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Abstract 

Chronic stress leads to changes in energy status and is a major risk factor for depression, with common 

symptoms of reductions in body weight and effortful motivation for reward. Indeed, stress-induced 

disturbed energy status could be a major aetio-pathogenic factor for depression. Improved 

understanding of these putative inter-relationships requires animal model studies of effects of stress on 

both peripheral and central energy-status measures and determinants. Here we conducted a study in 

mice fed on a standard low-fat diet and exposed to either 15-day chronic social stress (CSS) or control 

handling (CON). Relative to CON mice, CSS mice had attenuated body weight maintenance/gain 

despite consuming the same amount of food and expending the same amount of energy at any given 

body weight. The low weight of CSS mice was associated with less white and brown adipose tissues, 

and with a high respiratory exchange ratio consistent with increased dependence on glucose as energy 

substrate. Basal plasma insulin was low in CSS mice and exogenous glucose challenge resulted in a 

relatively prolonged elevation of plasma glucose. With regard to hunger and satiety hormones, 

respectively, CSS mice had higher levels of acylated ghrelin in plasma and of ghrelin receptor gene 

expression in ventromedial hypothalamus and lower levels of plasma leptin, relative to CON mice. 

However, whilst CSS mice displayed this constellation of peripheral changes consistent with increases 

in energy need and glucose utilization relative to CON mice, they also displayed attenuated uptake of 

[18F]FDG in brain tissue specifically. Reduced brain glucose utilization in CSS mice could contribute 

to the reduced effortful motivation for reward in the form of sweet-tasting food that we have reported 

previously for CSS mice. It will now be important to utilize this model to further understanding of the 

mechanisms via which chronic stress can increase energy need but decrease brain glucose utilization 

and how this relates to regional and cellular changes in neural circuits for reward processing relevant to 

depression. 

 

Keywords: Mouse model, stress, body weight, energy, calorimetry, brain glucose uptake  

 

 

 



3 
 

1. Introduction 

Chronic stress leads to a constellation of changes in physiological systems that require energy and it 

impacts markedly on energy status e.g. balance and metabolism (Harris, 2014). Chronic stress is also a 

major risk factor for depression (Kessler, 1997), and disturbed energy metabolism, particularly in the 

glucose-demanding central nervous system (CNS), is proposed as a major aetio-pathogenic cause of 

depression (Harper et al., 2017). Indeed, depression includes reduced interest in daily activities, 

measured as attenuated effortful motivation, as a core symptom, and either loss or gain of body weight, 

possibly accompanied by a corresponding appetite change, as a common symptom (American 

Psychiatry Association, 2013). Also, in non-depressed individuals, most studies report that (perceived) 

stress leads to appetite change, and this can be either appetite loss or gain (Torres and Nowson, 2007). 

Stress and depression are associated with altered peripheral levels of regulators of energy homeostasis, 

a number of which enter the CNS to bind to their receptors and thereby modulate the neural circuitry of 

feeding behavior/food intake (Simmons et al., 2018). It is possible that chronic stress leads to disrupted 

energy status and, causally unrelated to this, co-morbid depression; but it is also possible that chronic 

stress disrupts energy status, which then in turn contributes causally to depression. Improved 

understanding of these putative inter-relationships and their underlying mechanisms is imperative, and 

relevant psychoneuroendocrine animal models in which the effects of specific chronic stressors on both 

peripheral and central measures of energy status are investigated, are essential in this regard. 

Homeostatic energy-regulation systems constitute a complex network of peripheral and central 

signals. They include the neuroendocrine systems that relay signals between periphery and CNS (Farias 

et al., 2017). Ghrelin, released from the stomach, is a hunger hormone and can stimulate feeding (Müller 

et al., 2015). Ghrelin levels are high in preprandial periods and suppressed following a meal (Cummings 

et al., 2001). Its receptor, growth hormone secretagogue receptor (Ghs-r1a), is expressed in numerous 

tissues including CNS (Cong et al., 2012). Conversely, leptin, an adipokine, is released from adipose 

tissue and acts at central receptors, primarily in the hypothalamus, to suppress feeding, and to increase 

energy expenditure and signal long-term energy stores (Friedman, 2014). Both ghrelin and leptin can 

be altered in depression. Ghrelin is increased in depression and is proposed to contribute to stress-related 

eating (Bali and Jaggi, 2016); for leptin, studies report either lower or higher circulation in depression 
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(Joung et al., 2014; Lu, 2007). The hormone insulin is synthesized in the pancreas and facilitates both 

the utilization of glucose to produce energy and glucose storage. Depression is associated with a mild 

increase in insulin resistance (Kan et al., 2013).  

In rodents, there is evidence that chronic stress leads to changes in both peripheral and central 

energy status and their regulation. There are several reports that chronic stress leads to increased daily 

food intake without an effect on body weight, suggesting that greater energy intake is accurately 

reflecting increased energy need. This has been observed in mice using 10 days of chronic social defeat 

(CSD) (Moles et al., 2006; Kumar et al., 2013), and a similar procedure of chronic social stress (CSS) 

that is maintained for 15 days (Bergamini et al., 2016; Kukelova et al., 2018). There are also reports 

that chronic stress leads to increases in both food intake and body weight (Chuang et al., 2010; Razzoli 

et al., 2011). Using indirect calorimetry, mice exposed to 24-day CSS were demonstrated to display an 

increase in energy expenditure (Coccurello et al., 2017). Recently, mouse CSS and CSD were reported 

to induce hyperglycemia in blood and brain and to do so without affecting insulin sensitivity (Sanghez 

et al., 2013; Van Der Kooij et al., 2018). Interestingly, this co-occurred with reduced whole-brain 

glucose uptake (Van Der Kooij et al., 2018). Plasma ghrelin is increased in CSD mice (Chuang et al., 

2011; Kumar et al., 2013) and plasma leptin is reduced in CSD and CSS mice (Bergamini et al., 2016; 

Chuang et al., 2010). Whilst both of these endocrine effects of chronic stress would be expected to lead 

to increased food intake, this would also depend on any effects on central levels of receptors for these 

hormones; for example, CUMS rats displayed decreased hypothalamic expression of the leptin receptor 

(Ge et al., 2013). 

 Concerning the link to depression, rodent chronic stressor manipulations have been combined 

with behavioral tests of responding for sweet food, to model the core symptom of reduced reward 

interest. Several weeks of chronic unpredictable mild stress (CUMS) in rats and 10-day CSD in mice 

lead to reduced preference for sucrose or saccharin versus water in a choice test (Krishnan et al., 2007; 

Willner, 2017). The 15-day CSS procedure in mice leads to reduced Pavlovian learning that a neutral 

stimulus predicts sucrose and reduced effortful motivation to earn sucrose (Bergamini et al., 2016; 

Kúkel’ová et al., 2018). Therefore, there is translational evidence that chronic stress leads to reduced 

interest in reward in the form of sweet-tasting food, even though there is an increase in daily food intake.  
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In this study, the overall aim was to conduct a thorough investigation of the effects of CSS on 

peripheral and central measures of energy status in mice maintained on a standard low-fat diet. In a first 

experiment, we conducted a detailed assessment of the effects of mouse CSS on body weight, food 

intake, energy expenditure and energy source, and white and brown adipose tissue mass. In a second 

experiment, the effects of CSS on plasma insulin levels and glucose homeostasis, and on plasma levels 

of ghrelin and leptin and the central gene expression of their receptors, were studied. In a third 

experiment, the effect of CSS on glucose ([18F]FDG) uptake by peripheral organs/tissues and by brain 

were investigated. We identified a constellation of peripheral changes consistent with CSS leading to 

changes in energy status, e.g. CSS mice had similar food intake and energy expenditure but lower body 

weight gain relative to controls, and glucose utilization, e.g. CSS mice had a higher respiratory exchange 

ratio than controls. Interestingly, however, these CSS effects co-occurred with decreased glucose 

utilization by the brain specifically. Together, these findings demonstrate the importance of 

understanding the complex effects of chronic stress on peripheral and central energy status, and how 

can provide insights into the relevance of stress-induced changes in energy status for depression.  

 

2. Methods 

2.1 Animals and housing 

Male C57BL/6J (BL/6) mice were bred in-house and weaned at age 3 weeks, when they were caged in 

groups of 2-3 littermates. At experiment onset, they were aged 10-13 weeks and weighed 24.0-30.0 g. 

Male CD-1 mice (Janvier, Saint-Berthevin, France) used in the chronic social stress manipulation were 

8 months, ex-breeders and caged singly. Cages were type 2L (33 x 21 x 14 cm) and individually 

ventilated at 22-24 °C and 50-60% humidity, and contained sawdust and paper tissue as nesting 

material. Mice were maintained on a reversed 12:12 h light-dark cycle with lights off 07:00-19:00 h. 

They were provided with ad libitum standard complete-pellet diet (Kliba Nafag, Granovit): dry matter 

88%, crude protein 18.5%, crude fat 4.5%. Water was also available ad libitum. The study was 

conducted under permits for animal experimentation (170/2012, 149/2015) issued by the Veterinary 

Office of Zurich. The number of mice studied was the minimum necessary to achieve the study aims 

and all unnecessary stress was avoided. 
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2.2 Experimental design 

Three iterative experiments were conducted, the designs of which are presented in Figure S1. In Expt 

1, food intake was measured and indirect calorimetry carried out with 12 CSS and 12 control (CON) 

mice, to investigate energy expenditure and respiratory exchange ratio. Interscapular brown adipose 

tissue (iBAT), epididymal white adipose tissue (eWAT) and the brain were collected for determination 

of gene expression of neuroendocrine appetite regulators. Expt 2, conducted with 12 CSS and 12 CON 

mice, investigated effects of stress by day 10 of the CSS procedure on blood levels of glucose and 

plasma insulin in the fasted basal state and in a glucose tolerance test, and effects of CSS on fasting 

plasma levels of insulin and appetite hormones at day 17. In Expt 3, conducted with 7 CSS and 7 CON 

mice, an ex vivo biodistribution study of 2-[18F]-fluoro-D-desoxy-D-glucose was conducted on day 16. 

The sample size of N=12 per group used in Expts 1 and 2 was the same as that used to identify effects 

of CSS on physiology (e.g. Azzinnari et al., 2014), neurobiology (e.g. Grandjean et al., 2016) and 

behavior (e.g. Bergamini et al., 2018). The sample size of N=7 per group used in Expt 3 allowed all 

mice to be studied within 1 day with the same production of [18F]FDG; it was informed by a study of 

CSD effects on [18F]FDG brain uptake in which a sample size of N=8-9 was sufficient to identify an 

effect on cerebral glucose uptake (Van Der Kooij et al., 2018).  

2.3 Chronic social stress 

The CSS procedure is described in detail in Azzinnari et al. (2014). The home cages of aggressive CD-

1 mice were divided longitudinally into two compartments using transparent, perforated Plexiglas. To 

prevent bite wounds, the lower incisors of CD-1 mice were trimmed every third day. On CSS day 1, the 

experimental mouse was placed in the same compartment as a CD-1 mouse and behavior was observed: 

the intruder and resident were maintained together for either 10 min or 60 s cumulative attack time, 

whichever occurred sooner. The CD-1 mouse was then transferred to the adjacent compartment of its 

cage and the two mice were maintained in sensory contact for 24 h. On each of days 2-15, the CSS – 

CD-1 mouse pairings were rotated and the above procedure repeated, so that each CSS mouse was 

placed together with at least 12 different CD-1 mice. Each CSS mouse was observed to be attacked by 

each CD-1 mouse with attacks comprising chase, box and bite behaviors by CD-1 mice; the duration of 

daily attacks was 59 ± 1 s, 48 ± 6 s and 49 ± 3 s (overall daily mean ± SD) for CSS mice in Expts 1, 2 
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and 3, respectively. In addition to actively attempting to avoid and escape from CD-1 mice, the behavior 

of CSS mice included the submissive behaviors of upright and horizontal freezing and vocalization; 

however, these submissive acts did not defer attacks by the CD-1 mice, such that CSS mice experienced 

daily defeat by an uncontrollable social stressor. Control mice were handled and weighed on each of 

days 1-15. With respect to CON mice, in Expt 2 they remained in littermate pairs (Azzinnari et al., 

2014), and in Expt 1 and Expt 3 they were single-housed such that the thermal and psychological stress 

of single housing (Gordon et al., 1998) were similarly present for CSS and CON mice.  

2.4 Body weight and food intake 

In each experiment, body weight (BW) of BL/6 mice was measured daily at 14:00 h. In Expt 1, daily 

food intake was measured by weighing three food pellets, placing them inside the home cage, and 

weighing the remainder 24 h later. (Using metabolic cages, we observed that 1-3% of the pellet weight 

eaten was lost onto the cage floor as “dust” thereby leading to a small but consistent over-estimate of 

pellet consumption.). The per mouse mean daily BW and food intake were calculated per 5-day block. 

The overall change in BW relative to food intake, measured as (BW at day 20 minus BW at day -

4)/(total food intake on CSS/CON days -4 to 20), was also calculated for each mouse in Expt 1.  

2.5 Indirect calorimetry for energy expenditure and respiratory exchange ratio 

In Expt 1, indirect calorimetry was conducted during 5 days prior to (baseline) and 5 days after 

CSS/CON. An automated open-circuit indirect calorimetry system (Type III, PhenoMaster Home Cage, 

TSE Systems) was used to investigate CSS effects on energy expenditure and the nutrient-substrate 

source of the energy produced. Each mouse was placed in a gas-tight metabolic cage containing food 

pellets and a water bottle. The ambient temperature and humidity were maintained at 23.4 ± 0.2°C and 

54.7 ± 6%, respectively. In the system, each cage was connected to a fresh air supply, which also 

provided the sample switch unit for drawing air samples, measuring the flow rate and analyzing the gas 

concentration of the incoming and outgoing air for oxygen (O2) and carbon dioxide (CO2). Every 20 

min, measurements were obtained for O2 consumption and CO2 production and, from these, energy 

expenditure (EE) and respiratory exchange ratio (RER) were derived; average hourly values were 

calculated. EE is derived from the volume of O2 consumed for energy metabolism.  EE increases with 

BW, and therefore to control appropriately for the relatively low BW observed in CSS compared with 
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CON mice (see Results), EE KJ/h data were analyzed with analysis of covariance using BW as 

covariate. That is, the effect of BW and any additional effect of CSS at any given BW were analyzed 

(Tschöp et al., 2012). RER is the ratio of CO2 produced and O2 consumed in energy metabolism (Arch 

et al., 2006). RER provides an indirect estimate of substrate utilization: 0.7 indicates predominate lipid 

utilization and 1.0 predominate carbohydrate utilization. (Ferrannini, 1988; Arch et al., 2006). During 

the baseline period (days -4 to 0), the first 3 days were used to acclimatize mice to the metabolic cages, 

and the data collected on days -1 and 0 specifically were used for the analysis. After CSS/CON, day 16 

was used to re-acclimatize mice and the data collected on days 17-20 were used for analysis.  

2.6 Behavioral measurement 

In Expt 1, spontaneous behaviors in the home cage were measured using an ethogram comprising 10 

behaviors: eating, drinking, self-grooming, foraging, sitting upright, resting, “at divider”, locomoting, 

climbing, and rearing. On each of CSS/CON days 4, 8 and 12, a 1-h observation was conducted at each 

of 8-9:00 h, 11-12:00 h, 16-17:00 h and 19-20:00 h. The method of instantaneous scan sampling was 

applied, whereby each mouse was observed in turn for 10 sec every 2 min (30 sample points per hour 

per mouse), and the predominant behavior during each 10 sec sample was scored (Martin and Bateson, 

2007).  

2.7 Glucose tolerance test  

In Expt 2, mice were fasted from 18:00 h on day 9 until completion of sampling on day 10 of the 

CSS/CON procedure. Starting at 08:00 h on day 10, a baseline blood sample was collected (time -1 

min) followed immediately (time 0 min) by intraperitoneal injection of a 20% (W/V) β-D-glucose 

(Sigma) solution in PBS as 2 mg/10 μL/g BW (Bowe et al., 2014). Blood samples were then drawn at 

times 15, 30, 45, 60 and 120 min. For each blood sample, the mouse was placed inside a restraint tube 

for 1-2 min. The tail protruded from the restraint tube and was held next to and warmed with an infrared 

lamp. For the first blood sample a 1-2 mm incision was made on the lateral surface of the tail tip and 

50 μL blood were collected into an EDTA coated capillary tube (Microvette, Sarstedt); all subsequent 

samples were collected from the same incision site. Immediately after each blood sampling the mouse 

was removed from the restraint tube and returned to its home cage. Blood samples were placed on ice. 

At each sampling time point, an additional 20 µL blood was collected on a test strip for measurement 
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of blood glucose concentration using a hand-held blood glucose meter (ACCU-CHEK Aviva, Roche). 

After completion of the final blood sampling, mice were given ad libitum food again. Blood samples 

were centrifuged for 10 min at 780 g and 4˚C, and the plasma transferred to cryotubes (Protein LoBind, 

Eppendorf) and stored at -80˚C. Insulin concentration was determined using the Mouse Insulin ELISA 

kit (#90080, CrystalChem) according to the manufacturer’s protocol. The sensitivity range of the assay 

based on 5 μL plasma was 0.1-6.4ng/mL using duplicate determinations. 

2.8 ELISAs for plasma ghrelin and leptin 

On day 20 in Expt 1 and on day 16 in Expt 2, mice were fasted overnight in order to allow for analysis 

of appetite hormones under the same conditions across mice. On the following day, at 09-10:00 h, trunk 

blood was collected into 500 µL EDTA-coated tubes (Microvette, Sarstedt). For the assay of active 

ghrelin, 100 μL of each blood sample was subsequently transferred into a second tube (Microvette, 

Sarstedt) containing the esterase inhibitor 4-2-aminoethyl-benzenesulfonyl fluoride (Sigma) at a final 

concentration of 1 mg/mL. Blood was centrifuged for 10 min at 780 g and 4°C, and plasma aliquots 

were transferred to cryotubes (Eppendorf, Protein LoBind). In the case of the samples for active ghrelin, 

hydrochloric acid (Merck Millipore) was added to give a final concentration of 0.05 N. Plasma samples 

were stored at -80°C. Plasma acylated active ghrelin (Rat/Mouse Ghrelin (active) EZRGRA-90K, 

Merck Millipore) and plasma leptin (Mouse Leptin #90030, CrystalChem) were measured using ELISA 

kits, in accordance with the manufacturers’ protocols. For plasma active ghrelin, assay sensitivity based 

on 20μL was 8 pg/mL, with duplicate determinations; for plasma leptin, assay sensitivity based on 5 μL 

was 0.2-12.8 ng/mL, with duplicate determinations.  

2.9 Tissue collection 

In Expt 1, on day 21, directly after trunk blood sampling, the brain was removed from the skull and 

frozen in isopentane at -40°C followed by storage at -80°C. Epididymal WAT and iBAT were carefully 

dissected out and weighed, and then frozen on dry ice followed by storage at -80°C. 

2.10 Real-time quantitative PCR of gene expression in fat tissue and brain 

In Expt 1, from 30 mg iBAT and 50-100 mg eWAT, total RNA was isolated using the RNeasy Lipid 

Tissue Mini Kit (Qiagen), and further digested with DNase I (Qiagen). For both iBAT and eWAT, 200 

ng RNA were used: in iBAT the gene of interest was uncoupling protein 1 (Ucp-1) and in eWAT the 
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genes of interest were leptin (Lep) and leptin receptor (Lepr). Frozen brains were embedded in optimal 

cutting temperature compound (Scigen, USA) and cut coronally into 300 µm sections on a cryostat 

(Bright) at -18˚C. Regions of interest were medial prefrontal cortex (mPFC), nucleus accumbens 

(NAcc), paraventricular nucleus including periventricular nucleus of the hypothalamus (PVN), arcuate 

nucleus of the hypothalamus (ARC), ventromedial nucleus of the hypothalamus (VMH) and ventral 

tegmental area (VTA). Using the cryostat at a chamber temperature of -24˚C, these regions were 

microdissected bilaterally from the corresponding sections using brain punchers (Ø=0.5 or 1 mm, model 

57397, Stoelting) and by referring to a mouse brain atlas (Paxinos and Franklin, 2004). Total RNA was 

extracted from micro-punched tissue using the RNeasy Micro Kit (Qiagen). Depending on the RNA 

yield for each brain region, different amounts of RNA were used (27-60 ng). The genes of interest were 

the ghrelin receptor (Ghs-r1a) in PVN, ARC, VMH and VTA, and Lepr in all regions. The RNA was 

reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 

The housekeeping gene Actb was used for normalisation. Primer pairs for Ucp-1, Lep and Actb were 

designed using NCBI Primer-BLAST. The BLAST-Like Alignment Tool (UCSC Genome Browser) 

was used to check for primer sequence alignment. The primers were synthesized by Invitrogen 

(ThermoScientificTM). Predesigned KiCqStart® primer pairs (Sigma-Aldrich) were used for Lepr and 

Ghs-r1a. Primers details are given in Table S1. Specific quantification of cDNA targets was conducted 

using the QuantiFast SYBR Green PCR Kit (Qiagen). The PCR cycle and annealing conditions used 

are given in Table S1. 

2.11 Ex vivo glucose biodistribution study 

In Expt 3, on day 16 starting at 08:00 h, mice were fasted for 1 hour to exclude effects of recent food 

intake, and then placed in a restraint tube with the tail immersed in water at 47°C for 30 sec. A 200 µl 

bolus of 2-[18F]-fluoro-D-desoxy-D-glucose ([18F]FDG) containing 24-27 MBq and estimated < 5 nmol 

2-FDG was injected into the lateral tail vein and the mouse then placed into a metabolic cage. After 45 

min the mouse was transferred to a chamber and anaesthetised for 30 sec with 4% isoflurane in an air: 

O2 mixture at a flow rate of 700 ml/min prior to decapitation and trunk blood collection. Samples of 

tissues, including various brain regions, were collected and weighed, as described in Sephton et al. 

(Sephton et al., 2015). Radioactivity was measured in a gamma-counter (Wizard 1480, Perkin Elmer). 
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The accumulated radioactivity was expressed as the percentage of the normalised (MBq/kg BW) 

injected dose (ID) of [18F]FDG per gram of tissue (% normalised ID/g tissue). 

2.12 Statistical analysis 

Statistical analysis of CSS effects was conducted using SPSS (version 24, SPSS Inc., Chicago IL, USA). 

For BW and change in BW relative to food intake, repeated measures analysis of covariance 

(ANCOVA) was conducted with pre-CSS/CON BW as covariate, and food intake was measured with 

ANOVA. Concerning indirect calorimetry, EE data were analyzed with ANCOVA using BW as 

covariate, whilst RER was independent of BW. Linear mixed models (LMMs) were used with dark and 

light circadian periods analyzed separately. Group (CSS, CON) and day (-1, 0, 17, 18, 19, 20) were 

fixed effects, with mean BW on these days as covariate in the case of EE; significant main or interaction 

effects were analyzed post hoc using Bonferroni correction. For home-cage behaviors, ANOVAs were 

conducted with between-subject factors of group, day and time, and to compensate for multiple testing 

significance was set at p≤0.01; significant main or interaction effects were analyzed post hoc using 

LSD. For blood glucose and plasma insulin, repeated measures ANCOVA was used with a between-

subject factor of group and within-subject factor of time, and baseline glucose or insulin concentration 

as covariate; post hoc testing was conducted using LSD. Independent Student’s t-tests were conducted 

for glucose and insulin area under the curve (AUC), iBAT mass, eWAT mass, plasma ghrelin and leptin. 

RT-PCR data were calculated as ∆Ct mean ± SEM; analysis was carried out using the 2
- ∆∆Ct 

method 

and t-tests. For [18F]FDG uptake, CSS and CON mice were compared using t-tests with significance set 

at p<0.01 to compensate for multiple testing. Data are given as mean ± 1 SD. Unless stated otherwise 

above, statistical significance was set at p≤0.05.  

 

3. Results 

3.1 Effects of CSS on energy status and neuroendocrine regulators of feeding 

3.1.1 Body weight, food intake and adipose tissue  

In Experiment 1, body weight and food intake were measured from day -4 to day 20, i.e. from 5 days 

pre-CSD to 5 days post-CSD. There was an effect of CSS on body weight (Figure 1A): in ANCOVA 
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with baseline BW as covariate, there was a group x day block interaction effect (F(2, 43)=11.9, 

p<0.0001), with CSS mice weighing less than CON mice at days 11-15 and 16-20. Interestingly, this 

relatively low BW in CSS mice did not co-occur with any group difference in food intake (ANOVA: 

p=0.45, Figure 1B). The measure (change in BW)/(cumulative food intake) between day -4 and day 20 

(Figure 1C) was significantly lower in CSS compared with CON mice (t(22)=2.42, p<0.05). At day 21, 

the eWAT and iBAT tissues were collected and weighed: CSS mice had significantly less eWAT mass 

than did CON mice (t(22)=4.11, p<0.0001, Figure 1D), and this was also the case for iBAT (t(17)=5.99, 

p<0.0001, Figure 1E).  

     (FIGURE 1 ABOUT HERE) 

3.1.2 Energy expenditure and respiratory exchange ratio 

On days -4 to 0 pre-CSD and 16 to 20 post-CSD, Expt 1 mice were placed in the indirect calorimetry 

chambers; after respective acclimatization periods, study data were collected on days -1 and 0 and days 

17-20. Energy expenditure in kJ/h and RER were analyzed using a linear mixed model with fixed effects 

of group (CSS, CON) and day (-1, 0, 17, 18, 19 20), and separately for the dark and light phases of the 

circadian cycle. Given that BW was significantly lower in CSS mice than CON mice at days 16-20 (Fig. 

1A), and given that EE will increase with BW, it was important to include BW as a covariate in the EE 

analysis. In the dark phase (Figure 2A), there was indeed a significant contribution of BW to EE (main 

effect: F(1, 73.5)=27.12, p<0.0001). Having controlled for BW, there was no additional significant 

effect of CSS on EE at any given BW (main effect of group: p=0.07). In the light phase (Figure 2A), 

there was again a significant main effect of BW on EE (F(1, 64.0)=34.03, p<0.0001), and again there 

was no additional significant effect of CSS on EE (main effect of group: p=0.13). The EE ANCOVA 

findings were similar when the analysis was restricted to post-CSD days 17-20 specifically: dark phase, 

BW p<0.001, group p=0-10; light phase, BW p<0.0001, group p=0.09. Therefore, at days 17-20 post-

CSS/CON, CSS mice were eating a similar amount of food as and had a similar EE to CON mice at any 

given BW, but they were of lower BW than CON mice, indicating that CSS mice were expending a 

higher proportion of their energy on processes other than BW maintenance/gain. For RER, in ANCOVA 

there was no consistent association between BW and RER and therefore BW was not included as a 

covariate in the LMM. During the dark phase (Figure 2B), there was a group x day interaction effect 
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(F(5, 107.93)=3.54, p<0.005); the RER was higher in CSS than CON mice on each of days 17-20. Also 

during the light phase (Figure 2B) there was a group x day interaction effect (F(5, 108.06)=4.16, 

p<0.002), and RER was higher in CSS than CON mice on days 19 and 20. 

     (FIGURE 2 ABOUT HERE) 

3.1.3 Spontaneous behaviors 

Also in Expt 1, home cage behaviors were measured at four time points across each of CSS/CON days 

4, 8 and 12. For self-grooming, there was a main effect of group (F(1, 22)=30.16, p<0.0001), with CSS 

mice self-grooming more than CON mice (Figure S2A). For sitting upright, there was a main effect of 

group (F(1, 22)=9.30, p<0.006), with CSS mice sitting upright more than CON mice (Figure S2B). 

These were the two specific behaviors for which a significant CSS effect was detected. 

3.2 Effects of CSS on blood levels of glucose, plasma insulin and appetite hormones 

In Experiment 2, in contrast to Expt 1, there was no significant difference in BW between CSS and 

CON mice across the 15-days (p=0.64, ANCOVA with baseline BW as covariate; Figure 3A). A fasting 

glucose tolerance test (GTT) was performed on the morning of CSS day 10 of the 15-day CSS 

procedure. For blood glucose (Figure 3B), when baseline (time -1 min) values were analyzed there was 

no difference between CSS and CON mice (p=0.43). There was a group x time interaction effect 

(ANCOVA: F(3.23, 67.91)=3.05, p<0.05); post hoc analysis identified that blood glucose was higher 

in CSS than CON mice at time 30 min (p<0.05). Blood glucose AUC was not different between groups 

for either Min -1 to 60 (p=0.20) or Min -1 to 120 (p=0.99) (Figure 3D). For fasting plasma insulin 

(Figure 3C), when baseline values were compared between groups, CSS mice had lower plasma insulin 

than CON mice (t(21)=2.86, p<0.01). In ANCOVA with baseline insulin as covariate, there was a group 

x time interaction effect (F(3.27, 62.16)=3.15, p<0.05); post hoc analysis identified that plasma insulin 

was lower in CSS than CON mice at time points 15 min (p<0.01) and 30 min (p<0.05) after glucose 

administration. Plasma insulin AUC was lower in CSS mice than CON mice at Min -1 to 60 (t(19)=4.21, 

p<0.001) and Min -1 to 120 (t(20)=3.55, p<0.01) (Figure 3E). For AUC with respect to increase above 

baseline, CSS mice had lower plasma insulin than CON mice at Min -1 to 60 (t(13)=2.33, p<0.05) but 

not at Min -1 to 120 (t(18)=1.85, p=0.08).  

     (FIGURE 3 ABOUT HERE) 
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In these same mice, in blood samples collected at 2 days post-CSS (day 17), the fasting plasma 

level of acylated ghrelin was significantly higher in CSS compared with CON mice (t(19)=-2.23, 

p<0.05, Figure 4A). There was no effect of CSS on fasting plasma leptin (t(20)=1.62, p=0.11, Figure 

4B). However, in blood samples collected at 6 days post-CSS (day 21) in Expt 1, fasting plasma leptin 

was significantly lower in CSS compared with CON mice (t(20)=5.97, p<0.001, Figure 4C). 

     (FIGURE 4 ABOUT HERE) 

3.3 Expression of appetite-hormone function genes in fat tissues and brain  

In Expt 1, eWAT, iBAT and the brain were collected at 6 days post-CSS (day 21), and these tissues 

were studied with respect to expression of genes relevant to appetite-hormone function. In eWAT, there 

was a significant decrease in Lep expression in CSS mice compared with CON mice (t(20)=-3.06, 

p<0.01) (Figure 5A), and there was no CSS effect on the leptin receptor gene, Lepr (p=0.92) (Figure 

5B). In iBAT, Ucp-1 expression was increased in CSS mice compared with CON mice (p<0.01, Figure 

5C). In brain regions of interest, Ghs-r1a and/or Lepr expression were quantified. For Ghs-r1a there 

was a significant increase in expression in the VMH in CSS compared with CON mice (t(19)=2.92, 

p<0.05) (Figure 5D); this was the only study brain region in which there was a CSS effect on Ghs-r1a 

expression. For Lepr there was no significant effect of CSS on expression in any study brain region 

(Figure 5E). 

     (FIGURE 5 ABOUT HERE) 

3.4 Effects of CSS on glucose uptake by tissues measured using [18F]FDG  

In Expt 3, the effects of CSS on glucose utilization by the brain and peripheral tissues were studied 1 

day post-CSS (day 16) by injecting [18F]FDG and after 45 min measuring its biodistribution. For BW, 

there was a significant group x day-block interaction effect (ANOVA: F(3, 33)=7.94, p<0.0001), but in 

the absence of a CSS effect on BW in any specific day block, e.g. days -4 to 0: CON 28.2±1.12, CSS 

28.8±1.7, p=0.51; days 11-15: CON 29.7±1.4, CSS 28.9±1.3, p=0.30. In one CSS mouse the [18F]FDG 

uptake by whole brain was a high extreme outlier (greater than 3 times the interquartile range of the 

complete data set), and this mouse was excluded from the analysis. For whole brain, as well as for 

olfactory bulb, thalamus, midbrain and residual brain specifically, [18F]FDG uptake was reduced in CSS 

relative to CON mice (t(11) ≥3.24, p<0.01; Figure 6). For other brain regions and all peripheral tissues, 
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there was no significant effect of CSS on [18F]FDG uptake (p>0.04; Figure 6 and supplementary Figure 

S3).  

     (FIGURE 6 ABOUT HERE) 

 

4. Discussion 

There is growing evidence that chronic stress impacts on individuals’ energy status, and it is 

important to increase understanding of the relationships between peripheral and central effects. Here 

we conducted a study of the effects in mice of a chronic social stressor in terms of both peripheral and 

central energy-status measures and determinants. We were particularly interested in effects of potential 

relevance to the aetio-pathogenesis of human depression, for which chronic stress is a major risk factor 

and body weight loss is a common symptom.  We conducted the study under the condition of a standard, 

low-fat diet; as well as being the diet used in our CSS studies to date, we expected that this would 

preclude adipose tissue increase, and thereby optimize the model’s relevance to depression with body 

weight loss. A number of CSS effects on energy status and determinants thereof are demonstrated which 

together provide important insights into how energetic changes could potentially contribute to the 

symptoms and even the aetio-pathogenesis of depression.  

 In Expt 1, CSS mice had lower body weight than CON mice in the last 5 days of the 15-day 

stressor and the 5 days thereafter. This occurred despite CSS mice consuming the same amount of food 

as their CON counterparts, such that their body mass gain relative to cumulative food intake was lower. 

Chronic stress-induced reduced gain in BW relative to food intake can be manifested as either reduced 

BW gain despite similar food intake, or similar BW change despite increased food intake. For example, 

as in Expt 1, chronic subordinate-intruder stress led to a decrease in BW gain in the absence of an effect 

on food intake (Bartolomucci et al., 2004). Other studies have reported that chronic stress leads to a 

similar BW increase combined with increased food intake without e.g. 10-day CSD (Lutter et al., 2008; 

Kumar et al., 2013). Indeed, in our previous CSS studies the effect was a similar BW change combined 

with increased food intake in the CSS compared with CON mice (Bergamini et al., 2016; Kúkel’ová et 

al., 2018). In Expt 1 and in contrast to our previous studies, CON mice were singly caged rather than 
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as brother pairs and this could have acted as a mild stressor that increased feeding and, in the absence 

of CSS-specific effects, led to greater BW gain in CON mice.  

The low BW of CSS mice in Expt 1co-occurred with reductions in epididymal white adipose 

tissue and interscapular brown adipose tissue. If the eWAT loss is representative of CSS-induced WAT 

loss in other body regions, this would be the major explanation for the CSS effect on BW; the BW 

profiles suggest that the loss of WAT began in the last 5 days of the 15-day CSS procedure. Stress-

induced reduction in WAT has been observed previously. For example, mice exposed to chronic 

subordinate-intruder stress displayed a decrease in eWAT (Bartolomucci et al., 2004) and CSD mice 

displayed a decrease in overall WAT (Chuang et al., 2010). However, no change in eWAT was observed 

after a 24-day CSD procedure (Coccurello et al., 2017); these same mice exhibited an increase in iBAT, 

again in contrast to the decrease we observed in CSS mice. The present observed reduction in iBAT 

mass co-occurred with an apparently compensatory increase in Ucp-1 expression in the remaining 

iBAT, suggesting that CSS effects on non-shivering thermogenesis were minimized (Morrison et al., 

2014). However, during the earlier stages of the CSS protocol when we expect BAT deposits to be 

similar for both groups, we cannot rule out that increased expression of iBAT Ucp-1 led to higher EE 

in CSS mice and contributed to their reduced weight gain. The expression of Ucp-1 in WAT also has 

metabolic effects (Lizcano et al., 2019). We did not measure Ucp-1 expression in WAT, however, and 

this is a limitation of the current study.  

Energy expenditure was unchanged by CSS after controlling for BW. Taken together with the 

reduced gain in BW relative to food intake, this indicates that CSS mice were expending energy on 

processes other than BW maintenance/gain relative to CON mice. With regard to the nutrient source of 

expended energy, CSS mice had a respiratory exchange ratio value approaching 1; this is indicative of 

their energy-metabolism substrate comprising predominately carbohydrate rather than fat or protein, 

which in turn is commensurate with their low adipose-tissue levels (Arch et al., 2006). In CON mice, 

RER values were closer to 0.9 and commensurate with a more balanced energy source comprising fat 

and protein in addition to carbohydrate (Arch et al., 2006). In a CSD study in which mice were fed on 

a conventional diet and indirect calorimetry was conducted on day 18 of the 24-day stressor, whilst 

there was no stress effect on BW or food intake, the stressed mice did display greater EE relative to 
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CON mice (Coccurello et al., 2017). The mice were given 6 h habituation to the indirect calorimetry 

cage - considerably less than we deployed - and the increased EE in CSD mice might have reflected a 

more pronounced initial stress response to the test environment compared to control mice. There was 

no effect of CSD on RER in this study (Coccurello et al., 2017). 

  With regard to the causation of CSS-induced reduced BW gain relative to food intake, this 

could be attributable to one factor or a combination of several. These include: increased energy demand 

e.g. increased core body temperature, activation of the limbic brain-sympathetic autonomic nervous 

system pathway and elevated heart rate. Related to this, CSS mice did display higher spontaneous levels 

of self-grooming and upright sitting, behavioral changes that are consistent with an increased defensive 

state, and which would be expected to increase energy demand. Another putative causative factor would 

be decreased energy metabolism efficiency e.g. accumulation of mitochondrial fragmentation and 

damage (Picard et al., 2014). Finally, here, we would propose decreased energy intake efficiency: for 

example, stress-induced changes in microbiota can compromise energy absorption efficiency (Cani et 

al., 2019). Indeed, in a pilot study, CSS did alter the intestinal microbiota profile, with CSS mice 

displaying a reduction in Akkermansia spp, and increases in Prevotella spp., Ruminococcus spp., and 

Lachnospiraceae spp (supplementary Figure S4). The reduction in Akkermansia spp. is in accord with 

that described for 7-day CSD mice (McGaughey et al., 2019), and is particularly relevant here given 

that this bacteria genus is reduced in humans with glucose intolerance (Zhang et al., 2013) and exerts 

positive effects on glucose homeostasis (Depommier et al., 2019). Thus, the changes observed in the 

microbiota might well contribute to the CSS effects we observe on BW gain relative to food intake and 

EE, and on glucose metabolism; these latter CSS effects are discussed next.  

 In Expt 2, when mice were tested on day 10 of the CSS/CON procedure, overnight-fasted CSS 

mice had lower plasma levels of basal insulin than did CON mice. Whilst there was no difference 

between CSS and CON mice in basal blood glucose at this time point, when challenged with exogenous 

glucose (GTT), CSS mice had higher blood glucose at 30 min post-challenge. This was associated with 

a reduced plasma insulin AUC above baseline in the first hour post-glucose challenge, consistent with 

a relatively blunted insulin response to glucose. In CSD mice, when a GTT was conducted at 9 days 

post-CSD, blood glucose was also elevated at 30 min after challenge relative to CON mice, although 
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there was no CSD effect on basal insulin or insulin response to the GTT at this post-CSD stage (Van 

Der Kooij et al., 2018). The increased expression of iBAt Ucp-1, as observed in Expt 1, is typically 

associated with increased glucose uptake (e.g. Cannon et al.,2004); however, our Expt 2 findings 

suggest reduced glucose uptake at 30 min. We speculate that any effect of Ucp-1 on glucose uptake is 

outweighed by other regulators of glucose homeostasis; in particular the substantial suppression of 

insulin we observed in the GTT. 

With respect to the appetite hormone ghrelin, fasting plasma acylated ghrelin was increased in CSS 

mice, as has also been reported for CSD mice (Chuang et al., 2011; Lutter et al., 2008). Expression of 

the ghrelin receptor gene, Ghs-r1a, in the hypothalamic ventromedial nucleus (VMH) was also 

upregulated in CSS mice. Certain VMH neurons are responsive to both ghrelin and glucose (Routh et 

al., 2004; Li et al., 2017), and furthermore, ghrelin inhibits insulin secretion and increases RER (Tschöp 

et al., 2000; Müller et al., 2015). Therefore, the demonstrated CSS effects of increased ghrelin signaling, 

reduced plasma insulin and increased RER could be causally related. With regard to fasting leptin, this 

was unaffected (Expt 2) or reduced (Expt 1) by CSS; leptin levels were substantially higher in CON 

mice in Expt 1 compared with Expt 2. In a study conducted using ad libitum feeding we observed 

relatively high leptin in CON mice (similar to Expt 1) with a reduction in CSS mice (Bergamini et al., 

2016). In contrast, in a study where mild food restriction was combined with operant testing for sweet 

reward, leptin was relatively low in CON mice and similar to that in CSS mice (Kúkel’ová et al., 2018). 

Integrating these findings with the present study suggests that in the latter, the effect of fasting in CON 

mice was greater in Expt 2 than in Expt 1. We also provide what to our knowledge is the first evidence 

that chronic stress induces downregulated expression of the leptin gene, Lep, in WAT; that is, eWAT 

mass was reduced and Lep expression per mass of remaining eWAT was also reduced, relative to CON 

mice. There was no effect of CSS on Lepr expression, neither in eWAT nor in the brain regions studied. 

The increases in plasma levels of ghrelin and gene expression of its receptor in VMH and the decreases 

in eWAT Lep expression and plasma leptin levels observed in CSS mice, are consistent with an increase 

in appetite and therefore daily food intake. Indeed, we have reported previously on such an increase in 

food intake to maintain a similar BW in CSS relative to CON mice (Bergamini et al., 2016; Kúkel’ová 
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et al., 2018). Nonetheless, it would have been advantageous for the interpretation of the current findings 

if we had also measured daily food intake in Expt 2, and this is a limitation of the present study. 

 The decrease in plasma insulin and increase in blood glucose in the GTT at day 10 of the 15-

day CSS procedure, together with the high RER consistent with carbohydrate as the major substrate of 

energy metabolism at post-CSS days 17-20, is each consistent with an increased need for glucose in 

CSS mice. Relative to other organs and tissues, the CNS has a disproportionately high glucose need, 

due to the high energy requirement of neurons and glia (Mergenthaler et al., 2013). This certainly 

pertains in the mouse, although given its comparatively small relative brain-to-body size, not to the 

same extent as in relatively large-brained mammals and most notably humans, of course (Herculano-

Houzel, 2011). Stress leads to marked increases in energy need and metabolism in the neural circuits 

for emotional-stimulus processing. However, chronic stress also leads to brain inflammation, oxidative 

stress and mitochondrial damage, such that CNS energy metabolism can become inefficient coincident 

with the very neurobehavioral state in which energy demand is high (Picard et al., 2014). Using induced 

metabolic bioluminescence imaging, recently it was demonstrated that CSD mice have high levels of 

brain glucose compared with controls (Van Der Kooij et al., 2018). Using [18F]FDG positron emission 

tomography (PET), the same study demonstrated that CSD mice have lower CNS glucose uptake than 

control mice. This apparent paradox co-occurred with reduced membrane-protein levels of glucose 

transporter 1 (GluT1) in brain tissue (Van Der Kooij et al., 2018), suggesting that the observed CNS 

hyperglycemia was primarily extracellular and that this in turn led to attenuated active glucose transport 

across the blood-brain barrier (Van Der Kooij et al., 2018). By measuring [18F]FDG uptake, here we 

corroborate the finding that chronic stress leads to attenuated CNS glucose utilization and also 

demonstrate that the brain is the only organ/tissue in which glucose utilization is significantly impacted 

by CSS. In [18F]FDG uptake studies the amount of 2-FDG administered is low (< 5 nmol in the present 

study) and minimal compared to circulating glucose and the amount of glucose administered in the 

GTT.  It is important to note that changes in the blood-brain barrier (BBB) could also contribute to this 

CSS effect, including changes in cerebral blood flow, capillary surface area, BBB glucose permeability 

and active glucose transport, and these will need to be investigated in a future study. One of the brain 

regions with decreased [18F]FDG uptake in CSS mice was the midbrain, which includes the major 
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localizations of dopamine neuron cell bodies, namely ventral tegmental area and substantia nigra pars 

compacta. A previous study identified that CSS leads to attenuated mesolimbic dopamine activity 

(Bergamini et al., 2018), and this could be related to the decrease in glucose uptake. In depression, 

dynamic evaluation of cerebral glucose utilization by means of [18F]FDG PET has identified evidence 

for reduced glucose uptake in prefrontal cortex and anterior cingulate cortex, two key regions in the 

neural networks that are impacted in depression (Price and Drevets, 2010; Videbech, 2000). 

 In summary therefore, using a standard diet and compared with controls, CSS mice displayed 

lower BW gain relative to food intake despite similar energy expenditure, reduced adipose tissue, 

increased carbohydrate contribution to energy substrate, and altered microbiota. These changes in 

energy status co-occurred with neuroendocrine changes signaling for increased food intake, namely 

reduced plasma insulin and leptin and increased plasma ghrelin and VMH ghrelin receptor expression. 

Importantly, however, whilst these CSS-induced changes are consistent with increased glucose 

metabolism, glucose utilization in the CNS was reduced. Disturbed glucose metabolism in the brain 

could represent an important explanatory link between the peripheral energy status changes observed 

in CSS mice in this study and the reduced interest in sweet-tasting food reward reported for CSS mice 

in previous studies (Bergamini et al., 2016; Kúkel’ová et al., 2018). This peripheral-CNS constellation 

displays similarity to the symptom combination of body weight loss and reduced interest in reward that 

is common in depression. It will now be important to utilize this model to further understanding of the 

mechanisms via which chronic stress can decrease brain glucose utilization and how this relates to 

regional and cellular changes in neural circuits for reward processing. 
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FIGURE LEGENDS 

Figure 1. Effects of 15-day chronic social stress (CSS, N=12) versus control handling (CON, N=12) 

on body weight, food intake and adipose tissue mass (Expt 1). (A) Absolute body weight. (B) Daily 

food intake. Values are overall means +/- standard deviation per 5-day block. *p≤0.05, **p≤0.01 for 

CSS versus CON mice following group x day block interaction in ANCOVA and day block-specific 

post hoc LSD testing. (C) Change in body weight relative to food intake. (D) Mass of epididymal WAT. 

(E) Mass of interscapular BAT. For A-B, values are means +/- SD. For C-E, individual values and group 

means are shown; *p≤0.05, ***p≤0.001 for CSS versus CON mice in independent sample t-tests. 

Sample size differences are due to removal of statistical outlier values. 

https://doi.org/10.1371/journal.pone.0071108


28 
 

Figure 2. Effects of 15-day chronic social stress (CSS, N=12) versus control handling (CON, N=12) 

on energy status as measured using indirect calorimetry (Expt 1). (A) Energy expenditure. (B) 

Respiratory exchange ratio. Each value is the overall group mean +/- standard deviation per day and 

phase (dark/active, light/inactive). Statistical analysis was conducted using mixed model ANCOVA 

with baseline BW as covariate for EE and mixed model ANOVA for RER, based on data obtained on 

days -1, 0, 17, 18, 19, 20. Values are means +/- SD; *p≤0.05, **p≤0.01, ***p≤0.001, for CSS versus 

CON mice following a significant group x day interaction effect and subsequent day-specific post hoc 

tests with Bonferroni correction. 

Figure 3. Effects of the chronic social stress procedure (CSS, N=12) versus control handling (CON, 

N=12) on levels of blood glucose and plasma insulin at day 10 (Expt 2). (A) Body weight. Although 

there was a significant group x day block interaction in ANCOVA, there was no significant post hoc 

group difference at any specific day block. (B) Blood glucose levels across the GTT sampling period. 

*p≤0.05 for CSS versus CON mice following significant group x sampling time interaction in ANOVA 

and LSD post hoc testing. (C) Plasma insulin levels across the GTT sampling period. *p≤0.05, **p≤0.01 

for CSS versus CON mice following group x sampling time interaction in ANCOVA and LSD post hoc 

testing. (D) Blood glucose total area under the curve at Min -1 to 60 and Min -1 to 120. (E) Plasma 

insulin total area under the curve calculated from 0 at Min -1 to 60 and Min -1 to 120. For A-C, values 

are means +/- SD. For D–E, individual values and group means are shown; *p≤0.05, ***p≤0.001 for 

CSS versus CON mice analyzed by independent Student’s t-tests. Sample size differences are due to 

removal of statistical outlier values. 

Figure 4. Effects of 15-day chronic social stress (CSS, N=12) versus control handling (CON, N=12) 

on plasma levels of appetite hormones. (A) Acylated ghrelin at day 17 (Expt 2). (B) Leptin at day 17 

(Expt 2). (C) Leptin at day 21 (Expt 1). Individual values and group means are shown. *p≤0.05, 

***p≤0.001 for CSS versus CON mice analyzed by independent Student`s t-test. Sample size 

differences are due to removal of statistical outlier values. 

Figure 5. Effects of 15-day chronic social stress (CSS, N=12) versus control handling (CON, N=12) 

on expression of genes relevant to appetite hormone function in adipose tissue and brain collected on 

day 21 (Expt 1). In epididymal white adipose tissue: (A) Leptin, Lep. (B) Leptin receptor, Lepr. In 
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interscapular brown adipose tissue: (C) Uncoupling protein 1, Ucp-1. In specific brain regions: (D) 

Ghrelin receptor, Ghr-r1a. (E) Lepr. Values are fold change + SEM. **p≤0.01, ***p≤0.001 for CSS 

versus CON mice analyzed by independent Student’s t-test. Abbreviations: mPFC, medial prefrontal 

cortex; NAcc, nucleus accumbens; PVN, paraventricular nucleus; ARC, arcuate nucleus; VMH, 

ventromedial nucleus; VTA, ventral tegmental area. 

Figure 6. Effects of 15-day chronic social stress (CSS, N=6) versus control handling (CON, N=7) on 

ex vivo biodistribution of [18F] FDG in tissue from specific brain regions at 45 minutes post-injection 

(Expt 3). For (A) whole brain and (B)-(F) selected brain regions, the accumulated radioactivity was 

expressed as percentage normalised (MBq/kg BW) injected dose per gram of tissue. (G) Sagittal image 

with Nissl staining at level 1.08 mm lateral to midline, showing the location of brain regions that were 

sampled for the data presented in figures (B)-(F). Figure from G. Paxinos and KBJ Franklin (2001) The 

Mouse Brain in Stereotaxic Coordinates. Academic Press. Reprinted with permission of Elsevier. 

Individual values and group means are shown; **p<0.01 and (*) p<0.05 in independent Student’s t-

tests, with p<0.01 used for statistical significance as an adjustment for multiple testing (see also Figure 

S3).  
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Supplementary Table and Figures 

 

Table S1. List of primer sequences and PCR conditions used 
         
         

  Gene Primer sequence (‘5 – 3’)  PCR product Annealing     Extension     PCR E 

      (bp)  Temp. (°C)          (sec)            (%) 
              

Ucp-1 FW: CTGCCAGGACAGTACCCAAG 110 63 40 100 

RV: GACCCGAGTCGCAGAAAAGA 

 

Lep FW: TTTCACACACGCAGTCGGTA 150 63 40 96 

 RV: GCACATTTTGGGAAGGCAGG     

 

Lepr FW: TTTCACACACGCAGTCGGTA 138 60 30 109 

  RV: GCACATTTTGGGAAGGCAGG 

 

Ghs-r1a FW: ACAAACAGACAGTGAAGATG 197 60 30 102

 RV: TGTAGAGAATGGGGTTGATG 

 

Actb FW: GGCTGTATTCCCCTCCATCG 154 63 30 103 

 RV: CCAGTTGGTAACAATGCCATGT 

         

Abbreviations: Actb, actin, beta; Ghs-r1a, growth hormone secretagogue receptor; Lep, leptin; Lepr, leptin 

receptor; Ucp-1, uncoupling protein 1. 

The PCR cycle conditions used were 5 min at 95˚C, 10 sec at 95˚C, and the following annealing conditions 

specific to each target: Ucp-1 (63˚C, 40s), Lep (63˚C, 40s), Lepr (60˚C, 30s), Ghs-r1a (60˚C, 30s), Actb (63˚C, 

30s). A melting curve was run for each PCR plate. 
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Figure S1. Experimental designs. Three experiments were conducted with mice exposed to 

chronic social stress (CSS) or control handling (CON) on days 1-15. Mice were handled at the 

onset of experiments and body weights were measured daily. Mice were given a motor activity 

test (MA), and allocation to CSS and CON groups was counterbalanced according to activity 

and body weight. Experiment 1: On days -4 to 0 mice were placed in indirect calorimetry 

cages for measurement of baseline energy expenditure and respiratory exchange ratio (IDC: 

EE, RER). Behavioral observations (B) were conducted on days 4, 8 and 12 of the CSS/CON 

procedure. On days 16-20 post-CSS/CON IDC: EE, RER was conducted. Overnight on day 

20/21 mice underwent F followed on day 21 by S with collection of trunk blood, fat tissue and 

brain. Experiment 2: Overnight on day 9/10 of CSS/CON procedure, mice were fasted (F) and 

on morning of day 10 a glucose tolerance test with repeated blood sampling for glucose and 

insulin determinations (GTT) was conducted. Overnight on day 16/17 mice underwent F 

followed on day 17 by sacrifice (S) with trunk blood sampling for insulin and ghrelin 

determination. Experiment 3: On day 16, to assess glucose biodistribution (BD), mice were 

injected with [18F]FDG and after 45 min trunk blood, urine and tissue samples were collected 

for determination of accumulated radioactivity. 
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Figure S2. Effects of the CSS procedure on home cage behavior. (A) Self-grooming. (B) Sitting 

upright. Values are mean + standard deviation, N=12 per group. P values are for ANOVA with 

factors group, day and time of day.  
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Figure S3. Ex vivo biodistribution of [18F]FDG in (A) brain tissues and (B) body tissues and 

compartments at 45 minutes after injection. For each tissue, the accumulated radioactivity was 

expressed as percentage normalized (MBq/kg BW) injected dose per gram of tissue. ** p<0.01 

and (*) p<0.05 in independent Student’s t-tests; significance was set at p<0.01 to compensate 

for multiple testing. 
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Figure S4. Phylum-Genus level relative abundance profiles of gut-derived microbial communities in 

chronic social stress (CSS) and control (CON) mice. (A) Relative abundance of bacterial communities 

at the phylum taxonomic rank. (B) Representative graphs of relative abundance of bacterial 

communities at the genus taxonomic rank. At day 15, fresh-voided faeces were collected from CSS 

(n=12) and CON (n=12) mice and total DNA was extracted for 16S rRNA gene-based next-generation 

sequencing. The V3-V4 hypervariable region of the 16S rRNA gene was PCR-amplified using the 

primer set 341F/805R. PCR products of about 460 bp were purified using a magnetic bead-based system 

(Agencourt AMPure XP; Beckman Coulter, Brea, CA) and indexed by limited-cycle PCR using Nextera 

technology (Illumina, San Diego, CA). Indexed libraries, further cleaned up as described above, were 

pooled at equimolar concentration, denatured and diluted to 6 pmol/l. Sequencing was performed on an 

Illumina MiSeq platform using the 2×250 bp protocol, according to the manufacturer’s instructions. 

Sequencing reads were deposited in the National Center for Biotechnology Information Sequence Read 

Archive (NCBI SRA; BioProject ID PRJNA592433). CSS mice displayed a significant increase 

in Bacteroides spp. numbers compared to CON mice (p<0.05), with phyla in lower abundance including 

Proteobacteria, Firmicutes and Verrucomicrobia. At genus level, CSS mice displayed a significant 

decrease in Akkermansia spp. (p<0.05), and increases in Prevotella spp., Ruminococcus spp. 

and Lachnospiraceae spp.  

 

 

C
O

N

C
S

S

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

R
e

la
ti

v
e

 A
b

u
n

d
a

c
n

e B a c te ro id e te s

F irm ic u te s

C y a n o b a c te r ia
V e rru c o m ic ro b ia

P ro te o b a c te r ia

A c tin o b a c te r ia

T e n e r ic u te s

D e fe r r ib a c te r e s

C
O

N

C
S

S

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

B a c te ro id e s  s p p .

R u m in o c o c c a c e a e

L a c h n o s p ira c e a e

P re v o te lla

L a c to b a c illu s  s p p .

A k k e rm a n s ia  s p p .

P a ra b a c te ro id e s  s p p .

P a ra b a c te ro id e s _ d is ta s o n is

(A) (B)


