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Abstract

There has been interest in the function of adult neurogenesis since its discovery, by Joseph 

Altman, nearly 60 years ago. While controversy curtailed follow up studies, in the 1990s a second 

wave of research validated many of Altman’s original claims and revealed that factors such as 

stress and environmental stimulation altered the production of new neurons in the hippocampus. 

However, only with the advent of tools for manipulating neurogenesis did it become possible to 

perform causal tests of the function of newborn neurons. Here, we identify approximately 100 

studies in which adult neurogenesis was manipulated to study its function. A majority of these 

studies demonstrate functions for adult neurogenesis in classic hippocampal behaviors such as 

context learning and spatial memory, as well as emotional behaviors related to stress, anxiety and 

depression. However, a closer look reveals a number of other, arguably understudied, functions in 

decision making, temporal association memory, and addiction. In this special issue, we present 16 

new studies and review articles that continue to address and clarify the function of adult 

neurogenesis in behaviors as diverse as memory formation and consolidation, pattern separation 

and discrimination behaviors, addiction, and attention. Reviews of stem cell dynamics and 

regenerative properties provide insights into the mechanisms by which neurogenesis may be 

controlled to offset age- and disease-related brain injury. Finally, translation-oriented reviews 

identify next steps for minimizing the gap between discoveries made in animals and applications 

for human health. The articles in this issue synthesize and extend what we have learned in the last 

half century of functional neurogenesis research and identify themes that will define its future.

The discovery that neurons are added to the adult brain has generated tremendous 

excitement in recent decades, but, ultimately, neurogenesis is only important to the extent 

that it contributes to brain function and behavior. This fact was not lost on the pioneers of 

neurogenesis: when Joseph Altman discovered adult neurogenesis over 50 years ago, he was 

already speculating on its functional significance. In a study that quantified the protracted 

addition of hippocampal neurons, and found that they bind 3H-testosterone, he proposed that 

neurogenesis may be involved in late onset behaviors such as those related to sexual 
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processes [1]. While modern approaches allow for causal tests of function, much of what we 

know about neurogenesis function stems from pioneering work that inferred function 

through quantification of changes in neuronal birth and survival in response to various 

manipulations, similar to Altman’s studies. Here, we review studies that, over the years, 

have led to our current understanding of the function of adult neurogenesis and highlight a 

collection of studies in this special issue that continue in this tradition.

Following the groundbreaking work of Altman, neurogenesis research was essentially “on 

hold” until the 1990s, when advances in immunohistochemistry and microscopy appeared, 

and at which point there was growing acceptance for the broader notion of neuroplasticity 

[2,3]. Early work showed that the cell proliferation in the adult dentate gyrus is suppressed 

by stress and stress hormones [4,5], and that newborn neurons express both glucocorticoid 

and mineralocorticoid receptors [6], thereby providing compelling early support for a 

neurogenic role in stress-related behaviors. Soon after, it was reported that survival of adult-

born neurons is increased by enriched environment [7] and hippocampal-dependent forms of 

learning [8], suggesting that immature neurons may be rescued proportional to cognitive 

demands. Around that time it was also reported that exercise upregulates cell proliferation, 

increases dentate gyrus LTP, and improves spatial learning, thereby providing intriguing 

support for a possible role for neurogenesis in hippocampal circuit function and behavior 

[9,10]. A comprehensive review of the physiological and anatomical features of 

neurogenesis-associated circuitry that support the memory functions of the hippocampus can 

be found in the review article by Christian et al, in this issue [11].

The first direct test of a behavioral function for neurogenesis came in 2001, when Shors et 

al. found that inhibiting cell proliferation impaired rats’ ability to learn a conditioned trace 

eyeblink response [12]. A wave of additional studies soon followed, using chemical, 

radiological, transgenic and optogenetic approaches to modulate neurogenesis and assess 

behavioral changes. Figure 1 displays the trajectory of 96 such studies over time. The 

collection of studies was manually adapted from a recent survey [13] and is intended to be 

comprehensive (provided as supplementary material). Inevitably, some studies may have 

been missed but perhaps some insights can still be gleaned. For example, in 2008 there is an 

approximate tripling in the number of such studies per year, which coincides with the first 

use of transgenic animals where neurogenesis could be inducibly arrested in adulthood 

[14,15]. By 2018–19, 67% of studies (14/21) used transgenic models, highlighting the role 

these models have played in enabling more widespread investigation of the behavioral 

function of adult neurogenesis.

In addition to plotting the temporal trajectory, one can also examine which types of 

behaviors have been investigated. Not surprisingly, 66% of studies have examined classic 

hippocampal functions in memory, using well-established tests such as contextual fear 

conditioning and spatial learning and memory in navigational tasks. Notably, not all studies 

have found behavioral requirements for neurogenesis and only over time have themes 

emerged from apparent discrepancies. For example, numerous studies have reported both 

that neurogenesis is, and is not, required for contextual fear conditioning. A meta-analysis of 

these data found no consistent effect but noted a high degree of variability in the reported 

effects across studies [16], suggesting that the role of neurogenesis may only be apparent in 
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certain conditions. Indeed, one study that carefully manipulated the duration of training and 

the number of footshocks that mice were exposed to found that neurogenesis was required 

for context learning only when there was a brief opportunity to form a context-footshock 

association [17]. The duration of neurogenesis ablation [15,18] also matters (see [19] for 

review).

One theme that has emerged is that neurogenesis appears to be particularly important for 

learning when there is greater possibility for interference between memories. This work has 

been inspired by theoretical predictions that a core function of the dentate gyrus is pattern 

separation, whereby incoming sensory signals are decorrelated in order to minimize 

representational overlap between experiences [20,21]. Indeed, neurogenesis functions in 

context fear conditioning are particularly salient in discriminative paradigms, where 

footshock is paired with only one of two similar-appearing contexts [22–26]. Consistent 

with a discrimination function, neurogenesis-deficient animals are often capable of initial 

learning in spatial tasks but have difficulty performing a spatial reversal or discriminating 

nearby locations or cues [27–35].

Two studies in this special issue provide additional support for a neurogenic role in spatial 

discrimination behaviors. First, van Dijk et al. use the Intellicage to behaviorally phenotype 

five species of rodents in their home cage environment, finding that spatial reversal learning 

correlates with levels of neurogenesis in the septal hippocampus [36]. Remarkably, this 

correlation was observed across both domesticated and wild species, providing an important 

validation of previous findings from rather artificial laboratory testing experiments. Second, 

Yu et al. tested transgenic neurogenesis-deficient rats in a water maze paradigm where the 

escape platform alternated between 2 possible locations on each trial [37]. Whereas intact 

rats developed an efficient sequential strategy for targeting the 2 locations, neurogenesis-

deficient rats vacillated in their choice behavior and were generally inefficient, consistent 

with a role for neurogenesis in guiding adaptive behavioral responses in conditions that 

require discrimination of related stimuli.

What are the cellular- and circuit-level mechanisms by which neurogenesis contributes to 

memory formation? While the enhanced plasticity and excitability of newborn neurons is 

often cited as providing physiological support for a role in memory, it has remained unclear 

how these properties promote the formation of precise memories that enable discrimination. 

Here, Lodge and Bischofberger provide a detailed review of the physiology and offer a 

proposal for how excitable immature neurons with weak but plastic synapses might provide 

the sparse code that is needed for precise memories [38]. Also in the current issue, 

Tuncdemir et al. offer a complementary perspective where they emphasize a diversity of 

circuit mechanisms by which neurogenesis might promote distributed representations of 

spatial, object-related, and temporal information in the hippocampus [39]. Indeed, blocking 

neurogenesis in mice can elevate overall hippocampal activity, which may reduce sparse 

coding and promote memory interference. In a test of this hypothesis, Cahill et al., in this 

issue, found that blocking neurogenesis did not alter activity of neonatally-born dentate 

gyrus neurons in rats [40]. However, treatment with exercise and memantine, which are 

well-known pro-neurogenic manipulations, greatly suppressed neural activity in the dentate 
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gyrus. The asymmetrical effects of decreasing and increasing neurogenesis show that 

neurogenesis rates do not have a simple, direct effect on neural activity.

Memory is dynamic and can transform or be forgotten in the days, weeks or years after 

encoding. In contrast to the large body of work that has investigated neurogenesis functions 

in learning and memory over shorter intervals, there is relatively little study of neurogenesis 

functions in long-term processes [41–43]. In this issue, Terranova et al. review previous 

evidence that has implicated neurogenesis in long-term memory retention and systems 

consolidation [44]. By highlighting approaches for precisely manipulating neuronal 

populations, they identify strategies for addressing key mechanistic questions in the future. 

Tran et al. address the question of how neurogenesis contributes to another dynamic aspect 

of memory: forgetting [45]. By generating an artificial neural network model of the 

trisynaptic circuit, and using biologically plausible rates of neurogenesis, they propose that 

the excitability and efferent connectivity of newborn neurons play particularly important 

roles in the forgetting of previously-acquired memories. They also report that, by promoting 

forgetting, neurogenesis also improves learning that conflicts with previously-acquired 

memories, thereby providing additional insights into the mechanisms by which neurogenesis 

contributes to the types of reversal learning described above.

After spatial and contextual memory, emotional behaviors are the second-most common type 

of behavior examined in functional studies of neurogenesis. Interest in emotional functions 

of neurogenesis stems from the early work on stress, described above, and sharply increased 

following early findings that neurogenesis is upregulated by antidepressant drugs [46] and is 

required for their behavioral effects [47]. Since that time, many subsequent studies have 

focused on neurogenesis functions in behaviors related to anxiety, depression, and the 

response to stress [48]. While social and emotional behaviors are separated from each other 

in Figure 1, studies showing neurogenesis modulates social interaction have typically done 

so in the context of stress, depression, and social dominance situations that are relevant for 

understanding the role of neurogenesis in emotional disorders [49–52].

Whereas antidepressant drugs increase neurogenesis, drugs of abuse have typically been 

associated with decreased production of new neurons [53], and several studies have reported 

that neurogenesis regulates addiction behavior in animal models [54–56]. Nonetheless, the 

role of neurogenesis in addiction is massively understudied relative to its roles in memory 

and emotional behaviors. In this issue, Bulin et al. [57] therefore sought to address the role 

of morphine self-administration on new neuron survival, given seemingly contradictory 

evidence that morphine reduces cell proliferation [58] but increases neuronal production 

[59]. In finding no effects of morphine on measures of neuronal proliferation, survival, or 

maturation they systematically review the important role that dose, timing, and other 

methodological factors may play in morphine-dependent regulation of neurogenesis. Given 

that similar complexities are observed in the regulation of neurogenesis by learning [60], and 

have taken years to untangle, these results are perhaps not surprising, and they highlight the 

need for future work in this relatively understudied area.

A final look at the behavioral categories in Figure 1 highlights a number of additional 

behaviors that have received relatively little attention but perhaps warrant additional 
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investigation. A handful of studies have investigated neurogenesis functions in object-related 

memory, which may be worth pursuing given the preferential connectivity of new neurons 

with the lateral perforant path [61], which relays ventral stream object-related information to 

the hippocampus [62]. Despite the initial discovery that new neurons are important for trace 

eyeblink conditioning [12], there are only a few other investigations of the role of 

neurogenesis in temporal association memory [63–65]. Additionally, while neurogenesis 

may contribute to complex spatial behavior, there are few, but nonetheless positive, reports 

of neurogenesis involvement in nonspatial forms of decision making and reward seeking 

[66,67]. Lastly, in this issue, Weeden et al. [68] provide novel support for a role for 

neurogenesis in shifting attention. Given the ubiquitous nature of attentional regulation, this 

raises new questions of how neurogenesis functions in learning may be influenced by other 

functions in cognition.

The early work of Altman demonstrated the profound reduction in neurogenesis that occurs 

with age. In this issue, Kirschen and Ge review the aging literature that has amassed since 

Altman’s time and address key questions about how neurogenesis might impact 

hippocampal function later in life when cell addition rates have slowed [69]. On a related 

note, Lazutkin et al. highlight key gaps in our understanding of stem cell dynamics that, 

once clarified, may lead to the development of tools for promoting the long-term 

maintenance and activity of neural precursors throughout aging [70]. Strategies for 

enhancing neurogenesis are not only relevant for aging but, as discussed by Williamson and 

Drew in this issue, may also be valuable for disorders where neurons are lost, such as stroke 

[71]. However, as these authors point out, only a relatively small proportion of the newborn 

cells that migrate toward the site of a stroke differentiate into neurons. The putative 

beneficial effects of proliferation may thus be mediated by non-neuronal newborn cells. 

Moreover, neurogenesis in the damaged brain is not always beneficial. As discussed by 

Bielefeld et al. in this issue, disorders such as epilepsy and traumatic brain injury may be 

characterized by dysregulated activation of stem cells and abnormal integration of new 

neurons into hippocampal circuits, which may ultimately worsen the situation [72]. Thus, 

additional research is needed to learn how to both promote and restrain neurogenesis 

depending on the condition.

While the vast majority of research on adult neurogenesis is performed in animal models, 

findings need to be applied to the human condition to be truly relevant [13]. In this issue, 

Millon and Shors highlight a translational project for promoting mental health that is directly 

inspired by preclinical evidence that rodent neurogenesis is promoted by both exercise and 

specific cognitive tasks [73]. They review recent reports that applying this mental and 

physical training regimen to humans reduces anxiety and depressive symptoms, providing an 

important bridge between animal and human research on activity, plasticity, and mental 

health. Given the complex relationship between neurogenesis and behavior, it may not be 

surprising that there is still much to learn about how new neurons might contribute to human 

hippocampal function. This issue was in the spotlight following recent reports that came to 

opposite conclusions about whether neurogenesis even occurs in the adult human 

hippocampus [74–78]. In this issue, Lucassen et al [reference to be added once published] 

provides a detailed review of these studies and outlines key questions and methodologies for 

resolving the issue.
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So, how far have we come in the half century since Altman’s discovery? As the papers in 

this issue illustrate, with the establishment of increasingly precise methods for identifying, 

quantifying and manipulating neurogenesis in rodents we have amassed a great deal of 

evidence that neurogenesis occurs in many, if not all, mammalian species and that it can, in 

principle, modulate a variety of hippocampus-dependent processes. But other important 

questions remain largely unanswered. The cellular and circuit mechanisms through which 

the putative functions of neurogenesis are implemented remain largely the domain of theory. 

We still know very little how adult-born neurons behave in vivo; with respect to this 

question, this special issue is unfortunately representative of the larger scientific literature, 

which contains only a vanishingly few studies in which adult-born neurons were recorded in 
vivo [79]. Finally, after two decades of research supporting the existence of adult 

neurogenesis in different mammalian species, it is perhaps ironic that we should now be 

enmeshed in a debate about whether adult neurogenesis occurs in humans. We hope that the 

work in this issue serves to reinforce the view that we should not let questions about the 

extent of adult neurogenesis once again impede our progress toward understanding the 

phenomenon and how it might be harnessed to improve human health.
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Figure 1: Studies that have manipulated neurogenesis to study behavioral functions of adult-
born neurons.
a) The number of functional behavior studies per year, from 2001 to 2019. b) The proportion 

of studies that have examined various types of behavior. Since many studies employed 

multiple tests, the sum of all the categories is greater than 100%.
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