextual fear memory. Notably, these traits have also been observed through the MWM paradigm, which indicates their robust impact on hippocampal memory (see the MWM section).

First, immature new neurons 4–6 weeks old are particularly necessary for contextual fear memory (Farioli-Vecchioli et al., 2008; Denny et al., 2012; Gu et al., 2012; Kirby et al., 2012). The specific loss or silencing of this cohort of new neurons degrades contextual fear memory retrieval (Figure 3A; Gu et al., 2012; Huckleberry et al., 2018). It has been suggested that immature neurons become an essential substrate of memory because they temporally express plastic properties, such as a decreased long-term potentiation (LTP) induction threshold, an expression of the NR2B subunit of the N-Methyl-D-aspartate (NMDA) receptor and type T-Ca2++ channels (Schmidt-Hieber et al., 2004; Ge et al., 2007; Gu et al., 2012). In addition, these immature neurons form stable and functional synapses with CA3 pyramidal neurons at this age, which is an important event for hippocampal cognition (Toni et al., 2007, 2008; Gu et al., 2012). These temporally plastic proprieties enhance the plasticity of these neurons and may increase the probability of them being incorporated into a memory engram. As a component of a memory engram, immature neurons likely influence hippocampal short-term memory recall.


[image: image]

FIGURE 3. Adult hippocampal neurogenesis and contextual fear learning and memory. (A) ➀ Immature new neurons between 4 and 6 weeks old (red, inside dotted square) are particularly important for hippocampal memory function. Immature new neurons available at the time of the training become a part of the memory trace: ➁ dotted circle, young neurons (red) connected (black lines) with mature neurons (yellow). However, if they are absent before training or optogenetically silenced during conditioning ➂, their contribution to the memory trace is restricted ➃. (B) As part of the memory trace, young neurons contribute to an adequate memory retrieval, which is reflected by freezing behavior. Pretraining ablation or silencing of new neurons during conditioning, impairs memory retrieval, which is reflected by diminished freezing behavior. If immature new neurons are silenced during retrieval ➄, memory impairment is observed (diminished freezing). This highlights the role of immature new neurons between 4 and 6 weeks old as a critical component of memory traces.


Second, postlearning manipulation (ablating or silencing) of these immature neurons (∼4–6 weeks old) has a more disruptive effect on memory resolution than prelearning manipulation (Gu et al., 2012). This suggests that the impact of immature neurons in short-term memory is more evident if the neurons are available during learning, because they come to form an enduring component of hippocampal memory trace (Figures 3A,B). However, their influence on short-term memory is less evident or less obvious if the neurons are absent during learning, which may limit their incorporation into the memory trace. Nevertheless, as extensively discussed above, there are some methodological features used during the learning phase that help highlight the role of adult neurogenesis in memory. Taken together, using pre- or postlearning manipulation of adult neurogenesis, studies have pointed out the importance of this small and temporal cohort of new neurons in hippocampal memory function.


Long-Term Memory

In agreement with MWM results, there are studies using contextual fear memory that support the role of adult neurogenesis in long-term memory (Winocur et al., 2006; Arruda-Carvalho et al., 2011). These studies suggest that AHN modulates the transfer of memories from the hippocampus to cortical structures for long-term storage by shortening the time dependence of memories in the hippocampus. It has been shown that decreased levels of adult neurogenesis prolong the time dependence of contextual fear memories in the hippocampus, while increased levels shorten this time dependence (Kitamura et al., 2009). Moreover, it has been observed that the continuous addition of adult-born new neurons regulates the capacity of the hippocampus to store new memories, preventing saturation of the circuit. A decrease in neurogenesis by irradiation delays memory capacity recovery by prolonging LTP persistence. In contrast, an increase in neurogenesis by running accelerates memory capacity recovery by shortening LTP persistence (Alam et al., 2018). These results are in agreement with studies indicating that adult neurogenesis increases the network capacity for new information, promoting the removal of old information (Feng et al., 2001; Aimone et al., 2009; Frankland and Josselyn, 2016). By shortening the time dependence of a memory in the hippocampus and increasing the capacity to store new memories in the hippocampus, adult neurogenesis may promote memory formation (Terranova et al., 2019). Although, the precise mechanism through which AHN promotes long-term memory storage is still unknown, some possible implications have been speculated (for review see Terranova et al., 2019).

Recent studies have stressed the physiological relevance of the activity of memory-engram cells in memory consolidation through the CFC task (Kitamura et al., 2017; Tonegawa et al., 2018). Memory-engram cells related to contextual fear memory in the DG and the medial prefrontal cortex are associated with short- and long-term information storage, respectively. Memory engram cells in the DG are active early after the learning period and become inactive over time. Conversely, memory-engram cells from the medial prefrontal cortex are inactive early after the learning period and become active over time (for a discussion see Tonegawa et al., 2018). It is currently unknown how memory-engram cells become active or inactive over time; however, it is likely that new neurons can modulate these states. The continuous integration of newly generated neurons into the hippocampal circuit can disrupt the already established synaptic connections among memory engram cells (Kitamura and Inokuchi, 2014; Tonegawa et al., 2018; Terranova et al., 2019). This mechanism may in turn inactivate the memory engram in the DG over time. New technological tools that combine transgenic mice and optogenetic engineering to identify and modulate the activity of memory engram cells generated during contextual fear memory formation could help clarify the specific roles of adult neurogenesis in memory processes.




The Role of Adult Neurogenesis in Other Contextual Fear-Related Behaviors

After establishing contextual fear conditioning, it is possible to analyze other DG-mediated cognitive behaviors, such as fear extinction (Ji and Maren, 2007), fear recovery (Martínez-Canabal et al., 2019), and fear generalization (Asok et al., 2019). Next, we briefly describe the role of adult neurogenesis in the abovementioned contextual fear-related behaviors.


Contextual Fear Memory Extinction

In this process, extinction is defined as a decline in the conditioned fear response following repeated exposure to the context in the absence of foot shock (Ji and Maren, 2007). After extinction, the rodent learns that the context is no longer a predictor of the aversive shock (Ji and Maren, 2007). In the field of adult neurogenesis, studies have shown that mice with low levels of neurogenesis are not able to diminish the conditioned fear response as efficiently as mice with normal levels of neurogenesis during extinction training (Deng et al., 2009; Pan et al., 2012, 2013). Still, AHN may participate in fear memory extinction by reducing the overlap between both memory associations (Figure 2A; Kempermann, 2008; McAvoy et al., 2015; Besnard and Sahay, 2016).



Spontaneous Contextual Fear Recovery

After fear extinction, the expression of fear often returns as time passes, a phenomenon known as spontaneous fear recovery (Ji and Maren, 2007). It has been suggested that during recovery of an extinguished fear, the memory trace related to the fear response (spontaneous fear recovery) competes with the memory trace related to the lack of a fear response (extinguished fear) for the expression of the related behavioral response (Ji and Maren, 2007). Martínez-Canabal et al. (2019) investigated how AHN affects spontaneous fear recovery and its underlying brain network activity. The authors found that an increase in adult neurogenesis after but not before extinction prevented spontaneous fear recovery. In contrast, the reduction in adult neurogenesis after but not before extinction promoted spontaneous fear recovery (Figures 2A,B). Further experiments are necessary to develop a better understanding of the role of new neurons in spontaneous fear recovery. However, this study adds information to previous results in two ways. First, the posttraining modulation of adult neurogenesis (after extinction but not before) was shown to be more disruptive because new neurons are already committed to a memory trace (Arruda-Carvalho et al., 2011) and second, adult neurogenesis may contribute by reducing the proactive interference between both fear memory responses (Kempermann, 2008; McAvoy et al., 2015; Besnard and Sahay, 2016).



Fear Generalization

After associating the aversive presence of a foot shock to a specific context, rodents can show fear responses even in a similar innocuous context, which reflects their inability to make fine spatial discriminations (Lissek et al., 2010; Asok et al., 2019). The uncontrollable expression of fear in a safe context is known as fear generalization (Lissek et al., 2010; Asok et al., 2019). Indeed, rodents with low levels of neurogenesis in the DG have a reduced ability to discriminate between aversive and similar safe contexts (Nakashiba et al., 2012; Tronel et al., 2012). In contrast, rodents with high levels of neurogenesis increase their ability to discriminate between both contexts (Sahay et al., 2011). Several studies suggest that adult neurogenesis in the DG facilitates spatial discrimination and limits fear generalization by promoting pattern separation in the DG-CA3 circuit (Restivo et al., 2015; Temprana et al., 2015; Drew et al., 2016; Figures 2A,B). Adult neurogenesis facilitates the discrimination of similar contexts by regulating cell activity in the DG and CA3 and by preventing an overlap in the population code; the “population code” refers to the group of cells that are active during the encoding of a given context (Burghardt et al., 2012; Niibori et al., 2012). Several studies suggest that adult neurogenesis in the DG reduces the overlap of population code by activating inhibitory GABAergic neurons that lead to sparse cell activity in the DG and in CA3 (Burghardt et al., 2012; Niibori et al., 2012; Restivo et al., 2015; Temprana et al., 2015; Besnard and Sahay, 2016; Drew et al., 2016; Drew and Huckleberry, 2017; Figure 2A).

In summary, there is high heterogeneity among the protocols used to evaluate the function of neurogenesis through contextual fear. We posit that there are four possible conditioning parameters that may influence behavioral results and that experimenters should carefully consider in their experimental design: (1) the severity of the trial (multiple vs. single shock), (2) the preshock time interval, (3) the context configuration and, (4) the impact of the side effects generated by the ablating methods on mouse nociception. Finally, through pattern separation or by the forgetting of a previously learned memory, AHN may modulate other fear-related cognitive behaviors, such as fear extinction, fear recovery, and fear generalization.





CONCLUSION

Adult neurogenesis occurring in the rodent hippocampus has been widely accepted for a few decades now. Efforts to understand the role of adult-born neurons in behavior started almost hand-in-hand with these observations. The refinement of strategies to analyze, target and manipulate adult-born cells has provided clear evidence of the role of neurogenesis in behavior. Moreover, the dissection of the elements involved in the design of behavioral tasks has shown to be crucial for understanding the subtle roles of new neurons in episodic-like learning and memory. The consideration of each of the discussed elements for the implementation of a task when addressing the role of neurogenesis in behavior may provide a refined framework for discussing the obtained results.



AUTHOR CONTRIBUTIONS

KH-M and AZ wrote the manuscript. KH-M prepared the figures. AZ revised the manuscript. Both authors contributed to the article and approved the submitted version



FUNDING

Financial support was received by CONACyT 282470 and DGAPA-PAPIIT 208518. KH-M is a doctoral student from Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Autónoma de México (UNAM) and was supported by CONACyT 308538.



ACKNOWLEDGMENTS

The authors thank to Alonso Martínez Canabal and Ximena Salinas-Hernández for comments and critical reading of the manuscript and to Patricia Ferreira for help in manuscript preparation.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2021.782947/full#supplementary-material



REFERENCES

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

Aimone, J. B. (2016). Computational Modeling of Adult Neurogenesis. Cold Spring Harb. Perspect. Biol. 8:a018960. doi: 10.1101/cshperspect.a018960

Aimone, J. B., Deng, W., and Gage, F. H. (2011). Resolving New Memories: A Critical Look at the Dentate Gyrus, Adult Neurogenesis, and Pattern Separation. Neuron 70, 589–596. doi: 10.1016/j.neuron.2011.05.010

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

Aimone, J. B., Wiles, J., and Gage, F. H. (2009). Computational Influence of Adult Neurogenesis on Memory Encoding. Neuron 61, 187–202. doi: 10.1016/j.neuron.2008.11.026

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

Alam, M. J., Kitamura, T., Saitoh, Y., Ohkawa, N., Kondo, T., and Inokuchi, K. (2018). Adult Neurogenesis Conserves Hippocampal Memory Capacity. J. Neurosci. 38, 6854–6863. doi: 10.1523/JNEUROSCI.2976-17.2018

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

Alvarez-Buylla, A., and Lim, D. A. (2004). For the Long Run. Neuron 41, 683–686. doi: 10.1016/S0896-6273(04)00111-4

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

Appleby, P. A., and Wiskott, L. (2009). Additive neurogenesis as a strategy for avoiding interference in a sparsely-coding dentate gyrus. Network 20, 137–161. doi: 10.1080/09548980902993156

Arruda-Carvalho, M., Sakaguchi, M., Akers, K. G., Josselyn, S. A., and Frankland, P. W. (2011). Posttraining Ablation of Adult-Generated Neurons Degrades Previously Acquired Memories. J. Neurosci. 31, 15113–15127. doi: 10.1523/JNEUROSCI.3432-11.2011

Asok, A., Kandel, E. R., and Rayman, J. B. (2019). The Neurobiology of Fear Generalization. Front. Behav. Neurosci. 12:329. doi: 10.3389/fnbeh.2018.00329

Bachevalier, J., and Beauregard, M. (1993). Maturation of medial temporal lobe memory functions in rodents, monkeys, and humans. Hippocampus 3, 191–201.

Baldi, E. (2004). Footshock intensity and generalization in contextual and auditory-cued fear conditioning in the rat. Neurobiol. Learn. Mem. 81, 162–166. doi: 10.1016/j.nlm.2004.02.004

Bannerman, D. M., Good, M. A., Butcher, S. P., Ramsay, M., and Morris, R. G. M. (1995). Distinct components of spatial learning revealed by prior training and NMDA receptor blockade. Nature 378, 182–186. doi: 10.1038/378182a0

Ben Abdallah, N. M.-B., Filipkowski, R. K., Pruschy, M., Jaholkowski, P., Winkler, J., Kaczmarek, L., et al. (2013). Impaired long-term memory retention: Common denominator for acutely or genetically reduced hippocampal neurogenesis in adult mice. Behav. Brain Res. 252, 275–286. doi: 10.1016/j.bbr.2013.05.034

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., Arias-Gil, G., López-Fernández, A., Artegiani, B., Wasielewska, J. M., Lee, C.-C., et al. (2021). Increasing neurogenesis refines hippocampal activity rejuvenating navigational learning strategies and contextual memory throughout life. Nat. Commun. 11:135. doi: 10.1038/s41467-019-14026-z

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

Bernier, B. E., Lacagnina, A. F., Ayoub, A., Shue, F., Zemelman, B. V., Krasne, F. B., et al. (2017). Dentate Gyrus Contributes to Retrieval as well as Encoding: Evidence from Context Fear Conditioning, Recall, and Extinction. J. Neurosci. 37, 6359–6371. doi: 10.1523/JNEUROSCI.3029-16.2017

Besnard, A., and Sahay, A. (2016). Adult Hippocampal Neurogenesis, Fear Generalization, and Stress. Neuropsychopharmacology 41, 24–44. doi: 10.1038/npp.2015.167

Bondolfi, L., Ermini, F., Long, J. M., Ingram, D. K., and Jucker, M. (2004). Impact of age and caloric restriction on neurogenesis in the dentate gyrus of C57BL/6 mice. Neurobiol. Aging 25, 333–340. doi: 10.1016/S0197-4580(03)00083-6

Brandt, M. D., Jessberger, S., Steiner, B., Kronenberg, G., Reuter, K., Bick-Sander, A., et al. (2003). Transient calretinin expression defines early postmitotic step of neuronal differentiation in adult hippocampal neurogenesis of mice. Mol. Cell. Neurosci. 24, 603–613. doi: 10.1016/S1044-7431(03)00207-0

Burghardt, N. S., Park, E. H., Hen, R., and Fenton, A. A. (2012). Adult-born hippocampal neurons promote cognitive flexibility in mice. Hippocampus 22, 1795–1808. doi: 10.1002/hipo.22013

Cameron, H. A., and McKay, R. D. (2001). Adult neurogenesis produces a large pool of new granule cells in the dentate gyrus. J. Comp. Neurol. 435, 406–417. doi: 10.1002/cne.1040

Clark, P. J., Brzezinska, W. J., Thomas, M. W., Ryzhenko, N. A., Toshkov, S. A., and Rhodes, J. S. (2008). Intact neurogenesis is required for benefits of exercise on spatial memory but not motor performance or contextual fear conditioning in C57BL/6J mice. Neuroscience 155, 1048–1058. doi: 10.1016/j.neuroscience.2008.06.051

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

Commins, S., and Fey, D. (2019). Understanding the role of distance, direction and cue salience in an associative model of landmark learning. Sci. Rep. 9:2026. doi: 10.1038/s41598-019-38525-7

Curzon, P., Rustay, N. R., and Browman, K. E. (2009). “Cued and Contextual Fear Conditioning for Rodents,” in Methods of Behavior Analysis in Neuroscience, ed. J. J. Buccafusco (Boca Raton, FL: CRC Press).

D’Hooge, R., and De Deyn, P. P. (2001). Applications of the Morris water maze in the study of learning and memory. Brain Res. Rev. 36, 60–90. doi: 10.1016/S0165-0173(01)00067-4

Deng, W., Saxe, M. D., Gallina, I. S., and Gage, F. H. (2009). Adult-born hippocampal dentate granule cells undergoing maturation modulate learning and memory in the brain. J. Neurosci. 29, 13532–13542. doi: 10.1523/JNEUROSCI.3362-09.2009

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

Denny, C. A., Kheirbek, M. A., Alba, E. L., Tanaka, K. F., Brachman, R. A., Laughman, K. B., et al. (2014). Hippocampal Memory Traces Are Differentially Modulated by Experience, Time, and Adult Neurogenesis. Neuron 83, 189–201. doi: 10.1016/j.neuron.2014.05.018

Drapeau, E., Mayo, W., Aurousseau, C., Le Moal, M., Piazza, P.-V., and Abrous, D. N. (2003). Spatial memory performances of aged rats in the water maze predict levels of hippocampal neurogenesis. Proc. Natl. Acad. Sci. U S A. 100, 14385–14390. doi: 10.1073/pnas.2334169100

Drew, L. J., Kheirbek, M. A., Luna, V. M., Denny, C. A., Cloidt, M. A., Wu, M. V., et al. (2016). Activation of local inhibitory circuits in the dentate gyrus by adult-born neurons. Hippocampus 26, 763–778. doi: 10.1002/hipo.22557

Drew, M. R., and Huckleberry, K. A. (2017). Modulation of Aversive Memory by Adult Hippocampal Neurogenesis. Neurotherapeutics 14, 646–661. doi: 10.1007/s13311-017-0528-9

Drew, M. R., Denny, C. A., and Hen, R. (2010). Arrest of adult hippocampal neurogenesis in mice impairs single- but not multiple-trial contextual fear conditioning. Behav. Neurosci. 124, 446–454. doi: 10.1037/a0020081

Dumas, T. C. (2005). Late postnatal maturation of excitatory synaptic transmission permits adult-like expression of hippocampal-dependent behaviors. Hippocampus 15, 562–578. doi: 10.1002/hipo.20077

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

Epp, J. R., Silva Mera, R., Köhler, S., Josselyn, S. A., and Frankland, P. W. (2016). Neurogenesis-mediated forgetting minimizes proactive interference. Nat. Commun. 7:10838. doi: 10.1038/ncomms10838

Esposito, M. S. (2005). Neuronal Differentiation in the Adult Hippocampus Recapitulates Embryonic Development. J. Neurosci. 25, 10074–10086. doi: 10.1523/JNEUROSCI.3114-05.2005

Fanselow, M. S. (1980). Conditioned and unconditional components of post-shock freezing. Pavlov. J. Biol. Sci. 15, 177–182. doi: 10.1007/BF03001163

Farioli-Vecchioli, S., Saraulli, D., Costanzi, M., Pacioni, S., Cinà, I., Aceti, M., et al. (2008). The Timing of Differentiation of Adult Hippocampal Neurons Is Crucial for Spatial Memory. PLoS Biol. 6:e246. doi: 10.1371/journal.pbio.0060246

Feng, R., Rampon, C., Tang, Y.-P., Shrom, D., Jin, J., Kyin, M., et al. (2001). Deficient Neurogenesis in Forebrain-Specific Presenilin-1 Knockout Mice Is Associated with Reduced Clearance of Hippocampal Memory Traces. Neuron 32, 911–926. doi: 10.1016/S0896-6273(01)00523-2

Frankland, P. W., and Bontempi, B. (2005). The organization of recent and remote memories. Nat. Rev. Neurosci. 6, 119–130. doi: 10.1038/nrn1607

Frankland, P. W., and Josselyn, S. A. (2016). Hippocampal Neurogenesis and Memory Clearance. Neuropsychopharmacology 41, 382–383. doi: 10.1038/npp.2015.243

Frankland, P. W., Köhler, S., and Josselyn, S. A. (2013). Hippocampal neurogenesis and forgetting. Trends Neurosci. 36, 497–503. doi: 10.1016/j.tins.2013.05.002

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., Hsu, K., Ming, G., 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

Gil-Mohapel, J., Brocardo, P. S., Choquette, W., Gothard, R., Simpson, J. M., and Christie, B. R. (2013). Hippocampal Neurogenesis Levels Predict WATERMAZE Search Strategies in the Aging Brain. PLoS One 8:e75125. doi: 10.1371/journal.pone.0075125

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

Grech, A. M., Nakamura, J. P., and Hill, R. A. (2018). The Importance of Distinguishing Allocentric and Egocentric Search Strategies in Rodent Hippocampal-Dependent Spatial Memory Paradigms: Getting More Out of Your Data. Hippocampus Plasticity Funct. 2018:76603. doi: 10.5772/intechopen.76603

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

Hainmueller, T., and Bartos, M. (2020). Dentate gyrus circuits for encoding, retrieval and discrimination of episodic memories. Nat. Rev. Neurosci. 21, 153–168. doi: 10.1038/s41583-019-0260-z

Harris, L., Rigo, P., Stiehl, T., Gaber, Z. B., Austin, S. H. L., Masdeu, M., et al. (2021). Coordinated changes in cellular behavior ensure the lifelong maintenance of the hippocampal stem cell population. Cell Stem Cell 28, 863.e–876.e. doi: 10.1016/j.stem.2021.01.003

Heine, V. M., Maslam, S., Joëls, M., and Lucassen, P. J. (2004). Prominent decline of newborn cell proliferation, differentiation, and apoptosis in the aging dentate gyrus, in absence of an age-related hypothalamus–pituitary–adrenal axis activation. Neurobiol. Aging 25, 361–375. doi: 10.1016/S0197-4580(03)00090-3

Hernández-Rabaza, V., Llorens-Martín, M., Velázquez-Sánchez, C., Ferragud, A., Arcusa, A., Gumus, H. G., et al. (2009). Inhibition of adult hippocampal neurogenesis disrupts contextual learning but spares spatial working memory, long-term conditional rule retention and spatial reversal. Neuroscience 159, 59–68. doi: 10.1016/j.neuroscience.2008.11.054

Huckleberry, K. A., Shue, F., Copeland, T., Chitwood, R. A., Yin, W., and Drew, M. R. (2018). Dorsal and ventral hippocampal adult-born neurons contribute to context fear memory. Neuropsychopharmacology 43, 2487–2496. doi: 10.1038/s41386-018-0109-6

Imayoshi, I., Sakamoto, M., Ohtsuka, T., Takao, K., Miyakawa, T., Yamaguchi, M., et al. (2008). Roles of continuous neurogenesis in the structural and functional integrity of the adult forebrain. Nat. Neurosci. 11, 1153–1161. doi: 10.1038/nn.2185

Jaholkowski, P., Kiryk, A., Jedynak, P., Ben Abdallah, N. M., Knapska, E., Kowalczyk, A., et al. (2009). New hippocampal neurons are not obligatory for memory formation; cyclin D2 knockout mice with no adult brain neurogenesis show learning. Learn. Mem. 16, 439–451. doi: 10.1101/lm.1459709

Jeffery, K. J., and Morris, R. G. M. (1993). Cumulative long-term potentiation in the rat dentate gyrus correlates with, but does not modify, performance in the water maze. Hippocampus 3, 133–140. doi: 10.1002/hipo.450030205

Jessberger, S., Clark, R. E., Broadbent, N. J., Clemenson, G. D., Consiglio, A., Lie, D. C., et al. (2009). Dentate gyrus-specific knockdown of adult neurogenesis impairs spatial and object recognition memory in adult rats. Learn. Mem. 16, 147–154. doi: 10.1101/lm.1172609

Ji, J., and Maren, S. (2007). Hippocampal involvement in contextual modulation of fear extinction. Hippocampus 17, 749–758. doi: 10.1002/hipo.20331

Josselyn, S. A., and Frankland, P. W. (2012). Infantile amnesia: A neurogenic hypothesis. Learn. Mem. 19, 423–433. doi: 10.1101/lm.021311.110

Kaplan, M. S., and Hinds, J. W. (1977). Neurogenesis in the adult rat: electron microscopic analysis of light radioautographs. Science 197, 1092–1094. doi: 10.1126/science.887941

Kee, N., Teixeira, C. M., Wang, A. H., and Frankland, P. W. (2007). Preferential incorporation of adult-generated granule cells into spatial memory networks in the dentate gyrus. Nat. Neurosci. 10, 355–362. doi: 10.1038/nn1847

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., Jessberger, S., Steiner, B., and Kronenberg, G. (2004). Milestones of neuronal development in the adult hippocampus. Trends Neurosci. 27, 447–452. doi: 10.1016/j.tins.2004.05.013

Kempermann, G., Kuhn, H. G., and Gage, F. H. (1997). Genetic influence on neurogenesis in the dentate gyrus of adult mice. Proc. Natl. Acad. Sci. 94, 10409–10414. doi: 10.1073/pnas.94.19.10409

Kempermann, G., Song, H., and Gage, F. H. (2015). Neurogenesis in the Adult Hippocampus. Cold Spring Harb. Perspect. Biol. 7:a018812. doi: 10.1101/cshperspect.a018812

Kirby, E. D., Friedman, A. R., Covarrubias, D., Ying, C., Sun, W. G., Goosens, K. A., et al. (2012). Basolateral amygdala regulation of adult hippocampal neurogenesis and fear-related activation of newborn neurons. Mol. Psychiatry 17, 527–536. doi: 10.1038/mp.2011.71

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

Kitamura, T., Ogawa, S. K., Roy, D. S., Okuyama, T., Morrissey, M. D., Smith, L. M., et al. (2017). Engrams and circuits crucial for systems consolidation of a memory. Science 356, 73–78. doi: 10.1126/science.aam6808

Kitamura, T., Saitoh, Y., Takashima, N., Murayama, A., Niibori, Y., Ageta, H., et al. (2009). Adult Neurogenesis Modulates the Hippocampus-Dependent Period of Associative Fear Memory. Cell 139, 814–827. doi: 10.1016/j.cell.2009.10.020

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.

Lacefield, C. O., Itskov, V., Reardon, T., Hen, R., and Gordon, J. A. (2012). Effects of adult-generated granule cells on coordinated network activity in the dentate gyrus. Hippocampus 22, 106–116. doi: 10.1002/hipo.20860

Lee, J. W., and Jung, M. W. (2017). Separation or binding? Role of the dentate gyrus in hippocampal mnemonic processing. Neurosci. Biobehav. Rev. 75, 183–194. doi: 10.1016/j.neubiorev.2017.01.049

Lieberwirth, C., Pan, Y., Liu, Y., Zhang, Z., and Wang, Z. (2016). Hippocampal adult neurogenesis: Its regulation and potential role in spatial learning and memory. Brain Res. 1644, 127–140. doi: 10.1016/j.brainres.2016.05.015

Lissek, S., Rabin, S., Heller, R. E., Lukenbaugh, D., Geraci, M., Pine, D. S., et al. (2010). Overgeneralization of Conditioned Fear as a Pathogenic Marker of Panic Disorder. Am. J. Psychiatry 167, 47–55. doi: 10.1176/appi.ajp.2009.09030410

Liu, X., Ramirez, S., Pang, P. T., Puryear, C. B., Govindarajan, A., Deisseroth, K., et al. (2012). Optogenetic stimulation of a hippocampal engram activates fear memory recall. Nature 484, 381–385. doi: 10.1038/nature11028

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

Luna, V. M., Anacker, C., Burghardt, N. S., Khandaker, H., Andreu, V., Millette, A., et al. (2019). Adult-born hippocampal neurons bidirectionally modulate entorhinal inputs into the dentate gyrus. Science 364, 578–583. doi: 10.1126/science.aat8789

Madsen, T., Kristjansen, P. E., Bolwig, T., and Wörtwein, G. (2003). Arrested neuronal proliferation and impaired hippocampal function following fractionated brain irradiation in the adult rat. Neuroscience 119, 635–642. doi: 10.1016/S0306-4522(03)00199-4

Maren, S., Phan, K. L., and Liberzon, I. (2013). The contextual brain: implications for fear conditioning, extinction and psychopathology. Nat. Rev. Neurosci. 14, 417–428. doi: 10.1038/nrn3492

Martinez-Canabal, A., Akers, K. G., Josselyn, S. A., and Frankland, P. W. (2013). Age-dependent effects of hippocampal neurogenesis suppression on spatial learning. Hippocampus 23, 66–74. doi: 10.1002/hipo.22054

Martínez-Canabal, A., López-Oropeza, G., Gaona-Gamboa, A., Ballesteros-Zebadua, P., de la Cruz, O. G., Moreno-Jimenez, S., et al. (2019). Hippocampal neurogenesis regulates recovery of defensive responses by recruiting threat- and extinction-signalling brain networks. Sci. Rep. 9:2939. doi: 10.1038/s41598-019-39136-y

McAvoy, K., Besnard, A., and Sahay, A. (2015). Adult hippocampal neurogenesis and pattern separation in DG: a role for feedback inhibition in modulating sparseness to govern population-based coding. Front. Syst. Neurosci. 9:120. doi: 10.3389/fnsys.2015.00120

McHugh, T. J., Jones, M. W., Quinn, J. J., Balthasar, N., Coppari, R., Elmquist, J. K., et al. (2007). Dentate gyrus NMDA receptors mediate rapid pattern separation in the hippocampal network. Science 317, 94–99. doi: 10.1126/science.1140263

Meshi, D., Drew, M. R., Saxe, M., Ansorge, M. S., David, D., Santarelli, L., et al. (2006). Hippocampal neurogenesis is not required for behavioral effects of environmental enrichment. Nat. Neurosci. 9, 729–731. doi: 10.1038/nn1696

Mongiat, L. A., and Schinder, A. F. (2011). Adult neurogenesis and the plasticity of the dentate gyrus network. Eur. J. Neurosci. 33, 1055–1061. doi: 10.1111/j.1460-9568.2011.07603.x

Morris, R. G. M., Anderson, E., Lynch, G. S., and Baudry, M. (1986). Selective impairment of learning and blockade of long-term potentiation by an N-methyl-D-aspartate receptor antagonist, AP5. Nature 319, 774–776. doi: 10.1038/319774a0

Morris, R. G. M., Garrud, P., Rawlins, J. N. P., and O’Keefe, J. (1982). Place navigation impaired in rats with hippocampal lesions. Nature 297, 681–683. doi: 10.1038/297681a0

Nakashiba, T., Cushman, J. D., Pelkey, K. A., Renaudineau, S., Buhl, D. L., McHugh, T. J., et al. (2012). Young Dentate Granule Cells Mediate Pattern Separation, whereas Old Granule Cells Facilitate Pattern Completion. Cell 149, 188–201. doi: 10.1016/j.cell.2012.01.046

Niibori, Y., Yu, T.-S., Epp, J. R., Akers, K. G., Josselyn, S. A., and Frankland, P. W. (2012). Suppression of adult neurogenesis impairs population coding of similar contexts in hippocampal CA3 region. Nat. Commun. 3:1253. doi: 10.1038/ncomms2261

O’Keefe, J. (1976). Place units in the hippocampus of the freely moving rat. Exp. Neurol. 51, 78–109. doi: 10.1016/0014-4886(76)90055-8

Pan, Y.-W., Chan, G. C. K., Kuo, C. T., Storm, D. R., and Xia, Z. (2012). Inhibition of Adult Neurogenesis by Inducible and Targeted Deletion of ERK5 Mitogen-Activated Protein Kinase Specifically in Adult Neurogenic Regions Impairs Contextual Fear Extinction and Remote Fear Memory. J. Neurosci. 32, 6444–6455. doi: 10.1523/JNEUROSCI.6076-11.2012

Pan, Y.-W., Storm, D. R., and Xia, Z. (2013). Role of adult neurogenesis in hippocampus-dependent memory, contextual fear extinction and remote contextual memory: New insights from ERK5 MAP kinase. Neurobiol. Learn. Mem. 105, 81–92. doi: 10.1016/j.nlm.2013.07.011

Phillips, R. G., and LeDoux, J. E. (1992). Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning. Behav. Neurosci. 106, 274–285. doi: 10.1037/0735-7044.106.2.274

Pilz, G.-A., Bottes, S., Betizeau, M., Jörg, D. J., Carta, S., Simons, B. D., et al. (2018). Live imaging of neurogenesis in the adult mouse hippocampus. Science 359, 658–662. doi: 10.1126/science.aao5056

Poulos, A. M., Mehta, N., Lu, B., Amir, D., Livingston, B., Santarelli, A., et al. (2016). Conditioning- and time-dependent increases in context fear and generalization. Learn. Mem. 23, 379–385. doi: 10.1101/lm.041400.115

Preston, A. R., and Eichenbaum, H. (2013). Interplay of hippocampus and prefrontal cortex in memory. Curr. Biol. 23, R764–R773. doi: 10.1016/j.cub.2013.05.041

Raber, J., Rola, R., LeFevour, A., Morhardt, D., Curley, J., Mizumatsu, S., et al. (2004). Radiation-Induced Cognitive Impairments are Associated with Changes in Indicators of Hippocampal Neurogenesis. Radiat. Res. 162, 39–47. doi: 10.1667/RR3206

Ramirez, S., Liu, X., Lin, P.-A., Suh, J., Pignatelli, M., Redondo, R. L., et al. (2013). Creating a False Memory in the Hippocampus. Science 341, 387–391. doi: 10.1126/science.1239073

Rangel, L. M., Quinn, L. K., Chiba, A. A., Gage, F. H., and Aimone, J. B. (2013). A hypothesis for temporal coding of young and mature granule cells. Front. Neurosci. 7:75. doi: 10.3389/fnins.2013.00075

Redondo, R. L., Kim, J., Arons, A. L., Ramirez, S., Liu, X., and Tonegawa, S. (2014). Bidirectional switch of the valence associated with a hippocampal contextual memory engram. Nature 513, 426–430. doi: 10.1038/nature13725

Restivo, L., Niibori, Y., Mercaldo, V., Josselyn, S. A., and Frankland, P. W. (2015). Development of Adult-Generated Cell Connectivity with Excitatory and Inhibitory Cell Populations in the Hippocampus. J. Neurosci. 35, 10600–10612. doi: 10.1523/JNEUROSCI.3238-14.2015

Rogers, J., Churilov, L., Hannan, A. J., and Renoir, T. (2017). Search strategy selection in the Morris water maze indicates allocentric map formation during learning that underpins spatial memory formation. Neurobiol. Learn. Mem. 139, 37–49. doi: 10.1016/j.nlm.2016.12.007

Rola, R., Raber, J., Rizk, A., Otsuka, S., VandenBerg, S. R., Morhardt, D. R., et al. (2004). Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive deficits in young mice. Exp. Neurol. 188, 316–330. doi: 10.1016/j.expneurol.2004.05.005

Rudy, J. W., Barrientos, R. M., and O’Reilly, R. C. (2002). Hippocampal formation supports conditioning to memory of a context. Behav. Neurosci. 116, 530–538. doi: 10.1037/0735-7044.116.4.530

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

Sanders, M. J., Wiltgen, B. J., and Fanselow, M. S. (2003). The place of the hippocampus in fear conditioning. Eur. J. Pharmacol. 463, 217–223. doi: 10.1016/S0014-2999(03)01283-4

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

Schauwecker, P. E. (2006). Genetic influence on neurogenesis in the dentate gyrus of two strains of adult mice. Brain Res. 1120, 83–92. doi: 10.1016/j.brainres.2006.08.086

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

Seri, B., Garcıìa-Verdugo, J. M., McEwen, B. S., and Alvarez-Buylla, A. (2001). Astrocytes Give Rise to New Neurons in the Adult Mammalian Hippocampus. J. Neurosci. 21, 7153–7160. doi: 10.1523/JNEUROSCI.21-18-07153.2001

Shors, T. J., Townsend, D. A., Zhao, M., Kozorovitskiy, Y., and Gould, E. (2002). Neurogenesis may relate to some but not all types of hippocampal-dependent learning. Hippocampus 12, 578–584. doi: 10.1002/hipo.10103

Sierra, A., Encinas, J. M., Deudero, J. J. P., Chancey, J. H., Enikolopov, G., Overstreet-Wadiche, L. S., et al. (2010). Microglia Shape Adult Hippocampal Neurogenesis through Apoptosis-Coupled Phagocytosis. Cell Stem Cell 7, 483–495. doi: 10.1016/j.stem.2010.08.014

Snyder, J. S., Choe, J. S., Clifford, M. A., Jeurling, S. I., Hurley, P., Brown, A., et al. (2009). Adult-Born Hippocampal Neurons Are More Numerous, Faster Maturing, and More Involved in Behavior in Rats than in Mice. J. Neurosci. 29, 14484–14495. doi: 10.1523/JNEUROSCI.1768-09.2009

Snyder, J. S., Hong, N. S., McDonald, R. J., and Wojtowicz, J. M. (2005). A role for adult neurogenesis in spatial long-term memory. Neuroscience 130, 843–852. doi: 10.1016/j.neuroscience.2004.10.009

Stone, S. S. D., Teixeira, C. M., DeVito, L. M., Zaslavsky, K., Josselyn, S. A., Lozano, A. M., et al. (2011). Stimulation of Entorhinal Cortex Promotes Adult Neurogenesis and Facilitates Spatial Memory. J. Neurosci. 31, 13469–13484. doi: 10.1523/JNEUROSCI.3100-11.2011

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., Sandler, V. M., Toni, N., Zhao, C., and Gage, F. H. (2006). NMDA-receptor-mediated, cell-specific integration of new neurons in adult dentate gyrus. Nature 442, 929–933. doi: 10.1038/nature05028

Temprana, S. G., Mongiat, L. A., Yang, S. M., Trinchero, M. F., Alvarez, D. D., Kropff, E., et al. (2015). Delayed Coupling to Feedback Inhibition during a Critical Period for the Integration of Adult-Born Granule Cells. Neuron 85, 116–130. doi: 10.1016/j.neuron.2014.11.023

Terranova, J. I., Ogawa, S. K., and Kitamura, T. (2019). Adult hippocampal neurogenesis for systems consolidation of memory. Behav. Brain Res. 372:112035. doi: 10.1016/j.bbr.2019.112035

Tonegawa, S., Morrissey, M. D., and Kitamura, T. (2018). The role of engram cells in the systems consolidation of memory. Nat. Rev. Neurosci. 19, 485–498. doi: 10.1038/s41583-018-0031-2

Toni, N., Laplagne, D. A., Zhao, C., Lombardi, G., Ribak, C. E., Gage, F. H., et al. (2008). Neurons born in the adult dentate gyrus form functional synapses with target cells. Nat. Neurosci. 11, 901–907. doi: 10.1038/nn.2156

Toni, N., Teng, E. M., Bushong, E. A., Aimone, J. B., Zhao, C., Consiglio, A., et al. (2007). Synapse formation on neurons born in the adult hippocampus. Nat. Neurosci. 10, 727–734. doi: 10.1038/nn1908

Tronel, S., Belnoue, L., Grosjean, N., Revest, J.-M., Piazza, P.-V., Koehl, M., et al. (2012). Adult-born neurons are necessary for extended contextual discrimination. Hippocampus 22, 292–298. doi: 10.1002/hipo.20895

Tronel, S., Fabre, A., Charrier, V., Oliet, S. H. R., Gage, F. H., and Abrous, D. N. (2010). Spatial learning sculpts the dendritic arbor of adult-born hippocampal neurons. Proc. Natl. Acad. Sci. 107, 7963–7968. doi: 10.1073/pnas.0914613107

van Praag, H., Schinder, A. F., Christie, B. R., Toni, N., Palmer, T. D., and Gage, F. H. (2002). Functional neurogenesis in the adult hippocampus. Nature 415, 1030–1034. doi: 10.1038/4151030a

von Bohlen und Halbach, O. (2007). Immunohistological markers for staging neurogenesis in adult hippocampus. Cell Tissue Res. 329, 409–420. doi: 10.1007/s00441-007-0432-4

Vorhees, C. V., and Williams, M. T. (2006). Morris water maze: procedures for assessing spatial and related forms of learning and memory. Nat. Protoc. 1, 848–858. doi: 10.1038/nprot.2006.116

Vorhees, C. V., and Williams, M. T. (2014). Assessing Spatial Learning and Memory in Rodents. ILAR J. 55, 310–332. doi: 10.1093/ilar/ilu013

Wang, S., Scott, B. W., and Wojtowicz, J. M. (2000). Heterogenous properties of dentate granule neurons in the adult rat. J. Neurobiol. 42, 248–257.

Wang, W., Pan, Y.-W., Zou, J., Li, T., Abel, G. M., Palmiter, R. D., et al. (2014). Genetic Activation of ERK5 MAP Kinase Enhances Adult Neurogenesis and Extends Hippocampus-Dependent Long-Term Memory. J. Neurosci. 34, 2130–2147. doi: 10.1523/JNEUROSCI.3324-13.2014

Warner-Schmidt, J. L., Madsen, T. M., and Duman, R. S. (2008). Electroconvulsive seizure restores neurogenesis and hippocampus-dependent fear memory after disruption by irradiation. Eur. J. Neurosci. 27, 1485–1493. doi: 10.1111/j.1460-9568.2008.06118.x

Webler, R. D., Fulton, S., Perera, T. D., and Coplan, J. D. (2019). Maturational phase of hippocampal neurogenesis and cognitive flexibility. Neurosci. Lett. 711:134414. doi: 10.1016/j.neulet.2019.134414

Weisz, V. I., and Argibay, P. F. (2012). Neurogenesis interferes with the retrieval of remote memories: Forgetting in neurocomputational terms. Cognition 125, 13–25. doi: 10.1016/j.cognition.2012.07.002

Wiltgen, B. J. (2006). Context Fear Learning in the Absence of the Hippocampus. J. Neurosci. 26, 5484–5491. doi: 10.1523/JNEUROSCI.2685-05.2006

Wiltgen, B. J., Brown, R. A. M., Talton, L. E., and Silva, A. J. (2004). New circuits for old memories: the role of the neocortex in consolidation. Neuron 44, 101–108. doi: 10.1016/j.neuron.2004.09.015

Winocur, G., Wojtowicz, J. M., Sekeres, M., Snyder, J. S., and Wang, S. (2006). Inhibition of neurogenesis interferes with hippocampus-dependent memory function. Hippocampus 16, 296–304. doi: 10.1002/hipo.20163

Wotjak, C. T. (2019). Sound check, stage design and screen plot – how to increase the comparability of fear conditioning and fear extinction experiments. Psychopharmacology 236, 33–48. doi: 10.1007/s00213-018-5111-5

Zepeda, A., Aguilar-Arredondo, A., Michel, G., Ramos-Languren, L. E., Escobar, M. L., and Arias, C. (2013). Functional recovery of the dentate gyrus after a focal lesion is accompanied by structural reorganization in the adult rat. Brain Struct. Funct. 218, 437–453. doi: 10.1007/s00429-012-0407-4

Zhang, C.-L., Zou, Y., He, W., Gage, F. H., and Evans, R. M. (2008). A role for adult TLX-positive neural stem cells in learning and behaviour. Nature 451, 1004–1007. doi: 10.1038/nature06562

Zhao, C. (2006). Distinct Morphological Stages of Dentate Granule Neuron Maturation in the Adult Mouse Hippocampus. J. Neurosci. 26, 3–11. doi: 10.1523/JNEUROSCI.3648-05.2006


Conflict of Interest: The authors declare 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 Hernández-Mercado and Zepeda. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Morris Water Maze and Contextual Fear Conditioning Tasks to Evaluate Cognitive Functions Associated With Adult Hippocampal Neurogenesis



		INTRODUCTION



		THE MORRIS WATER MAZE



		Impact of Adult Neurogenesis on the Learning Phase of the Morris Water Maze Test



		Impact of Adult Neurogenesis on Morris Water Maze Memory Performance



		Short-Term Memory



		Long-Term Memory











		CONTEXTUAL FEAR CONDITIONING



		Adult Neurogenesis in the Conditioning Phase



		First: Training Severity



		Second: Rodent Nociception



		Third: The Preshock Time Interval



		Fourth: The Context Configuration







		Impact of Adult Neurogenesis in Contextual Fear Memory



		Long-Term Memory







		The Role of Adult Neurogenesis in Other Contextual Fear-Related Behaviors



		Contextual Fear Memory Extinction



		Spontaneous Contextual Fear Recovery



		Fear Generalization











		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnins-15-782947-g003.jpg
A Conditioning B Memory

4-6 weeks old Available @ Available

p BN
No "“pa'"“e"‘ L@Q

Post-training

i inactivation
Single foot-shock | | o8 = || Qi

Pre-shock interval L‘J OO&'
Nociception ‘ ® Q‘

-

L
- -
.......

Context configuration

No freezing =

- }aﬂ:
@ """"" : ~~~ b Impairment |

L4
L
-
........

Pre-training ablation Training inactivation Absent






OPS/images/fnins-15-782947-g001.jpg
% SS

Allocentric

I Spatially Precise

))&

Directswim Focal swim Directed search

sty

A

Reversal

Day 1 Day2 Day3 ay4 Day5 Dayé

a Egocentric

M Spatially Imprecise

D®@O®

Chaining  Scanning  Random  Thigmotaxis Perseverance

e

Reversal

Day1 Day2 Jay 3 Jay 4 Day 5 Jay 6

=

% SS






OPS/images/fnins-15-782947-g002.jpg
4 Neurogenesis y Neurogenesis

E Excnab)%

Exc bllu

R

A Sparsirty
® A ] @@ B
No foot (14 (A X No foot
shock ZI } N > | |\|shock
- ; —_—
No Freezing Freezing Freezing
Discrimination No discrimination
@ ® @ ®
Fear No fear Fear ‘ Fear
extinction “—— recovery extinction = recovery
Ina| 1 Trial 1 x’:rays
= P | PO
SRS

Freezing No freezing No freezing No freezing Freezing Freezing No freezing reezing





OPS/images/cover.jpg
a' frontiers
In Neuroscience










OPS/images/logo.jpg
' frontiers

in Neuroscience





