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Abstract

Background—Hippocampal volume loss is a hallmark of clinical depression. Chronic stress 

produces volume loss in the hippocampus in humans and atrophy of CA3 pyramidal cells and 

suppression of adult neurogenesis in rodents.

Methods—To investigate the relationship between decreased adult neurogenesis and stress-

induced changes on hippocampal structure and volume, we compared the effects of chronic 

unpredictable restraint stress and inhibition of neurogenesis in a rat pharmacogenetic model.

Results—Chronic unpredictable restraint stress over 4 weeks decreased total hippocampal 

volume, reflecting loss of volume in all hippocampal subfields and in both dorsal and ventral 

hippocampus. In contrast, complete inhibition of adult neurogenesis for 4 weeks led to volume 

reduction only in the dentate gyrus. With prolonged inhibition of neurogenesis, for 8 or 16 weeks, 

volume loss spread to the CA3 region, but not CA1. Combining stress and inhibition of adult 

neurogenesis did not have additive effects on the magnitude of volume loss but did produce a 

volume reduction throughout the hippocampus. One month of chronic unpredictable restraint 

stress and inhibition of adult neurogenesis both led to atrophy of pyramidal cell apical dendrites in 

dorsal CA3, and neuronal reorganization in ventral CA3. Stress significantly affected granule cell 

dendrites as well.

Discussion—The findings suggest that adult neurogenesis is required to maintain hippocampal 

volume but is not responsible for stress-induced volume loss.
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Introduction

The hippocampus has long been recognized as important for learning and memory, but 

studies suggest that it plays a role in regulating mood as well (1). MRI studies indicate that 

hippocampal volume is decreased in patients with major depression (2; 3) – one of the only 

detectable physical changes associated with this illness – and patients with more depressive 

episodes show greater hippocampal volume loss (4). Following antidepressant treatment or 

electroconvulsive therapy, hippocampal volume can be normalized, correlating with a 

decrease of symptoms (5; 6). Similar volume losses seen in individuals with adverse life 

events (7–10) and glucocorticoid treatment (11; 12) suggest that stress may be involved in 

this volume decrease.

In rodent models, chronic stress is often used as a model of depression as it leads to 

depressive-like behaviors including learned helplessness, anhedonia, and social withdrawal 

(13; 14). Chronic stress and corticosterone administration in rodents also reduce 

hippocampal volume (15–19), though the timing, location, and magnitude of the effects are 

variable and in some cases undetectable (20; 21). There are many cellular changes that could 

contribute to volume loss, including loss of dendritic length or dendritic spines, slower 

neurogenesis, decreased glial size or number, and constriction of extracellular space (22–

24). CA3 pyramidal cell dendritic atrophy is seen in rats following chronic stress or 

glucocorticoid treatment (25–32) and has been implicated in depressive-like behavior (33–

35). Generation of new dentate gyrus (DG) granule neurons can also be inhibited by stress 

and corticosterone, though the effects of chronic stress on adult neurogenesis are complex 

and not fully understood (36–41). The impact of stress on adult neurogenesis is of particular 

interest because inhibition of adult neurogenesis impacts stress-induced anxiodepressive-like 

behavior in rodents (42; 43) and is suggested to play a role in depression in humans as well 

(44).

Although stress has many effects on hippocampal neurons, it is unclear whether they lead to 

volume loss in the hippocampus or its subfields (20; 37; 45). It is also unknown whether 

changes in adult neurogenesis and CA3 dendritic morphology are linked or independent of 

one another, though one study in mice suggests that inhibiting adult neurogenesis for several 

months can lead to CA3 atrophy (46). To investigate the relationship between adult 

neurogenesis, CA3 dendritic atrophy, and volume loss throughout the hippocampus, we 

inhibited adult neurogenesis using a rat pharmacogenetic model (47) and stressed rats using 

a chronic unpredictable restraint paradigm. We then used high resolution MRI and 

computer-aided tracing methods to assess the volume of hippocampal subfields and 

morphology of DG and CA3 neurons.
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Methods and Materials

Animals and Experimental Design

Adult male Long Evans rats were used for all experiments. For the initial chronic restraint 

experiment, rats were purchased (Charles River, Germantown, MD) and given ad libitum 
access to water and food. All other experiments involved inhibition of adult neurogenesis 

and therefore used transgenic rats expressing Herpes Simplex Virus Thymidine Kinase 

(HSV-TK) under the control of the human glial fibrillary acidic protein (GFAP) promoter on 

a Long Evans background bred in house (47; 48). All transgenic rats and wildtype littermate 

controls were meal fed from the time of weaning (15–16g chow/rat/day) and given ad 
libitum access to water. The anti-viral drug, valganciclovir (VGCV), was added to a peanut 

butter/chow mixture (4mg VGCV/rat) and fed to all wildtype (WT) and transgenic (TK) rats 

twice a week beginning at 8 weeks of age. VGCV, when phosphorylated by HSV-TK, 

interferes with DNA replication and prevents cell division in the GFAP+ radial cells that 

generate new neurons, without affecting post-mitotic astrocytes (47). Rats were maintained 

on a 12-hour reverse light-dark cycle (lights on at 9am). All procedures followed the 

Institute of Laboratory Animal Research guidelines and were approved by the Animal Care 

and Use Committee of the NIMH.

Chronic stress, like VGCV treatment, began at 8 weeks of age. Rats were weighed daily 

during the chronic restraint paradigm. For Experiment 1, testing the effects of stress alone, 

10 rats underwent restraint stress daily for 4-weeks, after which they were sacrificed and 

processed for volume analysis (6 for MRI, all 10 for Nissl). Ten control rats were weighed 

daily and placed back into their cages. For Experiment 2, testing the effects of neurogenesis 

ablation alone, VGCV treatment was given to WT and TK rats for 4- or 16-weeks, after 

which rats were sacrificed and processed for volume analysis (N = 4–6). For Experiment 3, 

combining stress and inhibition of neurogenesis, WT and TK rats were given VGCV for 8 

weeks, and half of the TK rats were also subjected to stress for the last 4 weeks of VGCV 

treatment before being sacrificed and processed for volume analysis (N = 4–6). For 

Experiment 4, testing depressive-like behavior and dendritic atrophy following stress and 

inhibition of neurogenesis, VGCV and chronic stress (in half of the rats) began at the same 

time and continued for 4 weeks (N = 10–11). Rats in this experiment were assessed the day 

after stress in the novelty-suppressed feeding test, and on sucrose preference test thereafter. 

Directly following completion of sucrose preference test, all rats were perfused and brains 

were processed for Golgi analysis. See Supplemental Information for details on restraint 

stress procedure, behavior testing, volume measurements, histology, and statistical methods.

Results

Experiment 1: Effects of chronic unpredictable restraint stress on hippocampus volume 
and neurogenesis

To measure the effects of chronic stress on hippocampal volume, rats were restrained daily 

for 4 weeks, followed by MRI on perfused brains and reconstruction of Nissl-stained 

sections (Figure 1A). Stress affected weight gain (Figure 1B), with stressed rats showing 

significantly lower weight by day 4 (p=.03 by Sidak post hoc test). Restraint stress decreased 
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DCX+ cell number by 33% in the ventral DG but had no effect in the dorsal DG (Figure 

1C).

Restraint stress for 4 weeks decreased overall hippocampal volume as measured by 14.1T 

MRI and 3D-reconstruction of Nissl-stained sections (Figure 1D). Subfield analysis showed 

that stress reduced volume in the DG, CA3, and CA1 (Figures 1E–G), as measured by MRI 

and Nissl reconstruction. If the analysis was run using a single technique alone, MRI was 

less likely to detect significant shrinkage (DG and CA1 p<.05, CA3 p>.05) than Nissl 

reconstruction (DG, CA3, CA1 all p<.05). However, there were no main effects of volume 

measurement technique or technique x stress interactions in any subfield (p>.05) in the two-

way analysis. There were no differential effects of stress (stress x region interactions) in left 

versus right hemisphere or in dorsal versus ventral region in DG, CA3, or CA1 subfields 

(Supplemental Table 1).

Experiment 2: Effects of adult neurogenesis on hippocampal volume

To determine the effects of chronic inhibition of adult neurogenesis on hippocampal volume, 

WT and TK rats were given VGCV for multiple weeks, and hippocampal volume was 

assessed as above. Astrocyte density appeared unaffected by VGCV treatment 

(Supplemental Figure 1A,B), as previously demonstrated in this line (47), as was blood 

vessel density (Supplemental Figure 1C,D). Hippocampal volume was first measured after 4 

weeks of VGCV treatment, to match the stress time course. At this time point, TK rats 

showed no significant change in total hippocampal volume using MRI or section 

reconstruction (Figure 2A). Subfield analysis showed that volume was reduced in the DG, as 

measured both by MRI and Nissl-stained section reconstruction (Figure 2B), but no 

significant differences were found in CA3 or CA1 at this time point (Figure 2C,D). There 

were no differential effects of treatment in left versus right hemisphere or in dorsal versus 

ventral region in any subfield (Supplemental Table 2).

To determine whether prolonged inhibition of adult neurogenesis produced more widespread 

volume reductions, we measured hippocampal volume after 16 weeks of VGCV treatment. 

At this time point, TK rats had reduced overall hippocampal volume seen with both MRI 

and Nissl reconstruction (Figure 2E). Inhibiting adult neurogenesis reduced volume in both 

the DG (Figure 2F) and CA3 (Figure 2G) but produced no changes in CA1 (Figure 2H). 

There were no effects of volume measurement technique or technique x genotype 

interactions in any brain region. However, if measurement techniques were assessed 

individually, MRI was less likely to detect significant shrinkage in CA3 with the relatively 

small sample size used here. There were no differential effects of treatment (no genotype x 

region interactions) in the left versus right hemisphere or dorsal versus ventral region in any 

subfield (Supplemental Table 2).

Experiment 3: Combined effects of neurogenesis ablation and stress on hippocampal 
volume

To assess whether effects of stress and new neuron loss on hippocampal volume are additive, 

rats were given VGCV for 4 weeks, followed by 4 weeks of chronic unpredictable restraint 

stress along with VGCV. Unstressed TKs did not differ in weight from WTs (Figure 3A), 
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however stressed TK rats had significantly lower weights than rats in the other two groups 

starting on day 15 of stress (p=.02 by Sidak post hoc test). Inhibiting adult neurogenesis for 

8 weeks reduced overall hippocampal volume, with no additional effect of stress (Figure 

3B). Volume was reduced in TK rats in both the DG and CA3, however stress attenuated this 

volume loss (Figure 3C,D). The effect in CA1 differed, showing no effect of ablation alone, 

consistent with observations at other time points, but a significant decrease in volume with 

stress plus ablation (Figure 3E). There were no differential effects of treatment based on 

hemisphere of dorsal-ventral analysis in any subfields (Supplemental Table 3). Nissl-stained 

section tracing enabled layer-specific volume analysis for all experiments, but this analysis 

yielded no specific pattern of layer reductions across experiments to suggest atrophy of 

particular neuronal components (Supplemental Table 4).

Experiment 4: Effects of stress and neurogenesis on behavior and neuronal morphology

To determine whether our chronic stress model and inhibition of neurogenesis affect 

depressive-like behavior, rats were subjected to 4 weeks of stress and/or VGCV treatment, 

followed by testing on novelty-suppressed feeding (NSF) and sucrose preference. Neuronal 

morphology was then assessed in these rats using Golgi analysis.

Weight and depressive-like behavior—Inhibition of neurogenesis alone did not affect 

weight gain (Figure 4A), however stress significantly inhibited weight gain by day 3 (p=.01 

by Sidak post hoc test), which is notable because diet was controlled in this experiment.

Stressed rats had longer latencies to eat in the NSF test (Figure 4B), an indication of 

increased depressive-like behavior. Inhibiting adult neurogenesis appeared to decrease 

latency to eat, but this did not reach statistical significance. There was no interaction 

between neurogenesis and stress. There were no effects on latency to approach the food, and 

all rats showed similar food consumption in the home cage, suggesting similar hunger levels 

(Supplemental Figure 2A,B). Neither restraint stress nor inhibition of neurogenesis affected 

sucrose consumption during habituation (Supplemental Figure 2C). In a 10-minute test, 

sucrose consumption was greater in rats that were stressed, independent of genotype (Fig 

4C), with no effect on water consumption (Fig 4D). This resulted in a significant increase in 

sucrose preference in stressed rats, irrespective of genotype (Supplemental Figure 2D).

Dentate gyrus granule cell morphology—Morphologic analysis of DG granule cells 

showed no effect of dorsal versus ventral location (stress x region interaction: F(1,41)=0.61, 

p=.44), so data were aggregated for dendritic analysis. A stress x genotype interaction 

indicated that chronic stress significantly decreased granule cell dendritic length in WT rats 

but not in TKs (Figure 5B). The same pattern was suggested for the number of branch points 

but did not reach significance (Figure 5C). Sholl analysis showed that stressed WTs had 

reduced distal dendritic length, 140–180μm from the soma (Figure 5D).

CA3 pyramidal cell morphology—Consistent with previous studies (26; 31), 4 weeks 

of restraint stress led to shrinkage of the apical dendrites in dorsal CA3 pyramidal cells, 

reducing both the number of branch points and total dendritic length (Figure 6B,C). 

Inhibition of adult neurogenesis alone also reduced apical dendritic length in dorsal CA3 
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pyramidal cells, but did not significantly affect branch points. Sholl analysis revealed that all 

treatments decreased dendritic length proximal to the soma (≤200μm away), relative to 

unstressed WTs (Figure 6D). while stressed WTs had an broader effect.

In the ventral hippocampus, there were no effects on total apical dendritic length or branch 

points (Figure 6F,G). However, Sholl analysis indicated a reorganization of dendritic 

branching with a 3-way interaction (Figure 6H). Stress and inhibition of adult neurogenesis 

decreased dendritic length proximal to the soma (100–140 μm) but inhibition of adult 

neurogenesis also increased dendritic length more distally (280–300 μm from the soma).

Short-shaft pyramidal neurons were more complex than long-shaft neurons in both dorsal 

and ventral CA3, as expected (49), but the pattern of effects of stress and inhibition of 

neurogenesis on dendritic length and branch point was the same for both neuronal subtypes 

(Supplemental Figure 3A–F). None of the treatments affected the basal dendrites throughout 

CA3 (Supplemental Table 5).

Discussion

Our results show that inhibiting adult neurogenesis in GFAP-TK rats leads to a measurable 

decrease in hippocampal volume. Dentate gyrus volume decreased within 4 weeks, while 

CA3 volume decreased significantly only after 8 weeks, and CA1 volume was unaffected 

even after 16 weeks. Chronic unpredictable restraint stress over 4 weeks decreased 

neurogenesis by 33% specifically within the ventral portion of the dentate gyrus but reduced 

the volume of the dentate gyrus, CA3, and CA1 throughout dorsal and ventral subfields. At a 

cellular level, both stress and inhibition of adult neurogenesis decreased apical dendritic 

length of pyramidal neurons in dorsal, but not ventral CA3. Chronic unpredictable restraint 

stress decreased dorsal and ventral granule cell dendritic length, while direct inhibition of 

adult neurogenesis had no discernable effect on the morphology of the remaining granule 

cells. Taken together, these findings demonstrate that adult neurogenesis is required for 

maintaining the normal structure of the hippocampus but suggest that decreased adult 

neurogenesis is not responsible for the hippocampal volume loss that occurs with stress.

Comparison of MRI and Nissl-stained section reconstruction methods

High resolution MRI of fixed brains and 3D-reconstruction of Nissl-stained sections showed 

similar results, indicating that both of these methods are valid for future volumetric studies 

in rats. We found higher variability using Nissl-stained section reconstruction, possibly due 

to greater opportunity for human error during sectioning, staining, and tracing steps. 

However, it was feasible to analyze more Nissl-stained brains due to lower cost and time 

constraints relative to high-resolution MRI. When using the larger sample (N=10 versus N=6 

per group), the section reconstruction was more likely to detect significant shrinkage if one 

test was used alone. In addition, section reconstruction allowed analysis of layer-specific 

changes in hippocampal subfields, although we did not detect any localization of changes to 

particular layers, possibly because neurons are able to shift slightly as they or neighboring 

cells shrink. MR scanning at 14.1T provided high resolution images in which the 

hippocampal subfields could be resolved more readily than in previous studies using 3.0T– 
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9.4T scanners (17; 19). However, a major advantage of using MRI, the ability to detect 

within-subject changes over time, is not currently possible at the resolution used here.

Regional effects of stress and inhibition of adult neurogenesis

Regional differences in volume loss have been seen in human studies, with depression-

associated changes typically detected only in the posterior hippocampus (equivalent to the 

dorsal hippocampus in rodents) (50; 51). Although most rodent studies of stress-induced 

volume changes have not separated dorsal and ventral hippocampus, one study found 

significant volume loss only in one portion of the dorsal hippocampus (52) and another 

found no volume loss with stress in the ventral hippocampus, the only region that was 

examined (20). Somewhat surprisingly, therefore, the current study found that volume loss 

was similar in the dorsal and ventral portion of all subfields (Supplemental Table 1–3). 

However, we did find that stress-induced atrophy of CA3 pyramidal cells was restricted to 

the dorsal hippocampus. This regional effect on pyramidal cell dendrites is consistent with 

one recent study (52), but not with an earlier study, which showed similar atrophy of CA3 

neurons in both dorsal and ventral hippocampus (53). The apparent inconsistencies within 

the rodent literature can potentially be explained by differences in the severity of the stress 

procedure. The studies suggesting volume changes limited to the dorsal hippocampus used 

chronic mild stress procedures, which have smaller effects on weight than chronic restraint, 

suggesting that they are in fact milder stressors. The study that found ventral as well as 

dorsal effects on CA3 dendritic atrophy (53), on the other hand, used immobilization stress, 

which is a stronger stressor (49) and produced greater effects on weight than our model – 

though this study also used mice rather than rats, suggesting a species difference as an 

alternative explanation.

If regional effects of stress are seen only with mild stress, this suggests that the dorsal 

hippocampus is more susceptible than the ventral portion but that strong enough stress can 

produce similar effects throughout the hippocampus. One study that directly compared 

milder and more aversive stress did not examine hippocampal volume or dendritic atrophy 

but found synapse loss restricted to dorsal CA3 following mild stress and throughout CA3 

following more severe stress (54), consistent with this possibility. Glucocorticoid receptors 

are found at high concentration throughout the hippocampus (55), so stress hormones seem 

unlikely to be responsible for differences in regional susceptibility. However, differential 

inputs from the amygdala, a region that shows dendritic growth with chronic stress (31; 56; 

57), to dorsal and ventral portions of the hippocampus (58; 59) may enhance or buffer the 

effects of chronic glucocorticoid release on dendritic architecture.

There is also some suggestion that hippocampal volume loss in depression is more 

pronounced in the left hemisphere than right (60–65), though the two hemispheres are 

usually not directly compared. Here we found equal volume loss in both hemispheres in all 

experiments, perhaps reflecting less laterality in the rodent brain or, alternatively, enhanced 

detection capability due to greater imaging resolution. A recent report found faster shrinkage 

in left than right hippocampus during chronic restraint in rats (66), but these differences 

were transient and would have been missed in our study.
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Cellular effects underlying volume reduction

Our findings suggest that inhibition of neurogenesis contributes little to stress-induced 

volume change, based on differences in the timing and subfield localization of the two 

effects. Complete ablation of neurogenesis resulted in CA3 volume loss and detectable total 

hippocampal volume loss only after 8 weeks – long after similar volume changes were 

detected with stress. In addition, CA1 was completely unaffected by inhibition of 

neurogenesis, even after 16 weeks. Since CA1 comprises almost two-thirds of the human 

hippocampal formation (67), shrinkage of DG and CA3 would have to be even greater to be 

detectable as a change in total hippocampal volume in humans. Finally, the partial inhibition 

of adult neurogenesis seen with stress would likely have an even more limited effect on 

dendritic atrophy and volume than complete ablation, which was used here to determine the 

maximum possible effect of adult neurogenesis.

Dendritic atrophy also seems to be only partially responsible for stress-induced loss of 

hippocampal volume. Although DG and dorsal CA3 exhibited dendritic atrophy with stress 

that could potentially explain decreased volume in those areas, the volume of the ventral 

CA3 region decreased with no corresponding change in pyramidal cells. If neither change in 

neurogenesis nor in dendritic arborization can explain the observed volume loss, it is still 

unclear what cellular changes are responsible. Several other known effects of stress, 

including decreased numbers of inhibitory interneurons throughout the hippocampus (68), 

decreased numbers of glia in the neuropil (69), and decreased hippocampal microvasculature 

(70) are potential factors. Glial cells, particularly astrocytes, are reduced in number and size 

in both human depression and animal models of chronic stress (71–73), suggesting a 

potential contribution to volume change.

New neurons may protect against stress effects

A few of the current findings hint at the possibility that loss of new neurons may actually 

attenuate the structural effects of stress in the hippocampus. First, stress had no detectable 

additive effects on DG or CA3 volume or dendritic morphology in TK rats. Although this 

may reflect a floor effect, several measures in stressed TK rats suggest a slight increase in 

volume relative to unstressed TK rats (e.g., Fig 3C,D) and less dendritic atrophy than in 

stressed wildtype rats (e.g., Fig 5B,D). In addition, stress decreased neurogenesis only in the 

ventral portion of the hippocampus, where CA3 dendritic atrophy was curbed. These 

patterns do not demonstrate any causative relationship, they are consistent with current 

thinking on the effects of new neurons on hippocampal circuits and the causes of pyramidal 

cell dendritic atrophy. Young neurons appear to enhance excitability in the hippocampus 

(74–78), and inhibiting neurogenesis can decrease overall hippocampal activity during 

unpredictable stress (42). Work on dendritic remodeling following stress suggests that CA3 

pyramidal neuron atrophy results from glutamate excitotoxicity associated with DG 

hyperexcitability (26; 79), which could potentially be exacerbated by the presence of 

excitable new neurons. Additional studies, possibly with a milder stress paradigm, will be 

required to determine whether inhibition of neurogenesis does in fact have a protective role 

on hippocampal structure and whether this produces, or is mediated by, changes in behavior.
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Behavioral changes following stress and inhibition of adult neurogenesis

Many behavioral consequences of chronic stress may reflect ethologically protective 

adaptations. For example, the increased latency to eat in the NSF test in stressed rats 

observed here could reflect increased caution in foraging and eating, which is likely to be 

protective when frequently encountering stressors. Somewhat surprisingly, we found that 

stress increased consumption in another reward-motivated task, the sucrose preference test. 

This contradicts several reports that stress, typically chronic mild stress, decreases sucrose 

preference (13; 80; 81). However, the originators of the test have pointed out that null effects 

or increases in sucrose consumption are sometimes observed in their own lab as well as 

others (82). One factor contributing to this lack of reliability is stress-induced weight loss, 

which can enhance sucrose consumption, thereby masking or reversing the anhedonia-

related decrease in sucrose preference (82; 83). Our restraint stress paradigm produced 

greater effects on weight than chronic mild stress typically does, supporting this possibility. 

Several studies have observed increased consumption of sweet foods following chronic 

restraint stress (84–87) consistent with the idea that restraint stress increases caloric drive. 

Both decreased NSF and increased sucrose consumption, therefore, may reflect increased 

protective behavior, adaptively balancing caution and feeding in predictable and 

unpredictable environments, following chronic unpredictable stress.

In rodents, decreased hippocampal volume and dendritic atrophy have been associated with 

increased anxiodepressive-like behavior (19; 30; 52; 88). However, the specific relationship 

between behavioral and structural effects of stress is complex and difficult to address, 

because morphology and volume cannot be manipulated directly. Adult neurogenesis can be 

specifically inhibited, but this manipulation has few behavioral effects under baseline testing 

conditions. Complete inhibition of adult neurogenesis had no effect on NSF in this study, 

consistent with previous findings that new neurons only affect behavior in this test under 

stressful conditions (42; 43; 89). Adult neurogenesis also had no effect on sucrose 

preference, possibly because ablation of new neurons did not affect weight, as stress did. 

Previous studies have suggested that inhibition of adult neurogenesis can exacerbate both 

behavioral and endocrine responses to acute stress (43; 90; 91). Previous work comparing 

chronic stress and exogenous corticosterone effects suggests that CA3 dendritic atrophy 

affects behavior by increasing endocrine response to the acute stress of behavioral testing 

(33), suggesting a possible common function for neurogenic and dendritic/structural 

changes. In humans, progressive hippocampal volume shrinkage and decreases in perceived 

stress levels are associated with increasing numbers of prior depressive episodes (4; 92), 

suggesting that structural changes may eventually diminish stress perception in the context 

of depressive illness. Similarly, continued neurogenesis may function to bias perception of, 

or response to, the potentially threatening experiences (42), suggesting that ongoing 

plasticity may enable more resilient and flexible behavior (93; 94). Future studies will be 

needed to understand exactly how the interacting microcircuits within the hippocampus 

function to affect behavior in the face of chronic stressors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of chronic unpredictable restraint stress on hippocampal volume. A. Representative 

hippocampal images from MRI-scanned (top) and Nissl-stained (bottom) sections. B. 

Chronic unpredictable restraint stress attenuates normal weight gain in ad lib fed rats (2-way 

ANOVA, stress x day interaction: F(27,252) = 2.693, p < .0001; slope comparison: F(1,556) = 

66.05, p < .0001, * p < .05 for slope compared to control) C. Chronic stress affects 

neurogenesis differently in the dorsal and ventral dentate gyrus (2-way ANOVA, stress x 

region interaction: F(1,18) = 6.10, p = .02, Δ p = .12 in Holm-Sidak post-hoc test D. Chronic 

stress reduces overall hippocampal volume (2-way ANOVA, main effect of stress: F(1,10) = 

11.82, p = .006). E. Chronic stress reduces dentate gyrus volume (2-way ANOVA, main 

effect of stress: F(1,10) = 12.46, p = .005). F. Chronic stress reduces CA3 volume (2-way 

ANOVA, main effect of stress: F(1,10) = 8.54, p = .015). G. Chronic stress reduces CA1 

volume (2-way ANOVA, main effect of stress: F(1,10) = 8.62, p = .015). N = 6 for each group 

in all graphs; all graphs represent means+SEM.
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Figure 2. 
Effects of 4- and 16-weeks of inhibiting neurogenesis on hippocampal volume. A. 4 weeks 

of inhibiting neurogenesis has no effect on overall hippocampal volume (2-way ANOVA, 

main effect of genotype: F(1,8) = 4.25, p = .07). B. 4 weeks of inhibiting neurogenesis 

reduces dentate gyrus volume (2-way ANOVA, main effect of genotype: F(1,8) = 13.23, p = .

007). C. 4 weeks of inhibiting neurogenesis has no effect on CA3 volume (2-way ANOVA, 

main effect of genotype: F(1,8) = 0.56, p = .48). D. 4 weeks of inhibiting neurogenesis has no 

effect on CA1 volume (2-way ANOVA, main effect of genotype: F(1,8) = 0.56, p = .47). E. 
16 weeks of inhibiting neurogenesis reduces overall hippocampal volume (2-way ANOVA, 

main effect of genotype: F(1,6) = 12.16, p = .013). F. 16 weeks of inhibiting neurogenesis 

reduces dentate gyrus volume (2-way ANOVA, main effect of genotype: F(1,6) = 10.46, p = .

018). G. 16 weeks of inhibiting neurogenesis reduces CA3 volume (2-way ANOVA, main 

effect of genotype: F(1,6) = 8.30, p = .028). H. 16 weeks of inhibiting neurogenesis has no 

effect on CA1 volume (2-way ANOVA, main effect of genotype: F(1,6) = 0.68, p = .44). N = 

5/group for 4-week experiment and n = 4/group for 16-week experiment; all graphs 

represent means+SEM.
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Figure 3. 
Effects of 8 weeks of inhibiting neurogenesis and chronic stress on hippocampal volume. A. 

Genotype has no effect on weight gain, but stress attenuates normal weight gain in food 

restricted rats (2-way ANOVA, stress x day interaction: F(54,324) = 13.66, p < .0001; slope 

comparison: F(2,414) = 34.62, p < .0001, * p < .05 for slope compared to WT and TK 

control). B. 8 weeks of inhibiting neurogenesis with and without chronic stress reduces 

overall hippocampal volume (2-way ANOVA, main effect of genotype: F(2,12) = 13.40, p = .

0009; * p < .05 versus WT with Tukey post-hoc test). C. 8 weeks of inhibiting neurogenesis 

reduces dentate gyrus volume, but adding stress attenuates volume loss (2-way ANOVA, 

main effect of genotype: F(2,12) = 8.45, p = .005; * p < .05 versus WT with Tukey post-hoc 

test). D. 8 weeks of inhibiting neurogenesis reduces CA3 volume but adding stress 

attenuates volume loss (2-way ANOVA, main effect of genotype: F(2,12) = 9.57, p = .003; * 

p < .05 versus WT with Tukey post-hoc test). E. 8 weeks of inhibiting neurogenesis has no 

effect on CA1 volume, but chronic stress reduces CA1 volume in neurogenesis-depleted rats 

(2-way ANOVA, main effect of genotype: F(2,12) = 15.91, p = .0004; * p < .05 versus WT 

and TK with Tukey post-hoc test). N = 4–6 for all graphs; all graphs represent means+SEM.
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Figure 4. 
Effects of chronic stress and inhibiting neurogenesis on depressive-like behavior. A. 
Unpredictable restraint stress decreases weight, while genotype has no effect in food 

restricted rats (3-way ANOVA, genotype x day interaction: F(27,1134) = 0.52, p = .98; stress x 

day interaction: F(27,1134) = 100.30, p < .0001; stress slope comparison: F(1,1284) = 66.39, p 
< .0001, * p < .05 for slope compared to controls B. Chronic stress increases latency to feed 

in the novelty-suppressed feeding test, but inhibiting neurogenesis does not have a 

significant effect (2-way ANOVA, main effect of stress: F(1,40) = 9.89, p = .003; main effect 

of genotype: F(1,40) = 3.26, p = .08; stress x genotype interaction: F(1,40) = 0.01, p = .94). 

C,D. Chronic stress increases sucrose consumption (2-way ANOVA, main effect of stress 

F(1,31) = 11.69, p = .002), but does not affect water consumption (2-way ANOVA, main 

effect of stress: F(1,31) = 1.30, p = .26). For all graphs, WT control = white, TK control = 

blue, WT stress = yellow, TK stress = green. N = 9–10 for all graphs; all graphs represent 

means+SEM.
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Figure 5. 
Effects of chronic stress and inhibiting neurogenesis on granule cell morphology. A. 
Representative examples of granule cell traces in the dentate gyrus. B. Chronic stress 

reduces total dendritic length of dentate gyrus granule cells only in WT rats (2-way 

ANOVA, interaction: F(1,41) = 1.87, p = .049; * p < .05 versus WT control with Tukey post-

hoc test). C. Chronic stress did not significantly affect the number of branch points (2-way 

ANOVA, interaction: F(1,41) = 2.79, p = .10; p = .09 for WT stress versus WT control with 

Tukey post-hoc test. D. Sholl analysis of dendritic length in dentate gyrus granule cells. 

Stress reduces dendritic length 140–180μm away from soma (Three-way ANOVA genotype 

x stress interaction: F(1,41) = 4.37, p = .04; distance x stress interaction: F(14,574) = 2.70, p = .

0008; # p < .05 for WT stress versus WT control in Newman-Keuls post-hoc tests). For all 

graphs, WT control = white, TK control = blue, WT stress = yellow, TK stress = green. N = 

11–12 for all graphs; all graphs represent means+SEM.
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Figure 6. 
Effects of chronic stress and inhibiting neurogenesis on dendritic morphology of pyramidal 

cells in dorsal and ventral CA3. A. Representative examples of pyramidal cell traces in 

dorsal CA3. B. Chronic stress and inhibiting neurogenesis reduce overall length of apical 

dendrites in dorsal CA3 pyramidal neurons (2-way ANOVA, interaction: F(1,38) = 4.94, p = .

03; main effect of stress: F(1,38) = 9.76, p = .003; * p < .05 versus WT control with Tukey 

post-hoc test). C. Chronic stress reduces branching of apical dendrites in dorsal CA3 

pyramidal neurons (2-way ANOVA, main effect of stress: F(1,38) = 7.27, p = .01). D. Sholl 

analysis of apical dendritic length in dorsal CA3 pyramidal cells. Stress reduces dendritic 

length 100–220μm away from the soma, inhibition of neurogenesis reduces dendritic length 

from 100–180μm away from the soma, and stress plus inhibition of neurogenesis reduces 

dendritic length from 100–200μm away from the soma (3-way ANOVA, main effect of 

stress: F(1,38) = 7.27, p = .01; distance x genotype x stress interaction: F(23,874) = 1.78, p < .

01; * p < .05 for WT control versus all other conditions, & p < .05 for WT control versus 

WT+TK stress conditions, # p < .05 for WT control versus WT stress with Newman-Keuls 

post-hoc tests). E. Representative examples of pyramidal cell traces in ventral CA3. F,G. 

Chronic stress and inhibition of neurogenesis have no effect on overall total length or branch 
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points in ventral CA3 pyramidal neurons (2-way ANOVA branch points: main effect stress: 

F(1,36) = 0.10, p = .76; main effect of genotype: F(1,36) = 1.68, p = .20; 2-way ANOVA 

length: main effect of stress: F(1,36) = 0.06, p = .80; main effect of genotype: F(1,36) = 1.53, p 
= .22). H. Sholl analysis of length of apical dendrites in ventral CA3 pyramidal cells. 

Chronic stress and inhibition of neurogenesis reduce dendritic length proximal to the soma, 

but inhibition of neurogenesis increases dendritic length distally (3-way ANOVA: distance x 

genotype x stress interaction: F(23,828) = 3.02, p = .000003; * p < .05 for WT control versus 

all other conditions, # p < .05 for WT control versus WT stress, ^ p < .05 for WT control 

versus TK control with Newman-Keuls post-hoc tests). For all graphs, WT control = white, 

TK control = blue, WT stress = yellow, TK stress = green. N = 11–12 for all graphs; all 

graphs represent means+SEM.
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