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Abstract

Unpredictable aversive experiences, or stressors, lead to changes in depression- and anxiety-

related behavior and to changes in hippocampal structure including decreases in adult 

neurogenesis, granule cell and pyramidal cell dendritic morphology, and volume. Here we review 

the relationship between these behavioral and structural changes and discuss the possibility that 

these changes may be largely adaptive. Specifically, we suggest that new neurons in the dentate 

gyrus enhance behavioral adaptability to changes in the environment, biasing behavior in novel 

situations based on previous experience with stress. Conversely, atrophy-like changes in the 

hippocampus and decreased adult neurogenesis following chronic stress may serve to limit stress 

responses and stabilize behavior during chronic stress.
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INTRODUCTION

Behavioral and physiological stress responses are critical for survival under adverse 

conditions. Rapid responses to acute stress help organisms avoid actual harm and to cope 

with injuries if the threat cannot be avoided. However, these rapid responses are themselves 

potentially harmful if they must be repeated frequently over long periods of time in response 

to chronic exposure to stressors in dangerous environments. Management of chronic stress, 

therefore, likely requires different strategies. For example, fear learning can enhance 

prediction and planning, increasing the likelihood of avoiding future stressors. Prior 

expectation of danger can also enable anticipatory physical changes to better cope with 

injury. However, avoidance behaviors and repeated physiological preparation can have 

adverse physical consequences if continued or repeated over long periods. The ability to 

flexibly adapt stress responses to changing environments is critical for the capacity to 
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recover from challenges or stressors, often referred to as resilience (McEwen et al., 2015a). 

Such flexibility depends on previous experience, both during development and in adulthood: 

“The individual traits that allow the more flexible outcomes undoubtedly depend upon a 

foundational capacity of that individual that is built upon experiences in the life course…” 

(McEwen et al., 2015a). The tremendous amount of neuroplasticity in the developing brain 

may provide the substrate that allows developmental environments to set the stage for stress 

response tendencies throughout life (Gluckman et al., 2005; Oitzl et al., 2010). Similarly, 

adult neurogenesis, a dramatic form of neuroplasticity in adulthood that adds new neurons to 

the hippocampus throughout life, may provide ongoing flexibility that allows stress response 

and stress perception to continue to adapt to environmental challenges throughout life.

Fear generalization is important for response to chronic stress

Rapid learning is important in aversive environments, as it enables an organism to avoid or 

appropriately respond to previously encountered threats (Do-Monte et al., 2015; Ghosh and 

Chattarji, 2015). Generalization of fear learning is similarly adaptive, as it enables avoidance 

of threats not specifically encountered before. However, excessive generalization is 

maladaptive if it leads to fear responses that are too strong or that occur in inappropriate 

situations, interfering with more rewarding actions. For example, fear of novel environments 

could be protective. But it could also enhance freezing and decrease exploration in rodents to 

such a degree that it interferes with successful foraging for food, and it could decrease 

participation in pleasurable activities or events in humans. This decrease in rewarding 

activity due to inappropriate fear is the cardinal feature of anxiety disorders (Dunsmoor and 

Paz, 2015; Lissek, 2012; Luyten et al., 2011). There is a balance, then, or optimal level of 

fear generalization for a given situation, which depends on the likelihood of encountering 

adversity and reward within the environment (Figure 1). Elucidating the neural circuits and 

mechanisms that determine the level of fear generalization and mediate optimization of the 

stress response is critical for understanding and treating stress-related disorders such as 

generalized anxiety disorder, post-traumatic stress disorder, and depressive illness.

Extreme threats such as very strong negative stimuli (e.g., strong shocks), which may model 

the type of traumatic experience that can lead to PTSD, lead to high levels of generalization, 

i.e., freezing to cues never associated with the shock (Ghosh and Chattarji, 2015). This effect 

is non-associative, generalizing to stimuli that are very different from those present during 

the aversive experience and can be seen even after a few moderate footshocks (Kamprath 

and Wotjak, 2004; Seo et al., 2015). Importantly, this non-associative generalization can 

affect results in learning and memory tasks that depend on freezing as a behavioral outcome 

(Kamprath and Wotjak, 2004; Seo et al., 2015). Another key feature affecting the impact of 

threat is predictability. Even mild threats can lead to prolonged HPA axis responses and fear 

generalization if they are unpredictable (Glover et al., 2017; Koolhaas et al., 2011; Onat and 

Büchel, 2015). Evidence suggests that plasticity in the amygdala is critical for the long-

lasting behavioral changes seen in response to strong threat (Ghosh and Chattarji, 2015; 

Perusini et al., 2016). In contrast, the hippocampus may be more critical for long-lasting 

effects of milder but unpredictable stressors (Glover et al., 2017). The hippocampus is a key 

brain region for stress response (McEwen et al., 2015b), and evidence also suggests that it 

plays a role in prediction, particularly in situations of conflicting goals or uncertainty 

Cameron and Schoenfeld Page 2

Front Neuroendocrinol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Bannerman et al., 2014; Buckner, 2010; Cameron and Glover, 2015; Chudasama et al., 

2009; Gray and McNaughton, 2000; Tsetsenis et al., 2007). Within the hippocampus, new 

granule neurons are added throughout adulthood, and this neurogenesis has been implicated 

in both stress response and anxiodepressive-like behavior (David et al., 2009; Groves et al., 

2013; Santarelli et al., 2003; Snyder et al., 2011). The links between stress, unpredictability, 

and the hippocampus suggest that new neurons may function to provide plasticity needed to 

adapt behavioral strategies in response to changing environments (Glasper et al., 2012).

A role for adult neurogenesis in adapting to ambiguous threat

Work with rodent models in which adult neurogenesis is specifically inhibited have provided 

evidence for a role of new neurons in adaptive stress responses. We have found that mice 

that are fear conditioned with an ambiguously cued shock behave differently than their 

counterparts conditioned with a reliable shock, even though the shocks experienced by all 

animals were mild and identical in number, strength, and duration (Glover et al., 2017). 

Although mice in both groups respond identically to the cue, showing high levels of 

freezing, mice trained with the ambiguous cue show high levels of anxiety-like behavior in a 

novel situation days later, while mice trained with the reliably cued shock show low anxiety 

as though they were never shocked. These results suggest that unpredictable shock, or 

negative experience more generally, causes mice to be more cautious in future novel 

situations, which is likely to be adaptive in environments containing many unpredictable 

threats. In contrast, animals that experience the same aversive stimulus, but in a reliably 

predictable manner, do not show enhanced caution or anxiety-like behavior. This is also 

likely adaptive, as excessive caution limits reward opportunities, thereby incurring costs that 

outweigh benefits in environments in which threats are few or are predictable. Thus, normal 

animals show adaptive behavioral changes determined by the unpredictability or ambiguity 

of threats (Hawley et al., 2012; Koolhaas et al., 2011; Reser, 2016). However, mice lacking 

adult neurogenesis fail to show this behavioral flexibility (Glover et al., 2017). Instead, these 

animals show an intermediate increase in anxiety-like behavior after experiencing the 

shocks, regardless of whether they are reliably or ambiguously cued.

Unpredictable threats meet the strict definition of stressors (Koolhaas et al., 2011), 

suggesting that the behavioral adaptations seen in response to ambiguously-predicted threats 

may reflect changes in behavior induced by stress more broadly. Rats do consistently show 

an anxiety-like phenotype following chronic stress, which typically manifests as a lack of 

exploration into novel, and therefore potentially threatening, environments (Bondi et al., 

2008; Eiland and McEwen, 2012). They also exhibit enhanced aversive conditioning 

(Conrad et al., 1999; Servatius and Shors, 1994; Shors et al., 1992), suggesting that stress 

enhances the salience of threatening stimuli and cautious behavior, both of which are 

advantageous for survival when exploring a new environment with a high likelihood of 

danger. After chronic restraint stress, rats show greater hesitation than non-stressed controls 

when eating in an unknown arena but show increased intake of caloric sucrose in the safety 

of their home cage (Schoenfeld et al., 2017). Together, these behavioral changes suggest 

adaptations that favor limiting exposure to potentially unsafe environments in the presence 

of persistent stress. Inhibition of adult neurogenesis does not alter these consumption 
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behaviors in stressed rats (Schoenfeld et al., 2017), possibly because of the long duration of 

relatively strong stress.

Failure to rapidly adjust levels of caution could be adaptive in some 

environments

In the wild, failure to adjust behavior based on threat predictability would likely result in 

excessive anxiety in predictable environments and too little caution in unpredictable 

environments. But is this maladaptive or does it reflect another layer of adaptation? Adult 

neurogenesis is strongly and rapidly inhibited by stress hormones (Cameron and Gould, 

1996; 1994), suggesting that decreased neurogenesis may be an adaptive stress response. 

Acute stress briefly decreases adult neurogenesis, while chronic stress has variable effects 

that may depend on the specific paradigm (Gould et al., 1997; Mirescu and Gould, 2006; 

Schoenfeld and Gould, 2013). Several weeks of 6-hour/day restraint stress has a relatively 

small effect on adult neurogenesis, decreasing immature neuron number in rats by only 30%, 

and only in the ventral part of the hippocampus (Schoenfeld et al., 2017). However, a truly 

chronic, non-remitting stress produced by neuropathic pain can decrease adult neurogenesis 

70% throughout the entire hippocampus (Dimitrov et al., 2014). In contrast, rewarding 

experiences increase adult neurogenesis and buffer stress effects (Schoenfeld and Gould, 

2013), suggesting that the overall nature of the environment, or the sum total of daily 

rewards and stresses may set the level of neurogenesis.

A decrease in neurogenesis due to chronic stress should limit stress response flexibility 

within a few weeks, when the missing new neurons would be mature enough to participate 

in hippocampal function. Evidence for such a change has been observed in a social defeat 

stress paradigm, where mice that were irradiated to reduce adult neurogenesis four weeks 

earlier showed less social avoidance than neurogenesis-normal mice (Lagace et al., 2010). 

Decreased neurogenesis, therefore, may have the effect of blunting response to ongoing 

stressors and possibly of relieving the organism of the cognitive burden associated with 

predicting patterns to threats. Increasing the number of new neurons, on the other hand, may 

enhance sensitivity to the environment. If cognitive and environmental features that triggered 

a depressive episode have resolved, then enhancing neurogenesis could hasten recovery. 

However, if neurogenesis were increased while stresses remain, the additional new neurons 

could potentially worsen anxiety and other stress-related mental and behavioral changes. It 

seems clear from work in animals that new neurons affect mood-related behavior but do so 

in a complex way rather than simply enhancing mood. It is critical to understand specifically 

how changes in adult neurogenesis influence mood – whether by increasing the influence of 

the environment or through some another role – in order to understand whether and how 

such manipulations may be effective therapeutically.

Identifying threat cues – pattern separation and task difficulty

Distinguishing cues that predict threat from those that are non-predictive is key to 

optimizing stress responses and avoiding excessive anxiety and depressive behavior. Some 

threats are clearly and reliably predictable based on cues that precede them, while others are 

impossible to predict based on environmental stimuli. Many threats, however, may be 
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predicted but only by complex patterns of cues or by cues that differ only subtly from safety 

cues. Situations in which outcomes are difficult or impossible to predict are likely to engage 

the hippocampus (Redish, 2016).

Several studies have demonstrated that loss of dentate gyrus granule neurons affects 

performance of difficult stimulus discrimination tasks (Gazzara and Altman, 1981; Hvoslef-

Eide and Oomen, 2016). In a typical study of this type, animals are trained to associate cues 

(discrete stimuli, spatial locations, or contexts) with a shock but are also exposed to similar 

cues that are not associated with the shock. Animals are then expected to behave differently 

in the presence of the reward/shock-associated cue and the similar cue; failure to do so is 

interpreted as an inability to discriminate between the cues or, alternatively, to recall the cues 

with sufficient specificity to know which one is associated with the shock. This impairment, 

in turn, is believed to reflect a failure of hippocampal circuitry to generate sufficiently 

distinct patterns of activity (“pattern separation”) for each exposure to the cues, leading to 

interference between activity patterns that results in memory interference. These behavior 

tests have been called pattern separation tasks, based on an assumption that they reflect the 

proposed dentate gyrus function in separating patterns of network activity. However, because 

there is little evidence actually linking behavior in these tasks with circuitry level changes in 

pattern separation, these tests are better described as difficult discrimination tasks (Santoro, 

2013). These tasks clearly involve a discrimination, but the specific impairment leading to 

the change in behavior is unclear. The deficit could be in discriminating the cues, i.e., a 

sensory impairment, but it could also reflect a memory impairment, or a change in task 

performance, e.g., behaviors related to threat avoidance. If the impairment is in sensory 

discrimination or memory for the cues, then animals should react similarly to both cues 

regardless of the specific behavior examined. Most pattern separation studies have used 

shock as the unconditioned stimulus and have measured freezing behavior to test for 

discrimination. However, as discussed above, freezing behavior is highly susceptible to 

generalization (Ghosh and Chattarji, 2015; Glover et al., 2017; Kamprath and Wotjak, 2004; 

Seo et al., 2015), which could mask an ability to recall and distinguish the two contexts. 

Such masking has been demonstrated by differences in cue- or context-specific place 

preference or startle behaviors even in the absence of differential freezing (Antoniadis and 

McDonald, 1999; McNish et al., 1997). Performance effects that masquerade as spatial 

learning and memory deficits have also been found in water maze tasks (Devan et al., 2003). 

Interestingly, these effects were observed only under inherently ambiguous partial 

reinforcement conditions and occurred in a stressful water-based task but not in a non-

threatening dry-land version of the same task (Gonzalez et al., 2000). Taken together, these 

studies suggest that in difficult or ambiguous learning tasks, stress responses can affect task 

performance in ways that mask or mimic learning effects.

Like stress, adult neurogenesis may impact difficult discrimination tasks because of their 

difficulty rather than because of the discrimination itself. Task difficulty has been suggested 

as a defining feature of neurogenesis-dependent tasks (Beylin et al., 2001), and conversely, 

survival of new neurons is affected by the difficulty of tasks on which animals are trained, 

even when tasks are not hippocampus-dependent (Curlik and Shors, 2011; Epp et al., 2010; 

but see Swan et al., 2014). An early study found that rats with severe granule cell loss, due 

to irradiation in the first postnatal week, found that these animals were impaired in 
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discrimination tasks with highly similar, but not distinct, stimuli (Gazzara and Altman, 

1981). The authors concluded that the impairment reflected task difficulty rather than a 

sensory deficit, in part based on an earlier study that found that hippocampal lesion-induced 

impairments disappear when animals learn simple discriminations before moving on to more 

difficult ones (Truax and Thompson, 1969). A similar effect has been seen with adult 

neurogenesis-deficient rats in difficult eyeblink conditioning tasks (Beylin et al., 2001; 

Curlik et al., 2013; Curlik and Shors, 2011), consistent with the possibility that these 

animals can discriminate cues and learn and recall associations normally but have difficulty 

focusing on the correct predictive stimuli. A role for the hippocampus in difficult tasks also 

appears to be supported by proposed functions in decision making under conditions of 

closely matched but conflicting goals (Gray and McNaughton, 2000) and, more recently, in 

the use of hippocampus-dependent vicarious trial and error to aid decision making (Redish, 

2016).

There are several different roles new neurons might play in difficult tasks. As discussed 

above, it seems unlikely that their role is directly related to sensory discrimination, per se, 

because evidence of discrimination can be found using alternative behavioral measures and 

because similar impairments are observed using visual (Clelland et al., 2009), auditory 

(Beylin et al., 2001), and tactile (Gazzara and Altman, 1981) stimuli. The ambiguous cue 

study described above (Glover et al., 2017) might be thought of as a difficult discrimination 

(i.e., pattern separation) task but with cues that are impossible, rather than difficult, to 

discriminate. Because the tone associated with a shock and the tone associated with no 

shock are identical rather than highly similar, none of the animals can discriminate the cues 

and predict which trials would include a shock. Yet despite having the same inability to 

discriminate the identical cues, the behavior of neurogenesis-deficient mice and control mice 

in the task differs. The ambiguity that is an inherent aspect of the design in this task is also 

likely to be present in difficult discrimination tasks during the relatively long phase of 

training when the cue associations are not yet understood.

Stress, neurogenesis, and depression

Although stress-induced changes in behavior may be adaptive by helping to match behavior 

to the environment, stress is also strongly associated with depression. It is currently 

unknown how stress alters hippocampal network activity and how these circuit changes 

translate into depression-related mood and behavior changes. However, stress causes several 

changes to hippocampal structure that likely affect connectivity and function. As described 

above, loss of adult neurogenesis decreases neuronal activity throughout the hippocampus in 

response to ambiguous stress (Glover et al., 2017). Decreased adult neurogenesis has been 

proposed as a mechanism through which stress leads to depression and, conversely, through 

which treatments halt depression (Duman et al., 1999; Madsen et al., 2000). This idea is 

based on 1) findings that all classes of antidepressant medications enhance proliferation of 

granule cell precursors; 2) the delayed time course of antidepressant action, which could 

potentially be explained by the similar time course of new granule cell maturation; and 3) 

correlations between the neurogenesis and depressive-like behavior in animals (Miller and 

Hen, 2015). Chronic stress, including psychogenic stress without physical harm, reduces 

proliferation, differentiation, maturation and survival of new granule cells (Czéh et al., 2007; 
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Dagyte et al., 2009; Pham et al., 2003; Schoenfeld et al., 2017; Snyder et al., 2009b). Some 

stress procedures can produce regional differences in the effects of stress on neurogenesis 

(Alves et al., 2017; Schoenfeld et al., 2017; Tanti et al., 2013), however it is unclear how 

consistent these regional effects are and whether any in particular are more clearly 

associated with development of depressive-like behavior.

Direct evidence of a role for new neurons in depression can be tested using rodent models in 

which adult neurogenesis has been specifically inhibited using irradiation or 

pharmacogenetic methods. However, these investigations are subject to the limitations of 

rodent depressive-like behavior to mimic depression (Dzirasa and Covington, 2012; Nestler 

and Hyman, 2010). Most studies do not find any effect of neurogenesis ablation on 

depressive behavior when testing otherwise naïve rats (Airan et al., 2007; Meshi et al., 2006; 

Santarelli et al., 2003; Surget et al., 2011). However, exposure to threats, either acute or 

repeated, differentially enhances anxiety-like and depressive-like behavior in rodents 

without neurogenesis (Glover et al., 2017; Seo et al., 2015; Snyder et al., 2011), 

strengthening the link between new neurons and stress response. Under both stress and non-

stress conditions, however, new neurons are necessary for a variety of antidepressant 

medications to decrease depressive-like behavior in rodents (Airan et al., 2007; Santarelli et 

al., 2003; Surget et al., 2011). Interestingly, although social defeat stress increases social 

avoidance in control mice, this stress effect is actually diminished in mice lacking adult 

neurogenesis (Lagace et al., 2010). Behavioral changes that accompany decreased 

neurogenesis in the presence of stress may serve to limit exposure to the outside 

environment and enhance social connectedness in order to avoid future threats and thereby 

increases survival.

Stress and depression decrease hippocampal volume

Stress and depression have been linked not only with changes in adult neurogenesis but with 

other structural changes in the hippocampus as well. In humans, stressful life episodes are 

associated with lower hippocampal volumes (Bremner et al., 1995; Papagni et al., 2011; 

Winter and Irle, 2004) and are predicators of developing depression (Caspi et al., 2003; 

Kendler et al., 1999). Patients with major depressive disorder consistently have smaller 

hippocampi, with volume showing inverse correlations with symptom severity, number of 

depressive episodes, and likelihood of relapse (Brown et al., 2014a; Kronmüller et al., 2008; 

Videbech and Ravnkilde, 2004). These volume changes suggest that hippocampal volume 

may one day be a useful biomarker of depression and/or antidepressant efficacy, though high 

intrinsic variability currently precludes this. In addition, although the aforementioned effects 

were observed in mixed sex subject groups, and differences have been observed in at least 

one study using only female subjects (Tae et al., 2011), several reports suggest that 

decreased hippocampal volume due to stress and depression is more apparent in males than 

in females (Carlson et al., 2017; Colle et al., 2017; Frodl et al., 2002; Spalletta et al., 2014). 

The association of low hippocampal volume with depression suggests that stress and 

hippocampal changes may be important drivers of depression (Lupien et al., 2007; Maller et 

al., 2017). Association between endogenous glucocorticoid levels and hippocampal volume, 

and effects of exogenous glucocorticoid treatment on hippocampal volume in non-depressed 

populations (Brown et al., 2014b; Lupien et al., 1998; Sindi et al., 2014), suggest that stress 
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hormones, and not depression-related behaviors, are the primary cause of hippocampal 

volume decrease. Effects of glucocorticoid treatment on hippocampal volume can be 

detected within 3 days (Brown et al., 2014b), and volume can be increased by 

antidepressants (Abbott et al., 2014; Maller et al., 2017), together suggesting that changes in 

hippocampal volume may reflect potentially adaptive neuroplasticity rather than atrophy.

Studies using both chronic restraint or chronic unpredictable mild stress in rodents 

demonstrate that stress produces a decrease in overall hippocampal volume that can be 

detected by MRI (Lee et al., 2009; Luo et al., 2014; Schoenfeld et al., 2017). In recently 

published work from our lab, high-resolution MRI and 3-dimensional reconstruction of 

traced sections were used to measure volume shrinkage in subregions of the hippocampus 

(Schoenfeld et al., 2017). Four weeks of unpredictable restraint stress decreased the volume 

of the dentate gyrus, CA3, and CA1 subregions, across both dorsal and ventral portions of 

the hippocampus. Earlier work suggests that milder stress paradigms might produce uneven 

volume reductions affecting dorsal but not ventral hippocampal segments (Pinto et al., 

2014). All of these studies have been carried out in male rats and mice, so further study will 

be needed to determine whether the hippocampus of female rodents is more resistant to 

volume changes as appears to be the case in humans (see above).

Other structural changes that may contribute to volume decrease

The parallels between stress effects on neurogenesis and hippocampal volume have led 

researchers to suggest that new neurons may underlie stress-induced changes in volume 

(Boku et al., 2018; Czéh and Lucassen, 2007; Eker et al., 2011; Joshi et al., 2016). However, 

volume reductions could alternatively reflect a number of other known cellular changes. A 

tremendous body of work from Bruce McEwen’s lab over the last three decades has 

demonstrated that chronic stress causes atrophy of CA3 pyramidal neurons, shrinking the 

apical dendritic trees in male rats (Conrad et al., 1999; Eiland and McEwen, 2012; Galea et 

al., 1997; Magariños et al., 1999; 2011; McCall et al., 2013; Watanabe et al., 1992a; 1992b; 

Wood et al., 2004). The timing, reversibility, sexual dimorphism, and functional 

consequences of this atrophy have been reviewed elsewhere (Conrad, 2006). We have 

recently observed similar effects on dendritic atrophy in CA3 pyramidal neurons in the 

dorsal hippocampus, the portion of the hippocampus that was the focus of previous studies. 

However, we found that CA3 pyramidal cells in the ventral hippocampus showed no 

decrease in dendritic length following the same four-week stress period but instead 

reorganized their trees, becoming less complex proximal to the soma and more complex 

more distally (Schoenfeld et al., 2017). This reorganization could shift the weight of various 

dendritic inputs relative to the normal unstressed condition without altering the total number 

of synaptic inputs to these neurons. Glial and vascular changes within the hippocampus 

could also contribute significantly to volume loss (reviewed in Murthy, 2017).

Stress and inhibition of adult neurogenesis decrease volume differently

To directly address the impact of adult neurogenesis on hippocampal volume, the effect of 

complete ablation of adult neurogenesis on hippocampal volume in male rats has been 

compared to that of chronic stress (Schoenfeld et al., 2017). Inhibition of adult neurogenesis 
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produces shrinkage first in the dentate gyrus and later in area CA3 as well, resulting in 

detectable volume loss in the hippocampus as a whole. However, although the loss of new 

neurons and chronic stress both decrease hippocampal volume, the shrinkage due to ablation 

is more restricted and occurs more slowly than that due to chronic stress (Schoenfeld et al., 

2017). Moreover, the effect of chronic daily restraint on neurogenesis is small, resulting in a 

decrease of only ~33%, and restricted to the ventral segment, while stress decreases volume 

throughout all hippocampal subregions (Schoenfeld et al., 2017). Therefore, although adult 

neurogenesis is vital to maintaining normal hippocampal structure, and may contribute to 

stress-induced hippocampal shrinkage in the dentate gyrus, it is unlikely to be responsible 

for the majority of the stress- or depression-associated hippocampal volume loss, 

particularly in humans, where the ablation-resistant CA1 region makes up a larger 

proportion of the hippocampus than it does in rodents (Joelving et al., 2006).

Volume loss during stress on these dendrites likely reflects primarily loss of dendritic mass, 

along with possible changes in glial cells and/or the extracellular matrix. Inhibition of adult 

neurogenesis produces atrophy of CA3 pyramidal cells within 4 weeks, but the effect of 

stress is somewhat more pronounced (Schoenfeld et al., 2017). Stress also decreases 

dendritic length in preexisting dentate gyrus granule cells, while ablation of new neurons has 

no effect on these cells (Schoenfeld et al., 2017), consistent with a more limited role for loss 

of adult neurogenesis in stress-induced volume decrease. The changes in CA3 pyramidal cell 

morphology resulting from decreased adult neurogenesis make the functional and behavioral 

effects of decreased neurogenesis and CA3 dendritic atrophy difficult to parse. However, the 

use of chemogenetic methods to rapidly silence young neurons (Gu et al., 2012) may soon 

enable direct investigation of dendritic shrinkage effects.

Loss of adult neurogenesis may limit structural reorganization

The effects of stress on structural plasticity and behavior are typically viewed in a negative 

light due to the role that stress plays in the development of neuropsychiatric conditions 

(Cattaneo and Riva, 2016; Gold et al., 2015 for review; Romeo, 2017; see Ross et al., 2017; 

Tafet and Nemeroff, 2016). However, as discussed above, stress produces changes in 

behavior that are likely to be adaptive during exposure to real-world dangers. Stress-induced 

changes in hippocampal structure may similarly be adaptive rather than damaging. 

Decreased CA3 dendritic morphology enhances glucocorticoid response (Conrad, 2006), 

enabling stronger physical and behavioral responses to stress that may be beneficial in 

dangerous situations. However, the same structural and behavioral changes that might be 

protective over a period of days to weeks may also be maladaptive if threatening 

environments or perceived stresses continue over long periods of time.

Decreases in adult neurogenesis that accompany stress could serve an adaptive function 

structurally as well as behaviorally, by limiting the morphological and volume changes 

brought about by stress. Recent findings from our lab hint that even though inhibition of 

adult neurogenesis decreases hippocampal volume and dendritic morphology on its own this 

same loss of new neurons does not increase, and may even diminish the shrinkage caused by 

chronic stress. Specifically, pharmacogenetic inhibition of adult neurogenesis reduces the 

volume of the dentate gyrus and CA3 in unstressed rats, and the addition of stress produces 
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no further atrophy in those regions (Schoenfeld et al., 2017). Moreover, the effects of stress 

on atrophy of granule cell and CA3 pyramidal cell dendrites are more pronounced in rats 

with ongoing neurogenesis than in rats without adult neurogenesis, and stress-induced CA3 

dendritic atrophy occurs in the dorsal region, where neurogenesis is unaffected, but not in 

the ventral region, where neurogenesis is decreased (Schoenfeld et al., 2017).

Although it is not known how inhibition of neurogenesis would limit structural change 

during chronic stress, evidence from several types of studies suggests that the loss of new 

neurons limits excitability in downstream CA3 pyramidal cells. New neurons release 

glutamate onto CA3 dendrites through mossy fibers, like other granule cells (Toni et al., 

2008), so having fewer granule cells may reduce the total number of glutamatergic synapses 

onto CA3. In addition, young neurons appear to be more excitable than mature neurons 

(Mongiat et al., 2009; Schmidt-Hieber et al., 2004), so removal of new neurons might shift 

the excitability of the dentate gyrus downward. This possibility is supported by work 

showing that dentate gyrus LTP is reduced following neurogenesis ablation (Saxe et al., 

2006; Singer et al., 2011) and that immediate-early gene activation of granule cells and 

pyramidal cells is lower in mice lacking adult neurogenesis, compared to normal mice, 

during stressful experience (Glover et al., 2017). Pharmacological studies suggest that 

reduced CA3 dendritic complexity following stress results from hyperexcitability of the 

dentate gyrus leading to glutamate excitotoxicity (Watanabe et al., 1992a). A reduction in 

the number of highly excitable young neurons in the dentate gyrus, then, may serve to buffer 

the effects of glutamate excitotoxicity on CA3 structure (Fig. 2).

The time course of stress effects on hippocampal structure has not been extensively studied, 

but some evidence suggests that the changes may begin much earlier than the time points 

investigated in most chronic stress experiments. Detectable decreases in hippocampal 

volume have been observed after only 3 days of restraint stress (Rahman et al., 2016), and 

CA3 pyramidal cell dendritic spines can be lost within a few hours of stress in vivo (Chen et 

al., 2010) and glucocorticoids in vitro (Chen et al., 2008). Stress- and glucocorticoid-

induced changes in proliferation of granule cell precursors also occur within hours 

(Schoenfeld and Gould, 2013), though the resulting new neurons are unlikely to be 

functional for 2–4 weeks (Snyder et al., 2009a). Adult-born neurons generated prior to 

stress, however, can be rapidly activated by stress (Glover et al., 2017; Schoenfeld et al., 

2013) and may contribute to the response differently than mature granule cells.

Ideally, when active stress in the environment dissipates, behavior should rapidly rebound to 

match the new, safer conditions. Consistent with this, CA3 atrophy reverses to baseline 

levels within 10 days following the cessation of stress (Conrad et al., 1999). The time course 

of recovery of behavioral impairments in spatial learning and memory following stress 

corresponds with that of morphological recovery (Hoffman et al., 2011; Sousa et al., 2000). 

However, the recovery of neurogenesis following cessation of chronic stress is slower than 

the normalization of dendritic morphology (Heine et al., 2004). Mice and rats with reduced 

adult neurogenesis also show weaker recovery of depressive-like behavior following chronic 

stress in several different paradigms (Levone et al., 2015; Llorens-Martín et al., 2011; 

Mateus-Pinheiro et al., 2013), suggesting that the very slow return of fear-related behavior to 
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baseline following severe stress (Perusini et al., 2016) may also reflect large or persistent 

changes in adult neurogenesis.

Conclusions

Taken together, the evidence suggests that neurons produced in the adult dentate gyrus 

enhance behavioral adaptation to the environment, biasing behavior toward cautious, 

anxiety- or depressive-like behavior in stressful environments containing unpredictable 

threats while having the opposite effect, enhancing reward seeking and recovery from stress, 

in safe environments. The reduction of adult neurogenesis during chronic stress may slow 

recovery when stress is removed but may also limit and stabilize behavior, protecting against 

reckless behavior when threats are temporarily absent. Structural changes in the 

hippocampus follow a similar pattern, with stress shrinking dendritic trees and overall 

volume and loss of new neurons also leading to decreases in morphology and volume but 

also possibly limiting the changes brought about by stress. Although decreased adult 

neurogenesis may limit structural damage and maintain moderate levels of cautious behavior 

for days to weeks in case threats have not been eliminated, stabilization of hippocampal 

structure at a reduced size may be expected to impede recovery from inappropriate anxiety 

and/or depressive behavior in safe environments.
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HIGHLIGHTS

• Increased fear generalization may be adaptive in stressful environments.

• Adult neurogenesis allows flexible matching of behavior to environmental 

threat levels.

• Chronic stress has several atrophy-like structural effects, but they are 

reversible.

• Decreased adult neurogenesis may limit structural and behavioral effects of 

stress.

• Stabilization of structure/behavior helps if stress continues but may slow 

recovery.
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Figure 1. 
Reward seeking and cautious or anxiety-like behavior must be balanced to appropriately 

respond in new or unpredictable situations. Safety and reward cues drive behavior toward 

reward seeking, while cues signaling actual or potential threats tip the balance toward 

defensive or cautious behaviors such as freezing or approach-avoidance investigation. New 

neurons generated in the adult dentate gyrus can bias this balance in either direction based 

on the predictability of prior threats. Stress and the resulting structural changes in the 

hippocampus bias the system toward caution.
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Figure 2. 
With adult neurogenesis intact, stress increases activation of the dentate gyrus, leading to 

increased excitation and glutamate release onto downstream CA3 pyramidal cells, causing 

excitotoxic dendritic atrophy. When neurogenesis is reduced, due to ongoing stress or other 

factors, the dentate gyrus may be less activated by stress, causing mossy fiber input to the 

CA3 pyramidal cells to be buffered, limiting dendritic atrophy.
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