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Abstract

BACKGROUND—We examined the neurobiological mechanisms underlying stress susceptibility 

using structural magnetic resonance imaging and diffusion tensor imaging to determine 

neuroanatomic differences between stress-susceptible and resilient mice. We also examined 

synchronized anatomic differences between brain regions to gain insight into the plasticity of 

neural networks underlying stress susceptibility.

METHODS—C57BL/6 mice underwent 10 days of social defeat stress and were subsequently 

tested for social avoidance. For magnetic resonance imaging, brains of stressed (susceptible, n = 

11; resilient, n = 8) and control (n = 12) mice were imaged ex vivo at 56 μm resolution using a T2-

weighted sequence. We tested for behavior-structure correlations by regressing social avoidance z-

scores against local brain volume. For diffusion tensor imaging, brains were scanned with a 

diffusion-weighted fast spin echo sequence at 78 μm isotropic voxels. Structural covariance was 

assessed by correlating local volume between brain regions.

RESULTS—Social avoidance correlated negatively with local volume of the cingulate cortex, 

nucleus accumbens, thalamus, raphe nuclei, and bed nucleus of the stria terminals. Social 

avoidance correlated positively with volume of the ventral tegmental area (VTA), habenula, 

periaqueductal gray, cerebellum, hypothalamus, and hippocampal CA3. Fractional anisotropy was 

increased in the hypothalamus and hippocampal CA3. We observed synchronized anatomic 

differences between the VTA and cingulate cortex, hippocampus and VTA, hippocampus and 
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cingulate cortex, and hippocampus and hypothalamus. These correlations revealed different 

structural covariance between brain regions in susceptible and resilient mice.

CONCLUSIONS—Stress-integrative brain regions shape the neural architecture underlying 

individual differences in susceptibility and resilience to chronic stress.

Keywords

Chronic stress; Cingulate cortex; Depression; DTI; Hippocampus; MRI; Neural circuits; Ventral 
tegmental area

Chronic stress is a major risk factor for depression (1); however, it is unclear why some 

individuals are more susceptible to the effects of stress than others. Although numerous 

target brain structures are implicated in mediating stress susceptibility (2–9), a systems-level 

analysis of individual neuroanatomic differences of susceptibility and resilience is missing.

Chronic social defeat stress is a well-validated mouse model that consistently generates 

susceptible and resilient phenotypes (10). Brain reward pathways, including the ventral 

tegmental area (VTA) and the nucleus accumbens (NAc) (4) as well as the prefrontal cortex 

(PFC) and the amygdala (11,12), have been implicated in the neural circuitry mediating 

these differences in stress susceptibility. In particular, phasic firing of dopaminergic neurons 

from the VTA to the NAc promotes susceptibility, whereas firing of dopaminergic neurons 

from the VTA to the medial PFC promotes resilience (4). The hippocampus regulates 

neuroendocrine and behavioral responses to stress (13,14). At the circuit level, hippocampal 

connections to the hypothalamus inhibit the release of glucocorticoid hormones via 

suppression of the hypothalamus-pituitary-adrenal (HPA) axis (13–15). However, no study 

to date has attempted to characterize synchronized differences between the hippocampus and 

hypothalamus as they relate to susceptibility and resilience to chronic social stress.

Functional neuroplasticity can be accompanied by structural changes in gray matter. For 

example, increased volume of the posterior hippocampus in taxi drivers (16) is consistent 

with bilateral activation of the same region during navigational tasks (17). Juggling is 

associated with changes in gray and white matter structures of complex visual motion 

(18,19). These data support the view that neuroanatomic differences may be closely related 

to their functional requirement during conditions in which the volume change can be 

observed (20).

In this study, we used magnetic resonance imaging (MRI) and diffusion tensor imaging 

(DTI) (21,22) to detect stress-induced neuroanatomic differences. We first tested whether 

structural MRI was capable of detecting changes in brain volume previously associated with 

susceptibility and resilience to chronic stress. We used DTI to investigate diffusion 

properties associated with differences in tissue microstructure of these brain regions. Next, 

we examined if synchronized anatomic changes were reflective of previously identified 

functional connections and whether the hippocampus may be involved in this circuitry. 

Finally, we used an unbiased approach to ascertain volume differences and tissue diffusion 

properties of regions not previously implicated in stress susceptibility. This is the first study 
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to our knowledge to provide a comprehensive, systems-level analysis of regional volume and 

tissue diffusion characteristics that correlate with stress susceptibility and resilience.

METHODS AND MATERIALS

A full description of all experimental procedures is provided in the Supplement.

Mice

Adult male C57BL/6 mice 8 weeks old (Charles River Laboratories, Sherbrooke, Quebec, 

Canada) were pair-housed on a 12-hour light/dark cycle. CD1 retired breeders (Charles 

River Laboratories) were single-housed. All procedures were performed according to 

guidelines of the Canadian Council on Animal Care and approved by the McGill University 

Animal Care Committee.

Social Defeat Stress Procedure

Adult male C57BL/6 mice (n = 19) were physically defeated by a new CD1 aggressor 

mouse for 5 minutes every day for 10 days and subsequently housed across a perforated 

plexiglass divider in the same cage with the aggressor for 24 hours (23). Control mice (n = 

12) were housed two per cage across a divider and paired with a new control mouse every 

day.

Social Interaction Test and Social Avoidance z Scoring

During the first trial, defeated mice were allowed to explore an open field arena (42 cm × 42 

cm × 42 cm) containing an empty wire mesh enclosure for 150 seconds. During the second 

trial, a CD1 mouse was placed into the enclosure, and the experimental mouse was 

reintroduced for 150 seconds. Social interaction ratios were calculated as time spent in the 

interaction zone during the second trial/time spent in the interaction zone during the first 

trial. Mice with social interaction ratios <1 were considered “susceptible” (n = 11); mice 

with social interaction ratios >1 were considered “resilient” (n = 8) (23). In addition, social 

avoidance z scores were calculated to integrate the following behavioral outcomes: 1) time 

spent in the interaction zone during the second trial, 2) time spent in the corner zones during 

the second trial, and 3) ratio of time spent in the corner zone during the second trial divided 

by the first trial (Supplemental Figure S1). These integrated z scores were used as a 

continuous variable for social avoidance across susceptible and resilient groups. This 

common variable was correlated with brain volume in the MRI analysis and with fractional 

anisotropy (FA) in the DTI analysis.

Ex Vivo MRI and DTI

A T2-weighted sequence was used to obtain images for deformation-based morphometry. A 

custom-built 16-coil solenoid array was used to image 16 samples concurrently at 56 μm 

isotropic voxel resolution (22). The three-dimensional fast spin echo sequence had the 

following parameters: repetition time = 2000 ms; echo train length = 6; effective echo time = 

42 ms; field of view = 25 mm × 28 mm × 14 mm; matrix size = 450 mm × 504 mm × 250 

mm. Total imaging time was 11.7 hours. For DTI, brains were scanned with a three-

dimensional diffusion-weighted fast spin echo sequence (30 directions with B = 2147 s/
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mm2; 5 B0 images; repetition time = 270 ms; echo train length = 6; first echo time = 15 ms; 

echo time = 6 ms for the remaining 5 echoes, two averages; field of view = 25 mm × 14 mm 

× 14 mm; matrix size = 324 mm × 180 mm × 180 mm, yielding 78 μm isotropic voxels; total 

imaging time = 12.5 hours).

Image Statistics

The social avoidance z score was regressed against log-Jacobians of each individual at each 

voxel within a priori regions of interest. Clusters were defined at a voxelwise threshold of p 
< .05. Jacobians were extracted at points of local maxima/minima on the resulting maps of 

voxelwise t values, or “peak voxels” for brevity. Correlation plots display the Jacobians 

versus the behavioral score. Cluster thresholding from random field theory (24) was used to 

control for multiple comparisons. The search region was restricted to the preselected regions 

of interest (volume, 90.91 mm3; 517,639 voxels), and a cluster-forming threshold of p < .01 

was chosen. Resulting clusters with an extent of 273 voxels at a |t| > 2.57 survived multiple 

comparisons at p < .05.

RESULTS

Stress Susceptibility Correlates With Neuroanatomic Differences in Candidate Brain 
Regions

We subjected male C57BL/6 mice (n = 19) to 10 days of chronic social defeat and correlated 

social avoidance z scores of all 19 stressed animals with the neuroanatomic volume of 

predetermined regions of interest from across the brain (Supplemental Table S1) to gain a 

complete view of brain regions associated with individual differences in the stress response 

(Figure 1; red areas indicate positive correlations, and blue areas indicate negative 

correlations). We first focused on regions that were previously shown to mediate stress 

susceptibility or resilience in the same stress model: VTA, cingulate cortex, NAc, and 

amygdala. Social avoidance scores correlated positively with VTA peak voxel volume (r = .

69, p < .001) (Figure 2A), supporting a role of the VTA in promoting stress susceptibility. In 

addition, we found a significant negative correlation between social avoidance scores and 

peak voxel volumes of the cingulate cortex (r = −.79, p < .001) (Figure 2B), suggesting that 

the cingulate cortex is smaller in stress-susceptible mice. Social avoidance scores also 

correlated negatively with peak voxel volumes of the NAc (r = −.48, p < .05) (Figure 2C) 

and positively with peak voxel volumes of the amygdala (r = .77, p < .01) (Figure 2D) (25–

27). Our DTI analysis revealed that FA correlated with behavioral z scores in opposite 

directions than anatomic volume in the VTA, NAc, and cingulate cortex. In the amygdala, 

FA-behavior and volume-behavior correlations had the same direction (Supplemental Figure 

S2).

We expanded our analyses to the hippocampus and hypothalamus, structures involved in 

mood and neuroendocrine regulation (14,28–30). We found significant positive correlations 

between social avoidance scores and peak voxel volumes of the hippocampus (r = .81, p < .

001) (Figure 3A) and hypothalamus (r = .77, p < .01) (Figure 3B), suggesting that larger 

hypothalamus and hippocampal volumes are associated with stress susceptibility. Larger 

hippocampal volume was specifically observed in CA3 (red areas in Figure 3A), a region of 
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the hippocampus that is particularly vulnerable to the effects of stress (8,31). We found 

similar correlations when separately analyzing the dorsal (r = .80, p < .001) and ventral (r = .

81, p < .001) hippocampus (Supplemental Figure S3). Atlas-based comparisons of group-

level structural differences confirmed larger hippocampal volume in susceptible (n = 11) 

compared with resilient (n = 8) mice (Supplemental Table S1 and Figure S4). In addition, 

our DTI analysis revealed positive correlations between behavioral z scores and FA in the 

hippocampus and hypothalamus, indicating that diffusion in these structures is more 

anisotropic in susceptible mice (Figure 3A, B; graphs on the right). No significant 

correlations were observed between social avoidance z score and volume of the same brain 

structures in control mice (n = 12) (Supplemental Figure S5). These data demonstrate that 

stress susceptibility positively correlates with increased volume and more anisotropic 

diffusion in the hypothalamus and hippocampal CA3.

Synchronized Neuroanatomic Differences of Stress-Integrative Brain Regions Are 
Associated With Susceptibility and Resilience

We tested for networks of anatomic covariance to gain insight into the neural circuitry 

involved in stress susceptibility and resilience (32). We first correlated peak voxel volumes 

within the VTA with peak voxel volumes within the cingulate cortex and NAc. We found a 

negative correlation between peak voxel volumes of the VTA and the cingulate cortex (r = −.

61, p = .01) (Figure 4A). Susceptible and resilient mice cluster at opposite ends of this 

correlation (Figure 4A; open circles, susceptible mice, n = 11; solid circles, resilient mice, n 
= 8). In susceptible mice, smaller cingulate cortex volume predicts larger VTA volume; in 

resilient mice, larger cingulate cortex volume predicts smaller VTA volume. These results 

suggest coordinated, but opposite, changes in VTA and medial PFC volume across 

experimental groups. We observed a trend toward a small negative correlation between the 

VTA and NAc in our analysis (r = −.14, p = .06) (Figure 4B).

The hippocampus regulates hypothalamic control over the HPA axis (14,33–35). To 

investigate whether hippocampus-hypothalamus connectivity may determine individual 

differences in stress sensitivity, we correlated hippocampal volume with hypothalamus 

volume and found a positive correlation across all chronically defeated mice (r = .62, p = .

005; n = 19) (Figure 4C). Similar to our findings for the VTA and cingulate cortex, 

susceptible (n = 11, open circles) and resilient (n = 8, solid circles) mice cluster at opposite 

ends of this correlation, suggesting that stress susceptibility is associated with stronger 

structural covariance between the hippocampus and hypothalamus.

We then addressed the question whether these brain regions might interact as part of a stress-

sensitive neural circuitry. Hippocampal volume is positively correlated with VTA volume (r 
= .64, p = .003) (Figure 4D) and negatively correlated with cingulate cortex volume (r = −.

68, p = .001) (Figure 4E), suggesting an interaction of the hippocampus with the VTA and 

medial PFC (4). We found a trend toward a negative correlation between the volume of the 

hippocampus and NAc (r = −.44, p = .06) (Figure 4F). We also used an interaction model to 

test all structure-structure correlations for group dependences (i.e., to test whether either the 

susceptible or the resilient mice drive these correlations). Using this analysis, we did not find 

any interactions that were significant (Supplemental Table S3). In control mice (n = 12), we 
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observed correlations only between the hippocampus and hypothalamus (r = .57, p = .04) 

(Supplemental Figure S6C) and between the hippocampus and cingulate cortex (r = .6, p = .

001) (Supplemental Figure S6E), but not between any of the other brain regions analyzed 

(Supplemental Figure S6).

Brain-Wide Neuroanatomic Differences Associated With Susceptibility to Chronic Stress

We also detected correlations of social avoidance and peak voxel volume in additional brain 

regions, which we did not predict a priori to be associated with stress sensitivity. Social 

avoidance scores correlated negatively with the volume of the bed nucleus of the stria 

terminals (BNST) (r = −.78, p < .001) (Figure 5A), a brain structure involved in 

neuroendocrine regulation and anxiety-like behavior (36–39); the raphe nuclei (r = −.64, p 
= .003) (Figure 5B), which are importantly involved in regulating serotoninergic tone 

(40,41); the thalamus (r = −.79, p < .001) (Figure 5C), which controls consciousness and 

information relay; and the corpus callosum (r = −.77, p < .001) (Figure 5D), the central 

white matter tract connecting both cerebral hemispheres. Social avoidance scores also 

correlated positively with volume of the habenular commissure (r = .69, p = .001) (Figure 

5E), a brain structure associated with depression and antidepressant response (42); the 

periaqueductal gray (r = .66, p = .002) (Figure 5F), a region involved in fear responses and 

defensive behavior (43,44); and the cerebellum (r = .78, p < .001) (Figure 5G), which has 

been implicated in neuropsychiatric disorders (45). Our DTI analysis showed correlations in 

FA with behavioral z scores for the BNST, thalamus, habenular commissure, periaqueductal 

gray, and cerebellum (Supplemental Figure S7). Similar to our observation in the VTA, 

cingulate cortex, and NAc, most of these correlations occurred in opposite directions than 

anatomic volume, again suggesting that increased volume may be associated with less 

anisotropic diffusion in these brain regions. We did not find any significant correlations 

between social avoidance and volume or FA of any of these brain regions in control mice (n 
= 12).

We also conducted atlas-based comparisons of group-level structural differences between 

susceptible and resilient mice for these novel brain regions. This additional analysis 

confirmed smaller BNST and corpus callosum volume in susceptible compared with 

resilient mice (Supplemental Table S2 and Figure S4).

DISCUSSION

This is the first study to use ex vivo structural MRI and DTI to detect differences in local 

brain volume and tissue diffusion properties associated with stress susceptibility and 

resilience. These findings are of particular relevance for our understanding of the 

neuroanatomy underlying individual differences in stress susceptibility and may provide 

potential new therapeutic targets for stress-induced psychiatric disorders, such as anxiety 

and depression.

Social defeat–induced anxiety and depressive-like behaviors were previously associated with 

decreased neuronal activity in the medial PFC (46) as well as increased VTA and amygdala 

activity (10–12). Our structural analysis revealed that gray matter volume of the VTA 

increased as a function of social avoidance, whereas cingulate cortex and NAc volumes 
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declined with increasing social avoidance. These data support the notion that anatomic 

differences in these brain regions may be associated with their previously established 

functional role in mediating individual differences in stress susceptibility.

An analysis of structural covariance revealed a negative correlation between VTA and 

cingulate cortex volume. Specifically, stress-susceptible mice exhibit smaller cingulate 

cortex volume, predicting larger VTA volume, whereas in resilient mice larger cingulate 

cortex volume predicts smaller VTA volume. These synchronized anatomic differences may 

reflect altered connectivity between these regions in susceptible and resilient mice. At the 

functional level, previous studies showed that dopaminergic connections from the VTA to 

the medial PFC promote resilience to social defeat, whereas connections from the VTA to 

the NAc promote susceptibility (4,47). We observed only a trend toward a correlation 

between VTA and NAc volume in our analysis. The lack of significant correlation between 

these two nuclei may suggest that, at the structural level, differences in connectivity between 

the VTA, medial PFC, and NAc may be primarily driven by covariance between the VTA 

and cingulate cortex. Alternatively, connectivity between these regions could occur as a 

result of changes in synaptic strength, which might not manifest as detectable volume 

differences.

The hippocampus governs HPA axis activity by modulating the function of the 

hypothalamus (30). Social avoidance correlated positively with the volume of the 

hippocampus and hypothalamus. Although increased hypothalamic volume supports the 

notion that HPA axis hyperactivity is associated with susceptibility to chronic stress, 

increased hippocampal volume may appear contrary to previous studies, which have shown 

smaller hippocampi in depressed patients (48,49) and hippocampal atrophy following stress 

(8,31,50–52). Some studies have observed an association between the number of stressful 

life events and increased hippocampal volume in elderly, nondepressed subjects (53). 

Moreover, men with larger hippocampi show a greater cortisol awakening response and 

increased cortisol release in response to social stress (54), suggesting that larger 

hippocampal volume may be associated with greater stress reactivity and HPA axis 

hyperactivity.

Whether the observed volume differences are the basis for or the result of higher stress 

susceptibility remains elusive. The fact that social avoidance in our study is not correlated 

with brain volume in control animals suggests that different anatomy and connectivity may 

be the consequence of stress exposure. Such stress-induced alterations may result from 

elevated glucocorticoid levels and potential differences in glucocorticoid release or 

differences in sensitivity to glucocorticoids between susceptible and resilient mice (55). 

However, a recent longitudinal study suggested that stress-susceptible mice have larger 

hippocampal volume than resilient mice before stress onset (56). Our findings, which 

confirm the result of this study, may at least in part also reflect individual trait differences.

We found structural covariance between hippocampal CA3 and the hypothalamus in stressed 

as well as control mice, suggesting that structural synchrony between these regions generally 

exists in nonstressed individuals. However, after stress, susceptible mice show greater 

volume associations between these regions than resilient mice, as indicated by the finding 
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that susceptible and resilient mice cluster at opposite ends of the correlation (Figure 3). 

Increased volumes of two of the key regulators of the HPA axis may possibly sensitize 

susceptible individuals to develop HPA axis abnormalities and social avoidance more so than 

resilient mice. Nevertheless, it is unclear how increased hippocampal volume may explain 

increased hypothalamic volume. Glutamatergic hippocampal outputs generally activate 

GABAergic inhibitory neurons of subcortical relay areas, including the BNST, which 

consequently inhibit neurons in the paraventricular nucleus of the hypothalamus. Our 

analysis revealed that the volume of the BNST is reduced as a function of social avoidance. 

Reduced volume of the BNST in susceptible mice may reflect network abnormalities by 

which hippocampal information relay to the hypothalamus could be disturbed. Such 

disturbances in hippocampus-hypothalamus connectivity may be associated with enlarged 

hippocampal volume as a result of compensatory changes in the hippocampus that are aimed 

at reducing HPA axis hyperactivity. Such a model of neuroendocrine network abnormalities 

in the susceptible brain does not exclude the possibility that prolonged periods of stress may 

reduce hippocampal volume at time periods exceeding the 10-day stress paradigm used in 

this study.

We also found that hippocampal volume is positively correlated with VTA volume and 

negatively correlated with cingulate cortex and NAc volume, suggesting that the 

hippocampus may be part of a comprehensive neuroanatomic network associated with stress 

sensitivity. Although functional connections from the hippocampus activate VTA neurons 

(57), it remains to be elucidated whether the correlations of brain volume that we identified 

in our study are associated with activation of such functional networks.

Our systems-level analysis of anatomic volume differences in susceptible and resilient mice 

revealed numerous brain regions with potential relevance to anxiety and depression. As 

described earlier, the BNST is crucially involved in HPA axis regulation and neuroendocrine 

responses. Moreover, the BNST sends outputs to hypothalamic targets to produce fear 

responses (38,39), which may be particularly relevant for defeat-induced social avoidance. 

We also found that susceptible mice exhibit reduced volume of the raphe nuclei, which are 

critically involved in regulating serotoninergic tone (40,41). Reduced raphe volume may 

affect serotonin signaling throughout the brain, contributing to stress reactivity and to the 

development of depressive-like behavior (58). We also found increased volume of the 

periaqueductal gray as a function of stress susceptibility, pointing toward differences in fear 

and panic responses between susceptible and resilient mice (43,44,59).

In addition to our peak voxel volume correlations, we also tested for atlas-based group-level 

differences between susceptible and resilient mice for the same regions that we found 

significantly correlated with social avoidance in our voxelwise comparisons. This additional 

analysis confirmed larger hippocampal volume and smaller volume of the BNST and corpus 

callosum in susceptible mice. However, the differences were less significant, indicating the 

importance of the z score measure of behavior for differentiating between individuals.

A general consideration for evaluating local volume differences associated with social defeat 

stress is the underlying tissue microstructure. Our multiparametric approach of combining 

MRI and DTI data from the same brain regions may provide some first insight into 
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differences in tissue microstructure associated with structural differences between 

susceptible and resilient brains. Some studies showed that FA can predict cell number and 

tissue density (60,61) and that higher FA could indicate greater tissue integrity. In our study, 

local volume and FA correlate in opposite directions with social avoidance in the VTA, 

cingulate cortex, NAc, BNST, thalamus, periaqueductal gray, and cerebellum. In contrast, 

local volume and FA positively correlate with social avoidance in the hippocampus and 

hypothalamus. These data suggest that local brain volume can be associated with either more 

or less restricted diffusion through the underlying tissue, potentially indicating higher or 

lower tissue integrity, respectively. A simple distinction between gray and white matter or 

cortical and subcortical tissue does not seem sufficient to explain the observed behavior-FA 

and behavior-volume correlations. A larger FA might indicate more pronounced tissue 

anisotropy, possibly resulting from increased axonal density, increased organization along 

the dominant axis (e.g., alignment of neurites), decreased interfering processes (e.g., 

neuritis, glial cells, vasculature), and increased myelination (62,63). A change in overall 

volume is likely to increase anisotropy in anisotropic compartments if the structure itself 

resists the overall volume change along the dominant axis of the tissue anisotropy. This 

hypothesis agrees with an increased FA in compressed brain tissue after hematoma (64).

Microscopic alterations in brain volume and anisotropy can be caused by changes in 

synaptogenesis, neuronal morphology, fiber density, and axonal branching as well as by 

extraneuronal changes, such as glial cell number or angiogenesis (65). Future studies should 

explore further such cellular and molecular foundations for differences in brain volume and 

anisotropy. The use of immunohistologic techniques to determine numbers of neurons, glia 

cells, and axons may help identify the cellular origin of FA and local volume, as previously 

shown (22,66,67). In addition, a direct measure of neuronal activity is not provided by brain 

structure, anisotropy, or cell number. Although changes in the cellular organization of a 

specific brain region can result from the molecular processes after neuronal activity (65,68), 

functional studies employing techniques for chronic activation or inhibition of neurons 

within the brain regions identified in this study would help to clarify their functional role in 

mediating stress susceptibility and resilience.

Previous studies used other animal models of chronic stress and MRI-based techniques to 

examine stress-induced differences in brain anatomy and underlying tissue micro-structure. 

For example, Delgados y Palacios et al. (69,70) reported an outward displacement at the 

ventral tip of the hippocampus and observed decreased diffusion kurtosis in the 

hippocampus after chronic mild stress in rats. Moreover, differences in diffusivity and 

kurtosis were observed in the amygdala and caudate putamen, but not in the PFC. Using 

proton magnetic resonance spectroscopy, Hemanth Kumar et al. (71) identified decreased 

glutamate, glutamine, and gamma-aminobutyric acid levels in the hippocampus and PFC of 

chronically stressed rats, which may be related to changes in tissue integrity within these 

structures. In light of our study and this recent work, a consensus seems to emerge between 

structural alterations, tissue diffusivity, and underlying tissue microstructure in key brain 

regions, such as the hippocampus. To increase the translational value of MRI-based studies 

across different rodent stress paradigms, it will be important to identify which specific 

neural correlates associate with defined stressors and behavioral outcomes in different 

preclinical models of chronic stress.
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In conclusion, new measures of stress susceptibility and resilience in the mouse brain would 

allow the testing of novel interventions, including psychiatric drugs, for their effects on local 

brain volume in vivo. Our findings may be a first step toward clinical application, as MRI 

and DTI could potentially be used as biomedical tools to inform a clinical diagnosis of 

depression risk based on neuroanatomic abnormalities in patients seeking psychiatric 

services. In addition to our findings, in vivo longitudinal imaging at baseline and after stress 

may be a powerful method of translational relevance to detect interindividual variations in 

brain regions that may characterize susceptible and resilient individuals before stress onset. 

Identifying neuroanatomic differences that predispose individuals to developing depression 

after chronic stress may help target stress-preventive measures to alleviate the burden of 

mental illness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Three-dimensional rendering of all significant volume changes after chronic social defeat 

stress in 19 mice. Red clusters indicate positive correlations with social avoidance, and blue 

clusters indicate negative correlations with social avoidance. (A) Top view. (B) Bottom view. 

(C) Side view.
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Figure 2. 
Correlations between social avoidance and volumes of previously established stress-related 

brain structures. Social avoidance z scores are correlated with anatomic volume at the most 

significant voxel within selected brain structures. (A) Positive correlation with ventral 

tegmental area (VTA). (B) Negative correlation with cingulate cortex. (C) Negative 

correlation with nucleus accumbens. (D) Positive correlation with amygdala. Green areas 

indicate the entire brain structure; blue and red areas indicate regions with significant 

volume changes. Open circles indicate susceptible mice (n = 11) and solid circles indicate 

resilient mice (n = 8) based on social interaction ratio.
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Figure 3. 
Correlations between social avoidance, hippocampus and hypothalamus volume, and 

fractional anisotropy (FA). Social avoidance z scores are correlated with anatomic volume 

and FA at the most significant voxel within selected brain structures. (A) Positive correlation 

with hippocampal volume and FA. (B) Positive correlation with hypothalamus volume and 

FA. Green areas indicate the entire brain structure; blue and red areas indicate regions with 

significant volume changes. Open circles indicate susceptible mice (n = 11) and solid circles 

indicate resilient mice (n = 8) based on social interaction ratio.
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Figure 4. 
Structural covariance between candidate brain regions. Peak voxel volume correlations are 

shown for (A) ventral tegmental area and cingulate cortex, (B) ventral tegmental area and 

nucleus accumbens, (C) hippocampus and hypothalamus, (D) hippocampus and ventral 

tegmental area, (E) hippocampus and cingulate cortex, and (F) hippocampus and nucleus 

accumbens. Open circles indicate susceptible mice (n = 11) and solid circles indicate 

resilient mice (n = 8) based on social interaction ratio. Circle sizes correspond to the social 

avoidance score of the respective animal.
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Figure 5. 
Correlations between social avoidance and volumes of structures not previously associated 

with social defeat stress. Social avoidance z scores are correlated with anatomic volume at 

the most significant voxel. (A) Negative correlation with the bed nucleus of the stria 

terminals, (B) negative correlation with raphe nucleus, (C) negative correlation with 

thalamus, (D) negative correlation with corpus callosum, (E) positive correlation with 

habenular commissure, (F) positive correlation with periaqueductal gray, and (G) positive 

correlation with the cerebellum. Green areas indicate the entire brain structure; blue and red 
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areas indicate regions with significant volume changes. Open circles indicate susceptible 

mice (n = 11) and solid circles indicate resilient mice (n = 8) based on social interaction 

ratio.
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