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Abstract
Recent findings in rats indicated that the physiological

consequences of repeated restraint stress are dependent on

the time of dayof stressor exposure. To investigate whether this

is also true for clinically more relevant psychosocial stressors

and whether repeated stressor exposure during the light phase

or dark phase is more detrimental for an organism, we exposed

male C57BL/6 mice to social defeat (SD) across 19 days either

in the light phase between Zeitgeber time (ZT)1 and ZT3

(SDL mice) or in the dark phase between ZT13 and ZT15

(SDD mice). While SDL mice showed a prolonged increase in

adrenal weight and an attenuated adrenal responsiveness to

ACTH in vitro after stressor termination, SDD mice showed

reduced dark phase home-cage activity on observation days 7,

14, and 20, flattening of the diurnal corticosterone rhythm,

lack of social preference, and higher in vitro IFNg secretion
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from mesenteric lymph node cells on day 20/21. Furthermore,

the colitis-aggravating effect of SD was more pronounced

in SDD than SDL mice following dextran sulfate sodium

treatment. In conclusion, the present findings demonstrate that

repeated SD effects on behavior, physiology, and immunology

strongly depend on the time of dayof stressor exposure. Whereas

physiological parameters were more affected by SD during the

light/inactive phase of mice, behavioral and immunological

parameterswere more affected by SDduring the darkphase. Our

results imply that repeated daily SD exposure has a more negative

outcome when applied during the dark/active phase. By

contrast, the minor physiological changes seen in SDL mice

might represent beneficial adaptations preventing the formation

of those maladaptive consequences.
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Introduction

Chronic stress in humans is known to be a risk factor for many

affective disorders including anxiety and depression (for

reviews, see Herbert (1997), and Shalev (2009)) as well as

somatic disorders such as inflammatory bowel disease (Duffy

et al. (1991) and Levenstein et al. (2000), for review, see Reber

(2011)). Moreover, several rodent studies have shown that

chronic or repeated stressor exposure induces anxiety- (Reber

et al. 2007, Slattery et al. 2011) and depressive-like behavior

(Berton et al. 2006). However, the mechanisms behind stress-

related disorders or maladaptations are still far from being

understood, due in part to a lack of adequate and

translationally relevant stress paradigms (for review, see

Reber (2011)). Chronic psychosocial stress paradigms

represent the most promising approach in animal research to

unravel the molecular basis for stress-promoted pathologies as

they more accurately reflect the human situation (for review,

see Zohar & Westenberg (2000)). In support, and unlike

physical stressors, the hypothalamo-pituitary–adrenal (HPA)
axis responses to repeated psychosocial stressors, such as

intermittent social defeat (SD) in rats, do not habituate

(Tornatzky & Miczek 1993). Intermittent SD refers to

repeated exposure to a larger, dominant conspecific, which

according to traditional definitions would seem to represent

a repeated homotypic stressor. However, it is believed

that repeated SD does not result in adaptation as it rather

represents a heterotypic stressor for the defeated animal due to

the behavioral differences displayed by the varying dominant

conspecifics it is exposed to (Sgoifo et al. 2002).

Although the monoaminergic theories of depression have

dominated scientific thinking over the past decades (for

review, see Hirschfeld (2000)), newer theories have become

more popular to explain the accumulating basic and clinical

evidence (for review, see Slattery et al. (2004) and Katz et al.

(2010)). One such theory states that a disturbed internal clock

is causally involved in the development of depression

(Winkler et al. (2005), for review, see Racagni et al. (2007)),

which is supported by altered plasma cortisol rhythms

(Deuschle et al. 1997) and sleep patterns observed in
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most depressed patients and the recent licensing of

agomelatine, which re-synchronizes disrupted circadian

rhythms (Yous et al. (1992), for review, see de Bodinat et al.

(2010)). In line with this, it was recently shown in rodents

that chronic unpredictable stress affects suprachiasmatic

nucleus (SCN) functionality, the central pacemaker of the

circadian system in mammals, by dampening the amplitude of

circadian PERIOD2 (PER2) protein expression, one of the

main clock proteins involved in internal rhythm generation

(Jiang et al. 2011). In addition, various biological diurnal

rhythms generated and fine-tuned by the SCN such as

locomotor activity (Gorka et al. 1996), body temperature

(Ushijima et al. 2006), heart rate (Grippo et al. 2003),

sleep (Moreau et al. 1995), and plasma glucocorticoid (GC)

levels (Ottenweller et al. 1994) are also affected by repeated

exposure to non-psychosocial stressors.

Similar to GC levels, activity of the gut system is regulated

in a circadian fashion and chronodisruption within the

gastrointestinal tract was shown to result in several gastro-

intestinal diseases such as irritable bowel syndrome (for

review, see Konturek et al. (2011)).

As peripheral organs express GC receptors, peripheral

circadian rhythms like gastrointestinal oscillations can be

shifted under stressful conditions (Balsalobre et al. 2000).

Moreover, persistent stimulation of the HPA axis, e.g. by

chronic stress is considered to be a crucial contributory factor

to the incidence of spontaneous or aggravation of chemically

induced colonic inflammation characterized by elevated

interferon (IFN)g levels, reduced colon length, and an

increased histological damage score (Reber et al. (2006), for

review, see Reber (2011)).

With respect to the latter parameter, HPA axis activity and,

thus, GC levels peak at the start of the activity phase, i.e. in the

early morning in humans and early evening in most rodent

species. Given that HPA axis activity/rhythmicity is

controlled by SCN efferents to the paraventricular nucleus

of the hypothalamus (for review, see Nader et al. (2010)), the

key activator of the HPA axis during stress, it is likely that

stressor exposures at distinct times of the light–dark cycle may

generate differential acute stress responses. This, in turn,

would lead to differential consequences of chronic/

intermittent stressor exposure, in terms of both outcome

and severity, for an individual. In support, the few studies that

have examined this hypothesis have shown that restraint stress

has different effects on body weight development and adrenal

gland weight, depending on the time of day of stressor

exposure (Rybkin et al. (1997) and Perez-Cruz et al. (2009),

for review, see Koolhaas et al. (2011)).

However, it is currently not known whether and to what

extent a clinically more relevant chronic/intermittent

psychosocial stressor affects biological rhythmicity and

whether this is dependent on the time of day of stressor

exposure. Therefore, the main aim of this study was to

investigate whether selected behavioral, physiological, and

immunological consequences of repeated SD exposure

(2 h/day; 19 days) are dependent on the time of day of
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stressor exposure. For this purpose, male mice were exposed

to SD either during the light (SDL) or dark (SDD) phase, and

home-cage activity, social preference, anxiety-related

behavior, basal plasma ACTH, and corticosterone (CORT)

concentrations, as well as adrenal in vitro responsiveness to

ACTH, IFNg secretion from mesenteric lymph node cells,

and the severity of dextran sulfate sodium (DSS)-induced

colitis were assessed at different times of the day.
Materials and Methods

Animals

Male C57BL/6 mice (Charles River, Sulzfeld, Germany)

weighing 19–22 g (experimental mice) or 30–35 g (used as

residents during the stress procedure) were individually housed

in standard polycarbonate mouse cages (16!22!14 cm;

experimental mice) or polycarbonate observation cages

(38!22!35 cm; residents) for at least 1 week before the

start of the experiment. All mice were kept under standard

laboratory conditions (22G2 8C; 60G5% humidity) and had

free access to tap water and standard mouse diet. They were

exposed to a 12 h light:12 h darkness cycle (light phase:

200G50 lux) with lights-on at 0700 h. The time of lights-on

is defined as Zeitgeber time (ZT)0 and lights-off as ZT12.

All experimental protocols were approved by the Committee

on Animal Health and Care of the local government and

performed according to international guidelines on the

ethical use of animals. All efforts were made to minimize

the number of animals used and their sufferings.
Experimental procedures

After delivery, mice were weighed and randomly assigned to a

single-housed control (SHC), a SDL, and a SDD group

(Fig. 1). SHC mice remained undisturbed except for

weighing on days 0 and 20 (experiment 1; Fig. 1A) and a

weekly change of bedding (all experiments). Based on

previous studies, SHC mice were considered to be the most

appropriate controls in this paradigm (Singewald et al. 2009).

SDL and SDD mice were exposed daily for 2 h to SD over

19 days (except for days 7 and 14; experiment 1, 2, and 4) or

over 4 days (experiment 3), either at the beginning of the light

phase (ZT1–ZT3, SDL mice) or at the beginning of the dark

phase (ZT13–ZT15, SDD mice) (see Fig. 1). The experi-

mental design of the SDL and SDD procedure (for detailed

description, see below) was identical for all experiments. The

majority of parameters, except behavior (social preference/

avoidance test, SPAT; elevated plus-maze, EPM), were

assessed in both the light and dark phase in order to

determine whether repeated stressor exposure resulted in

phase-dependent or -independent alterations.

Experiment 1 In order to assess whether submission

latencies, the acute behavioral stress response (active behavior
www.endocrinology-journals.org
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Figure 1 Schematic illustration of the experimental procedures. Description of the procedures performed in experiments 1-4 including
their timeline. SHC, single-housed control; SDL, social defeat light; SDD, social defeat dark.
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and time spent in contact zone during sensory contact), and

social preference and/or anxiety are dependent on the time

of day of stressor exposure, separate cohorts of animals were

used for assessment of these parameters (Fig. 1A). In detail,

submission latencies before and after 2 h of sensory contact

and active behavior shown during sensory contact were

assessed for SDL (nZ14) and SDD (nZ15) mice. Further-

more, SHC (nZ14), SDL (nZ14), and SDD (nZ14) mice

were weighed before the start (day 0) and following

termination of the SDL/SDD paradigm (day 20) to

investigate whether the time of day of stressor exposure

differentially affects body weight. Subsequently, respective

mice were either exposed to the SPAT (SHC: nZ9;

SDL: nZ10; SDD: nZ9) or the EPM (SHC: nZ8;

SDL: nZ9; SDD: nZ9) at the beginning of the light phase

(ZT1–ZT4) on day 21. We chose the light phase for these

tests because preliminary data (confirmed by the results from

experiment 2) showed that locomotion during the light phase

was not different in SDL and SDD mice (data not shown), in

contrast to locomotion during the dark phase (see results from

experiment 1B).
www.endocrinology-journals.org
Experiment 2 To assess whether the time of day of stressor

exposure has an effect on active home-cage behavior, climbing,

locomotion, rearing, eating, drinking, grooming, and digging

were scored in another set of SHC (nZ24), SDL (nZ25), and

SDD (nZ23) mice on days 0, 7, 14, and 20 in the light phase

from ZT0 to ZT3 and in the dark phase from ZT12 to ZT15

(Fig. 1B). In order to investigate whether the time of day of

stressor exposure influences morning and/or evening basal

plasma CORTand ACTH levels, adrenal gland weight, adrenal

in vitro responsiveness to ACTH, and anti-CD3-stimulated

in vitro IFNg secretion from mesenteric lymph node cells, SHC,

SDL, and SDD mice used for behavioral observations were

subsequently killed by decapitation under brief inhalation

anesthesia either in the dark phase (day 20, ZT17; nZ7–8 per

group) or in the light phase (day 21, ZT5; nZ6–7 per group),

organs were removed and trunk blood was collected.

Experiment 3 Based on our findings from experiment 2,

we assessed in a next step whether four daily sessions of

repeated SD during either light (SDL) or dark (SDD) phase

were sufficient to result in HPA axis habituation (Fig. 1C).
Journal of Endocrinology (2012) 215, 425–437
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Therefore, separate groups of SHC (nZ16), SDL (nZ8), and

SDD (nZ8) mice were killed 25 min after the last defeat

(SDL and respective SHC mice in the light phase at wZT3.5;

SDD and respective SHC mice in the dark phase at

wZT15.5) on day 4 of SD exposure. Trunk blood was

collected for quantification of plasma ACTH levels.

Experiment 4 To assess whether the time of day of stressor

exposure has an impact on the severity of a subsequent

pharmacologically-induced colitis, SHC (nZ9), SDL

(nZ10), and SDD (nZ9) mice were treated with 1% DSS

in their drinking water for 8 days (Reber et al. 2008), starting

on day 21 (day 21–28) (Fig. 1D). After killing on day 28,

colon length was measured, the histological damage was

scored, and IFNg secretion from mesenteric lymph node cells

was determined.
SDL and SDD stress paradigms

During each SD session, the experimental mouse was taken

from its home-cage and placed into a male resident’s home-

cage. After the first attack by the resident that resulted in

submissive behavior from the intruder, both mice were

separated from each other by a perforated partition wall.

This protected the intruder from physical injuries by the

resident, but allowed visual, olfactory, and auditory contact as

described previously (Reber et al. 2006). The submission

latency of every intruder was assessed in order to make sure

that the level of aggression received during SD is comparable

for SDL and SDD mice. During the subsequent 2 h of sensory

contact, food pellets, but not tap water, were available for all

experimental mice including SHC mice. Furthermore, the

time spent in the 3.5 cm broad contact zone (zone adjacent to

the partition wall) and the active behavior (climbing,

locomotion, rearing, eating, grooming, and digging) was

assessed for the intruder every 3 min (note: values represent

the sum of all active behaviors per intruder mouse). These

3-min scores were then summed up for 30-min periods per

experimental mouse in each 2 h SD session, averaged per

treatment group, and expressed in % of total counts possible

per 30 min interval, finally resulting in four 30-min values per

treatment group (0–30, 30–60, 60–90, and 90–120 min).

Following removal of the partition wall, direct social interaction

between the resident and the experimental mouse was allowed

until the first attack by the resident that resulted in submissive

behavior from the intruder. Again, submission latency of the

intruder was scored before placing the experimental mouse

back into its home-cage. Each experimental mouse was exposed

to a different resident every day to avoid habituation. SD was

omitted on days 7 and 14 in every experiment, and, during

experiment 2, home-cage behavior of experimental mice

was observed and scored at the beginning of the light

phase (ZT0–ZT3) and dark phase (ZT12–ZT15) on days 0,

7, 14, and 20 respectively. The behavior was scored in 3-min

time intervals, thereby distinguishing between locomotion,

rearing, eating, drinking, grooming, digging, and climbing
Journal of Endocrinology (2012) 215, 425–437
(active behavior) and inactive behavior. These 3-min scores

were then summed up for the whole 180-min period per mouse

and averaged per treatment group.
Social preference/avoidance test

SHC, SDL, and SDD mice were exposed to the SPAT on

day 21 between ZT1 and ZT4 as described in detail before

(Slattery et al. 2011). Briefly, the experimental mouse was

placed into the SPAT box (length: 45 cm; width: 27 cm;

height: 27 cm; light intensity: 10–40 lux) for 30 s to habituate

to the unfamiliar environment before a small empty wire

mesh cage (length: 10 cm; width: 6.5 cm; height: 5 cm;

nonsocial trial) was introduced to the SPAT box for 150 s.

This initial period gives an indication of general anxiety

(novel object exposure). Afterward, this empty cage was

exchanged for an identical cage containing an unfamiliar male

mouse (social trial) for another 150 s. The total time spent in

the 8 cm broad contact zone around the wire mesh cage was

recorded using EthoVision XT (Version 5.0.216, Noldus

Information Technology, Wageningen, The Netherlands)

during both 150 s trials. The box and empty cage were

cleaned thoroughly before each test.
Elevated plus-maze

SHC, SDL, and SDD mice were tested on the EPM on day 21

between ZT1 and ZT4 for 5 min as described previously

(Reber et al. 2007). Briefly, the EPM consisted of two open

(6!30 cm) and two closed (6!30!17 cm) arms radiating

from a central platform (6!6 cm) to form a plus-shaped

figure, which was elevated 60 cm above the floor. Each mouse

was placed on the central platform facing a closed arm at the

start of the trial and the maze was cleaned thoroughly before

each test. The number of entries into the closed arms (as a

measure of general activity) and the time spent on the open

arms (as a measure of anxiety-related behavior) were recorded

by means of a video/computer setup to allow calculation of

the percentage of time spent on open arms of the maze.
Quantification of plasma CORT and ACTH by ELISA

SHC, SDL, and SDD mice of experiment 2 (day 20, ZT17,

or day 21, ZT5) and experiment 3 (day 4, SDL and respective

SHC mice in the light phase wZT3.5; SDD and respective

SHC mice in the dark phase at wZT15.5) were killed rapidly

by decapitation following brief inhalation anesthesia.

Approximately 500 ml trunk blood was collected in

EDTA-coated tubes on ice (Sarstedt, Nümbrecht, Germany),

centrifuged at 4 8C (2000 g, 10 min), and finally stored at

K20 8C until assayed using a commercially available ELISA

for CORT (analytical sensitivity !1.631 nmol/l, intra-assay

and interassay coefficients of variation %6.35%, IBL

International, Hamburg, Germany) and ACTH (analytical

sensitivity 0.22 pg/ml, intra-assay and interassay coefficients

of variation %7.1%, IBL International).
www.endocrinology-journals.org
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Adrenal gland weight

SHC, SDL, and SDD mice of experiment 2 were killed either

on day 20 (ZT17) or on day 21 (ZT5). After removal, the

adrenals were pruned from fat and weighed separately.

Subsequently, adrenal weights were summed (sum of

respective left and right adrenal weight) per mouse and

expressed as absolute adrenal weight (mg).
ACTH stimulation of adrenal explants in vitro

Adrenal stimulation was performed as described previously

(Uschold-Schmidt et al. 2012). Briefly, left and right adrenals

were separately weighed and stored in ice-cold DMEM/F-12

(Life Technologies, Inc.) containing 0.1% BSA until all mice

were killed and adrenals removed. Afterward, each left and

right adrenal gland was cut into two halves each containing

cortical and medullary tissues. The halves were then weighed

and pre-incubated in 200 ml DMEM/F-12 for 4 h (37 8C,

95% O2, 5% CO2) before any further treatment. Culture

medium was then replaced and each half of one adrenal was

incubated with either medium containing 0.9% saline (basal)

or medium containing 0.9% saline plus ACTH (100 nM) for

6 h at 37 8C (95% O2 and 5% CO2). Incubation of adrenals

with either saline or ACTH took place on day 21 from ZT1

to ZT7 when mice were killed on day 20 (ZT17) and on

day 21/22 from ZT13 to ZT19 when mice were killed on

day 21 (ZT5). After incubation, supernatants were carefully

removed and stored at K20 8C until analyzed using a

commercially available ELISA for CORT (IBL International).

Basal as well as ACTH-induced CORT concentrations (ng/ml)

in the supernatants were summed up afterwards for left and

right adrenal per mouse respectively, and expressed in relation

to respective adrenal explants’ weight (sum of respective left and

right adrenal explants) (ng/ml per mg).
Secretion of IFNg from anti-CD3-stimulated mesenteric lymph
node cells

Isolation and anti-CD3 stimulation of mesenteric lymph

node cells from SHC, SDL, and SDD mice (experiment 2,

day 20/21; experiment 4, day 28) were performed as

described in detail before (Reber et al. 2006, 2008). Briefly,

mesenteric lymph nodes (pooled from each experimental

group) were harvested under sterile conditions and collected

on ice in cell culture medium (RPMI 1640 supplemented

with 10% fetal bovine serum (PAA, Cölbe, Germany),

100 U/ml penicillin and 100 mg/ml streptomycin (PAA), and

3!10K5 M 2-mercaptoethanol (Sigma)). Lymph nodes were

mechanically disrupted and filtered through a cell strainer

(70 mm Nylon, Falcon, Becton Dickinson, Heidelberg,

Germany). Cells were washed twice in cell culture

medium and adjusted to a concentration of 106 cells/ml.

Then, 2!105 (200 ml) lymph node cells were transferred to

wells of a 96-well plate; to stimulate the cells, the wells were

pre-coated with 100 ml of 2.5 mg/ml anti-CD3 antibody.
www.endocrinology-journals.org
Eight wells were loaded with the respective number of cells

for each experimental group. After incubation for 24 h

(37 8C, 5% CO2), concentrations of the cytokine IFNg were

measured in the supernatants by ELISA (Thermo Fisher

Scientific, Rockford, IL, USA) according to the respective

protocols, using four wells per experimental group.
Determination of the severity of DSS-induced colitis

Acute colitis was induced by administering 1% DSS

(36–50 kDa; ICN, Eschwege, Germany) in the drinking

water ad libitum for 8 days as described previously (Reber et al.

2006, 2008), starting on day 21.

On day 28, inflammatory shortening of colonic length and

the histological damage score were used to quantify the

severity of the DSS-induced colonic inflammation as

described previously (Reber et al. 2006, 2008). Briefly, the

colon was removed, mechanically cleaned, and measured to

0.1 cm precision. Afterward, 1 cm of the distal third of the

colon was cut longitudinally, laid on filter paper, and fixed in

10% formalin overnight. The next day, the fixed tissue

was embedded in paraffin and cut longitudinally. Three

3 mm hematoxylin–eosin-stained sections taken 100 mm apart

were evaluated by histological scoring performed by an

investigator blind to treatment. For statistics, each individual

score represented the mean of the three sections. Histology

was scored as follows after (Obermeier et al. 2003, Reber et al.

2007, 2008): epithelium (0, normal morphology; 1, loss of

goblet cells; 2, loss of goblet cells in large areas; 3, loss of

crypts; 4, loss of crypts in large areas) and infiltration (0, no

infiltration; 1, infiltrate around crypt basis; 2, infiltrate

reaching to lamina muscularis mucosae; 3, extensive

infiltration reaching the lamina muscularis mucosae and

thickening of the mucosa with abundant edema; 4, infiltration

of the lamina submucosa). The total histological score

represents the sum of the epithelium and infiltration score

and ranges from 0 to 8.
Statistical analysis

For statistical comparisons, the software package SPSS

(version 19) was used. One-way ANOVA (factorZtreatment

(SHC vs SDL vs SDD)) followed by Bonferroni post hoc test, if

appropriate, was used for analysis of changes in body weight

gain across SD, in the time spent on open arms and entries

into closed arms during EPM testing, and in delta body weight

gain, colon length, histological damage score, and IFNg
secretion from mesenteric lymph node cells during DSS

treatment. ANOVA for repeated measures (rm ANOVA)

followed by Bonferroni post hoc test, if appropriate, was used

for analysis of the time spent in the contact zone during the

SPAT (factor 1Ztrial (empty cage vs mouse in cage) and

factor 2Ztreatment (SHC vs SDL vs SDD)) and of the

number of active behaviors during home-cage observations

(factor 1Zday (0, 7, 14, and 20) and factor 2Ztreatment

(SHC vs SDL vs SDD)). All comparisons depending on two
Journal of Endocrinology (2012) 215, 425–437
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Figure 2 Effect of SD during light phase (SDL) and dark phase (SDD)
on body weight. Body weight gain of SHC (nZ14, grey bars), SDL
(nZ14, white bars), and SDD (nZ14, black bars) mice across the
stress procedure. Data represent mean weight gain (between day 0
and 20)CS.E.M.
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factors (absolute adrenal weight, basal plasma ACTH, and

CORT levels, IFNg secretion from mesenteric lymph nodes

(in mice not treated with DSS) (factor 1Ztreatment (SHC vs

SDL vs SDD) and factor 2Ztime of day); in vitro adrenal

CORT secretion (factor 1Ztreatment (SHC, SDL, and

SDD) and factor 2Zmedium (ACTH vs saline)); submission

latency (factor 1Ztreatment (SHC vs SDL vs SDD) and

factor 2Zinterval (0–30 vs 30–60 vs 60–90 vs 90–120)) were

performed using a two-way ANOVA followed by Bonferroni

post hoc test if appropriate. Acute plasma ACTH responses to

the fourth SD were analyzed separately for SDL and SDD

mice (both vs respective SHC mice) by Mann–Whitney

U test. Data are presented as meanCS.E.M. Significance was

set at P%0.05.
Table 1 Submission latency before and after sensory contact and
analysis of behavior shown during sensory contact (experiment 1).
Submission latencies and the acute behavioral stress response
(active behavior and time spent in contact zone) of SDL (nZ14) and
SDD (nZ15) mice. Data represent meanGS.E.M.
Results

Neither SDL nor SDD affects body weight development
(experiment 1)

The body weight gain between days 0 and 20 was not

different between SHC, SDL, and SDD mice (Fig. 2).
SDL (nZ14) SDD (nZ15)

Time spent in contact zone during sensory contact (%)
0–30 min 17G0.013 20G0.016
30–60 min 18G0.017 22G0.021
60–90 min 20G0.018 20G0.018
90–120 min 19G0.021 23G0.016

Active behavior during sensory contact (%)
0–30 min 82G0.030 84G0.023
30–60 min 81G0.029 80G0.027
Submission latencies and behavioral patterns shown during SDL
and SDD are comparable (experiment 1)

SDL and SDD mice did not differ in the time spent active nor

in the time spent in the contact zone during 2 h of sensory

contact. Furthermore, the submission latency before and after

sensory contact was comparable between SDL and SDD mice

(Table 1).

60–90 min 79G0.033 79G0.025
90–120 min 76G0.037 79G0.023

Submission latency (s)
Before SD 76.7G8.55 66.1G6.96
After SD 74.4G6.10 64.5G6.02
SDD, but not SDL, decreases social preference (experiment 1)

The absolute time spent in the contact zone during the

SPATwas dependent on the stimulus (empty cage or mouse;
Journal of Endocrinology (2012) 215, 425–437
F1,25Z15.9; P%0.001). Post hoc analysis showed that only

SHC (P%0.01) and SDL (P%0.01), but not SDD, mice spent

significantly more time in the social contact zone (mouse)

compared with the nonsocial contact zone (empty cage)

(Fig. 3A), thus showing social preference. The time spent

exploring the empty cage was not different between the

three groups.
Neither SDL nor SDD affects anxiety-like behavior
(experiment 1)

In agreement with the SPATresults, neither the percentage of

time spent in the open arms of the EPM, indicative of

anxiety-like behavior, nor the number of closed arm entries,

indicative of locomotor behavior, was statistically different

between SHC, SDL, and SDD mice (Fig. 3B and C).
SDD, but not SDL, reduces dark phase activity on stress-free
days 7, 14, and 20 (experiment 2)

Active behavior in the dark phase was found to be dependent

on both the day of observation and the SD paradigm

employed (F2,69Z20.9; P%0.001). Post hoc analysis showed

that SDD mice were significantly less active on days 7, 14, and

20 compared with SHC (P%0.001) and SDL (P%0.001)

mice and compared with respective day 0 values (P%0.001;

Fig. 4). By contrast, active behavior in the light phase was

neither dependent on the day of observation nor on the SD

paradigm employed (data not shown).
SDL and SDD increase adrenal gland weight (experiment 2)

Absolute adrenal gland weight was dependent on the SD

paradigm employed (F2,38Z19.4; P%0.001). Post hoc analysis

revealed that, in comparison with SHC mice, SDL (P%0.01)
www.endocrinology-journals.org
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Figure 3 Effects of SD during the light phase (SDL) and dark phase
(SDD) on social and general anxiety. To assess chronic psychosocial
stress effects on social preference, SHC (nZ9), SDL (nZ10), and
SDD (nZ9) mice were exposed to the social preference/avoidance
test (SPAT) on day 21 between ZT1 and ZT4 (A). Data show the
absolute time (s) spent in the 8 cm broad contact zone around the
wire mesh cage without (solid bars) and with (striped bars) a con-
specific mouse present; with both trials lasting 150 s each. Data
represent meanCS.E.M.; #P%0.05 vs respective group in the non-
social trial. To assess anxiety-like behavior, SHC (nZ8, grey bars),
SDL (nZ9, white bars), and SDD (nZ9, black bars) mice were
exposed to the elevated plus-maze (EPM) on day 21 (ZT1–ZT4;
B and C). Data show the % time on open arms (B) and the number
of entries into closed arms (C). Data represent meanCS.E.M.

Figure 4 Effects of SD during light phase (SDL) and dark phase
(SDD) on active behavior. To assess active home-cage behavior
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and SDD (P%0.01) mice adrenal gland weight was

significantly increased when measured in the mid-dark

phase. However, when measured in the mid-light phase,

adrenal gland weight was significantly increased in SDL, but

not SDD, mice (P%0.001) in comparison with respective

SHC mice (Fig. 5A).
during the first 3 h following lights-off (ZT12–ZT15) on days 0, 7,
14, and 20, climbing, locomotion, rearing, eating, drinking,
grooming, and digging behaviors were scored in the home-cage of
SHC (nZ24, grey bars), SDL (nZ25, white bars), and SDD (nZ23,
black bars) mice. Data represent meanCS.E.M.; *P%0.05 vs
respective SHC mice; CP%0.05 vs respective SDL mice; #P%0.05
vs respective group on day 0.
SDD and SDL result in a loss of plasma ACTH rhythmicity
(experiment 2)

Plasma ACTH was found to be affected by both the time of

day of trunk blood collection and the SD paradigm employed
www.endocrinology-journals.org
(F2,39Z3.79; P%0.05). Post hoc tests showed that SHC

(P%0.001), but not SDL and SDD, mice had significantly

higher ACTH levels during the dark phase than the light phase.

Furthermore, separate statistical analysis (one-way

ANOVA followed by Bonferroni post hoc analysis) of mice

killed in the light phase showed that, in comparison with

SHC mice, both SDL and SDD mice had significantly higher

plasma ACTH levels (both P%0.05 vs SHC; F2,18Z6.82;

P%0.01). However, plasma ACTH levels of mice killed

during the dark phase did not differ between the three

groups (Fig. 5B).
SDD, but not SDL, results in a loss of plasma CORT
rhythmicity (experiment 2)

Two-way ANOVA did not reveal any significant dependence

of plasma CORT levels on the time of day or the SD

paradigm employed. However, separate statistical analysis

employing a Mann–Whitney U comparison showed that

plasma CORTof SHC and SDL mice was significantly lower

during the light phase than the dark phase (P%0.05). This

light/dark difference was absent in SDD mice showing high

CORT levels during both the light and dark phases (Fig. 5C).
Four days of SDL, but not of SDD, results in adaptation of the
acute SD-induced plasma ACTH response (experiment 3)

Statistical analysis of plasma ACTH levels determined 25 min

after the last defeat on day 4 indicated that SDD mice had
Journal of Endocrinology (2012) 215, 425–437
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Figure 5 Effects of SD during the light phase (SDL) and dark phase (SDD) on adrenal weight,
basal plasma ACTH and CORT, IFNg, and adrenal in vitro ACTH responsiveness. Separate
cohorts of SHC (grey bars), SDL (white bars), and SDD mice (black bars) were killed on day 20
(ZT17; 38 h/26 h after the last SD for SDL/SDD mice; nZ7–8 per group) or on day 21 (ZT5;
50 h/38 h after the last SD for SDL/SDD mice; nZ6–7 per group). Trunk blood was collected
for quantification of basal plasma ACTH (B) and CORT (C). In each set the adrenal glands
were removed, pruned from fat and weighed (A). Subsequently, adrenal explants were
incubated with either medium containing saline (basal) or medium containing ACTH
(100 nM) for 6 h (day 21, ZT1–ZT7; day 21/day 22, ZT13–ZT19). Afterwards, CORT
concentrations in the supernatants (ng/ml) were quantified and expressed per mg of adrenal
tissue (ng/ml per mg) (E and F). In addition, in vitro anti-CD3-stimulated IFNg secretion from
mesenteric lymph node cells was assessed (D). Data represent meanCS.E.M.; *P%0.05 vs
respective SHC mice; CP%0.05 vs respective SDL mice; #P%0.05 vs respective group on day
20, ZT17 (B and C) or vs respective basal (E and F); (*)P%0.05 (one-way ANOVA) vs respective
SHC mice; (#)P%0.05 (Mann–Whitney U test) vs respective group on day 20 (ZT17).
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significantly higher plasma ACTH levels than respective

SHC mice (P%0.01; Fig. 6B). This effect was absent in SDL

mice (Fig. 6A).
SDL, but not SDD, results in a reduction of adrenal in vitro
ACTH responsiveness (experiment 2)

When adrenal explants were stimulated during the light

phase, CORT secretion was found to be dependent on both

the SD paradigm employed and the medium used (ACTH or

saline) (F2,40Z7.19; P%0.01). Post hoc analyses revealed a

significant increase in CORT secretion after in vitro ACTH

stimulation in SHC (P%0.001), SDL (P%0.05), and SDD

(P%0.001) mice (Fig. 5E). However, this was significantly

less pronounced in SDL compared with both SHC (P%0.01)

and SDD (P%0.001) mice. By contrast, SDD mice showed a

more pronounced ACTH-induced CORT secretion

compared with SHC mice (P%0.05).

When adrenal explants were stimulated during the dark

phase, CORT secretion was dependent only on the medium

used (ACTH or saline) (F1,34Z26.2; P%0.001). Post hoc

analysis showed that ACTH-treated adrenal explants

from SDL (P%0.01) and SDD (P%0.001) mice secreted

significantly more CORT than respective saline-treated

ones (Fig. 5F).
Journal of Endocrinology (2012) 215, 425–437
SDD results in a more pronounced elevation of IFNg secretion
from mesenteric lymph node cells than SDL (experiment 2)

IFNg secretion from mesenteric lymph node cells was

significantly dependent on the SD paradigm employed

(F2,16Z52.1; P%0.001). When mice were killed during

the dark phase, SDD mice showed a significantly higher IFNg
secretion compared with both SHC (P%0.001) and SDL

(P%0.05) mice. When mice were killed during the light

phase, both SDL (P%0.01) and SDD (P%0.001) mice

showed a significantly higher IFNg secretion than SHC mice.

Again, this was more pronounced in SDD mice (P%0.001 vs

SDL) (Fig. 5D).
SDD causes a more severe aggravation of DSS colitis than SDL
(experiment 4)

Body weight The body weight development between

days 1 (i.e. day 21) and 8 (i.e. day 28) of DSS treatment was

found to be dependent on the SD paradigm employed

(F2,25Z3.97; P%0.05). Post hoc tests revealed that SDD

mice lost significantly more body weight than SHC mice

(P%0.05; Fig. 7A).

Colon length The colon length following DSS treatment

was dependent on the SD paradigm employed (F2,25Z4.31;
www.endocrinology-journals.org
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Figure 6 Effects of acute SD during the light phase (SDL) and dark
phase (SDD) on plasma ACTH. To assess the effect of four SD
sessions on HPA axis activity, SHC, SDL, and SDD mice were killed
25 min after the last defeat on day 4 (A: SDL and SHC mice in the
light phase at wZT3.5, nZ8 per group; B: SDD and SHC mice in
the dark phase at wZT15.5; nZ8 per group) and plasma ACTH was
measured. Data represent meanCS.E.M.; *P%0.05 vs respective
SHC mice.
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P%0.05). Post hoc analysis showed that SDD mice had a

significantly shorter colon than SHC mice (P%0.05;

Fig. 7B).

Histological damage score The histological damage

score of the colon was dependent on the SD paradigm

employed (F2,25Z5.96; P%0.01). Post hoc analysis revealed

that both SDL and SDD mice showed a significantly increased

histological damage score compared with SHC mice

(P%0.05; Fig. 7C).

IFNg secretion from mesenteric lymph node cells
IFNg secretion was dependent on the SD paradigm employed

(F2,9Z403; P%0.001). Post hoc analysis showed that IFNg
secretion from mesenteric lymph node cells was significantly

higher in SDD mice compared with both SHC (P%0.001)

and SDL (P%0.001) mice (Fig. 7D).
Figure 7 Effects of SD during the light phase (SDL) and dark phase
(SDD) on the severity of DSS-induced colitis. To assess the
consequences of SD on a chemically-induced colitis, SHC (grey bars,
nZ9), SDL (whitebars,nZ10), and SDDmice (black bars,nZ9)were
treated with 1% DSS in the drinking water from day 21 to day 28 in
order to induce acute colitis. Body weight gain (A), colonic length (B),
histological damage score of the colon (C) and IFNg secretion from
anti-CD3-stimulated mesenteric lymph node cells (D, pooled per
group and measured in quadruplets) were quantified to assess colitis
severity. Data represent meanCS.E.M.; *P%0.05 vs respective
SHC mice; CP!0.05 vs respective SDL mice.
Discussion

In this study, we demonstrate that the effects of chronic/

intermittent psychosocial stress on behavior, physiology, and

immunology strongly depend on the time of day of stressor

exposure, thus highlighting the importance of the circadian

clock in this context. In more detail, while physiological

parameters, such as absolute adrenal gland weight and adrenal

ACTH responsiveness, were more affected by SD during the

light phase, behavioral and immunological parameters like

active home-cage behavior, social preference, IFNg secretion

from mesenteric lymph node cells, and severity of DSS

colitis were more affected by dark phase SD. Thus, our

findings clearly show that the same stressor has a more

pronounced negative outcome when applied during the
www.endocrinology-journals.org
active phase of an organism and provide the first evidence,

suggesting that the physiological changes that occur in

response to intermittent stressor exposure can be beneficial

(SDL) or maladaptive (SDD).

Though there have been studies showing decreased body

weight gain following repeated/chronic stressor exposure

(Sachser & Lick 1989, Berton et al. 1998), body weight in this

study was not affected by SD, regardless of the time of day of

stressor exposure. However, recent studies (Razzoli et al.

2011, Savignac et al. 2011, Slattery et al. 2011) have suggested

that this parameter is not a reliable indicator of chronic

stressor exposure.

In addition to body weight, assessment of adrenal gland

weight and alterations in HPA axis activity are often used as

hallmark signs of chronic stress. In line with the literature

(Zelena et al. 2003, Reber et al. 2007), adrenal gland weight

was increased in SDL and SDD mice in the mid-dark phase

1 day after stressor termination. However, this effect was only

transient in SDD mice, as it disappeared 12 h later at a time

after stressor termination where they were still enlarged

in SDL mice. Support for a more pronounced effect of
Journal of Endocrinology (2012) 215, 425–437
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light phase compared with dark phase stressor exposure on

the HPA axis also comes from a previous study showing a

higher acute HPA axis response, indicated by higher plasma

ACTH and CORT levels, to restraint stress in the former

phase (Kant et al. 1986).

Given these discrepancies in adrenal weight, we next

assessed the influence of SDL and SDD on plasma CORTand

ACTH. Interestingly, basal plasma CORT concentrations

were not affected in either phase by repeated SD, regardless of

the time of day of repeated stressor exposure. This finding is

contradictory to studies reporting either hypercorticism (for

review, see Bartolomucci et al. (2005), Ushijima et al. (2006))

or hypocorticism (Sanchez et al. 1998, Reber et al. 2006,

2007) as a consequence of chronic/intermittent psychosocial

stressor exposure. However, basal plasma CORT levels in the

dark phase were significantly higher than during the light

phase in SHC and SDL, but not SDD, mice indicating a

disturbed diurnal plasma CORT rhythm following dark

phase stressor exposure. This lack, or shift, of CORT

rhythmicity exclusively in SDD mice is of special relevance,

given that both SDL and SDD mice showed disturbed diurnal

plasma ACTH patterns (elevated basal light phase levels),

when compared with SHC mice. Together, these findings

strongly suggest that adrenals of SDL, but not those of SDD,

mice develop an adaptive reduction in at least light phase

ACTH responsiveness in order to maintain low basal light

phase plasma GC levels and, thus, a vital diurnal CORT

rhythm. In contrast to the transient increase in SDD mice,

the more persistent increase in adrenal mass seen in SDL

mice might be crucial for maintaining this vital CORT

rhythm by exhibiting a reduced ACTH sensitivity during the

light phase.

As other factors can influence CORT release in vivo, we

next assessed the effects of ACTH on CORT secretion of

adrenal explants in vitro. Our in vivo hypotheses are supported

by our in vitro data assessing adrenal gland ACTH responsivity.

While adrenal explants of all three treatment groups (SHC,

SDL, and SDD) responded to ACTH with a significant

increase in CORT secretion, this effect was blunted in SDL

when adrenals were stimulated during the light phase on

day 21. Intriguingly, the response of the SDD was even

greater than that of the SHC mice at this timepoint, which

supports our claim that these mice do not generate an adaptive

ACTH insensitivity. Importantly, peripheral organs such as

the adrenal glands show their intrinsic rhythm of clock gene

expression (likely a measure of the rhythmicity of the tissue)

for at least a few days after they had been removed from an

animal, indicating that this process is not centrally regulated

by the SCN (Yamazaki et al. 2000, 2009). Thus, the CORT

secretion of adrenal explants during in vitro ACTH

stimulation does not reflect the potential of the adrenal to

secret CORT at the moment of killing, but at the actual

stimulation period.

In addition to maintaining low light phase plasma CORT

levels following stressor termination, the reduction in light

phase adrenal ACTH sensitivity allows SDL mice to adapt
Journal of Endocrinology (2012) 215, 425–437
their HPA axis responses to the temporally predictable

repeated SD sessions taking place from ZT1 to ZT3 over

19 consecutive days (except observation days). Besides the

decrease in light phase adrenal ACTH sensitivity, HPA axis

adaptations in SDL mice are further seen at the level of the

pituitary gland on day 4 of SDL. In detail, plasma ACTH was

not affected in SDL, but increased in SDD mice, 25 min after

termination of the SD session on day 4 of repeated stressor

exposure, further indicating that the process of adaptation

in SDL mice develops reasonably early in the context of

repeated stressor exposure. Herefore, the decrease in adrenal

ACTH sensitivity in SDL mice during the light phase seems

more likely to represent an adaptational process to this

predictable SD stressor than a maladaptive consequence of

chronic/repeated SD.

In addition to the physiological and neuroendocrine

changes that were found to strongly depend on the time of

day of the stressor exposure, home-cage behavioral analyses

revealed profound differences in the dark, but not light,

phase activity profiles of the different treatment groups.

SDD, but not SDL, mice showed a significant decrease in

dark phase activity on days 7, 14, and 20 when compared with

SHC mice. At least for the SDD group, our data are consistent

with a previous study, reporting a decrease in activity during

the active, but not inactive, phase after chronic mild stress in

rats (Gorka et al. 1996). Given that SDD mice were

predictably exposed to SD for 19 consecutive days (except

observation days) at the beginning of the dark phase, a

reduction in dark phase activity is likely to indicate that SDD

mice are expecting the next SD. As a consequence, they show

less motivation and drive during that phase, which are

approved hallmarks of affective disorders such as depression

and anxiety (Willner 1990, Liebsch et al. 1998). The finding

that these behavioral alterations were lacking in SDL mice

gives further support for our hypothesis that these mice

actively develop coping mechanisms, which enable them to

adapt better to the situation than SDD mice.

Further support for this is shown by the fact that SDL,

but not SDD, mice display normal social preference toward

an unfamiliar male conspecific. Social avoidance has also

been described following 10 days of repeated SD with 24-h

sensory contact (Berton et al. 2006, Krishnan et al. 2007)

and was associated with depressive-like and anxiety-related

behavioral abnormalities and, thus, can be interpreted as a

maladaptive behavioral consequence (Lagace et al. 2010,

Slattery et al. 2011).

Importantly, and in agreement with the EPM results of this

study, the time spent in the nonsocial contact zone was not

affected by SDL or SDD, suggesting that irrespective of the

time of exposure, anxiety-like behavior is not influenced by

repeated SD. In support, lack of behavioral signs of anxiety has

also been found following 19 days of repeated SD and/or

overcrowding (Slattery et al. 2011), which is in contrast with

elevated levels of anxiety as a consequence of chronic

psychosocial stress paradigms such as chronic subordinate

colony housing (Reber et al. 2007, Slattery et al. 2011).
www.endocrinology-journals.org

Downloaded from Bioscientifica.com at 05/22/2023 11:05:38PM
via free access



Pathological effects of social defeat are dependent on the time of day . M S BARTLANG and others 435
Thus, these different social stress models have disparate

behavioral and physiological effects akin to those seen

following SDL and SDD respectively. Despite discrepancies

in the above mentioned parameters, SD and/or overcrowding

as well as chronic subordinate colony housing lead to the same

immunological effects and aggravate DSS-induced colitis

(Reber et al. 2006, 2008). Therefore, as the physiological and

behavioral results of this study do not allow for a clear

conclusion on whether they are adaptive or maladaptive, we

investigated the immunological response to DSS-induced

colitis, a model that is used to determine the maladaptive

consequence of chronic psychosocial stress (Reber et al.

(2006), for review, see Reber (2011)). Thus, SHC, SDL, and

SDD mice were treated with DSS in their drinking water for

8 days subsequent to 19 days of SD. As expected, the severity

of DSS-induced colitis was increased in SDL and SDD mice

compared with SHC mice. In agreement with our and other

previous data (Reber et al. (2007), for review, see Reber

(2011), Savignac et al. (2011)), repeated/chronic psychosocial

stress, induced by SD either during light or dark phase in

this study, resulted in development of a mild spontaneous

colonic inflammation, indicated by an increased histological

damage score in both SDL and SDD mice. However, the

inflammatory response was significantly more pronounced

in SDD mice, indicated by a greater body weight loss,

inflammatory reduction of colon length, and IFNg secretion

from anti CD3-stimulated mesenteric lymph node cells in

SDD compared with SDL mice. This strongly suggests that

SD during the dark phase has a stronger pro-inflammatory

potential compared with SD during the light phase. Thus,

these findings further suggest both maladaptive affective and

somatic consequences of repeated SD during the dark

(active) phase, in contrast to SDL, which results in beneficial

adaptations preventing these maladaptive effects.

Importantly, SDL and SDD mice did not differ in

submission latencies toward their respective residents, as

well as in time spent in the contact zone and time spent active

during the 2 h of sensory contact. Therefore, it is very

unlikely that any of the above described behavioral,

physiological, and immunological differences between SDL

and SDD mice are simply due to different levels of aggression

received during the light phase (inactive period) and dark

phase (active period) SD.
General conclusion

Overall, our study is the first to demonstrate that

chronic/intermittent psychosocial stress effects on behavior,

physiology, and immunology strongly depend on the time of

day of stressor exposure. While physiological parameters such

as adrenal gland weight and adrenal ACTH responsiveness

were more affected by SD during the light phase, behavioral

and immunological parameters like active home-cage

behavior during the dark phase, social preference, IFNg
secretion from mesenteric lymph node cells, and severity of
www.endocrinology-journals.org
a DSS-induced colitis were more affected by SD during the

dark phase. In contrast to the physiological changes seen in

SDL mice that are likely to represent beneficial adaptations,

decreased interest in an unfamiliar conspecific, loss of general

activity, a flattened diurnal CORT rhythm, and shift toward a

more pro-inflammatory body milieu, occurring particularly

in SDD mice, represent well-accepted hallmarks of affective

disorders such as depression, and, thus, are considered to be

maladaptive. Taken together, though further work is required

to provide additional insight, our data suggest that equally

severe stressors have a more pronounced negative outcome

when applied during the active/dark phase. Moreover, they

also suggest that the physiological changes seen in mice

stressed during the rest period (SDL mice) might represent

beneficial adaptations rather than maladaptive consequences.
Declaration of interest

The authors declare that there is no conflict of interest that could be perceived

as prejudicing the impartiality of the research reported.
Funding

This study was supported by the Deutsche Forschungsgemeinschaft (DFG

FO-207/13-1). The funders had no role in study design, data collection and

analysis, decision to publish, or preparation of the manuscript.
Author contribution statement

M S B, I D N, D A S, C H-F, and S O R involved in the conception and

design of the experiments; M S B, N U-S, D K, and S O R involved in the

collection, analysis, and interpretation of data; M S B, I D N, D A S, C H-F,

and S O R involved in drafting the article or revising it critically for important

intellectual content.
Acknowledgements

The authors are grateful to N Grunwald, A Havasi, S Peters, A Füchsl, and
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