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Abstract

Chronic mild stress (CMS) induced depression elicits several debilitating symptoms and causes a 

significant economic burden on society. High variability in the symptomatology of depression 

poses substantial impediment to accurate diagnosis and therapy outcome. CMS exposure induces 

significant metabolic and microstructural alterations in the hippocampus (HP), prefrontal cortex 

(PFC), caudate-putamen (CP) and amygdala (AM), however, recovery from these maladaptive 

changes are limited and this may provide negative effects on the therapeutic treatment and 

management of depression. The present study utilized anhedonic rats from the unpredictable CMS 

model of depression to study metabolic recovery in the ventral hippocampus (vHP) and 

microstructural recovery in the HP, AM, CP, and PFC. The study employed 1H MR spectroscopy 

(1H MRS) and in-vivo diffusion MRI (d-MRI) at the age of week 18 (week 1 post CMS exposure) 

week 20 (week 3 post CMS) and week 25 (week 8 post CMS exposure) in the anhedonic group, 

and at the age of week 18 and week 22 in the control group. The d-MRI data have provided an 

array of diffusion tensor metrics (FA, MD, AD, and RD), and fast kurtosis metrics (MKT, WL and 

WT). CMS exposure induced a significant metabolic alteration in vHP, and significant 

microstructural alterations were observed in the HP, AM, and PFC in comparison to the age match 

control and within the anhedonic group. A significantly high level of N-acetylaspartate (NAA) was 

observed in vHP at the age of week 18 in comparison to age match control and week 20 and week 

25 of the anhedonic group. HP and AM showed significant microstructural alterations up to the 

age of week 22 in the anhedonic group. PFC showed significant microstructural alterations only at 

the age of week 18, however, most of the metrics showed significantly higher value at the age of 

week 20 in the anhedonic group. The significantly increased NAA concentration may indicate 

impaired catabolism due to astrogliosis or oxidative stress. The significantly increased WL in the 
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AM and HP may indicate hypertrophy of AM and reduced volume of HP. Such metabolic and 

microstructural alterations could be useful in disease diagnosis and follow-up treatment 

intervention in depression and similar disorders.
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Introduction

Chronic stress exposure contributes to illness in several debilitating diseases, such as 

cardiovascular disease, atherosclerosis (Steptoe and Kivimäki, 2012), diabetes (Grigsby et 

al., 2002), neurodegenerative diseases (Czéh et al., 2015; Janakiraman et al., 2016), and 

other mental disorders (McEwen and Gianaros, 2011; Wiborg, 2013). In addition to being 

detrimental to health, chronic stress causes poor quality of life and a general loss of 

productivity. Through these effects, chronic stress poses a significant economic burden on 

society (Ferrari et al., 2013). The absence of detectable pathological hallmarks and the 

variability in symptoms of depression represent a substantial impediment to accurate 

diagnosis and therapy outcome. Diagnosis of depression is based solely on duration and 

severity of symptoms as described in the Diagnosis and Statistical Manual V (DSM V) 

(American Psychiatric Association, 2013). Although the vast heterogeneity of symptoms 

also poses challenges in accurate modeling of depression in animal models, the 

unpredictable chronic mild stress (CMS) animal model is considered a realistic model of 

depression and demonstrates pertinent face validity (similar behavioral phenotypes as in the 

clinical symptom profile), predictive validity (similar response to clinically effective/

ineffective treatment), etiological validity (triggering by similar events, which elicit human 

disorder) and construct validity (a loss of responsiveness to pleasant events, which is a core 

symptom of depression) (Wiborg, 2013; Willner, 1997). Chronic stress exposure induces 

significant microstructural and functional alterations in subcortical and cortical regions, 

especially in hippocampus (HP) (Henckens et al., 2015; Kalisch et al., 2006; Vestergaard-

Poulsen et al., 2011), amygdala (AM) (Bourgin et al., 2015; Khan et al., 2016a; Roozendaal 

et al., 2009; Vyas et al., 2004), caudate-putamen (CP) (Dias-Ferreira et al., 2009; y Palacios 

et al., 2014) and prefrontal cortex (PFC) (McEwen and Gianaros, 2011; Radley et al., 2004).

Hippocampal atrophy reliably associates with depression and indicates cognitive aspects of 

behavioral impairments in animals (Anacker et al., 2015; Kalisch et al., 2006; Tse et al., 

2014; Vyas et al., 2004) and humans (Kempton et al., 2011; Videbech and Ravnkilde, 2004). 

In contrast to HP, hypertrophy of AM is reliably detected after chronic stress exposure and 

may account for co-morbid anxiety symptoms (Khan et al., 2016a; Vyas et al., 2002), while 

reduced volume of CP after stress exposure is regarded as an indication of abnormal reward 

processing (Kumar et al., 2014; Sacchet et al., 2016; y Palacios et al., 2014). Similar to HP, 

CMS exposure also causes PFC atrophy, which is believed to affect higher cognitive 

processes, and the regulation of stress-induced hypothalamic-pituitary-adrenal (HPA) 

activity (Radley et al., 2006; Wilson et al., 2015). Moreover, differential response of dorsal 

HP (dHP) and ventral HP (vHP) was also demonstrated recently in the preclinical chronic 
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stress studies (Ballesteros et al., 2014; Sousa et al., 2000) and in the review articles 

(Bannerman et al., 2014; Fanselow and Dong, 2010). More specifically, changes in dHP are 

associated with poor spatial learning memory and changes in vHP with anxiety-like 

behaviors after CMS exposure (Bannerman et al., 2004; Conrad et al., 2016). This might be 

due to the fact that dHP receives multimodal sensory information from cortical regions, 

while vHP is closely linked to the AM and the Hypothalamic pituitary axis (HPA) 

(Bannerman et al., 2004; Bannerman et al., 2014). More recently, optogenetic approaches 

reveal stress induced behavioural abnormalities dependent on impaired function of specific 

brain regions and projection-specific alterations of neural networks (Chaudhury et al., 2013; 

Golden et al., 2016).

In spite of all these findings, the understanding of maladaptive responses of sensitive brain 

regions to stress and its potential reversibility remains limited. Better understanding of 

microstructural and metabolic recovery after CMS exposure could have great scientific value 

and mediate positive effects on the treatment and management of depression. Until now, 

only a limited number of clinical (Gong et al., 2011; Zhao et al., 2014) and preclinical 

studies (Bian et al., 2012; Gong et al., 2011; Sousa et al., 2000) have demonstrated recovery 

after microstructural and metabolic alterations. However, preclinical studies were limited to 

a specific brain region and/or the timeline for recovery was relatively short, such as 3 weeks 

(Vyas et al., 2004) and 6 weeks (Bian et al., 2012). Nonetheless, these studies demonstrated 

reversibility of some maladaptive forms of stress-related brain plasticity and indicate post 

stress exposure regulation (McEwen and Gianaros, 2011). Therefore, in the present study, 

we set out to explore the recovery of CMS induced microstructural and metabolic alterations 

using a longitudinal experimental design covering a period of 8 weeks post CMS exposure.

The present study aims to explore microstructural and metabolic alterations using diffusion 

MRI (d-MRI) and 1H magnetic resonance spectroscopy (1H MRS) in a group of rats 

exposed to unpredictable CMS exposure for eight weeks (from week 9 to week 17). To 

examine metabolic alterations in left vHP using in-vivo1H MRS, and microstructural 

alterations using d-MRI scans were carried out post-CMS paradigm when the rats were 18 

weeks (week 1 post CMS exposure), 20 weeks (week 3 post CMS exposure) and 25 weeks 

of age (week 8 post CMS exposure). 1H MRS revealed significant metabolic changes in 

CMS animals at the age of week 18 with gradual normalization up to the age of week 25 

(last time point). The d-MRI revealed significant microstructural alterations at the age of 

week 18, week 20, and week 22 in comparison to the age match control and among the 

anhedonic group at three time points, but no apparent microstructural alteration was 

observed at the age of week 25 (week 8 post CMS exposure) in comparison to the week 22 

control and mean of the week 20 and week 25 of the anhedonic group. Such multimodal 

MRI studies provide better understanding of metabolic and microstructural recovery of 

CMS-induced depression, and helps identify which MRI methods and parameters could be 

useful for diagnosis and evaluation of treatment outcome in depression and similar disorders.
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Materials and Methods

Animals, stress paradigm, and Sucrose consumption test

Sixteen adult, male, Long Evans rats (Janvier Labs, Denmark) were utilized in this 

longitudinal study. An illustration of the experimental design of the present study is shown 

in (Fig. 1a). Animals were exposed to a set of unpredictable chronic mild stressors such as 

one period of stroboscopic light, intermittent illumination, grouping, food or water 

deprivation; two periods of soiled cage, and no stress; and three periods of 45° cage tilting. 

Each stressor lasted for 10–14 hours as described previously (Varga et al., 2017; Wiborg, 

2013).. All the animals had free access to food and tap water, except under food and water 

deprivation fourteen hours before a weekly (week 18–week 25) sucrose consumption test 

(SCT). Based on the SCT, CMS exposed animals were further identified as anhedonic or 

resilient, more specifically, whose sucrose consumption was reduced by more than 30% are 

defined as anhedonic and a reduced consumption of less than 10% are defined as stress 

resilient during the stress paradigm (Wiborg, 2013) (Supplementary Fig. 1 and Fig. 1b). 

Only anhedonic animals were included in this study to examine the metabolic recovery of 

vHP and microstructural recovery of the brain in the targeted region of interest (ROIs) from 

the age of week 18 to week 25. A group of (N=8) animals were identified as anhedonic, and 

an unexposed age-match group was included as control (N=8). Anhedonic rats were scanned 

in a preclinical MRI system at the ages of week 18, week 20, and week 25, and the age-

match control group underwent the same scanning protocols at the ages of week 18 and 

week 22. Animal handling and experimentation were conducted in accordance with the 

national guidelines for animal research with the permission from Animal Experiments 

Inspectorate of the Danish Ministry of Food, Agriculture, and Fisheries, Denmark 

(2013-15-2934-00814).

In-vivo MRI

All MRI experiments were performed on a 9.4 T Bruker Biospec preclinical MRI system 

equipped with a BGA-12HP gradient set and a cross-coil combination of radiofrequency 

coils, with a 76 mm quadrature coil for excitation and a four element rat brain cryosurface 

coil for signal reception (Bruker Biospin, Ettlingen, Germany) as described in (Hansen et al., 

2017). Rats were initially anesthetized with 4–5% isoflurane (gas anesthesia) for ~5 minutes 

and then placed on the bed of an animal holding system in the prone position. Subsequently, 

anaesthesia was maintained with 1.5–2.5% isoflurane mixed with air and oxygen throughout 

the experiment. Animal body temperature was monitored with a rectal probe connected to a 

physiological monitoring system, and maintained by a circulating warm water blanket under 

the animal bed. Respiration rate was monitored throughout the MRI procedures using the 

physiological monitoring system.

Anatomical Scans

High-resolution T2 weighted anatomical images were acquired in the coronal plane with a 

RARE (Rapid acquisition relaxation enhancement) sequence with TR/TE= 2832/14.5 ms 

and matrix size 380×380 to get 75μm in-plane resolution with 300 μm slice thickness and 38 

slices to cover the whole brain. Saturation slices were placed in all three orthogonal 
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directions to reduce motion artefacts and to suppress signal from outside the brain. The total 

time for the in-vivo anatomical scan was 17.5 minutes.

1H MRS

In-vivo 1H MRS data was collected from left vHP using PRESS (Point resolved 

spectroscopy sequence) with TR/TE 5000/16 ms and 512 averages spanning 42 min of scan 

time. Anatomical images were used as reference images to position the volume of interest. 

Prior to the spectral acquisition, first and second order shims were adjusted for the voxel 

using the fast automatic shimming technique by mapping along projection (FASTMAP) 

scheme for optimal magnetic field homogeneity in the voxel (Pfeuffer et al., 2000; Tkáč et 

al., 2004). Automatic shim adjustment using FASTMAP ensures high spectral resolution. 

The quality of shim was assessed from the water signal linewidth. Spectra were acquired 

only after achieving <20 Hz water signal linewidth (~0.05 ppm). The water signal was 

suppressed with the variable power RF pulses with optimized relaxation delays (VAPOR) 

scheme combined with outer volume saturation (OVS). Zero and first order phase 

corrections were applied to all in-vivo spectra using the program LC model (Provencher, 

2001). Subsequently, spectra were used to estimate metabolite concentrations by referencing 

a “basis set” obtained from in-vitro spectra (Provencher, 2001). This basis set allows 

quantification of the concentration of each metabolite. The TE for the in-vitro spectral 

acquisition was identical to the TE used to acquire the in-vivo spectra. The LC model 

analysis also outputs uncertainties of the metabolite concentration as Cramer-Rao lower 

bounds (CRLB), which establishes the accuracy of the metabolite concentration. The lower 

the value of CRLB, the higher the accuracy of the estimated concentration of metabolites. 

The present study considered only those metabolites having CRLB < 20%, for further 

statistical analysis, as this threshold is widely used in clinical (Basharat et al., 2015; Järnum 

et al., 2011) and preclinical studies (Kumar et al., 2012; Mlynárik et al., 2008; Tkáč et al., 

2004).

d-MRI

In-vivo d-MRI data were acquired with a diffusion protocol consisting of a fast kurtosis 

acquisition scheme described previously (Hansen et al., 2017; Hansen et al., 2013; Hansen et 

al., 2014a; Hansen et al., 2015). In brief, data were acquired using a segmented EPI 

sequence (four segments) with parameters: diffusion times (δ/Δ) of 6ms/14ms, b-values 1.0 

ms/μm2 and 2.5 ms/μm2 with three b=0 images and nine directions (Hansen and Jespersen, 

2017). Other scan parameters were TR/TE=2237/27 ms, number of slices = 38, isotropic 

resolution = 300 μm, matrix size = 128×64. Twenty averages were acquired, resulting in a 

total scan time of 1hr and 10 minutes. The brain slices have identical position to those of the 

anatomical scan. To reduce motion artefacts during the MRI experiments, saturation slices 

were placed in all the three orthogonal imaging planes.

Anatomical images from each brain were inspected visually for any gross changes in 

anatomy and diffusion weighted images were inspected for any abnormal signal behaviour 

or image artefacts prior to pre-processing of the d-MRI data. The d-MRI data of one animal 

from the anhedonic group at the age of week 18 and week 20 and one animal from the 

control group at the age of week 18 and week 22 were found to have motion artefacts and 
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were excluded from the study. A total of 35 brains (7 at each time point for anhedonic and 

control groups) were analysed for the present study.

Pre-processing of d-MRI data

All diffusion-weighted images were registered to the corresponding non-diffusion-weighted 

(b0) images using affine transformation in Matlab to correct any misalignment in the 

diffusion-weighted images. Diffusion data was further corrected for denoising in Matlab 

using Marchenko-Pasteur principal component analysis (Veraart et al., 2016). Following 

denoising correction, Gibbs ringing artefacts were corrected using an approach based on 

local, sub-voxel-shifts described recently (Kellner et al., 2015). Gibbs ringing correction was 

also implemented in Matlab (The Mathworks, Natick, MA). Prior to parameter estimation 

data was again inspected visually for any misalignment with b=0 images or any other 

artefacts.

Parameter estimation and ROI placement

Pre-processed d-MRI data was subjected to parameter estimation to compute an array of d-

MRI based metrics. Traditional d-MRI metrics (FA, MD, AD, and RD (Basser, 1995, 1997), 

and kurtosis tensor metrics (MKT, WL and WT) of fast and axisymmetric diffusion kurtosis 

imaging (DKI) (Hansen et al., 2013; Hansen et al., 2014b; Hansen et al., 2015; Hansen et al., 

2016) were considered. The axisymmetric DKI parameters reduces the number of 

parameters from 20 to 8 based on the assumption of axial symmetry described elsewhere 

(Hansen et al., 2016) and are clinically feasible (Næss-Schmidt et al., 2017). The study 

explored four different regions of interest (ROIs) of the brain, viz. AM, PFC, CP, and HP. 

Due to differential microstructural alterations observed in the dorsal and ventral HP in some 

studies, HP was further subdivided into dHP and vHP. All regions of interest (ROIs) 

considered in this study were delineated according to the coordinates specified in the rat 

brain atlas and in previous literature (Fig. 2) (Bannerman et al., 2003; Bourgin et al., 2015; 

Paxinos and Watson, 1998) on the b=0 images of the d-MRI data. For example, dHP was 

defined as −3.10 to −4.28 mm and vHP was −4.60 to −8.82 mm (Fig. 3) relative to bregma 

(Bannerman et al., 2004; Christensen et al., 2010).

Statistical analysis

All statistical test procedures applied in the present study are presented in Table 1. The 

presence of significant changes in the anhedonic group over different time points was 

assessed using a linear mixed effects model with animals as random effects (allowing for 

inter-subject variability) and group (each time points of control and anhedonic group) as a 

fixed effect. For SCT, weekly (week 18–week 25) sucrose consumption data and for MRI 

experiment each time point of the anhedonic (at week 18, week 20 and week 25) and control 

(at week 18, and week 22) considered as group. Confidence intervals (CI) (95%) were 

computed using the ‘coefCI’ function in Matlab, providing fixed effect size and variability. 

The level of significance was assessed using an F-test as described previously (Khan et al., 

2016a) and post hoc tests were used to assess statistically significant differences between 

time point pairs (p12, p13, p23) of the anhedonic group (Table 1).
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Student’s t-tests were applied to test the level of significance in between control and 

anhedonic groups at the age of week 18 (#), and between anhedonic at week 20 and mean of 

the control at week 18 and week 22 (considered as control at week 20) (€). Likewise, mean 

of the anhedonic group at week 20 and 25 was considered as week 22 and compared with 

control at week 22 to test the level of significance (†). A paired t-test was applied to test the 

level of significance between control group at week 18 and week 22 ($). All the p-values 

were corrected for false discovery rate (FDR), of multiple testing across all measures 

(Benjamini and Hochberg, 1995; Noble, 2009) in Matlab (Natick, USA), and only p-values 

surviving the level of significant difference (p<0.05) after FDR correction are reported here.

Results

All anatomical images were visually inspected for any gross morphological changes, 

specifically in the target ROIs (Fig. 2). The SCT in the anhedonic group indicates a 

significant recovery of sucrose consumption from week 21 to week 25 in comparison to 

week 18 (p<0.001) (Fig 1b). Although MR parameters employed in the present study and 

SCT both indicate recovery, however, there were no strong correlation between SCT and any 

of the MR parameters.

1H MRS

Quantification of metabolite ratios obtained from the processed spectra using LC model 

(Fig. 3) revealed significant increase in metabolite levels (normalized by total creatinine 

(tCr) concentration). N-acetylaspartate (NAA/tCr) was significantly higher at week 18 in 

comparison to the control (# p<0.05), and in comparison to the week 20 (*p12<0.05) and 

week 25 (*p13< 0.05) of the anhedonic group (Fig. 4, Table 2). The inositol concentration 

ratio (Ins/tCr) at week 20 in the anhedonic group was also significantly high in comparison 

to the mean of Ins at week 18 and week 22 of the control group (€ p<0.05). Likewise, the 

mean of inositol at week 20 and week 25 of the anhedonic group was significantly higher 

compared to the control at week 22 (†p<0.05). The ratio of glutamine and glutamate 

combined (Glu+Gln) was also altered in the anhedonic group, although it did not survive 

FDR correction. Similarly, NAA+ NAAG and glutathione (GSH/tCr) ratios were markedly 

higher at week 18 in the anhedonic group compared to age match controls, although this 

effect was not significant after FDR correction. At the age of week 25, most of the 

metabolites from the anhedonic group did not show any apparent differences in comparison 

to the control at the age of week 22.

d-MRI

There were no apparent artefacts or abnormalities in any of the parameter maps (Fig. 5) of d-

MRI data and anatomical data of the brains from control and anhedonic groups.

Diffusion tensor metrics (MD, AD, RD, and FA)

Diffusion tensor metrics revealed significant microstructural alterations in HP and AM (Fig. 

6(a)–(d)). The anhedonic group showed significantly higher FA (*p23<0.05) at the age of 

week 20 in comparison to week 25. FA was also significantly high in AM at week 20 in 

comparison to the mean of control at week 18 and week 22 (€ p<0.05) (Fig. 6(d), Table 2). 
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The mean of AD at the age of week 20 and week 25 in the HP of the anhedonic group was 

significantly higher (†p<0.05) in comparison to the control at week 22. A common trend of 

higher values of diffusion tensor metrics at week 20 was observed in most of the ROIs. 

Wider CIs were observed in all diffusion tensor metrics of the anhedonic group in all the 

four ROIs, and PFC showed wider CI in comparison to other ROIs. A similar observation in 

the PFC was also noticed in a previous study on the CMS model of depression (Khan et al., 

2016a; Khan et al., 2016b).

Kurtosis tensor metrics (MKT, WL and WT)

Tensor-based kurtosis metrics also showed significant alterations in all the ROIs except CP 

(Fig. 7(a)–(c)). A significantly higher WL in the PFC and WT in the HP was observed in the 

anhedonic group at week 18 in comparison to the age match control group (# p<0.05) (Fig. 

7(b), 7(c)). Similar to the diffusion tensor metrics, AM and HP also showed significantly 

higher WL in the anhedonic group at the age of week 20 in comparison to the mean of 

control at week 18 and week 22 (€ p<0.05) and also within the anhedonic group at week 18 

(*p12<0.05) and week 25 (*p23<0.05) (Fig. 7(b), Table 2). MKT did not change significantly 

in the anhedonic group. Although, similar to other diffusion tensor metrics, higher value of 

kurtosis tensor metrics (MKT, WL, and WT) were also evident at the age of week 20 in the 

anhedonic group.

We did not find any significant variation in any of the diffusion tensor and kurtosis tensor 

metrics in the control group in any of the four ROIs at the age of week 18 and week 22.

Diffusion tensor and kurtosis tensor metrics in dHP and vHP

Next, we examined the microstructural alterations in dHP and vHP in order to explore local 

effects within the HP. Differential microstructural alterations were observed in dHP and vHP 

region (Fig. 8(a)) after CMS exposure (Fig. 8(b–h)). A significantly higher WL in the vHP 

was observed in comparison to the mean of control at week 18 and week 22 (€ p<0.05) and 

also in comparison to the week 18 and week 25 of the anhedonic group (*p<0.05) (Fig. 

8(g)). The mean of AD over the ages of week 20 and week 25 was significantly higher in 

both dHP and vHP of the anhedonic group in comparison to the control at the age of week 

22 (†p<0.05) (Fig. 8(d)). The only significant difference within the control group (over the 

ages of week 18 and week 22) was observed in FA of dHP ($p<0.05) (Fig. 8(b)). Similar to 

the higher values of diffusion tensor and kurtosis parameters at the age of week 20 in the 

anhedonic group in almost all the ROIs, vHP showed higher FA, AD, and WL, while dHP 

showed higher RD, WT, and WL at week 20 in the anhedonic group, however, these 

differences were not statistically significant.

Discussion

Altered levels of cerebral metabolites are characteristic for depression and may be associated 

with microstructural alterations (Hasler and Northoff, 2011; Varga et al., 2017); however, to 

date, no objective biomarker has yet qualified as a pathological hallmark of depression. A 

multimodal in-vivo approach is advantageous to study disease progression/regression to 

reveal metabolic and microstructural alterations, in particular in depression due to its varying 
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symptoms. 1H MRS is widely accepted as a clinical tool and can substantiate specific 

information about neurometabolites, which could help in diagnosis and therapy outcome 

(Hasler and Northoff, 2011). In the present study 1H MRS data revealed significantly higher 

NAA after CMS exposure. In contrast to this observation, previous studies have reported 

reduced NAA levels in psychiatric disorders (Järnum et al., 2011; Kumar et al., 2014; 

Sapolsky, 2000; Xi et al., 2011). Such findings were tentatively interpreted to be associate 

with a reduction in neuronal cell number, although reduced number of adult-born neurons 

were reported in depressed patient only in dentate gyrus recently (Boldrini et al., 2013), 

however, post-mortem studies have shown no significant reduction in total neuronal cell 

numbers in these disorders (Manji et al., 2000; Rajkowska, 2000). In agreement with the 

present findings, a markedly higher NAAG/tCr level was observed in a study employing a 

similar CMS paradigm (y Palacios et al., 2011); however, no other significant alterations in 

metabolite levels were observed in the anhedonic group in comparison to control. A 

significantly higher NAA/tCr in the anhedonic group at the age of week 18 may suggest 

impaired catabolism of NAA, as NAA is catabolized in astrocytes and oligodendrocytes, and 

may be affected by astrogliosis (Aston et al., 2005; Baslow, 2003; Stockmeier et al., 2004). 

Besides cellular alterations, other studies also reported higher NAA indicating oxidative 

stress (Surendran and Bhatnagar, 2011). A markedly higher level of glutathione (GSH/tCr) 

an important antioxidant of the cells, at the age of week 18 although not significant (n.s), in 

the anhedonic group also indicates oxidative stress post-CMS exposure (Arnsten, 2009; 

McEwen and Stellar, 1993). A marked reduction in (Gln + Glu)/tCr observed in the present 

study (n.s) is also supported by previous studies on humans (Järnum et al., 2011) and animal 

models (Kumar et al., 2012) and suggests impaired neurotransmission in CMS induced 

depression. The present study also showed significantly higher inositol level at 20 weeks of 

age in comparison to the age match controls, which might indicate abnormal osmoregulation 

in vHP. In support of this finding, Kumar et al. (2012) also reported higher inositol after 

CMS exposure in the HP (Kumar et al., 2012). However, most of the metabolic alterations in 

the anhedonic group were normalized at the age of week 25 in the present study.

In addition to the metabolic alterations, d-MRI based diffusion tensor and kurtosis metrics 

revealed significant microstructural alterations in most of the ROIs investigated. One of the 

main findings of the present study is significantly higher WL in the AM and HP at the age of 

week 20 of the anhedonic group. This might relate to CMS induced hypertrophy in the AM, 

which is reported in studies based on humans (Drevets et al., 2008; Stockmeier et al., 2004) 

and animals (Khan et al., 2016a; Mitra et al., 2005; Vyas et al., 2006). In addition to 

hypertrophy in the AM, demyelination and astrogliosis have also been reported in post-

mortem brain tissue (Rajkowska, 2000; Stockmeier et al., 2004) as well as in preclinical 

depression models (Khan et al., 2016a; McHugh et al., 2004; Mitra et al., 2005; Roozendaal 

et al., 2009). Although it is challenging to interpret DKI metrics in terms of tissue 

microstructure, a significantly higher WL and markedly enhanced MD could be considered 

consistent with a higher neurite density in the AM, which matches our previous findings 

(Khan et al., 2016a). Similar findings were reported by y Palacios et al., (2014), in which 

significantly higher RD and moderately higher AD in the amygdala of the unpredictable 

CMS model of depression was observed, but no significant alterations in any kurtosis 

measure were observed in comparison to the controls (y Palacios et al., 2014). We did not 
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observe any significant changes of RD, MD, and MKT measures in the AM at the age of 

week 18 in the anhedonic group. This observation is in contrast to our previous finding of 

significantly lower MD and higher MKT in the AM of unpredictable CMS rat brain (Khan et 

al., 2016a). This significant alteration in AM of the previous study was associated with a 

significantly higher neurite density in the AM of stressed rats in comparison to controls. 

This differential effect in AM may be due to the different strain of rats employed in the two 

studies (Wistar in the previous and Long Evans in the present study). Such differential 

effects have previously been observed in studies employing a similar stress paradigm on 

different rat strains. For example, one study observed significantly higher FA and lower MD 

in Sprague Dawley (SD) rats, while a F344 rat strain did not exhibit such microstructural 

alterations (Magalhães et al., 2017). In another study, a significantly higher volume of AM 

was reported in F344 rats but not in SD rats after CMS exposure (Bourgin et al., 2015). A 

similar CMS model of depression has demonstrated high variation and higher faecal 

corticosterone level in the anhedonic rats (Christiansen et al., 2012). Such differential 

metabolite, microstructural and volume alterations parallel the immense heterogeneity of 

symptoms of depression. We also observed higher CI in most of the diffusion parameters 

analysed from the anhedonic group in both the present and the previous studies (Khan et al., 

2016a; Khan et al., 2017). The higher CI also indicates a differential recovery rate after 

CMS exposure in the anhedonic group and may reflect the heterogeneity of symptoms of 

depression widely reported in animals (Khan et al., 2016a; Khan et al., 2017; Wiborg, 2013; 

Wilson et al., 2015) and humans (Zhao et al., 2016; Zhao et al., 2014)

Another significant finding of the present study is high WT in HP at the age of week 18 in 

the anhedonic group. y Palacios et al. (2011) reported significantly lower radial kurtosis and 

mean kurtosis in HP of the unpredictable CMS model (y Palacios et al., 2011). However, as 

discussed previously, these contrasting alterations might be due to the different scan time or 

rat strains employed, indicative of differential but significant vulnerability of the HP to 

stress. A significant alteration of WL in PFC at the age of week 18 was also observed in the 

anhedonic group. HP and PFC are considered to be among the most sensitive regions of the 

brain to CMS exposure and a differential effect in the dendritic architecture in sub-regions of 

HP and PFC have also been reported widely in different stress paradigms (Bannerman et al., 

2004; Czéh et al., 2015; McEwen et al., 2015; Radley et al., 2004; Radley et al., 2005; 

Vestergaard-Poulsen et al., 2011). The present study also examined HP sub-regions dHP and 

vHP, which demonstrated higher FA and significantly higher WL only in vHP at the age of 

week 20 may be possibly related to the CMS induced anxiety (Willner, 2016). This also 

suggests that the HP shows differential microstructural alterations in ventral and dorsal 

regions. A marked dendritic atrophy in cornu ammonis 3 (CA3) and dentate gyrus has been 

widely reported in studies employing stress paradigms (Cohen et al., 2014; Conrad et al., 

2016; Henckens et al., 2015). However, we have not examined these hippocampal sub-

regions, as they cannot be reliably delineated in our d-MRI data.

We also compared the mean values of the parameters at week 18 and week 22 of the control 

group to compare with anhedonic at week 20 and week 20 and week 25 from the anhedonic 

group with a control group at the age of week 22, assuming that microstructural changes 

were approximately linear between two time points of the control and anhedonic group. FA 

was significantly higher in the AM at week 20 in comparison to the mean of control at week 
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18 and week 22 and AD was significantly higher in the HP in comparison to control at the 

age of week 22. Anacker et al. 2017 reported positive correlation of FA in the AM with 

social avoidance score in the anhedonic group (Anacker et al., 2015), and Kumar et al. 

(2014) reported higher AD in left HP in comparison to controls after CMS exposure, while 

we observed higher AD in HP at the age of week 20 and week 25 in the anhedonic group. 

However, we have not examined lateral effects of CMS exposure on the brain. Furthermore, 

our analysis in HP reveal a significant alteration of AD in dHP and vHP. These alterations 

signify that only HP show persistent microstructural alterations lasting until week 22 in 

comparison to the age-match control. This is in contrast to Vyas et al. (2004), where it was 

shown that hypertrophy in the AM lasts longer than HP (Vyas et al., 2004). This might be 

due to the differential effect and rate of CMS recovery in different strains of animals or even 

differences in the experimental protocol or severity of stress. Additionally, higher AD in the 

HP at the age of week 20 could be associated with reduced volume of HP which is also 

considered as a hallmark of depression (Kempton et al., 2011). Nonetheless, a visual 

comparison with control at the age of week 22 with anhedonic at the age of week 25 reveals 

no marked variation in most of the diffusion parameters. These observations suggest that in 

the anhedonic group, by the age of week 25, most of the microstructural alterations have 

normalized to the control level. Our multimodal approach provides a better understanding of 

the dynamics of CMS based metabolic and microstructural alterations and indicates that 

clinically feasible spectroscopy and d-MRI methods produce markers of metabolic and 

microstructural alterations in the, stress sensitive regions of the brain. Our findings therefore 

suggest that spectroscopy and diffusion kurtosis methods may have clinical applications in 

the study/diagnosis of depression.

Limitations

The foremost limitation of the present study is the absence of control group MRI 

experiments at the same time points as the anhedonic groups, however, an assumption of 

linear metabolic and microstructural alterations between two time points allow us to 

compare the control and anhedonic group at week 20 and week 22. Another limitation of the 

present study is the absence of immunohistological tests at each time point of the CMS 

recovery is lacking and that could provide a great deal of information regarding specific 

microstructural alterations of the brain tissue to support the d-MRI based microstructural 

alterations. Although immunohistological test considered as gold standard for specific 

microstructure, however, needs extensive labour and above all invasive in nature. 

Nonetheless, preclinical studies have the advantage to use ex-vivo MRI along with 

immunohistological tests to support MRI based findings and may employed in the future 

studies.

Conclusion

We found significant microstructural and metabolic alterations in vHP using d-MRI and 1H 

MRS, indicating abnormal NAA metabolism and impaired neurotransmission of stressed 

rats, possibly related to the CMS induced anxiety. Diffusion MRI based microstructural 

alterations in AM, HP, and PFC in CMS induced depression model of rats underscore the 

vital role of these brain regions in depression. 1H MRS based metabolic alterations and d-
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MRI based significant microstructural alterations interrogated with kurtosis tensor metrics 

and DTI parameters could be useful in disease diagnosis and follow-up treatment 

intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
1H MRS 1H Magnetic resonance spectroscopy

AD Axial diffusivity

AM Amygdala

CA3 Cornu ammonis 3

CI Confidence intervals

CMS Chronic mild stress

CP Caudate putamen

CRLB Cramer-Rao lower bounds

dHP dorsal hippocampus

d-MRI diffusion MRI

DSM V Diagnosis and Statistical Manual V

FA Fractional anisotropy

FASTMAP Fast automatic shimming technique by mapping along projection

FDR false discovery rate

Glu Glutamate

Gln Glutamine

GSH Glutathione

HP Hippocampus

HPA Hypothalamic pituitary axis

Ins Inositol
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MD Mean Diffusivity

MKT Mean kurtosis tensor

NAA N-acetyl aspartate

NAAG N-acetyl aspartyl glutamate

OVS Outer volume saturation

PFC Prefrontal cortex

PRESS Point resolved spectroscopy sequence

RARE Rapid acquisition relaxation enhancement

RD Radial diffusivity

ROIs Region of interest

SCT Sucrose consumption test

SD Sprague Dawley

VAPOR variable power RF pulses with optimized relaxation delays

vHP ventral hippocampus

WL Axial kurtosis tensor

WT Radial kurtosis tensor
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Figure 1. 
Figure 1a. A group of Long-Evans rats were exposed to unpredictable chronic mild stress 

(CMS) from the age of 9 – 17 weeks. An age match unexposed group considered as control. 

CMS exposed rats were further divided into anhedonic and resilient based on sucrose 

consumption test (SCT). Only the anhedonic group was considered to study the recovery of 

microstructural and metabolic alterations. The anhedonic group was scanned longitudinally 

for d-MRI and 1H MRS experiments at the age of week 18, week 20 and week 25. Control 

group was also scanned longitudinally for the same experiments at the age of week 18 and 

week 22.

Figure 1b. Sucrose consumption test (SCT) during the recovery of CMS indicate incremental 

sucrose consumption. Sucrose consumption was normalized with individual body weight 

and subsequently with the baseline value of SCT. A linear mixed model regression analysis 

shows significant group difference (***p<0.001) and significant differences at week 21 (** 
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p<0.01), week 23 (*** p<0.001), week 24 (* p<0.05), and week 25(** p<0.01) in 

comparison to the week 18 of the anhedonic group.
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Figure 2. 
A representation of rat brain and targeted region of interests (ROIs).
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Figure 3. 
1H MR spectra were recorded in the left vHP with a voxel volume of ~7.5 μL (dashed line). 

The voxel was positioned with reference to rat brain atlas (George and Charles 1998) on a 

high-resolution anatomical image. A typical example of a 1H MR spectrum processed on LC 

Model showed small metabolite peaks. Only metabolites having <20% CRLB were 

quantified for further statistical analysis. Seven metabolites (glutamine + glutamate (Glu

+Gln), total choline (GPC and PCh), inositol (Ins), N-acetyl-aspartate (NAA), NAA + N-

acetyl-aspartyl-glutamate (NAA+NAAG), glutathione (GSH), and taurine (Tau)) were 

analyzed and were referenced against total creatinine (Cr +PCr).
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Figure 4. 
Metabolites ratio with respect to total Cr (Cr+PCr) as mean ± confidence interval (CI) from 

the groups: control at the age of week 18 (Ctr_W18), anhedonic at the age of week 18 

(Anh_W18), week 20 (Anh_W20), control at the age of week 22 (Ctr_W22) and anhedonic 

at the age of week 25 (Anh_W25). Linear mixed model regression analysis was performed 

in Matlab to compute CI. Significantly higher NAA/tCr at the age of week 18 in the 

anhedonic group in comparison to the control at week 18 (# p<0.05), and in comparison to 

the anhedonic at week 20 and week 25 (* p12, p13<0.05). Significantly higher value of 

Ins/tCr at week 20 in the anhedonic group in comparison to the mean of week 18 and week 

22 of the control group (€ p<0.05) and the mean of week 20 and week 25 of the anhedonic 

group in comparison to the control at week 22 († p<0.05). No significant alteration was 

observed in the control group at the two time points.
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Figure 5. 
Traditional d-MRI metrics (MD, AD, RD and FA), fast diffusion kurtosis metrics (MKT, 

WL, and WT) maps from control at the age of week 18 (row 1), anhedonic at the age of week 

18 (row 2), week 20 (row 3), control at the age of week 22 (row 4), and anhedonic at the age 

of week 25 (row 5).
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Figure 6. 
(a) Mean diffusivity (MD) (μm2/ms), (b) Axial diffusivity (AD) (μm2/ms), (c) Radial 

diffusivity (RD) (μm2/ms) and (d) Fractional Anisotropy (FA), data as mean ± confidence 

interval (CI) from AM, HP, CP, and PFC regions of the brain from control: green (at the age 

of week 18 and week 22) and, anhedonic group at the age of week 18: red, week 20: light 

brown and week 25:yellow. Significantly high FA was observed in AM at week 20 in the 

anhedonic group in comparison to the mean of control at week 18 and week 22 (€ p<0.05) 

and in the HP of the anhedonic group at week 20 in comparison to week 25 (*p13<0.05). 

Significantly higher AD in HP was observed at the mean of week 20 and week 25 of the 

anhedonic group in comparison to the control at week 22 († p<0.05). No significant 

alteration was observed between two time points of the control group.
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Figure 7. 
(a) Mean of kurtosis tensor (MKT), (b) axial kurtosis tensor (WL), and (c) radial kurtosis 

tensor (WT) data as a mean ± confidence interval (CI) from targeted ROIs of the brain from 

control and the anhedonic group. Significantly higher WL in PFC and WT in HP (# p<0.05) 

was observed in the anhedonic group at the age of week18 in comparison to the age match 

control. Significantly higher WL in AM and HP in comparison to the mean of control at 

week 18 and week 22 (€ p<0.05) and in comparison to the mean of anhedonic group at week 

18 and week 25 (*p12, p23<0.05).
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Figure 8. 
(a) A representation of HP in the brain and an enlarged view of HP to further differentiate 

between dorsal (dHP) (−3.10 to −4.28 mm) and ventral hippocampus (vHP) (−4.60 to −8.82 

relative to Bregma) with reference to brain atlas and previous literature (Christensen, 

Bisgaard et al. 2010, Bannerman, Sprengel et al. 2014, George and Charles 1998). (b–e) FA, 

MD (μm2/ms), AD (μm2/ms) and RD (μm2/ms), (f–h) MKT, WL, and WT data as mean ± CI 

from dHP and vHP of the brain from control and anhedonic group. WL shows significant 

increase in vHP at week 20 in the anhedonic group in comparison to the mean of week 18 

and week 22 of the control group (€ p<0.05) and in comparison to the anhedonic group at 

week 18 and week 25 (*p<0.05). Significantly higher AD in dHP and vHP at the mean of 

week 20 and week 25 of the anhedonic group in comparison to week 22 control († p<0.05). 

Only FA shows significant alteration between control group at two time points in dHP ($ 

p<0.05).
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