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Abstract

11b-hydroxysteroid dehydrogenase type 1 (11HSD1) is an enzyme that amplifies intracellular glucocorticoid concentration
by the conversion of inert glucocorticoids to active forms and is involved in the interconversion of 7-oxo- and 7-hydroxy-
steroids, which can interfere with the activation of glucocorticoids. The presence of 11HSD1 in the structures of the
hypothalamic-pituitary-adrenal (HPA) axis suggests that this enzyme might play a role in the regulation of HPA output. Here
we show that the exposure of Fisher 344 rats to mild social stress based on the resident-intruder paradigm increased the
expression of 11HSD1 and CYP7B1, an enzyme that catalyzes 7-hydroxylation of steroids. We found that social behavioral
profile of intruders was significantly decreased whereas their plasma levels of corticosterone were increased more than in
residents. The stress did not modulate 11HSD1 in the HPA axis (paraventricular nucleus, pituitary, adrenal cortex) but
selectively upregulated 11HSD1 in some regions of the hippocampus, amygdala and prelimbic cortex. In contrast, CYP7B1
was upregulated not only in the hippocampus and amygdala but also in paraventricular nucleus and pituitary. Furthermore,
the stress downregulated 11HSD1 in the thymus and upregulated it in the spleen and mesenteric lymphatic nodes whereas
CYP7B1 was upregulated in all of these lymphoid organs. The response of 11HSD1 to stress was more obvious in intruders
than in residents and the response of CYP7B1 to stress predominated in residents. We conclude that social stress induces
changes in enzymes of local metabolism of glucocorticoids in lymphoid organs and in brain structures associated with the
regulation of the HPA axis. In addition, the presented data clearly suggest a role of 11HSD1 in modulation of glucocorticoid
feedback of the HPA axis during stress.
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Introduction

A large number of studies have shown that different stressors

produce profound physiological and behavioral disturbances that

may contribute to psychopathology [1,2] and alterations in

immune system functionality [3]. Stress activates the sympatho-

adrenomedullar and the hypothalamic-pituitary-adrenocortical

(HPA) systems. The HPA axis is self-regulatory, utilizing its end

products, cortisol and corticosterone, to control its own activation

and responsiveness through a negative feedback mechanism. The

neurons of the paraventricular nucleus represent the central

coordinator of the HPA axis that is not only driven by negative

corticosteroid feedback signals, but also by central stress excitatory

and inhibitory circuits that are activated by stressors in both

intrahypothalamic (arcuate nucleus, dorsomedial hypothalamus)

and extrahypothalamic structures, in particular, the limbic

structures (medial prefrontal cortex, hippocampus, amygdala)

[4,5]. These structures express glucocorticoid receptors that

contribute to feedback control of the HPA axis [6].

The response of the target cells to the glucocorticoid signal does

not only depend on the plasma level of the hormone and the

density of corticosteroid receptors, but also on the intracellular

concentration of glucocorticoids, which is predominantly deter-

mined by the local pre-receptor steroid metabolism. This

metabolism depends on 11b-hydroxysteroid dehydrogenase

(11HSD), an enzyme that exists in two forms - type 1 (11HSD1)

and type 2 (11HSD2). 11HSD1 generally catalyses the reduction

of biologically inactive 11-oxo-steroids cortisone and 11-dehydro-

corticosterone to cortisol and corticosterone and thus increases the

local concentration of active corticosteroids. In contrast, 11HSD2

operates as a strict dehydrogenase that oxidizes corticosterone and

cortisol to 11-oxo-derivatives [7]. 11HSD1 is expressed in the

brain [8–10], pituitary [11,12], adrenal gland [13], and many

peripheral organs including the spleen, thymus, and lymphatic

nodes [14,15].

The presence of 11HSD1 in the structures of the HPA axis

suggests that the enzyme might play a role in the regulation of

HPA output. Indeed, 11HSD1 knock-out mice exhibit attenuated

glucocorticoid feedback on the HPA axis and exaggerated

glucocorticoid response to stress [16], however, the genetic

background of the mice significantly modulates their response to

11HSD1 deletion [17]. These findings indicate a potential role of
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11HSD1 in stress-induced alterations of the HPA axis. However,

previous studies investigating the effect of stress and glucocorti-

coids on 11HSD1 have been incomplete and contradictory [18–

21]. They differed in the type and duration of stress applied,

animal species and type of cells in which 11HSD1 was assessed.

Until now, only one study has addressed the topic of chronic social

stress on 11HSD1 in the hippocampus [20], even though social

stressors have a profound influence on behavior, immunity, and

physiology [22,23].

As the most common stressors for humans are psychosocial in

nature, we used a model of social stress based on a resident-

intruder paradigm with the aim of evaluating the consequences of

repeated mild/moderate stress on the regulation of 11HSD1

expression in brain structures associated with the HPA axis and in

the adrenal glands. As social stress has been shown to have a

profound influence on immune and inflammation responses

[24,25], the effect of social stress on 11HSD1 was also assessed

in primary and secondary lymphoid organs. In addition, we

investigated the effect of repeated social stress on the expression of

CYP7B1, which catalyzes the 7a-hydroxylation of C19 and C21

steroids, and is expressed in various tissues including the brain.

These 7-hydroxy-steroids interact with 11HSD1 and their

presence can interfere with the activation of 11-hydroxy-steroids

from 11-oxo-steroids catalyzed by 11HSD1 [26].

Materials and Methods

Animals
The experiments were performed on 65-day-old male (n = 21)

Fisher 344 rats (Charles River, Germany). Animals were housed in

groups of three to four in a temperature-controlled room on a 12/

12-h light/dark cycle with ad libitum access to food and water

throughout the entire study. They were left for three weeks to

acclimatize before any experimental procedures. The animals

were randomly assigned to one of three groups: (1) controls (2)

residents, and (3) intruders, each consisting of seven animals. The

protocol of the experiments was approved by the animal Care and

Use Committee of the Institute of Physiology to be in agreement

with the Animal Protection Law of the Czech Republic, which is

fully compatible with the guidelines of European Community

Council Directive 86/609/EEC. All efforts were made to

minimize the animal suffering and to reduce the number of

animal used.

Resident-intruder Paradigm
The general design of the test was adapted from [27]. Briefly, if

an unfamiliar conspecific intruder is introduced into the home

cage of an isolated resident, intense social behavior arises. Such

behavior is mainly initiated by the resident animal, indicating

territorial advantage. This territorial advantage is obvious after a

few days of the resident being isolated. The test relies on the

concept of the ethological analysis of rodent behavior and can be

used as a model of ‘‘social anxiety’’. At the beginning of the

experiment the resident rats were housed individually for one

week, the intruders were housed in groups of three or four.

Following the seven-day isolation period of the residents, the social

encounter was performed for seven consecutive days, and

arranged to ensure that each intruder rat met each of the

corresponding residents for 30 minutes. The resident rats

remained isolated in their home cages throughout the experiment,

while the intruders were returned to their respective groups. There

was no difference in the body weight of the residents (222.161.0 g)

and intruders (218.561.5 g) after exposure to social stress and the

weights were similar to control unstressed animals of the same age.

Behavioral Testing
To compare social behavior between the first and the final social

interaction (Session 1 vs. Session 7) the behavior was video-

recorded for 15 minutes and the test was performed under low

light intensity (35–45 lx) between 9.00 and 12.00 AM. The social

behavioral patterns displayed were subsequently analyzed in detail

by two trained experimenters using the computerized behavioral

analysis system Observer (Noldus Information Technology,

Wageningen, The Netherlands). Behavior was scored separately

for each member of a pair (resident and intruder) except for

wrestling, as this pattern involved two animals concurrently

performing the same behavior. The number and the duration of

the following exhibited patterns were evaluated: following/chasing

(the pursuit of one rat by another) grabbing (rat grabbing the fur of

another in the region of the neck), wrestling (both animals roll and

tumble with one another), on-top posture (one rat positioned over

another with forepaws placed on it), and digging (moving substrate

forward with front paws and nose, or backwards with hind paws), a

non-social behavior observed only in intruders.

Brain Sampling and Processing
Intact animals (controls) and the rats after recording the last

social interaction session (Session 7) were immediately anesthetized

with isoflurane and blood was collected by cardiac puncture. Then

the rats were killed by decapitation and the brain and selected

other tissues were removed and immediately frozen in liquid

nitrogen.

Brain specimens of hypothalamic paraventricular nucleus

(PVN), central (CeA) and lateral amygdala (LA), prelimbic (plPFC)

and infralimbic prefrontal cortex (ilPFC), hippocampal CA2 and

CA3 regions, and ventral (vCA1) and dorsal (dCA1) parts of CA1

region, were prepared by laser microdissection and RNA analysis

was performed as previously described, with some modifications

[28]. Briefly, coronal brain sections (20 mm) were serially cut with

a cryostat at 219uC. The regions were identified based on

standard anatomical landmarks and stereotaxic coordinates (see

Table 1, Fig. 1) according to Paxinos and Watson [29]. The

sections of the studied structures were mounted onto slides coated

with polyethylene naphthalate membrane (Leica Microsystems,

Wetzlar, Germany), fixed in 95% ethanol, stained with 4% cresyl

violet acetate and washed three times in 95% ethanol. The studied

brain structures were dissected using a LMD6000 Laser Micro-

dissection System (Leica) and captured into the caps of the

microcentrifuge tubes. Microdissected tissues were homogenized

in 75 ml RLT buffer (Qiagen, Hilden, Germany) and stored at 2

80uC until RNA isolation.

Total RNA was isolated from the captured tissue using an

RNeasy Micro Kit (Qiagen, Hilden, Germany) and evaluated with

a NanoDrop spectrophotometer (NanoDrop Products, Wilming-

ton, DE, USA). The RNA samples were reverse-transcribed to

cDNA with Enhanced Avian Reverse Transcriptase (Sigma-

Aldrich, St. Louis, MO, USA). Because the RNA yield of cytokine

transcripts was low, an aliquot of the cDNA sample was amplified

with TaqMan PreAmp Master Mix Kit (Life Technologies,

Carlsbad, CA, USA) according to the manufacturer’s instructions.

The cDNA samples were analyzed by real-time PCR on an ABI

PRISM 7000 Sequence Detection System (Applied Biosystems,

Foster City, CA, USA) using TaqMan Gene Expression Master

Mix and TaqMan Assays (Life Technologies) specific for rat

11HSD1 (cat.no. Rn01461862_m1), 7-hydroxylase (CYP7B1;

cat.no. Rn00567167_m1), glucocorticoid receptor (GR; cat.no.

Rn00561369_m1), interleukin 1b (IL-1b; cat.no.

Rn01514151_m1), tumor necrosis factor a (TNFa; cat.no. Rn

99999017_m1), osteopontin (OPN; cat.no. Rn01449972_m1),
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corticotropin-releasing hormone (CRH; cat. no. Rn01462137_m1)

and CRH receptor 1 (CRHR1; cat. no. Rn00578611_m1). The

housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase

(GAPDH; TaqMan Endogenous Control cat. No. 4352338), was

measured to normalize the mRNA expression in each sample, as

its transcript is not changed in the rat brain during stress [30]. A

single PCR reaction was performed in a final volume of 30 ml

using target gene probes labeled with FAM in duplex with a

GAPDH probe (VIC/MGB). The quantity of the transcript was

determined using the standard curve method with 10-fold dilutions

of the mixed cDNA sample.

Peripheral Tissues Collection and Processing
Tissue samples of the anterior pituitary, adrenal gland, thymus,

spleen and mesenteric lymphatic nodes (MLN) were snap-frozen

and stored in liquid nitrogen. To separate the adrenal cortex and

medulla, the samples of the adrenal gland were laser-microdis-

sected and the samples of cortex and medulla were processed

identically to the brain samples mentioned above. RNA from the

pituitary and lymphoid organs was isolated using a GeneElute

Mammalian Total RNA Miniprep Kit (Sigma Aldrich) and 0.1 mg

of pituitary RNA and 1.0 mg of spleen, thymus and MLN RNA

were reverse-transcribed using a High Capacity cDNA Reverse

Transcription Kit and random hexamers (both Life Technologies).

The mRNA levels were quantified by real-time PCR with

TaqMan Gene Expression Master Mix and the TaqMan Assays

mentioned above in a LightCycler 480 (Roche, Mannheim,

Germany) or ABI PRISM 7000 Sequence Detection System

(Applied Biosystems). The reactions were performed in 30 ml

aliquots on a 96-well optical reaction plate containing TaqMan

Gene Expression Master Mix with AmpErase UNG (Applied

Biosystems), cDNA and TaqMan probes as mentioned above. The

standard curve method was used to analyze the relative gene

expression and the genes of interest were normalized to GAPDH.

Plasma Corticosterone Measurement
Blood was collected in tubes containing K2EDTA and

centrifuged for 10 min at 3,000 g. Plasma was aliquoted and kept

frozen at 280uC until the assay. Corticosterone was measured

using a commercial RIA kit (MP Biomedicals, Solon, OH, USA).

Statistical Analysis
Data are presented as means 6 SEM. The behavioral variables

were analyzed with a two-way repeated measure ANOVA

followed by Student-Newman-Keuls post-hoc test, where the type

of condition (resident vs. intruder) was the between-subject factor

and the time of measurement (session) was the within-subject

factor. Digging behavior was analyzed by a one-way ANOVA

because this behavior was observed only in intruder rats. Similarly,

a one-way ANOVA and a post hoc multiple comparison test

(Student-Newman-Keuls) were used for studies involving single

comparisons of mRNA levels and plasma levels of corticosterone.

All analyses were carried out using the software Statistica 6.1.

(StatSoft Inc., Tulsa, OK, USA). The significance level was set at

P,0.05.

Results

Effect of Repeated Social Stress on Behavior
The differences in the behavioral profile of resident and intruder

rats are illustrated in Fig. 2. To simplify the text, only statistically

significant differences were stated. ANOVA showed a significant

effect on social interaction in the number as well as in the duration

of all evaluated social behavioral patterns (F1,12 = 29.52, P,0.001;

F1,12 = 10.18, P,0.01, respectively). In the first social session, the

post hoc test revealed a significant decrease in both the number and

the duration of all social behaviors displayed by intruders

compared to residents (Fig. 2A,B). In the final encounter (Session

7; Fig. 2A,B), the intruder rats had a significant decrease in the

number but not in the duration of social behavior. Further, the

number of all behavioral patterns displayed by residents in the

final seventh session was lower that in the first session.

The analysis of individual behavioral patterns revealed the

condition (resident vs. intruder) to have a major effect on the

number and the duration of following (F1,12 = 37.14, P,0.001;

F1,12 = 26.91, P,0.001, respectively) and on the number as well as

the duration of grabbing (F1,12 = 7.99, P,0.01; F1,12 = 5.03, P,

0.05, respectively). The overall analysis did not reveal any

significant differences in either the number or the duration of

the on-top posture. In intruders, the post hoc test showed a decrease

in the number of following and grabbing behaviors but only in the

duration of following in both sessions. As for wrestling, no

difference was detected between Session 1 and Session 7. Finally,

digging (Fig. 2E, F), an index of anxiety-like behavior, was

Figure 1. Laser capture microdissection of cell populations from the prelimbic and infralimbic cortex (A, B), hypothalamic
paraventricular nucleus (C, D), central and lateral nucleus of amygdala (E, F) and CA1, CA2 and CA3 regions of hippocampus (G, H).
Representative 20-mm-thick coronal sections of unfixed, frozen rat brain stained with cresyl violet are shown before (left panel) and after capturing
(right panel). The dissected regions were captured into the microcentrifuge tubes and used for total RNA isolation and RT-PCR analysis. Abbreviations:
aca, anterior commissure; BLA, basolateral amygdala; CA2 and CA3, hippocampal CA2 and CA3 regions; CeA, central nucleus of amygdala; cst,
commissural stria terminalis; dCA1, dorsal part of CA1 hippocampus; DP, dorsal peduncular cortex; DTT, dorsal tenia tecta; E/OV, ependymal and
subependymal layer of olfactory ventricle; ilPFC, infralimbic prefrontal cortex; LA, lateral nucleus of amygdala; ot, optic tract; plPFC, prelimbic
prefrontal cortex; PVN, paraventricular hypothalamic nucleus; vCA1, ventral part of CA1 hippocampus; 3V, 3rd ventricle;
doi:10.1371/journal.pone.0089421.g001

Table 1. Rat brain regional coordinates.

Region Bregma coordinates ML DV Figure no.

plPFC 3.00 to 2.50 mm 6(0 to 1.0) 3.2 to 4.5 10–12

ilPFC 3.00 to 2.50 mm 6(0 to 0.9) 4.5 to 5.2 10–12

CeA 22.56 to 22.76 mm 6(3.8 to 4.8) 7.5 to 8.6 54–56

LA 22.56 to 22.76 mm 6(5.2 to 5.8) 7.4 to 8.4 54–56

dCA1 24.92 to 24.97 mm 6(3.5 to 5.5) 2.8 to 4.0 74

vCA1 24.92 to 24.97 mm 6(4.8 to 6.2) 6.8 to 8.8 74

CA2 4.92 to 4.97 mm 6(5.3 to 5.9) 5.3 to 5.9 74

CA3 4.92 to 4.97 mm 6(3.5 to 5.0) 5.0 to 7.0 74

PVN 21.72 to 21.80 mm 6(0 to 0.5) 7.8 to 8.6 47–48

plPFC, prelimbic prefrontal cortex; ilPFC, infralimbic prefrontal cortex; CeA,
central amygdala; LA, lateral amygdala; dCA1 and vCA1, dorsal and ventral parts
of hippocampal CA1 region; CA2, hippocampal CA2 region; CA3, hippocampal
CA3 region; PVN, paraventricular nucleus. The extent of the dissected regions is
characterized according to the mediolateral (ML) and dorsoventral (DV) axis.
Coordinates and figure numbers are based on the atlas ‘‘The Rat Brain In
Stereotaxic Coordinates. 6th Edition by G. Paxinos & C. Watson. Elsevier, 2007’’.
The thickness of the brain coronal sections was 20 mm and the total area of the
isolated brain structure was 0.12 to 0.60 mm2.
doi:10.1371/journal.pone.0089421.t001
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Figure 2. Behavioral differences in Fisher 344 rats on the resident-intruder test. Left side up: Total number (A) and total duration (B) of all
social behavioral patterns displayed by resident and intruder rats. Right side up: Total number (C) and total duration (D) of individual behavioral
patterns exhibited during social interaction. Left side down: Total number (E) and total duration (F) of digging patterns displayed only by intruder
rats. Session 1: the first day, session 7: the last day. The values are expressed as means6 SEM. Significant differences between residents and intruders:
*P,0.05, **P,0.01, ***P,0.001, and between Session 1 and Session 7: #P,0.05, ##P,0.01, ###P,0.001.
doi:10.1371/journal.pone.0089421.g002
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observed only in intruder rats and its duration was significantly

decreased in Session 7 compared to Session 1 (F1,6 = 8.49, P,

0.05).

Effect of Repeated Social Stress on Plasma Corticosterone
and Expression of 11HSD1, GR and Cytokines

The repeatedly stressed rats had significantly elevated plasma

corticosterone compared to intact control animals and the plasma

levels in intruders were significantly higher than in residents (Fig. 3;

F2,18 = 40.03, P,0.0001). Similarly, stress significantly increased

the expression of CRH in PVN and the levels were significantly

higher in intruders than in residents (Fig. 3; F2,13 = 52.53, P,

0.0001). As social status plays an important role in determining the

impact of stress on brain cytokines [31,32], the expression of

proinflammatory cytokines IL-1b, TNFa and OPN was measured

in the PVN and CA1 region of the hippocampus. In intact

controls, the expression of cytokines was absent or very low in both

the PVN and CA1. Social interactions were followed by the

upregulation of TNFa, IL-1b and OPN, and the effect did not

differ between resident and intruder rats (Table 2). For compar-

ative reasons we measured also expression of IL-1b in MLN

(Table 2) and found out that stress did not upregulate cytokine

expression in this tissue.

Given that stress activates HPA axis that is self-regulated

through negative feedback mechanism utilizing its end products,

cortisol and corticosterone, we hypothesized that stress might

modulate the feedback signaling in the HPA axis. To test this

hypothesis, we analyzed the effect of stress on the expression of

11HSD1 and GR in PVN, prefrontal cortex, amygdala and

hippocampus. As shown in Fig. 4, the expression of 11HSD1 was

affected by social stress in some brain structures associated with

regulation of the HPA axis. In particular, the 11HSD1 transcript

was upregulated in the CeA and LA (F2,12 = 11.57; P,0.01 and

F2,17 = 4.80; P,0.05, respectively), in the plPFC (F2,14 = 3.95; P,

0.05), in the vCA1 (F2,15 = 8.38; P,0.001), but not dCA1 subfield

of hippocampus, and in the CA2 hippocampus (F2,15 = 12.67; P,

0.0001). Stress did not change the expression of 11HSD1 in the

CA3 hippocampal region and PVN, even if the effect in PVN was

just shy of statistical significance. Similarly, expression of GR

(Table 3) was not changed by social stress in any investigated brain

area with the exception of the vCA1 region of the hippocampus

(F2,18 = 5.20; P,0.01).

Similar to PVN, 11HSD1 expression was neither changed in the

pituitary nor in the adrenal gland (Fig. 5) that constitute the

principle components of the HPA axis. However, the social stress

provoked changes in the expression of GR in the pituitary

(F2,18 = 5.17; P,0.001) and upregulated it more in intruders than

in residents (Fig. 6). In contrast, the expression of CRHR1 was not

changed, even if the stimulatory action of stress-induced CRH

release is mediated primarily through binding to this receptor and

CRH expression in PVN was significantly upregulated in both

residents and intruders (Fig. 3).

Social stress has profound influence on immune responses

[24,25] and thus we measured also the expression of 11HSD1 in

primary and secondary lymphoid organs of resident and intruder

rats. As summarized in Fig. 5, the repeated social stress

significantly modulated 11HSD1 in the lymphoid organs.

11HSD1 was upregulated in the spleen (F2,17 = 5.44; P,0.05)

and MLN (F2,17 = 14.83; P,0.001) and this effect was more

intensive in intruders than in resident rats. In the thymus, the

effect was the opposite (F2,17 = 53.96; P,0.0001). The weights of

Figure 3. Plasma level of corticosterone and expression of corticotropin-releasing hormone (CRH) in hypothalamic paraventricular
nucleus of control (CTRL), resident (RES) and intruder rats (INTR) after the last social session. All values are means 6 SEM. **P,0.01,
***P,0.001.
doi:10.1371/journal.pone.0089421.g003

Table 2. Expression of pro-inflammatory cytokines tumor necrosis factor a (TNFa), interleukin 1b (IL-1b) and osteopontin (OPN) in
paraventricular nucleus (PVN), CA1 region of ventral hippocampus (vCA1) and in mesenteric lymphatic nodes (MLN).

PVN vCA1 MLN

CTRL Experimental CTRL Experimental CTRL Experimental

TNFa n.f. 0.2560.12 n.f. 0.3860.14 n.m. n.m.

IL-1b 0.0260.01 0.2360.10* n.f. n.f. 5.0360.42 4.5160.35

OPN 0.0360.02 5.8361.84** 0.0160.00 2.0360.65** n.m. n.m.

Data are means 6 SEM (CTRL, n = 5–7; Experimental = 12–14); as upregulation of the transcripts was not significantly different in residents and intruders, both groups
were merged; n.f., no signal of the transcript was found either in standard or in preamplified samples; n.m., the transcript was not measured in the samples. Quantitative
PCR was measured in standard (MLN) or preamplified samples (PVN, vCA1) of intact controls and experimental animals (residents, intruders) as mentioned in Materials
and Methods. *P,0.05, **P,0.01.
doi:10.1371/journal.pone.0089421.t002
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the spleen, thymus, and adrenal glands in the controls were not

different from the groups of residents and intruders (data not

shown).

Effect of Repeated Social Stress on Expression of
Cytochrome CYP7B1

It has been postulated that 7-hydroxy-metabolites of C21 and

C19 steroids, such as 7-hydroxy-dehydroepiandrosterone, can

decrease local glucocorticoid levels by interaction with 11HSD1

[26]. In order to determine whether metabolism of 7-hydroxy-

steroids may modulate 11HSD1 during stress, we examined the

effect of social stress on CYP7B1, an enzyme, which catalyzes 7a-

hydroxylation of steroids. The social stress used here lead to the

upregulation of CYP7B1 in some brain structures, specifically, in

the CeA (F2,12 = 4.51; P,0.05), ilPFC (F2,12 = 4.69; P,0.05), PVN

(F2,13 = 5.67; P,0.05) and dCA1 (F2,15 = 19.31; P,0.0001), vCA1

(F2,15 = 7.58; P,0.001) and CA3 hippocampus (F2,15 = 4.93; P,

0.05). As shown in Fig. 7, stress significantly increased CYP7B1

expression in the residents, and in the case of the PVN, dCA1, and

vCA1 also in intruders. Moreover, stress stimulated the expression

of CYP7B1 in the pituitary (F2,17 = 14.69; P,0.0001) and this

effect was found in both groups of stressed animals (Fig. 8). These

findings gave rise to the hypothesis that social stress might also

modulate CYP7B1 expression in the lymphoid organs. The data

Figure 4. Effect of repeated social stress on expression of 11HSD1 in brain structures associated with the HPA axis. CTRL, control rats;
RES, resident rats; INTR, intruder rats; plPFC, prelimbic prefrontal cortex; ilPFC, infralimbic prefrontal cortex; CeA, central amygdala; LA, lateral
amygdala; dCA1 and vCA1, dorsal and ventral parts of CA1 hippocampus; CA2 and CA3, hippocampal CA2 and CA3 regions; PVN, paraventricular
nucleus. All values are means 6 SEM. *P,0.05, **P,0.01, ***P,0.001.
doi:10.1371/journal.pone.0089421.g004

Table 3. A comparison of glucocorticoid receptor mRNA
expression in brain structures associated with the HPA axis in
residents, intruders and unstressed control rats.

Residents Intruders Controls

plPFC 0.1560.01 0.1660.02 0.1360.03

ilPFC 0.1760.01 0.1660.01 0.1760.02

CeA 0.3160.06 0.3460.01 0.2660.03

LA 0.1160.02 0.1060.01 0.1160.02

dCA1 0.7060.07 0.9260.07 0.7860.07

vCA1 0.4960.06** 0.4160.04** 0.2660.04

CA2 0.2360.03 0.2660.06 0.2560.04

CA3 0.1960.01 0.1760.03 0.1760.02

PVN 0.3160.02 0.2560.01 0.2260.05

plPFC, prelimbic prefrontal cortex; ilPFC, infralimbic prefrontal cortex; CeA,
central amygdala; LA, lateral amygdala; dCA1 and vCA1, dorsal and ventral parts
of hippocampal CA1 region; CA2, hippocampal CA2 region; CA3, hippocampal
CA3 region; PVN, paraventricular nucleus. All values are means 6 SEM. **P,
0.01.
doi:10.1371/journal.pone.0089421.t003
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Figure 5. Effect of repeated social stress on expression of 11HSD1 in lymphoid organs, pituitary and adrenal cortex and medulla.
CTRL, control rats; RES, resident rats; INTR, intruder rats; MLN, mesenteric lymphatic nodes. Data represent means 6 SEM. *P,0.05, **P,0.01, ***P,
0.001.
doi:10.1371/journal.pone.0089421.g005

Figure 6. Expression of glucocorticoid (GR) and CRH receptors (CRHR1) in pituitary of control (CTRL), resident (RES) and intruder
rats (INTR) after repeated social stress. All values are means 6 SEM. *P,0.05, ***P,0.001.
doi:10.1371/journal.pone.0089421.g006
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summarized in Fig. 8 show that social stress caused a significant

increase of CYP7B1 expression in both the primary (thymus:

F2,17 = 11.67; P,0.0001) and secondary lymphoid organs (spleen:

F2,17 = 4.54; P,0.05; MLN: F2,17 = 19.89; P,0.0001). Both

residents and intruders exhibited a higher expression of CYP7B1

than the intact control rats.

Discussion

In the present study, we report that chronic social stress

upregulated the expression of enzymes that are able to modulate

local concentration of glucocorticoids. Using the resident-intruder

paradigm, we showed that manipulation with the social status of

the animals for several consecutive days suppressed the social

behavioral profile of the intruders and increased physiological

stress markers (plasma corticosterone, CRH expression in PVN) in

both intruders and residents, however, the intruders were stressed

more than the residents. The results also demonstrate that short-

term moderate repeated social stress did not increase the

regulation of 11HSD1 mRNA in the principal components of

the axis itself, even when 11HSD1 was previously detected in the

PVN, anterior pituitary and adrenal glands [8–13]. In the adrenal

glands, 11HSD1 expression was not influenced by the social stress,

neither in the adrenal cortex nor in the medulla, where

glucocorticoids are required for the normal functioning of

chromaffin cells and their capacity to produce epinephrine [33].

However, the confrontation of resident and intruder increased the

11HSD1 mRNA in the secondary lymphoid organs and in the

amygdala, prelimbic cortex and some regions of the hippocampus

– the limbic structures that are activated by psychosocial stressors

and are associated with the regulation of the HPA axis [5,34]. Our

findings are in agreement with the known role of the limbic

structures in regulation of the HPA axis and with the sensitivity of

these structures to glucocorticoids. Prelimbic cortex inhibits the

HPA axis [4] and its activation reduces glucocorticoid secretion

after stress [35] similar to corticosterone implants to this region

[36]. Amygdala also appears to process glucocorticoid informa-

tion, although there is functional differentiation among the

Figure 7. Effect of repeated social stress on expression of CYP7B1 in brain structures associated with the HPA axis. CTRL, control rats;
RES, resident rats; INTR, intruder rats; plPFC, prelimbic prefrontal cortex; ilPFC, infralimbic prefrontal cortex; CeA, central amygdala; LA, lateral
amygdala; dCA1 and vCA1, dorsal and ventral parts of CA1 hippocampus; CA2 and CA3, hippocampal CA2 and CA3 regions; PVN, paraventricular
nucleus. All values are means 6 SEM. *P,0.05, **P,0.01, ***P,0.001.
doi:10.1371/journal.pone.0089421.g007

11HSD1 and CYP7B1 during Stress

PLOS ONE | www.plosone.org 9 February 2014 | Volume 9 | Issue 2 | e89421



individual amygdalar regions [5,6]. Additionally, numerous studies

indicate that hippocampus is involved in inhibiting the HPA axis

response and expresses high levels of glucocorticoid receptors [37].

The stimulatory effect of stress in the vCA1 and CA2 regions of

the hippocampus is consistent with a previous study of the effect of

arthritic stress in rats on the whole hippocampus [19] but not with

the finding of chronic psychosocial stress in tree shrews [20]. The

reason for this discrepancy might reflect species-specific control of

11HSD1 or the type and duration of stress applied. As

hippocampal cells reactivate inactive 11-dehydrocorticosterone

to active corticosterone [38], we suggest that an increase in

11HSD1 expression after repeated social stress could modulate the

local corticosterone concentration. The regional differences in the

response of 11HSD1 mRNA to stress among CA subfields are

difficult to reconcile with the hippocampal functions. Emerging

evidence indicates that the dorsal hippocampus performs primarily

cognitive functions, whereas the ventral part is connected to stress

and emotion [39] and that corticosteroids have been shown to act

as structural and functional modulators of limbic areas, including

learning and memory [34,40]. Comparison of the current findings

with previous works indicates that corticosterone-sensitive neurons

in limbic structures play a role in the feedback regulation of stress

responses and thus the amplification of glucocorticoid signals due

to upregulation of 11HSD1 might facilitate this feedback.

The action of glucocorticoids is predominantly mediated

through intracellular lower-affinity glucocorticoid receptors (GR)

that are activated by large amounts of glucocorticoids secreted

during stress [34,40]. We studied, therefore, not only the effect of

chronic stress on 11HSD1 but also on GR. However, the

expression of GR did not differ between the stressed and

unstressed rats in all studied brain regions with the exception of

the vCA1 hippocampus, even if the expression of 11HSD1 was

upregulated in the prelimbic cortex, amygdala, and vCA1 and

CA2 hippocampus. As GR are highly expressed in the

hippocampus, prelimbic cortex and amygdala, which are critically

involved in mediating stress-related behavior and modulating

hippocampal functions [5,40], the absence of changes in

expression of GR together with upregulation of 11HSD1 indicates

that these limbic structures undergo an adaptive corticosteroid-

signaling reaction during repeated social stress based on 11HSD1

and not on GR. This reaction does not occur in the principal

components of the HPA axis, such as the pituitary and adrenal

gland, or in the intrahypothalamic regulatory nuclei such as the

PVN, even if all of these structures express 11HSD1. In light of

these facts, it can be hypothesized that the upregulation of

11HSD1 in amygdala, prelimbic cortex and some areas of

hippocampus might intensify the glucocorticoid signal via activat-

ing GR due to conversion of plasma 11-dehydrocorticosterone to

corticosterone and thus might subsequently attenuate the HPA

axis via the activation of stress-inhibitory and damping of stress-

excitatory regions of limbic structures [4].

Besides the brain, the social stress also modulated 11HSD1

expression in primary and secondary lymphoid organs. The

stimulatory effect of stress on 11HSD1 in the spleen and MLN is in

agreement with the suppression of immune responses as the most-

reported consequence of stress [3]. Mucosal immunosuppression

paralleled by epithelial barrier defects were found in murine social-

stress-induced colitis [25] and we have recently shown an

upregulation of 11HSD1 in the spleen and lymphatic nodes

during colitis [15]. This amplification of 11HSD1 might be related

to the action of proinflammatory mediators, since exposure to

TNFa and IL-1b increases 11HSD1 [41,42] and social stress

upregulates plasma level and tissue gene expression of IL-1

cytokines [43]. Splenic and lymphatic node 11HSD1 upregulation

and increased glucocorticoid regeneration might be part of the

immunosuppresive effects of social stress, even if the reason for the

discrepant observations between the secondary lymphoid organs

and thymus are not clear.

Figure 8. Effect of repeated social stress on expression of CYP7B1 in pituitary and lymphoid organs. CTRL, control rats; RES, resident
rats; INTR, intruder rats. Data represent means 6 SEM. *P,0.05, **P,0.01, ***P,0.001.
doi:10.1371/journal.pone.0089421.g008
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How exactly social stress modulates 11HSD1 mRNA expression

remains unknown. We can only speculate about a feasible

mechanism based on the knowledge of regulation of 11HSD1

gene expression and neurohumoral and humoral factors secreted

during stress. Traditionally, CRH, ACTH, catecholamines and

glucocorticoids have been attributed to stress acclimation.

However, studies investigating the effect of these humoral factors

are limited and their results contradictory [19,21,50,51]. Sequence

analysis of 11HSD1 revealed several putative binding sites for

various transcription factors, particularly CCAT/enhancer bind-

ing proteins (C/EBPs), AP1 (Fos/Jun), and NF-kB [44–47] and

several studies have linked the regulation of 11HSD1 to these

factors. Overexpression of AP1, C/EBPa and C/EBPb potently

increases 11HSD1 promoter activity, whereas overexpression of

NF-kB rather inhibits this activity [44,45]. Depending on cell

types, several studies have linked TNFa to 11HSD1 upregulation

via C/EBP-, AP1-, NF-kB-, or MAPK-signaling pathways

[45,46,48] and OPN has been shown to activate NF-kB via

degradation of NF-kB inhibitor IKb [49]. In addition, recent data

provide evidence for an indirect interaction of GR with 11HSD1

promoter via C/EBPb transcription factor [52,53].

Adding to the complexity of 11HSD1 regulation during social

stress, we demonstrated here that the same stress protocol is able to

enhance the expression of CYP7B1 both in brain and peripheral

tissues. This cytochrome P450 catalyses the 7a-hydroxylation of

steroids that subsequently interact with 11HSD1 and may direct

the fine tuning of glucocorticoids [26]. An interesting hypothesis is

that the upregulation of CYP7B1 by stress increases local

concentration of 7a-derivatives and thus transformation of inactive

11-dehydrocorticosterone into active corticosterone may be

modulated when 11HSD1 is faced with 7a-derivatives at the

same time. This hypothesis is supported by several findings. First, a

positive correlation was shown between increased CYP7B1

mRNA/CYP7B1 enzyme activity and the progression (severity)

of murine arthritis [54]. Second, elevated IL-1b increased

CYP7B1 activity [54]. Third, 7-OH metabolites of dehydroepi-

androsterone counteracted glucocorticoid-induced apoptosis of

murine splenocytes [55], and fourth, the directionality of CYP7B1

reaction depended crucially on the level of pyridine dinucleotide

cosubstrates in endoplasmic reticulum [56], which can be

modulated during psychosocial stress.

In summary, we provide evidence for the role of social stress in

the regulation of the enzymes of local metabolism of glucocorti-

coids in specific brain structures and in lymphoid organs. The role

of stress on expression of 11HSD1 and CYP7B should be kept in

mind when studying the neuronal regulation of the stress reaction

and the stress-associated changes in immune and inflammation

responses.
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observed  in  the  paraventricular  nucleus,  pituitary  gland  and  adrenal  cortex  of  both  strains.
The  expression  of  glucocorticoid  receptors  did  not  parallel  the  upregulation  of  11HSD1.  Stress
also  stimulated  the  expression  of  paraventricular  OXT,  CRH,  UCN3  and  PACAP  in  both  strains
but  amygdalar  CRH  only  in  LEW  and  UCN2/UCN3  in  F344  rats,  respectively.  The  upregulation  of
PACAP  and  CRH  was  paralleled  only  by  increased  expression  of  PACAP  receptor  PAC1  but  not  CRH
receptor  type  1.  These  observations  provide  evidence  that  inbred  F344  and  LEW  rats  exhibit  not
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only  the  well-known  phenotypic  differences  in  the  activity  of  the  HPA  axis  but  also  strain-  and
stress-dependent  differences  in  the  expression  of  genes  encoding  11HSD1  and  neuropeptides
associated with  the  HPA  axis  activity.  Moreover,  the  differences  in  11HSD1  expression  suggest
different  local  concentration  of  corticosterone  and  access  to  GR  in  canonical  and  noncanonical
structures of  the  HPA  axis.
© 2014  Elsevier  Ltd.  All  rights  reserved.
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ed rat  strains,  which  differ  in  their  responses  of  both
HPA  axis  and  the  immune  system  to  stressogenic  stimuli
rnberg et  al.,  1989).  Generally,  LEW  rats  display  a
oduction

 a  common  aspect  of  modern  life  that  produces
 physiological  and  behavioral  disturbances  and
tribute  to  many  psychiatric  disorders,  including
n and  post-traumatic  stress  disorders  (de  Kloet
005).  Exposure  to  stressors  triggers  activation  of
ous,  endocrine  and  behavioral  systems  to  pro-
ysiological  adaptations  and  maintain  homeostasis

 et  al.,  2003).  The  principal  endocrine  compo-
the  stress  response  is  the  activation  of  the

amic—pituitary—adrenocortical  (HPA)  axis,  a  self-
y pathway  that  utilizes  its  end  products  (cortisol
costerone)  to  control  its  own  activation  and  respon-
through  a  negative  feedback  mechanism.  The  HPA
ntrolled  by  neurons  located  in  the  paraventricu-
us  (PVN)  of  the  hypothalamus  but  also  by  central
citatory  and  inhibitory  circuits  that  are  activated  by

 in  both  intrahypothalamic  and  extrahypothalamic
s (Ulrich-Lai  and  Herman,  2009).  Various  neuro-

ters, neuromodulators  and  steroid  stress  mediators
ased  to  stress  response  and  can  influence  dis-
ronal  circuits.  As  summarized  by  Joëls  and  Baram

 number  of  neuropeptides  are  released  by  stress
c  populations  of  neuronal  cells  and  contribute  to

vations  of  the  stress  response  or  counteract  it.
nical  stress-activated  neuropeptides  include  vaso-
AVP)  and  corticotropin-releasing  hormone  (CRH),
expressed  together  with  its  receptors  CRHR1  and
ot  only  in  the  PVN  but  also  in  other  brain  struc-
milar  to  CRH,  stress  upregulates  the  expression  of
r  members  of  the  CRH  family,  the  urocortins  UCN2
3,  which  have  much  higher  potency  to  bind  CRHR2
R1  (Tanaka  et  al.,  2003;  Jamieson  et  al.,  2006),

ocin  (OXT),  a  neuropeptide  that  reduces  physio-
nd  behavioral  indices  of  stress  (Lee  et  al.,  2009),
adenylate  cyclase-activating  polypeptide  (PACAP),
opic  neuropeptide  that  is  an  important  regula-
euroendocrine  stress  response  pathways  (Lezak
014)  and  has  a  less-appreciated  modulatory  role
thesis  and  secretion  of  some  pituitary  hormones
n, 2014).  In  addition,  the  effects  of  individual
s on  the  HPA  axis  are  modulated  by  glucocorti-
ose  release  is  triggered  by  stress  and  receptors
uitously  expressed  in  brain  (Joëls  and  Baram,

sponse  of  the  target  cells  to  glucocorticoids  is  not
nt merely  on  the  level  of  free  hormones  in  blood
ctivity  of  multidrug  resistance  efflux  pumps  and

 density  in  target  cells  but  also  on  the  prereceptor
sm of  glucocorticoids  that  determines  the  intracel-
centration  of  the  hormone.  In  the  majority  of  cells
es,  this  metabolism  depends  on  11�-hydroxysteroid
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enase type  1  (11HSD1),  an  enzyme,  which  con-
ivo  biologically  inactive  11-oxo-steroids  (cortisone,
rocorticosterone)  to  cortisol  and  corticosterone

 amplifies  cellular  glucocorticoid  action  (Tomlinson

markedly
pared wi
GR level
axis (Dha
04;  Wyrwoll  et  al.,  2011).  This  enzyme  is  expressed
rain  (Wyrwoll  et  al.,  2011;  Bisschop  et  al.,  2013;
t  al.,  2014),  pituitary  gland  (Hanafusa  et  al.,  2002),
land  (Shimojo  et  al.,  1996)  and  many  other  periph-
ns  (Tomlinson  et  al.,  2004).  Another  enzyme  in
D  family  is  11HSD  type  2  (11HSD2),  which  cat-
e  oxidation  of  cortisol  and  corticosterone  to  the
cortisone  and  11-dehydrocorticosterone,  thereby

 the  local  glucocorticoid  signals  (Wyrwoll  et  al.,
 is  expressed  predominantly  in  mineralocorticoid
sues  but  also  in  the  adrenal  gland  (Shimojo  et  al.,
here  it  plays  a role  in  regulation  of  basal  and
d adrenal  steroid  secretion  and  modulates  the
n of  phenylethanolamine-N-methyltransferase,  a

ticoid-dependent enzyme,  which  catalyzes  the  con-
f  norepinephrine  to  epinephrine  (Musajo  et  al.,
imojo  et  al.,  1996).  Moderate  levels  of  11HSD2
n were  also  found  in  some  loci  of  brain  (Wyrwoll
11).
xpression  of  11HSD1  in  the  principal  components
PA  axis  and  in  brain  areas  that  are  responsible
ositive  and  negative  regulation  of  this  axis  sug-
t  11HSD1  might  modulate  the  activity  of  the  HPA

 findings  support  this  hypothesis.  First,  targeted
ion of  enzyme  hexose-6-phosphate  dehydrogenase,
generates  NADPH  required  for  11HSD1  catalyzed

n of  11-dehydrocorticosterone  to  corticosterone,  is
d with  decreased  negative  feedback  of  the  HPA
ite  of  elevated  circulating  levels  of  corticosterone
t  al.,  2007).  Second,  11HSD1  knock-out  mice  have

 corticosterone  levels  and  exaggerated  ACTH  and
erone responses  to  stress  (Harris  et  al.,  2001),
HPA  axis  phenotype  is  dependent  on  the  back-
train  of  the  mice  (Carter  et  al.,  2009).  These
uggest  that  the  regeneration  of  glucocorticoids  by

may  be  an  important  regulator  of  glucocorticoid
 of  HPA  axis  in  vivo  and  that  the  genetic  back-
ay  influence  the  interaction  between  11HSD1  and

data  indicate  that  stressful  situations  modulate
ession  of  11HSD1  in  the  brain  and  some  periph-
ns,  but  the  results  are  contradictory  (Low  et  al.,
nder  et  al.,  1994;  Jamieson  et  al.,  1997;  Sesti-
al.,  2012;  Vodička et  al.,  2014).  In  addition,  little

 regarding  whether  genetic  background  determines
t  of  stress  on  11HSD1  in  specific  brain  areas  asso-
ith  the  regulation  of  the  HPA  axis  and  in  pituitary
nal  glands.  One  approach  used  to  investigate  these
s is  testing  animals  with  different  genotypically
ed HPA  axes.  For  such  study,  can  be  used  the  his-
tibly similar  Lewis  (LEW)  and  Fisher  344  (F344)
 smaller  reaction  to  a  wide  range  of  stressors  com-
th  F344  rats,  even  if  there  is  no  difference  in  the

 between  both  strains  in  the  hippocampus  and  HPA
bhar  et  al.,  1993;  Grota  et  al.,  1997).
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ial  impact  of  stress  on  hypothalamic—pituitary—adrenal  axi

tlined  above,  there  is  evidence  that  (1)  11HSD1
ssed  in  brain  structures  of  HPA  axis,  (2)  stress
es the  expression  of  11HSD1  and  (3)  the  ratio
osterone/11-dehydrocorticosterone  is  significantly

 among  various  brain  structures  (Cobice  et  al.,
hese  results,  taken  together  with  evidence  indicat-
ole  of  11HSD1  in  control  of  HPA  axis  (Harris  et  al.,
rter  et  al.,  2009)  and  the  different  HPA  axis  phe-
n  LEW  and  F344  rats,  suggest  that  11HSD1  could
te in  different  stress  response  of  LEW  and  F344  rats.
ined,  therefore,  whether  the  activation  of  the  HPA
sponse  to  stressors  observed  in  LEW  and  F344  rats

slate  into  differences  of  11HSDs  and  glucocorticoid
s in  canonical  structures  of  HPA  axis  and  in  brain
s involved  in  positive  or  negative  alterations  of  this

explore  further  the  possible  role  of  11HSD1  in  acti-
 HPA  axis,  we  investigated  the  impact  of  stress  on
n of  neuropeptides  and  receptors,  which  are  known
dulated  by  glucocorticoids  namely,  CRH  (Kageyama
a,  2010),  urocortins  (Chen  et  al.,  2003;  Tillinger
013),  AVP  (Kim  et  al.,  2001),  OXT  (Uchoa  et  al.,
d  PACAP  receptor  (Lezak  et  al.,  2014).

erials and methods

imals

er  344  (F344)  and  Lewis  (LEW)  rats  (Charles  River,
) that  were  60—65  days  old  at  the  beginning  of  the
nts were  used.  Animals  were  housed  in  groups  of
four  in  Plexiglas  cages  in  a  temperature-controlled

 ±  1 ◦C)  on  a  12/12-h  light/dark  cycle  with  ad  libi-
ss  to  food  and  water  throughout  the  entire  study
r  stress  sessions.  They  were  left  for  three  weeks  to

ize before  any  experimental  procedures.  The  ani-
e  randomly  assigned  to  four  groups:  (1)  naïve  F344

 F344  rats  subjected  to  variable  stress,  (3)  naïve
 and  (4)  LEW  rats  subjected  to  variable  stress.  Con-
were  left  undisturbed  in  their  home  cages.  Studies
rformed  in  accordance  with  the  guidelines  of  the
rotection  Law  of  the  Czech  Republic  and  approved
nimal  Care  and  Use  Committee  of  the  Institute  of
y.

ess  procedure

t-term  variable  stress  protocol  according  to  Ilin  and
evin (2009)  was  used.  On  Day  1,  the  animals  were
to  forced  swim  (predominantly  physical  stressor)
in  in  an  opaque  circular  water  tank  (water  tem-

 22  ±  1 ◦C).  On  Day  2,  the  animals  were  placed  on
ted  platform  (12  cm  ×  12  cm  at  a  height  of  70  cm
oor  level,  emotional  stressor)  in  brightly  lit  room
in.  This  trial  was  repeated  three  times,  with  a
terval  between  trials.  On  day  3,  the  rats  underwent
straining  stress  in  an  opaque  plastic  box  (emo-
ysical stressor)  that  prevented  the  free  movement
imal.  These  protocols  were  applied  simultaneously
s  in  the  cage.  The  advantage  of  this  paradigm  of  sub-
hort-term  variable  stress  was  that  (i)  it  combined
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sue  sampling  and  processing

 were  anesthetized  with  isoflurane  immediately
 third  stress  session  (a  two-hour  restrain  stress),
s  collected  by  cardiac  puncture  and  the  animals
ed  by  decapitation  without  delay.  The  brain,  pitu-

 adrenal  gland  were  removed,  immediately  frozen,
d  in  liquid  nitrogen.  Isoflurane  was  used  because
cant  in  vivo  gene  transcriptional  response  was

 in  brain  within  short-term  anesthesia  (Pan  et  al.,
rain  specimens  and  samples  of  the  adrenal  cor-
medulla  were  prepared  by  laser  microdissection

 analysis  was  performed  as  previously  described
 et  al.,  2014).  Briefly,  coronal  brain  sections  (20  �m)
ially  cut  with  a  cryostat  at  −19 ◦C.  The  regions
ntified  based  on  standard  anatomical  landmarks
otaxic  coordinates  according  to  Paxinos  and  Watson
he  sections  of  the  studied  structures  were  mounted
es  coated  with  polyethylene  naphthalate  mem-
ica  Microsystems,  Wetzlar,  Germany),  stained  with
let,  and  dissected  using  a  LMD6000  Laser  Microdis-

System  (Leica).  Microdissected  tissues  (average
5  mm2) were  homogenized  in  75  �l RLT  buffer  (Qia-

den,  Germany)  and  stored  at  −80 ◦C  until  RNA
. The  following  brain  regions  were  studied:  prelim-
ontal  cortex  (plPFC),  infralimbic  prefrontal  cortex
entral  nucleus  of  amygdala  (CeA),  lateral  nucleus
ala  (LaA),  paraventricular  nucleus  of  hypothala-
),  and  ventral  and  dorsal  CA1  (vCA1,  dCA1),  CA2

subfields  of  hippocampus.  Total  RNA  from  the  cap-
crosamples  was  isolated  using  an  RNeasy  Micro  Kit

 Hilden,  Germany)  and  from  the  pituitary  gland
eneElute  Mammalian  Total  RNA  Miniprep  Kit  (Sigma-
St.  Louis,  MO,  USA).
-strand  cDNA  was  prepared  from  total  RNA  iso-
m  tissue  microsamples  and  macrosamples  using
hexamers  and  either  Enhanced  Avian  Reverse
tase (Sigma-Aldrich,  St.  Louis,  MO,  USA)  or  High

 cDNA  Reverse  Transcription  Kit  (Life  Technolo-
lsbad,  CA,  USA),  respectively.  The  cDNA  samples
alyzed  by  real-time  PCR  on  an  Viia  7  Real  Time
em  (Applied  Biosystems,  Foster  City,  CA,  USA)

 Hot  Firepol  Probe  QPCR  Mix  Plus  (ROX)  (Solis
 Tartu,  Estonia)  and  TaqMan  Assays  (Life  Technolo-
lsbad,  CA,  USA)  specific  for  rat  11HSD1  (cat.  no.
67 m1),  11HSD2  (cat.  no.  Rn00492539  m1),  gluco-

 receptor  (GR;  cat.  no.  Rn00561369  m1),  CRH  (cat.
462137  m1),  UCN2  (cat.  no.  Rn00591306  s1),  UCN3

 Rn02091611  s1),  CRH  receptor  type  1  (CRHR1;  cat.
578611  m1),  CRH  receptor  type  2  (CRHR2;  cat.  no.
17 m1),  PACAP  (cat.  no.  Rn00566438  m1),  PACAP
ceptor  (PAC1:  cat.  no.  Rn00591653  m1),  AVP  (cat.
566449  m1),  OXT  (cat.  no.  Rn00564446  g1),  tyro-
oxylase  (TH;  cat.  no.  Rn00562500  m1),  L-aromatic
id  decarboxylase  (DDC;  cat.  no.  Rn00561113  m1),
e �-hydroxylase  (DBH;  cat.  no.  Rn00565819  m1)  and
hanolamine-N-methyltransferase  (PNMT;  cat.  no.
88 m1).  The  housekeeping  gene  glyceraldehyde-
ate dehydrogenase  (GAPDH;  TaqMan  Endogenous
cat.  no.  4352338E)  was  measured  to  normalize
A  expression  in  each  sample,  as  its  transcription

 change  during  stress  in  the  rat  brain  (Porterfield
011).  A  single  PCR  reaction  was  performed  in  a
me  of  20  �l using  target  gene  probes  labeled  with

uplex  with  a  GAPDH  probe  (VIC/MGB).  The  quan-
e  PCR  product  was  determined  using  the  standard
ethod  with  10-fold  dilutions  of  the  mixed  cDNA
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Table  1  Effect  of  stress  on  plasma  level  of  corticosterone  and  adrenal,  thymus  and  spleen  weights  in  Fisher  344  and  Lewis
rats.  CTRL,  control  unstressed  rats.

Fisher  344  Lewis  Two-way  ANOVA

CTRL  Stress  CTRL  Stress  Strain  Stress  Strain  ×  stress

Corticosterone
(ng/ml)

51 ±  18  361  ±  35*** 78  ±  5  213  ±  35**,+++ <0.05  (4.83)  <0.001  (65.26)  <0.01  (10.06)

Adrenal weight
(mg/100  g  BW)

7.9  ±  0.7 8.6  ±  0.4 7.0  ±  0.5 9.9  ±  0.6** ns  <0.01  (9.14)  ns

Thymus weight
(mg/100  g  BW)

111  ±  3  91  ±  3*** 89  ±  5+++ 87  ±  2  <0.01  (10.80)  <0.01  (8.19)  <0.05  (5.62)

Spleen weight
(mg/100  g  BW)

242  ±  3  221  ±  2* 166  ±  6+++ 156  ±  4+++ <0.001  (83.75)  <0.01  (20.90)  ns

Results are expressed as means ± SEM. Seven animals in each group. F values are given in parentheses; *P < 0.05 or **P < 0.01 or ***P < 0.001
vs. control group; +P < 0.05 or ++P < 0.01 or +++P < 0.001 vs. Fisher 344 rats.
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a  corticosterone  was  assayed  using  commercial  RIA
iomedicals,  Solon,  OH,  USA).

tistical  analysis

lts  are  presented  as  the  means  ±  SEM.  All  analy-
 conducted  in  Statistica  6.1.  (StatSoft  Inc.,  Tulsa,
)  using  a  two-way  analysis  of  variance.  The  inde-
variables  were  treatment  and  strain  consisting  of
ls:  naïve  or  stressed  and  F344  or  LEW,  respectively.

 analyses  were  performed  using  Fisher’s  Protected
nificant  Difference  method  when  overall  significant
ects  were  observed.  The  results  were  considered
t if  P  <  0.05.

lts

ect  of  stress  on  organ  weights  and  on
level  of  corticosterone

 exposure  to  stressors  resulted  in  a  significant
 stress  on  weight  of  adrenal  glands,  thymus  and
s  reflected  by  changes  in  the  absolute  weights
as  the  values  adjusted  relative  to  body  weight.
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holamine  biosynthesis,  we  examined  their  expres-
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R  of  LEW  but  not  F344  rats  (Table  3)  and  was
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Figure  1  Stress-induced  expression  of  neuropeptides  and  enzymes  of  glucocorticoid  metabolism  in  hypothalamic  paraventricular
nucleus  (PVN)  and  pituitary  of  Fisher  344  (F344)  and  Lewis  (LEW)  rats.  Open  bars,  unstressed  rats,  full  bars,  rats  exposed  for  three
days  to  variable  stressors;  CRH,  corticotropin-releasing  hormone;  UCN2,  urocortin  2;  UCN3,  urocortin  3;  PACAP,  adenylate  cyclase-
activating  polypeptide;  AVP,  arginine  vasopressin;  OXT,  oxytocin,  11HSD1  and  11HSD2,  11�-hydroxysteroid  dehydrogenase  type  1
and  type  2.  The  results  are  expressed  as  the  means  ±  SEM.  *P  <  0.05,  **P  <  0.01,  ***P  <  0.001.

Table  2  Comparison  of  expression  of  genes  encoding  receptors  of  CRH  and  VIP  families  in  specific  brain  areas  and  pituitary
gland  of  stressed  and  unstressed  Fisher  344  and  Lewis  rats.

Fisher  344  Lewis  Two-way  ANOVA

CTRL  Stress  CTRL  Stress  Strain  Stress  Strain  ×  stress

CRHR1
PVN  0.14  ±  0.03  0.17  ±  0.01  0.13  ±  0.02  0.15  ±  0.02  ns  ns  ns
Pituitary 0.10  ±  0.03  0.02  ±  0.03* 0.20  ±  0.03++ 0.10  ±  0.01**,+ <0.001  (16.16)  <0.001  (14.80)  ns
CeA 0.24  ±  0.04  0.25  ±  0.04  0.31  ±  0.05  0.23  ±  0.08  ns  ns  ns
LaA 0.74  ±  0.09  0.83  ±  0.07  1.01  ±  0.12  0.92  ±  0.10  ns  ns  ns

CRHR2
PVN 0.07  ±  0.01  0.38  ±  0.10*** 0.05  ±  0.01  0.27  ±  0.03** ns  <0.001  (29.53)  ns
Pituitary 0.81  ±  0.21  0.74  ±  0.10  0.41  ±  0.08  0.64  ±  0.10  ns  ns  ns

PAC1
PVN 3.41  ±  0.57  5.58  ±  0.81* 3.65  ±  0.25  4.82  ±  0.38  ns  <0.01  (10.58)  ns
Pituitary 0.09  ±  0.03  0.02  ±  0.00  0.33  ±  0.03+++ 0.32  ±  0.06+++ <0.001  (46.90)  ns  ns
CeA 0.76  ±  0.05  1.32  ±  0.10* 0.57  ±  0.02  1.32  ±  0.25** ns  <0.001  (19.66)  ns
LaA 0.62  ±  0.04  1.34  ±  0.17** 0.52  ±  0.11  1.28  ±  0.17** ns  <0.001  (33.20)  ns

CeA, central nucleus of amygdala; LaA, lateral nucleus of amygdala; PVN, hypothalamic paraventricular nucleus; results are expressed
as means ± SEM. 5—7 animals in each group. F values are given in parentheses; *P < 0.05 or **P < 0.01 or ***P < 0.001 vs. control group;
+P < 0.05 or ++P < 0.01 or +++P < 0.001 vs. Fisher 344 rats.
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Table  3  Changes  in  expression  of  the  gene  encoding  glucocorticoid  receptor  followed  by  a  3-day  stress  in  brain  areas  and
pituitary  gland  of  Fisher  344  and  Lewis  rats.

Fisher  344  Lewis  Two-way  ANOVA

CTRL  Stress  CTRL  Stress  Strain  Stress  Strain  ×  stress

PVN  0.22  ±  0.05  0.30  ±  0.03  0.25  ±  0.01  0.33  ±  0.03  ns  ns  ns
Pituitary 0.02  ±  0.00  0.03  ±  0.01  0.12  ±  0.01+++ 0.15  ±  0.01*,+++ <0.001  (66.72)  <0.05  (6.41)  ns
plPFC 0.13  ±  0.03  0.16  ±  0.01  0.19  ±  0.02  0.18  ±  0.01  ns  ns  ns
ilPFC 0.17  ±  0.02  0.18  ±  0.02  0.16  ±  0.04  0.18  ±  0.02  ns  ns  ns
CeA 0.26  ±  0.03 0.30  ±  0.01 0.34  ±  0.02  0.29  ±  0.05  ns  ns  ns
LaA 0.11  ±  0.02 0.12  ±  0.01 0.13  ±  0.01 0.15  ±  0.02 ns  ns  ns
dCA1 0.78  ±  0.08 0.61  ±  0.04* 0.82  ±  0.08 0.51  ±  0.04** ns  <0.001  (15.60) ns
vCA1 0.26  ±  0.04  0.25  ±  0.02  0.22  ±  0.06  0.26  ±  0.02  ns  ns  ns

plPFC, prelimbic prefrontal cortex; ilPFC, infralimbic prefrontal cortex; CeA, central nucleus of amygdala; LaA, lateral nucleus of
amygdala; PVN, hypothalamic paraventricular nucleus; dCA1, dorsal part of CA1 hippocampus; vCA1, ventral part of CA1 hippocampus;
CA2 and CA3, hippocampal subfields. Results are expressed as means ± SEM. 5—7 animals in each group. F values are given in parentheses;
*P < 0.05

without  

(Fig. 1).
11HSD1 (
the expr
in LEW  c
an autoc
also a  hy
seems to
itary hor
CRHR1, C
As shown
observed
of this  r
CRHR1 in
independ
stress-ind
LEW.

As sho
differenc
The two-
expressio
and 11HS
medulla 

on adren
analysis 

adrenal c
stress-ind
rats.

As  LE
response
the synth
through 

enzymes
effect o
of the  e
effect o
F =  41.19
(stress: 

whereas 

TH (F  =  

the expr
strain an
upregula
and the
(Fig. 2).

 Eff
lve

xam
icoid
onsib
the  

their
mpu
ulate
.91,  

.79,  

regio
.96,  

CA3
ronta
.01)  

.01;  

signi
s rev
D1 i

 The
of  L

 3).  

icoid
R.  As
d in
xpre
ptio

o  cla
aling
ls of
amyg
rol o
n in

ifican
mes  

stati
.51,  

.18,  
 or **P < 0.01 vs. control group; +++P < 0.001 vs. Fisher 344 rats.

any  effect  on  11HSD1  and  11HSD2  in  both  strains
 The  inter-strain  differences  were  found  in  both
Fig.  1;  F  =  16.97,  P  <  0.001)  and  GR  (Table  2)  and
ession  of  GR  and  11HSD1  was  significantly  higher
ompared  to  F344  rats.  As  CRH  represents  not  only
rine—paracrine  factor  in  specific  brain  areas  but
pothalamic—pituitary  releasing  factor,  and  PACAP

 modulate  biosynthesis  and  secretion  of  some  pitu-
mones,  we  further  examined  the  expression  of
RHR2  and  PAC1  receptors  in  the  pituitary  gland.

 in  Table  2,  effects  of  stress  as  well  as  strain  were
 on  CRHR1,  where  F344  rats  had  lower  expression
eceptor  than  LEW  rats  and  stress  downregulated

 both  strains.  In  contrast,  CRHR2  expression  was
ent of  strain  and  stress  and  PAC1  expression  was
ependent but  was  significantly  lower  in  F344  that

wn  in  Fig.  2,  F344  and  LEW  rats  exhibited  significant
es in  the  expression  of  adrenal  11HSD1  and  11HSD2.
way  ANOVA  revealed  inter-strain  differences  in  the
n of  11HSD1  in  adrenal  cortex  (F  =  21.88,  P  <  0.001)
D2  in  both  adrenal  cortex  (F  =  5.95,  P  <  0.05)  and

(F  =  7.21,  P  <  0.01)  in  addition  to  the  effect  of  stress
ocortical  11HSD2  (F  =  16.08,  P  <  0.001).  Post  hoc

revealed  a  considerably  higher  11HSD1  level  in  the
ortex  of  F344  than  LEW  rats  and  significantly  higher
uced upregulation  of  11HSD2  in  F344  than  LEW

W  rats  show  a  blunted  stress-induced  epinephrine
 compared  to  the  F344  strain  and  stress  alters
esis  of  catecholamines  within  the  adrenal  medulla
the  activity  of  some  catecholamine-synthesizing
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 summarized  in  Table  3,  no  strain  differences  were
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Figure  2  Differential  response  of  adrenal  enzymes  of  glucocorticoid  metabolism  and  catecholamine  biosynthesis  following  stress.
Expression  of  11�-hydroxysteroid  dehydrogenase  type  1  (11HSD1),  type  2  (11HSD2)  and  enzymes  of  epinephrine  biosynthesis:
tyrosine hydroxylase  (TH),  L-aromatic  amino  acid  decarboxylase  (DDC),  dopamine  �-hydroxylase  (DBH)  and  phenylethanolamine-N-
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Figure  4  Stress-induced  expression  of  neuropeptides  in  central  (CeA)  and  lateral  (LaA)  nucleus  of  amygdala  in  unstressed  (open
bars)  and  stressed  (full  bars)  Fisher  344  (F344)  and  Lewis  (LEW)  rats.  CRH,  corticotropin-releasing  hormone;  UCN2,  urocortin  2;  UCN3,
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ent  data  reveal  clear  inter-strain  differences  in  the
 to  stress  using  the  paradigm  based  on  presenta-
e  three  different  stressors  within  three  days.  The

tion of  emotional  and  physical  stressors  significantly
ted 11HSD1  in  the  prefrontal  cortex  and  amygdala
e  regions  of  the  hippocampus  (vCA1,  CA2)  but  not
VN  and  pituitary  and  adrenal  gland;  i.e.,  stress
ted 11HSD1  in  the  limbic  structures  that  are  asso-
ith  the  regulation  of  the  HPA  axis  (de  Kloet  et  al.,
rich-Lai  and  Herman,  2009)  but  not  in  the  canon-
ponents  of  this  axis.  This  is  concordant  with  our
port  in  which  we  showed  that  chronic  psychosocial
sident-intruder  paradigm)  is  also  able  to  upregulate
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n  some  limbic  structures  without  any  effects  on  the

 components  of  the  HPA  axis  (Vodička et  al.,  2014).
bjected  to  stress,  the  response  of  LEW  rats  was

 plPFC,  ilPFC  and  LaA,  whereas  F344  rats  were  more

expressio
of the  a
with the
e  expressed  as  the  means  ±  SEM.  *P  <  0.05,  **P  <  0.01,

 to  stressors  in  CeA,  vCA1  and  CA2.  The  regionally
effects  may  be  related  to  several  factors,  includ-
eiling  effects  in  highly  stress-responsive  strain  or
le  of  specific  structures  in  glucocorticoid  feedback
n. First,  LEW  rats  had  constitutively  lower  11HSD1
n in  the  prefrontal  cortex,  vCA1  and  CA3  than

 strains  and  stress  never  stimulated  this  expres-
he  brain  of  LEW  rats  to  a  higher  level  than  in  the
in.  Second,  the  prelimbic  cortex  inhibits  the  HPA
man  et  al.,  2003),  and  corticosterone  implantation
gion  reduces  glucocorticoid  secretion  after  stress

t  al.,  1993).  Similarly,  the  hippocampus  and  amyg-
 their  GR  have  been  repeatedly  shown  to  modulate
response  (Herman  et  al.,  2003),  and  sustained  GR
in  the  hippocampus,  prefrontal  cortex  and  amyg-
ed  delayed  inhibition  of  the  HPA  axis  response  to

 (Furay  et  al.,  2008).  One  possible  interpretation  for
rn  of  changes  might  be  that  upregulation  of  11HSD1
n amplifies  the  negative  regulatory  feedback  of

ticoids to  control  the  intensity  and  duration  of  the
ponse  and  that  this  amplification  shows  inter-strain
onal  differences.  Indeed,  it  was  shown  recently
et  al.,  2013)  that  the  ratio  of  corticosterone/11-
orticosterone  is  significantly  different  among  the
tex,  amygdala  and  hippocampus  and  hippocampal
reactivates  inactive  11-dehydrocorticosterone  to
rticosterone  (Rajan  et  al.,  1996).  The  regional  dif-

 in  response  to  stress-induced  hippocampal  11HSD1
n are  difficult  to  reconcile  with  the  hippocampal
; however,  it  was  recently  shown  that  the  ventral
he  hippocampus  responds  to  glucocorticoids  much
ly than  does  the  dorsal  hippocampus  (Maggio  and
09).  In  addition,  the  prominent  role  of  the  ventral
pus in  inhibiting  the  HPA  axis  stress  response,  its
ce in  the  processing  of  anxiety  and  existence  of
nections  of  ventral  than  dorsal  hippocampus  with

 and  prefrontal  cortex  (Fanselow  and  Dong,  2010)
e  possibility  that  increased  hippocampal  11HSD1

n may  be  relevant  to  stress  regulation.  On  the  basis

bsence  of  changes  in  expression  of  GR  combined
 upregulation  of  11HSD1,  we  can  hypothesize  that
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ial  impact  of  stress  on  hypothalamic—pituitary—adrenal  axi

s  paradigm  might  intensify  the  glucocorticoid  sig-
bic  structures  predominantly  due  to  the  conversion
orticosterone  to  11-dehydrocorticosterone  but  not
ulation  of  GR.
trast  to  the  limbic  structures,  no  effect  of  stress
1  expression  was  observed  in  the  PVN  and  stress-

 peripheral  organs,  such  as  the  pituitary  and  adrenal
ven  if  pronounced  strain  differences  were  evi-
ilarly,  no  effect  of  stress  was  observed  in  case

2  expression.  Thus,  stress  does  not  seem  to  mod-
e  intracrine/paracrine  glucocorticoid  signaling  in
l components  of  the  HPA  axis.  The  lower  expres-
GR  and  11HSD1  in  the  pituitary  gland  of  F344
LEW  rats  suggests  that  these  changes  could  con-
o  aggravated  efficacy  of  the  pituitary  glucocorticoid

 feedback  of  HPA  in  F344  (Simar  et  al.,  1997).
ard  to  the  adrenal  gland,  strain-dependent  dif-

 of  11HSD1  and  11HSD2  were  found  both  in  the
cortex  and  medulla.  The  evidence  that  adrenal
may  play  a  physiological  role  has  been  demon-
n  experiments  with  nonspecific  inhibitors  of  11HSDs,
duced  the  release  of  11-dehydrocorticosterone

enal  gland  and  the  expression  of  the  glucocorticoid-
nt enzyme  PNMT  in  adrenal  medulla  (Musajo  et  al.,
imojo  et  al.,  1996).  However,  the  absence  of  any
in  medullary  11HSD1  and  11HSD2  under  stressful
s and  concomitant  stress-dependent  upregulation
corticoid-dependent  PNMT  and  glucocorticoid-
ent TH  in  both  strains  does  not  indicate  any  role  for

e regulation  of  glucocorticoids  in  upregulation  of
 the  epinephrine  biosynthetic  pathway.  The  surpris-
s-dependent  upregulation  of  adrenal  11HSD2  that
e  obvious  in  F344  than  in  LEW  rats  agrees  with  the

 findings  of  higher  adrenal  corticosterone  level  in
LEW  than  F344  rats  (Moncek  et  al.,  2001).

ain-dependent  neuropeptide  responses  to

rtance  of  maintaining  stress-induced  activation  of
system  within  tolerable  limits  requires  the  efficient
n of  CRH  signaling  pathway,  which  has  been  exten-
aracterized  both  in  vivo  and  in  vitro.  However,  only
ata  are  available  concerning  the  central  regulation
athway  in  F344  and  LEW  rats.  Whereas  the  3-day
regulated  CRH  and  OXT  expression  in  the  PVN  of
ins,  the  upregulation  of  CRH  in  the  amygdala  was

 only  in  LEW  rats,  in  particular  in  CeA,  which  is
 in  long  term  modulation  of  HPA  activity  (Prewitt

an,  1997).  The  increased  expression  of  amygdalar
 absence  of  further  stimulation  by  stress  in  hyper-
e F344  rats  in  comparison  with  LEW  strain  is  in
ith  the  recent  findings  of  Flandreau  et  al.  (2012)

e  shown  that  overexpression  of  CRH  in  CeA  induces
 hyperactivity.  Similar  to  CRH,  we  have  shown  that
ssors  not  only  stimulate  the  expression  of  UCN2
3,  but  that  this  expression  is  region-selective  and
pendent. Whereas  in  the  amygdala  UCN2  and  UCN3
regulated  in  F344  but  not  LEW  rats,  the  expres-
araventricular  UCN2  was  not  changed  and  UCN3

d in  both  strains.  Considering  that  UCN2  is  increased
corticoids  (Chen  et  al.,  2003)  and  the  rat  UCN2
moter  has  several  putative  glucocorticoid  respon-
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ents  (Tillinger  et  al.,  2013),  the  upregulation  of
in  CeA  of  stressed  F344  rats  might  intensify  the
sociated increase  of  UCN2  in  this  strain.  In  con-
e  expression  of  PACAP,  a  neuropeptide,  which  has
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CRHR2, a
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wn  to  modulate  CRH  expression  in  the  amygdala
t  al.,  2011),  was  significantly  stimulated  by  stress
rains,  a finding  similar  to  Hammack  et  al.  (2009)  in
Dawley rats.
xt  investigated  whether  the  differences  in  stress-

 mediators  described  above  are  associated  with
of  their  receptors.  To  address  this,  we  analyzed
A  levels  of  PACAP  receptor  PAC1  and  CRH  recep-
R1  and  CRHR2,  which  have  preferential  specificity
and  UCN2  and  UCN3,  respectively.  In  both  strains,
sors  upregulated  the  expression  of  PAC1  in  CeA,
PVN,  downregulated  the  expression  of  CRHR1  in

 gland  and  upregulated  CRHR2  in  PVN.  Interest-
 effect  of  strain  was  found  only  in  pituitary  CRHR1
;  no  effect  of  strain  x stress  interaction  was  found
vestigated  structure.  In  amygdala,  the  expression
receptors  was  unchanged  (CRHR1)  or  was  under
ction  limit  of  our  technique  (CRHR2).  Similar  find-
e  observed  by  Zohar  and  Weinstock  (2011),  who

 in  stressed  animals  the  upregulation  of  paraven-
RHR2  without  any  changes  of  paraventricular  and
r CRHR1  and  by  Ochedalski  et  al.  (1998),  who  found

ulation of  pituitary  CRHR1  by  glucocorticoids.  More-
ss-dependent  upregulation  of  PAC1  was  described
in  bed  nucleus  of  the  stria  terminalis  (Hammack
09).
mary,  the  analysis  of  CRH(UCN2,3)/CRHR1,2  sys-

mygdala,  PVN  and  pituitary  revealed  the  effect  of
rain  and  their  interactions  predominantly  on  the
r CRH  pathway  at  the  level  of  neuropeptides  CRH,

d  UCN3  but  not  their  receptors  CRHR1  and  CRHR2.
 response  of  amygdalar  UCN2/UCN3  are  higher  in
n  in  LEW  rats,  whereas  the  expression  of  amygdalar
mulated  predominantly  in  LEW  rats,  it  is  reasonable
e  that  the  blunted  response  to  stress  challenges  in

 might  depend  partly  on  the  observed  differences.
duced glucocorticoids  stimulate  the  expression  of
r CRH,  which  is  in  contrast  to  the  PVN  (Watts  and
Watts, 1995),  and  thus  the  upregulation  of  11HSD1

 F344  rats  might  intensify  the  glucocorticoid  signal
timulation  of  amygdalar  CRH  expression  and  result
ation  of  stress  response  projections  to  the  PVN

 and  anxiety-like  behavior  (Ulrich-Lai  and  Herman,
wever,  the  different  patterns  of  the  effect  of  stress
pression  of  11HSD1  and  the  studied  neuropeptides

nd  LaA  suggest  that  stress-induced  11HSD1  eleva-
 not  be  the  primary  driver  of  CRH,  UCN2  and  UCN3
ala.

nclusions

ent  results  show  that  (i)  there  are  significant  inter-
fferences  in  basal  level  of  11HSD1  expression  in
mponents  of  the  HPA  axis,  specifically  the  stress
sponsive F344  rats  have  higher  11HSD1  expression
refrontal  cortex,  vCA1,  CA3  and  adrenal  cortex
r  expression  in  the  PVN  and  pituitary  gland  than

ess  hypo-responsive  LEW  counterparts,  (ii)  stress
 modulate  the  expression  of  11HSD1  in  canon-
ponents  of  the  HPA  axis  (PVN,  pituitary  gland,
ortex)  but  selectively  upregulates  11HSD1  in  brain
s associated  with  regulation  of  HPA  axis  (pre-
ortex,  amygdala,  some  regions  of  hippocampus),

-strain  differences  are  also  found  in  neuropeptides
ticipate  in  activation  of  HPA  axis,  namely  amyg-
H/UCN2,3  but  not  in  their  receptors  CRHR1  and
nd  (iv)  the  effect  of  stress  on  the  expression  of
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opeptides  and  their  receptors  is  site-specific.  Taken
 the  results  from  the  current  experiments  com-

th  the  observations  by  others  suggest  that  the  local
ticoid metabolic  system  and  CRH  pathway  in  the
uctures  associated  with  HPA  axis  is  not  identical  in
ins  and  might  be  involved  in  the  differences  of  the
responsiveness  between  F344  and  LEW  rats.
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A B S T R A C T

The commensal microbiota affects brain functioning, emotional behavior and ACTH and corticosterone re-
sponses to acute stress. However, little is known about the role of the microbiota in shaping the chronic stress
response in the peripheral components of the hypothalamus-pituitary-adrenocortical (HPA) axis and in the
colon. Here, we studied the effects of the chronic stress-microbiota interaction on HPA axis activity and on the
expression of colonic corticotropin-releasing hormone (CRH) system, cytokines and 11β-hydroxysteroid dehy-
drogenase type 1 (11HSD1), an enzyme that determines locally produced glucocorticoids. Using specific pa-
thogen-free (SPF) and germ-free (GF) BALB/c mice, we showed that the microbiota modulates emotional be-
havior in social conflicts and the response of the HPA axis, colon and mesenteric lymph nodes (MLN) to chronic
psychosocial stress. In the pituitary gland, microbiota attenuated the expression of Fkbp5, a gene regulating
glucocorticoid receptor sensitivity, while in the adrenal gland, it attenuated the expression of genes encoding
steroidogenesis (MC2R, StaR, Cyp11a1) and catecholamine synthesis (TH, PNMT). The pituitary expression of
CRH receptor type 1 (CRHR1) and of proopiomelanocortin was not influenced by microbiota. In the colon, the
microbiota attenuated the expression of 11HSD1, CRH, urocortin UCN2 and its receptor, CRHR2, but potentiated
the expression of cytokines TNFα, IFNγ, IL-4, IL-5, IL-6, IL-10, IL-13 and IL-17, with the exception of IL-1β.
Compared to GF mice, chronic stress upregulated in SPF animals the expression of pituitary Fkbp5 and colonic
CRH and UCN2 and downregulated the expression of colonic cytokines. Differences in the stress responses of
both GF and SPF animals were also observed when immunophenotype of MLN cells and their secretion of
cytokines were analyzed. The data suggest that the presence of microbiota/intestinal commensals plays an
important role in shaping the response of peripheral tissues to stress and indicates possible pathways by which
the environment can interact with glucocorticoid signaling.

1. Introduction

Stress is a common aspect of the life experience of all living crea-
tures and generally serves as an adaptation mechanism to meet various
challenges to survive and benefit from potentially threatening en-
vironments. The principal endocrine components of the stress response
are the sympathetic adrenomedullary (SAM) and hypothalamus-pitui-
tary-adrenocortical (HPA) axes, which represent neuroendocrine cas-
cades culminating in the synthesis and secretion of catecholamines and
glucocorticoids, respectively (McEwen, 2007). The HPA axis is trig-
gered by the activation of parvocellular neurons located in the para-
ventricular nucleus of the hypothalamus (PVN) that produce

corticotropin-releasing hormone (CRH); CRH binds to CRH receptors
type 1 (CRHR1) in the pituitary, causing the activation of proopiome-
lanocortin (POMC), a precursor of adrenocorticotropic hormone
(ACTH) (Herman et al., 2016). Similar to CRH, stress regulates the
expression of two other members of the CRH family, the urocortins
UCN2 and UCN3, which have a much higher affinity for CRHR2 than
CRHR1 receptors and have been implicated, particularly during stress,
in several functions of the brain and peripheral organs, including the
gastrointestinal tract (Larauche et al., 2009).

The response of target cells to glucocorticoids depends not only on
the level of the hormone in blood but also on the prereceptor meta-
bolism in the target cells that controls the intracellular concentration of

https://doi.org/10.1016/j.bbi.2018.07.007
Received 25 January 2018; Received in revised form 1 June 2018; Accepted 7 July 2018

⁎ Corresponding author at: Institute of Physiology, Academy of Sciences of the Czech Republic, Vídeňská 1083, 142 20 Prague 4 - Krč, Czech Republic.
E-mail address: martin.vodicka@fgu.cas.cz.cz (M. Vodička).

Brain, Behavior, and Immunity 73 (2018) 615–624

Available online 07 July 2018
0889-1591/ © 2018 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/08891591
https://www.elsevier.com/locate/ybrbi
https://doi.org/10.1016/j.bbi.2018.07.007
https://doi.org/10.1016/j.bbi.2018.07.007
mailto:martin.vodicka@fgu.cas.cz.cz
https://doi.org/10.1016/j.bbi.2018.07.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbi.2018.07.007&domain=pdf


the hormone. This metabolism is determined by the enzyme 11β-hy-
droxysteroid dehydrogenase type 1 (11HSD1), which catalyzes the
conversion of inactive cortisone and 11-dehydrocorticosterone to the
active glucocorticoid hormones cortisol and corticosterone. In contrast,
the analog 11β-hydroxysteroid dehydrogenase type 2 (11HSD2) is an
enzyme that inactivates cortisol and corticosterone to their 11-oxo
derivatives (Chapman et al., 2013). 11HSD1 is expressed in many tis-
sues, including the pituitary and adrenal glands (Ergang et al., 2015),
which suggests that 11HSD1 might modulate the activity of the HPA
axis. Some data also indicate that stress modulates the expression of
11HSD1, but results are contradictory (Jamieson et al., 1997; Monder
et al., 1994; Vodička et al., 2014). Data from our lab and others have
revealed that some cytokines play a significant role in the regulation of
11HSDs (Chapman et al., 2013; Ergang et al., 2011; Jun et al., 2014).

A series of studies has demonstrated that the gastrointestinal mi-
crobiota has a large effect on HPA axis activity and emotional behavior.
Mice or rats raised under germ-free (GF) conditions display exaggerated
HPA axis activity in response to acute stressors (Clarke et al., 2013;
Crumeyrolle-Arias et al., 2014; Sudo et al., 2004) and decreased an-
xiety-like behavior (Clarke et al., 2013; de Palma et al., 2015; Diaz
Heijtz et al., 2011; Neufeld et al., 2011). The changes observed in GF
animals can be partially normalized after colonization with commensal
bacteria from control mice (Clarke et al., 2013; de Palma et al., 2015;
Sudo et al., 2004), and probiotic intervention can modulate stress-in-
duced corticosterone and anxiety-related behavior (Ait-Belgnaoui et al.,
2012; Moya-Pérez et al., 2017).

The above studies link stress to changes in the microbiota; however,
the key question remaining is how does the microbiota of the gut
modulate glucocorticoid response to stress. Several studies have linked
the microbiota to plasma corticosterone and plasma ACTH levels in
stressed animals, yet only a few studies have investigated the me-
chanisms that might be responsible for the modulatory effect of the
microbiota on the activation of the HPA axis. For example, it has been
shown that GF mice display an increased rate of norepinephrine, do-
pamine, and serotonin turnover in the brain striatum (Diaz Heijtz et al.,
2011) and reduced expression of cortical and hippocampal BDNF (Sudo
et al., 2004); however, these findings have not been supported by other
studies (Crumeyrolle-Arias et al., 2014; Neufeld et al., 2011; Nishino
et al., 2013). As these studies were limited to the brain and only acute
stress, we focused on the impact of the microbiome on the peripheral
components of the HPA axis and assessed whether the microbiome
modified the pituitary and adrenal glands under basal conditions and in
response to a chronic stress challenge. The second objective of this
study was to analyze the effects of the microbiome and stress on the
expression of 11HSDs in peripheral tissues and to assess whether im-
mune activation could differentially influence the expression of cyto-
kines as a function of stressor impact.

2. Materials and methods

2.1. Animals

Two-month-old germ-free (GF) and specific pathogen-free (SPF)
male BALB/c mice (Institute of Microbiology, Nový Hrádek, Czech
Republic) were used. The animals were split into four groups: un-
stressed GF (n= 7), stressed GF (n= 7), unstressed SPF (n= 6) and
stressed SPF (n=7) animals. GF animals were kept under sterile con-
ditions in Trexler-type isolators since birth. One month before the be-
ginning of the experiments, the SPF mice were transferred to similar
isolators to ensure identical conditions for all groups during the ex-
periments. Animals were housed in groups of 4–5 per cage with free
access to autoclaved tap water and fed 50 kGy irradiated sterile pellet
diet Altromin 1410 (Altromin, Lage, Germany) ad libitum under a 12-h
light/dark cycle. The GF mice were monitored weekly for fecal micro-
bial contamination. Retired male breeders (7-months to 1-year-old) of
the BALB/c strain were used as residents, GF-BALB/c residents in

experiments with GF-BALB/c intruders and SPF-BALB/c residents in
experiments with SPF-BALB/c intruders. The experiments were ap-
proved by the Committee for the Protection and Use of Experimental
Animals of the Institute of Microbiology v.v.i., Academy of Sciences of
the Czech Republic.

2.2. Social defeat stress and tissue sampling

The social defeat procedure used in this study is a modified version
of the resident-intruder paradigm used in our previous work (Vodička
et al., 2014) and adapted for mice (Golden et al., 2011). This procedure
relies on the concept of ethological analysis of rodent behavior and
represents an unpredictable allostatic load, which is associated with the
activation of both HPA and SAM axes. The procedure is based on the
fact that a male mouse will defend its territory against an unfamiliar
male intruder. Male mice designated as residents (older, sexually ex-
perienced males) were housed individually for 7 days before the ex-
periment without a change of bedding (a manipulation often used to
enhance territoriality and aggression). Intruders were housed in groups
of 4–5. On the days of testing, each intruder was removed from his
home cage and placed into the home cage of a resident; GF intruders
were exposed to GF residents and SPF intruders to SPF residents. The
cages of the residents and intruders were placed in the same isolator
where social interactions were repeatedly done. The data summarized
in Supplementary data (Fig. S1) show that both GF and SPF intruders
were exposed to similar aggressive behavior of residents irrespective of
their different origin. During social interaction, the behavior of the
animals was videotaped for off-line evaluation. Following the 10min
interaction, the mice were divided by a steel mesh to preserve sensory
contact between the mice for the next 50min. Thus, the intruder was
subjected to continuous psychological stress due to sensory interaction
with the resident. Then, the intruders were examined for wounds and
returned to their home cage until the next exposure. No wounded an-
imals were found, indicating that no pathological form of offensive
aggression occurred during the experiment. The procedure was re-
peated for 5 consecutive days with different residents to prevent any
habituation to the resident. All stress experiments were carried out
between 9 and 11 am. Unstressed (control) mice were undisturbed in
their home cage, moreover control mice never witnessed stress proce-
dure because resident-intruder interaction was never done in isolators
containing unstressed animals.

Following the last stress session, the animals were removed from the
isolator and anesthetized with isoflurane vapor. Isoflurane was used
because it does not interfere with gene transcriptional responses and
leaves the stress response intact (Wu et al., 2015). Anesthetized mice
were decapitated, and the colon, mesenteric lymph nodes (MLN), pi-
tuitary and adrenal glands were harvested and either snap-frozen in
liquid nitrogen or used for the preparation of single-cell suspensions of
MLN cells. For technical reasons (to keep sterility of isolators) all mice
from one cage (n=4) were taken out of the isolator simultaneously and
placed individually into clean cages located in a quiet room. Then the
mice were sacrificed serially. This procedure was performed equally for
all groups.

2.3. Behavioral analysis

A detailed behavioral analysis was performed using the commercial
software Observer Video-Pro (Noldus Information Technology,
Wageningen, The Netherland) to analyze behavioral responses during
social defeat. For each resident-intruder interaction, the number and
the time spent in offensive or defensive behaviors were evaluated. The
following patterns of behavior were classified as offensive: chasing/
following (rapid pursuit of the fleeing opponent), clinch/fight (mice roll
around floor wrestling, their bodies clasped tightly together) and gen-
ital investigation (sniffing of the intruder’s anogenital region). The
following patterns of behavior were classified as defensive: defensive
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upright (the intruder rears on his hind paws and extends the forepaws
while facing the resident), escape/flight (rapid running or jumping
away from the resident), and freezing posture (the intruder assumes a
completely immobile crouched posture with all four limbs on the
ground and usually no activity except for the movement associated with
respiration).

2.4. Tissue sampling and gene expression analysis

Total RNA was isolated using a GeneElute Mammalian Total RNA
Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions and quantified by spectrophotometry using
a NanoDrop 1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). DNA was removed during RNA purification
using on-column digestion of DNA (RNase-free DNase set, Qiagen,
Hilden Germany). First-strand cDNA was prepared from total RNA
using random hexamers and a High Capacity cDNA Reverse
Transcription Kit (Life Technologies, Carlsbad, CA, USA). Quantitative
RT-PCR was carried out using a Viia 7 Real Time PCR System (Applied
Biosystems, Foster City, CA, USA), 5x Hot Firepol Probe QPCR Mix Plus
(ROX) (Solis BioDyne, Tartu, Estonia) and TaqMan Assays (Life
Technologies) specific for the studied transcript. The following assays
were used: 11HSD1 (cat. no. Mm00476182_m1), 11HSD2
(Mm01251104_m1), POMC (Mm00435874_m1), CRH
(Mm01293920_s1), urocortin 2 (UCN2, Mm01227928_s1), urocortin 3
(UCN3, Mm00453206_s1), CRH receptor type 1 (CRHR1,
Mm00432670_m1), CRH receptor type 2 (CRHR2, Mm00438308_m1),
MC2R (Mm01262510_m1), steroidogenic acute regulatory protein
(Star, Mm00441558_m1), cholesterol side-chain cleavage enzyme
(Cyp11a1, Mm00490735_m1), tyrosine hydroxylase (TH,
Mm00447557_m1), phenylethanolamine N-methyltransferase (PNMT,
Mm00476993_m1), interferon γ(IFNγ, Mm00801778_m1), interleukin
1β (IL-1β, Mm01336189_m1), interleukin 4 (IL-4, Mm00445259-m1),
interleukin 5 (IL-5, Mm00439646_m1), interleukin 6 (IL-6,
Mm00446190_m1), interleukin 10 (IL-10, Mm00439614_m1), inter-
leukin 13 (IL-13, Mm00434204_m1), interleukin 17 (IL-17,
Mm00439618_m1), tumor necrosis factor α (TNFα, cat. no.
Mm00443258_m1), and immunophilin Fkbp5 (Mm00487401_m1). The
quantity of the PCR product was determined using the standard curve
method with 3-fold dilutions of the mixed cDNA sample. To identify the
stability of the reference genes, a panel of 12 potential reference genes
was compared using geNorm analysis, and the genes HPRT1
(Mm01545399-m1) and TBP (Mm00446973_m1) were identified as the
optimal combination to provide reliable normalization in the colon;
HPRT1 and GAPDH (cat. no. 4351309), in the adrenal gland; and PPIB
and SDHA (Mm01352366_m1), in the pituitary. The expressions of the
genes of interest were calculated relative to the geometric mean of the
reference genes in each sample. Due to the low expression levels of
several genes in colon (Ct of the gene of interest higher than 35), we
applied the specific preamplification step of gene assays using the
TaqMan PreAmp Master Mix (Life Technologies) according to the
manufacturer’s protocol.

2.5. Detection of cytokine secretion in MLN cells

To determine whether stress modulates cytokine production, MLNs
were harvested, mashed into a cell suspension, washed in complete
RPMI-1640 medium, and filtered through a 70 μm cell strainer. The
single cell suspension in RPMI containing 10% fetal bovine serum and
1% penicillin-streptomycin was plated in 96-well flat bottom plates
(1× 105 cells/well) and incubated for 72 h at 37 °C prior to collecting
supernatants. Supernatants were kept frozen at−40 °C until IL-1β, IL-6,
IL-10, IFNγ and TNFα were measured by ELISA R&D Systems®
(Minneapolis, MN, USA) according to the manufacturer’s instruction.
The values are reported in pg/ml.

2.6. Immunophenotyping by flow cytometry

Primary MLN cells were prepared as mentioned above on the day of
sacrifice and stained for regulatory T cell and intracellular cytokine
production. To detect the regulatory CD4+ FoxP3+T cells, the cell
suspensions were washed, labeled with Fixable Viability Dye
(eBioscience, San Diego, CA, USA), blocked with anti-CD16/CD32 an-
tibody, stained for surface CD4, fixed, permeabilized overnight with
fixation/permeabilization buffer (eBioscience), and stained for in-
tracellular FoxP3. To analyze intracellular cytokine production, cells
(2× 106 cells/ml in complete RPMI) were incubated for 5 h with
50 ng/ml PMA, 500 ng/ml ionomycin (both from Sigma-Aldrich,
Prague, Czech Republic), and 2 μM monensin (eBioscience). After in-
cubation, the cells were washed, labeled with a viability dye, blocked,
stained for surface CD4, fixed, and permeabilized as described above.
Next, the cells were stained for intracellular cytokines with antibodies
against IFNγ, IL-17, and TNFα. The data were acquired on a
FACSCalibur flow cytometer and analyzed with FlowJo software. The
cytokines were analyzed while gating in viable CD4+ cells. All
monoclonal antibodies were purchased from eBioscience.

2.7. Statistical analysis

The results are expressed as the mean ± SEM. The data were
analyzed by two-way ANOVA (microbial status and stress treatment)
followed by post hoc test when the results of ANOVA were significant.
Behavioral data were analyzed by two-way repeated-measure ANOVA
with one between-group factor (microbial status) and one within-sub-
ject factor (time; 5 days of repeated social defeat). Statistical analyses
yielded highly similar results for both the frequency and duration of
behavioral patterns; therefore, to simplify the text, only the duration of
patterns is reported. Pearson’s correlation analysis was used to de-
termine the relationship between the levels of 11HSD1 mRNA expres-
sion and those of various cytokines. The threshold for statistical sig-
nificance was set as P≤ 0.05.

3. Results

3.1. Impact of microbiota on behavior of intruder and resident mice

Both the resident and intruder mouse behaviors were assessed over
a 5-day period. All intruder mice were defeated by residents, showing
upright posture. ANOVA showed significant effects of both microbiome
(F1,52= 7.10, P=0.019) and time (F4.52= 3.27, P < 0.018) on the
defensive behavior of intruders. Post hoc analysis revealed that GF mice
spent less time in defensive behavior than SPF animals on the 3rd and
4th day of confrontation (Fig. 1A) and analysis of individual patterns of
defensive behavior showed an increase in the escape/flight of SPF in-
truders (Fig. 1B). Because GF intruders were exposed to GF residents
and SPF intruders to SPF residents, we analyzed also behavior of re-
sidents to reveal whether changes in behavior of intruders could be
provoked by different offensive behavior of residents. ANOVA did not
show any significant overall effect of microbiome (Supplementary Fig.
S1; however, this analysis indicated a significant effect of time
(F4,52= 3.43, P < 0.014). Post hoc analysis revealed that SPF mice
spent less time in offensive behavior than GF animals only on the
second day of confrontation (Supplementary Fig. S1). Collectively,
these results show that exposure to repeated social defeat leads to a
significant decrease in the time that GF mice spent in defensive beha-
viors compared to their SPF counterparts.

3.2. Effect of stress and microbiota on pituitary and adrenal glands

To test whether the gut microbiota modulates the periphery of the
HPA axis, we examined the expression of CRHR1 and POMC in the
pituitary and the expression of selected genes encoding proteins of
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steroidogenesis and synthesis of catecholamines in the adrenal gland.
Social defeat had a general effect on POMC expression in the pituitary
in both the SPF and GF mice (F1,22= 63.85, P < 0.001); however,
there was no significant effect of microbiota. Post hoc analysis demon-
strated a significant increase in POMC transcript levels in stressed mice
from both the SPF and GF groups (Fig. 2A). The expression of CRHR1
was not influenced either by stress or by the microbiome (Fig. 2B). To
further characterize the effect of the microbiome on the HPA axis in the
pituitary, we measured the expression of the Fkbp5 gene, which en-
codes the co-chaperone that participates in the regulation of gluco-
corticoid receptor sensitivity and efficiency of the negative feedback
process of the HPA axis (Bekhbat et al., 2017). Strikingly, the expres-
sion of Fkbp5 was affected not only by stress (F1,24= 11.03, P=0.002)
but also by microbiota (F1,24= 19.62, P < 0.001). SPF unstressed mice
exhibited significantly lower levels of Fkbp5 transcripts than all other
groups of animals (Fig. 2C).

We next examined the impact of microbiota and stress on the acti-
vation of the adrenal gland. First, we analyzed the mRNA level of
MC2R, the adrenal receptor for ACTH hormone, and the transcripts of
Star and Cyp11a1, which are genes encoding the key proteins of cho-
lesterol mobilization and conversion to steroid hormones. Social defeat
did not influence the expression of any of these three genes; however, a
significant effect of microbiota was observed on MC2R (F1,22= 12.76,
P=0.002) as well as on Star (F1,22= 8.69, P=0.008) and Cyp11a1
(F1,22= 8.20, P= 0.009). The absence of microbiota led to the upre-
gulation of MC2R, Star and Cyp11a1 in the adrenal gland (Fig. 3A–C).
In contrast to steroidogenesis, the expression of the genes encoding the
key enzymes of epinephrine biosynthesis TH and PNMT was sig-
nificantly affected both by stress (TH: F1,22= 5.71, P=0.026; PNMT:
F1,22= 12.23, P=0.002) and by the microbiota (TH: F1,22= 23.30,
P < 0.001; PNMT: F1,22= 18.03, P < 0.001). A comparison of group
means demonstrated significantly higher TH and PNMT transcripts in
unstressed and stressed GF compared to SPF animals and significantly
higher levels of both transcripts after social defeat in GF mice. Although
the effect of social defeat on SPF mice did not reach statistical sig-
nificance, the results showed a trend very similar to that seen in the GF
group (Fig. 3D, E).

As PNMT is a glucocorticoid-dependent enzyme and as glucocorti-
coids released by stress are known to regulate biosynthesis and the
secretion of epinephrine in the adrenal medulla (Kvetnansky et al.,
2009), we further examined the impact of microbial colonization on the
expression of adrenal 11HSD1 and 11HSD2. Stress affected 11HSD2
(F1,22= 14.45, P < 0.001), and the microbiota affected 11HSD1
(F1,22= 10.43, P= 0.003). Stress significantly downregulated 11HSD2
transcript in both GF and SPF mice (Fig. 3F), and microbial colonization
decreased the expression of 11HSD1 in both groups, although statistical
significance was seen between only stressed SPF and stressed GF mice
(Fig. 3G).

3.3. Effect of stress and microbiota on colonic CRH signaling system

There is well-established evidence that the CRH system is highly
organized not only in the brain but also in some peripheral tissues,
including the colon, where it seems to generate functions analogous to
the HPA axis, i.e., the coordination and execution of local responses to
stress (Larauche et al., 2009). To investigate whether stress and gut
microbiota affect the expression of genes encoding peripheral stress-
associated peptides, we analyzed the transcripts of CRH, its related
peptides UCN2 and UCN3, and their receptors, CRHR1 and CRHR2.
There was no significant effect of stress on all analyzed transcripts;
however, ANOVA revealed a significant effect of gut microbiota on
UCN2 (F1,33= 24.03, P < 0.001) and CRHR2 (F1,34= 17.15,
P < 0.001) as well as a significant interaction between stress and mi-
crobiota in the cases of UCN2 (F1,33= 9.47, P= 0.004) and CRH
(F1,34= 12.45, P= 0.001). As shown in Fig. 4, CRH, UCN2 and CRHR2
transcripts were higher in control GF than control SPF animals, and
stress significantly upregulated the expression of UCN2 and CRH in SPF,
but not GF, mice.

3.4. Effect of stress and microbiota on 11HSD1 and cytokine expression in
colon

The local effect of glucocorticoids is modulated by 11HSD1, whose
expression is regulated by cytokines. To identify whether immune ac-
tivation/microbiota could differentially influence local glucocorticoid
metabolism, we compared the expression of colonic 11HSD1 and cy-
tokines that are known to modulate 11HSD1 expression. Both stress
(F1,22= 29.43, P < 0.001) and microbiota (F1,22= 9.74, P= 0.005)
significantly affected colonic 11HSD1. The presence of microbiota, si-
milar to stress, was associated with downregulation of 11HSD1
(Fig. 4F).

Having established that the commensal microbiota could modify
local glucocorticoid regulation in the colon, we then analyzed cytokine
gene profiling in stressed and unstressed SPF and GF mice. As shown in
Supplementary Table S1 and Fig. 5A, the microbiota upregulated the
expression of all studied cytokines (IL-4, IL-5, IL-6, IL-10, IL-13, IL-17,
TNFα and IFNγ) except for IL-1β, and stress downregulated the ex-
pression of all cytokines except for IL-5. The effect of stress was sig-
nificant predominantly in the SPF animals, as the GF animals showed a
much lower level of cytokine transcripts in naive unstressed mice than
their SPF counterparts (Fig. 5A). These data indicate that cytokine
milieu in stressed SPF mice is similar to stressed and unstressed GF
mice.

In vitro experiments demonstrated that various cytokines stimulate
11HSD1 (Ergang et al., 2011; Jun et al., 2014). To identify which of the
cytokines might contribute to the regulation of 11HSD1 in GF and SPF
mice, we performed correlation analysis. As shown in Supplementary
Table S2, we found a statistically positive correlation between 11HSD1

Fig. 1. Time spent in defensive behavior in each day
of social interaction (A) and time spent in individual
defensive behavioral patterns (upright posture,
freezing and escape/flight) and in total defensive
behavior (B) of specific pathogen-free (SPF) and
germ-free (GF) mice. Data are expressed as the
means ± SEM; Only the statistical differences de-
termined by two-way ANOVA followed by post hoc
test are shown; the P-value of the post hoc test:
*P < 0.05.
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and IL-1β, IL-4, IL-6, IL-10, IL-13 and TNFα in SPF mice but only be-
tween 11HSD1 and IL-6, IL-13 and TNFα in GF mice. Fig. 5B–D show
the statistically significant correlations between 11HSD and cytokines,
which were found in both SPF and GF mice.

3.5. Effect of stress and microbiota on the immunophenotype of mesenteric
lymph nodes

To better understand the effect of stress on cytokine response, we
evaluated in vitro secretion of different pro- (IFNγ, TNFα, IL-1β) and
anti-inflammatory cytokines (IL-10). Analysis of MLN cells culture su-
pernatant identified spontaneous production of TNFα, IL-6 and IL-10
but not IFNγ and IL-1β. As shown in Fig. 6, secretion of TNFα, IL-6 and
IL-10 varied as a function of microbiome (TNFα: F1,21= 6.31,
P= 0.020; IL-6: F1,21= 8.87, P= 0.007; IL-10: F1,20= 4.99,
P= 0.038) and stress x microbiome interaction (TNFα: F1,21= 5.14,
P= 0.034; IL-10: F1,20= 6.36, P= 0.021). Social defeat provoked a
significant decrease of IL-10 and TNFα secretion in SPF but not GF
animals. Although the statistical analysis of the effect of stress on
production of IL-6 did not reached statistical significance, the data in-
dicate that stress might also decrease the production of IL-6. Secretion
of cytokines from isolated MLN cells of GF mice approximates the state
in stressed SPF mice.

To analyze further the effect of gut microbiota on the immune
system of stressed mice, we evaluated the phenotypes of MLN cells by
flow cytometry. As shown in Fig. 7, we observed a decreased percen-
tage of Foxp3+ Treg cell in unstressed GF mice compared to unstressed
SPF animals and the sensitivity of these cells in SPF mice to be down-
regulated by social defeat stress. Similar to the Foxp3+ Treg cells, the
TNFα-producing CD4+ cells of unstressed GF mice were significantly
reduced compared to unstressed SPF animals and stress significantly
decreased the percentage of these cells in SPF mice. In addition, the gut
microbiota was essential for the expansion of pro-inflammatory IFNγ-
producing CD4+ T cells, which was observed in stressed SPF mice. In
the absence of microbiota, stress did not change the percentage of IFNγ-
producing CD4+ T cells. The frequency of IL-17A-producing CD4+ T
cells remained unchanged in stressed GF mice compared to stressed SPF
mice. To summarize, the analysis shows that stress has a modulatory
effect on MLN and that the gut microbiota is a necessary mediator of
this effect. In addition, the milieu of MLNs of stressed SPF mice was
more pro-inflammatory compared to stressed GF mice, as seen by the
higher percentage of IFNγ-producing CD4+ cells.

4. Discussion

The present study aimed to determine the effect of commensal mi-
crobiota on behavioral phenotypes and the HPA axis during repeated
exposure to social defeat stress. The results show that stress-induced
behavior and the expression of genes encoding proteins that participate
in the HPA and SAM axes and in the peripheral metabolism of gluco-
corticoids are largely affected by the microbiota. Our study extends the
findings of others that show changes in the behavioral and HPA axis
phenotypes of GF animals by demonstrating, for the first time, that the
microbiota acts as a profound modulator of pituitary and adrenal gland
function and the genes involved in the metabolism of glucocorticoids in
peripheral tissues.

The present study revealed differences in the behavioral phenotypes
of GF and SPF mice during chronic resident-intruder stress. In contrast
to SPF mice, GF animals displayed less defensive behavior, which was
caused mainly by escape/flight behavior. Since we found no differences
in total offensive behavior between GF and SPF residents, we can as-
sume that this behavior was not induced as a reaction to the resident‘s
aggression. There are no studies that have yet addressed behavioral
phenotypes during social conflict in GF and SPF mice; however, it has
been shown that microbiota can alter social behavior in mice (Arentsen
et al., 2015; Desbonnet et al., 2014). In contrast, more studies on an-
xiety-like behavior have been conducted and most but not all reported
decreased anxiety-like behavior in GF mice (Arentsen et al., 2015;
Clarke et al., 2013; Crumeyrolle-Arias et al., 2014; De Palma et al.,
2015; Diaz Heijtz et al., 2011; Neufeld et al., 2011; Nishino et al.,
2013). Since the escape/flight pertains to anxiety-related behavior, our

Fig. 2. Effect of social defeat stress on proopiomelanocortin (POMC), CRH re-
ceptor type 1 (CRHR1) and immunophilin Fkbp5 mRNA levels in the pituitary
of specific pathogen-free (SPF) and germ-free (GF) mice. The mRNA levels were
determined in isolated tissues collected from unstressed mice and mice exposed
to a social defeat procedure. The data are expressed as the means ± SEM; Only
the statistical differences determined by two-way ANOVA followed by post hoc
test are shown; the P-value of the post hoc test: *P < 0.05, **P < 0.01,
***P < 0.001.
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results indicate that GF mice are less prone to anxiety-like behavior in
repeated social stress.

The present study identified multiple changes in the HPA axis in-
duced by stress and/or microbiota. While the microbiota did not elicit

any effect on the expression of POMC or the CRHR1 receptor in the
pituitary, stress upregulated the expression of POMC without any sig-
nificant effect on CRHR1. This finding is in line with our previous ob-
servation in Lewis rats exposed to repeated social defeat, where we also

Fig. 3. Responses of genes encoding adrenal steroidogenesis, catecholamines biogenesis and glucocorticoid metabolism following social defeat in specific pathogen-
free (SPF) and germ-free (GF) mice. MC2R, melanocortin 2 receptor; StAR, steroidogenic acute regulatory protein; Cyp11a1, cholesterol side-chain cleavage enzyme;
TH, tyrosine hydroxylase; PNMT, phenylethanolamine N-methyltransferase; 11HSD1 and 11HSD2, 11β-hydroxysteroid dehydrogenase type 1 and type 2. For further
details, see the description of Fig. 2.

Fig. 4. Comparison of the gene expression of corticotropin-releasing hormone (CRH), urocortin 2 (UCN2), urocortin 3 (UCN3), their receptors, CRHR1 and CRHR2,
and 11β-hydroxysteroid dehydrogenase type 1 (11HSD1) within the colon of stressed and unstressed specific pathogen-free (SPF) and germ-free (GF) mice. For
further details, see the description of Fig. 2.
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observed an upregulation of POMC expression without any changes in
the expression of CRHR1 (Vodička et al., 2014). Similarly, no changes
were observed in pituitary CRHR1 protein after chronic stress based on
a shock-escape paradigm (Raone et al., 2007). As the absence of a
microbiota upregulates the HPA stress response (Ait-Belgnaoui et al.,
2012; Clarke et al., 2013; Crumeyrolle-Arias et al., 2014; Sudo et al.,
2004), the absence of any significant difference in the expression of
POMC and CRHR1 indicates that the exaggerated HPA stress response
in GF mice must be localized to either brain structures or the negative
feedback regulation of the pituitary gland. First, some studies support
the view that the mechanisms behind this change operate in brain
structures associated with the HPA axis, as alterations of brain neu-
rochemistry have been observed in GF mice (Clarke et al., 2013;
Neufeld et al., 2011; Sudo et al., 2004); these results, however, are
contradictory. Second, microbiota downregulated Fkbp5 in the pitui-
tary, and it is possible that higher Fkbp5 expression in the pituitary
gland of GF mice might induce decreased efficiency of the negative

feedback via GR. The Fkbp5 gene encodes a protein that regulates the
glucocorticoid signaling negative feedback loop through a reduction in
the affinity of GR for corticosterone and its trafficking to the nucleus
(Bekhbat et al., 2017). Thus, increased expression of Fkbp5 in GF mice
might partially explain the exaggerated HPA response observed in GF
mice by others. In line with this possibility, chronic mild stress in rats
has been shown to increase the expression of Fkbp5 and the cytoplasmic
level of GR (Guidotti et al., 2013), and the chronic treatment of mice
with corticosterone upregulated Fkbp5 expression (Lee et al., 2010).

While it is well established that the absence of a microbiota mod-
ulates emotional-related behavior and brain neurochemistry and up-
regulates HPA-axis activity, the effect of microbiota on the stress-in-
duced response of the adrenal gland is unknown, despite this gland
participating in both the HPA and SAM axes. Using SPF and GF mice,
we showed that exposing mice to microbiota downregulated the ex-
pression of key genes encoding proteins involved in steroidogenesis and
catecholamine biosynthesis in the adrenal gland. However, the impact

Fig. 5. Effect of social defeat stress on cytokine expression in colon of specific pathogen-free (SPF) and germ-free (GF) mice. (A) Comparison of mRNA expression
levels in stressed and unstressed animals. (B–D) Correlation between the expression of 11HSD1 and cytokines with significant correlation coefficients both in SPF and
in GF mice. IL, interleukin; TNF, tumor necrosis factor, IFN, interferon. For further details, see the description of Fig. 2.
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of stress on only the genes encoding the synthesis of epinephrine and
not corticosteroids was observed. These data support previous findings
showing the absence of changes in Star and CYP11a1 mRNA levels in
the adrenal gland of mice exposed to chronic subordinate colonic
housing compared with single-housed controls (Uschold-Schmidt et al.,
2012). Previous studies have also demonstrated dysregulated brain
synthesis and degradation of catecholamines in GF mice (Crumeyrolle-
Arias et al., 2014; De Palma et al., 2015; Diaz Heijtz et al., 2011;
Nishino et al., 2013); however, the inconsistencies in the direction of
changes in brain induced by microbiota make comparisons between the
brain and the adrenal medulla difficult. Nevertheless, our study de-
monstrates that the absence of microbiota can strongly affect

catecholamine biosynthesis and, to a lesser degree, steroidogenesis. The
mechanism of the effects of microbiota is unknown, but it may stem
from (1) the indirect activation via immune cells or enterocytes, which
release pro-inflammatory cytokines and prostaglandins influencing the
corticosteroid production cells (Bornstein et al., 2014) or (2) the effect
mediated by the activation of Toll-like receptors expressed by adreno-
cortical cells (Kanczkowski et al., 2011). Although glucocorticoids are
critical regulators of PNMT, the final enzyme in epinephrine bio-
synthesis (Kvetnansky et al., 2009), the increased expression of 11HSD1
in the adrenal gland of GF mice may not participate in the upregulation
of PNMT expression, as the expression profile of both glucocorticoid-
independent TH and glucocorticoid-dependent PNMT genes in GF ani-
mals was similar. Future studies will have to be conducted to reveal the
detailed mechanisms underlying the effect of microbiota on adrenal
gland functions.

Beyond their central actions, microbiota and stressors may also in-
fluence peripheral actions (Allen et al., 2012). The present study in-
dicates that local glucocorticoid synthesis via colonic 11HSD1 may be
modulated by microbiota and stress. The mechanisms that underlie the
microbiota and stress effects on 11HSD1 are currently unknown.
However, one explanation is likely. Cytokines are important modulators
of 11HSD1 expression (Ergang et al., 2011; Jun et al., 2014), and their
expression is modulated by the microbiome (Steinberg et al., 2014) and
by stress (Ait-Belgnaoui et al., 2012; Audet et al., 2011; Gibb et al.,
2011). Here, we showed that the expression of cytokines in the colon is
upregulated in the presence of gut microbiota and downregulated by
stress irrespective of whether the cytokine belongs to the Th1, Th2 or
Th17 pathway. The reduced colonic expression of cytokines in stressed
animals, which partially depends on the microbiota, provides further
evidence of the stress-induced immune suppression described by others
(Reber et al., 2011). Correlation analysis of the relationship between
11HSD1 and cytokine expression suggests that cytokine milieu mod-
ulates 11HSD1 expression in colon and that the response of GF mice to

Fig. 6. Effect of social defeat stress on in vitro cytokine secretion from cells of
mesenteric lymph nodes (MLN) of specific pathogen-free (SPF) and germ-free
(GF) mice. For further details, see the description of Fig. 2.

Fig. 7. Flow cytometric analysis of lymphocyte populations in mesenteric lymph nodes of specific-pathogen free (SPF) and germ-free mice (GF); (6A) the percentage
of regulatory Foxp3- expressing CD4+T cells, (6B) the percentage of TNFα-producing CD4+T cells, (6C) the percentage of IFNγ- and IL-17-producing CD4+T. All
dotplots are representative of at least two independent experiments. Column graphs (6D) and (6E) summarize the frequency of lymphocyte subpopulations in
mesenteric lymph nodes. Each graph represents data from three independent experiments. Only the statistical differences determined by two-way ANOVA followed
by post hoc test are shown; the P-value of the post hoc test: *P < 0.05.
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cytokines might be stronger than in the case of SPF mice. This con-
clusion is in accordance with the significantly higher expression of
colonic 11HSD1 in control unstressed GF mice than in their SPF
counterpart. Similarly, our previous work demonstrated that TNFα and
IL-1β upregulated colonic 11HSD1 in vitro (Ergang et al., 2011) and
that the expression of 11HSD1 in vivo was positively correlated with
TNFα in MLN (Ergang et al., 2017). In contrast, the decrease of colonic
11HSD1 in stressed animals might be associated with the down-
regulated expression of colonic cytokines in stressed animals. This
downregulation can be at least partially attributed to glucocorticoids
that are secreted in response to stress and that suppress cytokine ex-
pression. In addition, signals other than cytokines might participate in
the regulation of 11HSD1. Previous studies have shown that the sti-
mulation of CRHR1 downregulates 11HSD1 in pancreatic islets (Schmid
et al., 2011) and have demonstrated the physiological relevance of the
CRH signaling system in the colon during stress (Larauche et al., 2009)
associated with the modulation of urocortins and CRH receptors (Arase
et al., 2016; O’Malley et al., 2010; Yuan et al., 2016). Similarly, the
present study found stress-induced upregulation of UCN2 and CRH in
the colon and extended these findings by demonstrating the down-
regulatory effects of the gut microbiota on the expression of CRH and
UCN2.

In summary, using GF and SPF mice, we provide evidence for the
role of microbiota in the regulation of the peripheral components of the
HPA axis and the local metabolism of glucocorticoids as well as in the
alteration of social behaviors during chronic psychosocial stress. Our
study reveals the importance of the microbiota/intestinal commensals
in shaping the response of the peripheral tissue to stress and indicates
possible pathways by which the environment can interact with gluco-
corticoid signaling.
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The gut microbiota play an important role in shaping brain functions and behavior,

including the activity of the hypothalamus-pituitary-adrenocortical (HPA) axis. However,

little is known about the effect of the microbiota on the distinct structures (hypothalamus,

pituitary, and adrenals) of the HPA axis. In the present study, we analyzed the influence

of the microbiota on acute restraint stress (ARS) response in the pituitary, adrenal

gland, and intestine, an organ of extra-adrenal glucocorticoid synthesis. Using specific

pathogen-free (SPF) and germ-free (GF) male BALB/c mice, we showed that the

plasma corticosterone response to ARS was higher in GF than in SPF mice. In the

pituitary, stress downregulated the expression of the gene encoding CRH receptor

type 1 (Crhr1), upregulated the expression of the Fkbp5 gene regulating glucocorticoid

receptor sensitivity and did not affect the expression of the proopiomelanocortin (Pomc)

and glucocorticoid receptor (Gr) genes. In contrast, the microbiota downregulated the

expression of pituitary Pomc and Crhr1 but had no effect on Fkbp5 and Gr. In the

adrenals, the steroidogenic pathway was strongly stimulated by ARS at the level of the

steroidogenic transcriptional regulator Sf-1, cholesterol transporter Star and Cyp11a1,

the first enzyme of steroidogenic pathway. In contrast, the effect of the microbiota was

significantly detected at the level of genes encoding steroidogenic enzymes but not at

the level of Sf-1 and Star. Unlike adrenal Sf-1, the expression of the gene Lrh-1, which

encodes the crucial transcriptional regulator of intestinal steroidogenesis, was modulated

by the microbiota and ARS and this effect differed between the ileum and colon. The

findings demonstrate that gut microbiota have an impact on the response of the pituitary,

adrenals and intestine to ARS and that the interaction between stress and the microbiota

during activation of glucocorticoid steroidogenesis differs between organs. The results

suggest that downregulated expression of pituitary Pomc andCrhr1 in SPF animals might

be an important factor in the exaggerated HPA response of GF mice to stress.

Keywords: acute restraint stress, gut microbiota, germ-free, mice, HPA axis, intestine, extra-adrenal

glucocorticoid synthesis
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Vagnerová et al. Gut Microbiota and Stress Response

INTRODUCTION

Stressful stimuli induce a cascade of events in the hypothalamic–
pituitary–adrenal (HPA) axis, which culminate in the secretion of
glucocorticoids from the adrenal gland. The HPA axis is a self-
regulatory network, utilizing its end-products, corticosterone
in rats and mice and cortisol in humans, to regulate its own
activity through a negative feedback mechanism at varying levels
of the HPA axis (1). Changes in the HPA axis affect many
physiological systems, including the immune system (2), and
exposure to stressors modulates the pro-inflammatory cytokines
and inflammatory pathways in the brain, endocrine glands, and
plasma (3).

Studies performed on germ-free (GF) mice and rats showed
that stress modifies not only gut microbiota but also vice
versa; gut microbiota alter the stress response and brain
neurochemistry (4, 5). GF mice exposed to acute restraint
stress exhibited an exaggerated response of the HPA axis
with elevated plasma adrenocorticotropic hormone (ACTH)
and corticosterone levels, and this discrepancy was normalized
after colonization of GF mice with commensal bacteria (6).
A similar exaggerated response of the HPA axis was observed
in response to acute novel-environment stress in GF mice
and rats (7, 8). In contrast, treatment with prebiotics (9)
or probiotics (10, 11) attenuated the HPA response to acute
restraint or forced swim stress, even if this was not confirmed
in all studies (12), probably due to strain-specific effects of the
probiotic bacteria.

Taken together, these data strongly demonstrate that gut
microbiota play a significant role in the activity of the HPA
axis, including the plasma level of glucocorticoids. However,
it is unknown what microbiota-induced changes underlie
the exaggerated HPA axis activity. The signals originating
from microbiota must be transmitted to the brain and/or
the peripheral tissues that secrete glucocorticoids. These
steroids are secreted primarily from the adrenal cortex, but
they can also be generated in peripheral tissues such as
the intestine via extra-adrenal glucocorticoid synthesis (13)
or via regeneration of biologically active glucocorticoids,
corticosterone, or cortisol from their inactive 11-oxo derivatives
by enzyme 11β-hydroxysteroid dehydrogenase type 1 (11HSD1)
(14). Numerous studies have also shown that neural, immune
and endocrine pathways interact with each other at various
levels, including the brain and adrenal glands, under normal and
stress conditions and that a number of neuropeptides, cytokines,
and even bacterial ligands are capable modulating glucocorticoid
secretion independently of pituitary ACTH (15–17). Therefore,
it is conceivable that gut microbiota might affect steroidogenesis
of glucocorticoids. Enterocytes express a wide range of innate
immune receptors, cytokines and chemokines (18), and cytokines
influence the adrenal steroidogenesis (19), the regeneration of
glucocorticoids via 11HSD1 (20) and the brain, including the
activity of the HPA axis (21). Similarly, adrenal and intestinal
extra-adrenal glucocorticoid synthesis is upregulated by systemic
administration of endotoxins (22, 23), and activation of innate
immune receptors stimulates steroidogenesis in adrenocortical
cells (24).

The physiological response to acute stress related to gut
bacteria has only sparsely been studied and focused only
on upstream stress regulatory pathways in the brain (6–
8). Therefore, in the present study, we aimed to reveal the
relationship between gut microbiota and acute stress challenge
downstream in the HPA axis, within the pituitary and adrenal
gland, and in the intestine, which expresses the machinery of
local glucocorticoid synthesis regulated by tumor necrosis factor
α (TNFα) (13, 25).

MATERIALS AND METHODS

Animals
Nine-week-old germ-free (GF) and specific pathogen-free (SPF)
male BALB/c mice (Institute of Microbiology of the Czech
Academy of Sciences, Nový Hrádek, Czechia) were split into
four groups: unstressed GF (n = 10), stressed GF (n = 10),
unstressed SPF (n = 10), and stressed SPF (n = 10) mice.
The animals were kept under a 12-h light/dark cycle and were
given free access to autoclaved tap water and an irradiated
(50 kGy) sterile pellet diet Altromin 1414 (Altromin, Lage,
Germany). The GF animals were kept under sterile conditions in
Trexler-type isolators since birth and their sterility was assessed
every week by microbial cultivation and staining methods. The
absence of bacteria, molds, and yeast was confirmed by aerobic
and anaerobic cultivation of mouse feces and swabs from the
isolators. Germfree status of the mice was further confirmed
by the cecal size, weight, and bacterial DNA content when the
GF mice were used in the experiments. Breeding of animals
in isolators represents very specific environment in terms of
handling, exposure to staff, noise level, air pressure etc. In
order to ensure equal conditions for all groups during the
experiment, the SPF mice were transferred to identical isolator
as GF mice 1 month before the beginning of the experiments
and were kept under the same conditions as GF mice, i.e., they
were fed a sterile diet, drunk autoclaved water, were reared on
the sterile bedding and were manipulated by the same staff
as the GF mice. As the transfer of mice out of the isolator
through a sterilized transfer port via an autoclave jar is a
stressful procedure, control mice were transferred into sterile
“individually ventilated cages” equipped with a filter system (IVC
box; Tecniplast S.p.A., Buguggiate, Italy) 1 week before the end
of the experiment. In preliminary experiments, we showed that
the transfer of mice from the isolator through the transfer port
increased the plasma level of corticosterone from 17.4 ± 4.7 to
103.3 ± 14.3 ng/ml. To minimize the effect of diurnal factors,
the mice were stressed between 9:00 and 11:00 and sacrificed
between 11:00 and 13:00. The experiments were approved by
the Committee for the Protection and Use of Experimental
Animals of the Institute of Microbiology of the Czech Academy
of Sciences.

Acute Restraint Stress
The GF and SPF animals were subjected to a 2-h restraint
stress in 50-ml conical centrifuge tubes equipped with multiple
ventilation holes (26). First, the mice were inserted into the
restrainer in the isolator and then during the restraint session,
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they were transferred out of the isolator through the sterilized
transfer port. Immediately after the stress period, the mice
were anesthetized with isoflurane vapor, blood was collected by
cardiac puncture in K3EDTA coated tubes (Sarstedt, Nümbrecht,
Germany), centrifuged and the plasma was stored at −80◦C
before being assayed. Anesthetized mice were decapitated, and
the pituitary, adrenal gland, ileum and colon were harvested
and snap-frozen in liquid nitrogen for assessment of mRNA
expression. Isoflurane was used as an anesthetic because it does
not interfere with gene transcriptional responses and leaves the
stress response intact (27).

Sample Preparation and Gene Expression
Analysis
Total RNA was extracted from the pituitary, adrenal gland,
ileum, and colon using a commercially available kit (Quick-
RNA Miniprep Plus, ZYMO Research, Irvine, CA, USA)
according to the manufacturer’s instructions and quantified by
spectrophotometry using a NanoDrop 1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). First-strand
cDNA was prepared from total RNA using random hexamers
and a High Capacity cDNA Reverse Transcription Kit (Life
Technologies, Carlsbad, CA, USA). Quantitative RT-PCR was
carried out using the LightCycler 480 PCR System (Roche
Diagnostic GmbH, Mannheim, Germany), 5x Hot Firepol Probe
QPCR Mix Plus (ROX) (Solis BioDyne, Tartu, Estonia) and
the primers and probes specific for studied transcript (TaqMan
Assays, Life Technologies; Generi Biotech, Hradec Králové,
Czechia). The following assays were used: pro-opiomelanocortin
(Pomc, Mm00435874_m1), co-chaperone FK506 binding protein
5 (Fkbp5, Mm00487401_m1), corticotropin-releasing hormone
(CRH) receptor type 1 (Crhr1, Mm00432670_m1), corticotropin-
releasing hormone receptor type 2 (Crhr2, Mm00438308_m1),
glucocorticoid receptor (Gr, Mm00433832_m1), melanocortin-
2 receptor (Mc2r, Mm01262510_m1), steroidogenic acute
regulatory protein (Star, Mm00441558_m1), lymph node protein
64, a functional homolog of StAR (Mln64, Mm00445524_m1),
cholesterol side-chain cleavage enzyme (Cyp11a1,
Mm00490735_m1), 3β-hydroxysteroid dehydrogenase type
1, the major isoform expressed in adrenal gland (Hsd3b1,
Mm01261921_mH), 3β-hydroxysteroid dehydrogenase type 2,
the isoform predominantly expressed in extra-adrenal tissues
(Hsd3b2, Mm00462685_m1), 11β-hydroxylase (Cyp11b1,
Mm01204952_m1), steroidogenic factor-1 (Sf-1, Mm00446826-
m1), liver receptor homolog-1 (Lrh-1, Mm00446088), and
tumor necrosis factor α (Tnfα, Mm00443258_m1). For PCR
amplification of 21-hydroxylase (CYP21a1) were used the
following primers: sense TGGTGCTAAATTCTAACAGA
and antisense CTTCCACATGAGAGAGTAATC; probe:
ACAGGTCCAAGTCCATCTTTCCAT. To identify the stability
of the reference genes, a panel of 12 potential reference
genes was compared using geNorm analysis, and the genes
Hprt1 (hypoxanthine-guanine phosphoribosyltransferase 1,
Mm01545399-m1) and Tbp (TATA-box binding protein,
Mm00446973_m1) were identified as the optimal combination
to provide reliable normalization in the ileum and colon

and Ppib (peptidylprolyl isomerase B, cyclophilin B,
Mm00478295_m1) and Sdha (succinate dehydrogenase subunit
A, Mm01352366_m1) in the pituitary and adrenal glands. The
expressions of the genes of interest were calculated relative to
the geometric mean of the reference genes in each sample. The
quantity of the PCR product was determined using the standard
curve method with 3-fold dilutions of the mixed cDNA sample.

Corticosterone Assay
Plasma corticosterone levels were determined by a commercially
available Corticosterone rat/mouse ELISA KIT (AR E-8100, LDN
GmbH, Nordhorn, Germany). The samples for the assay were
determined in a single run to prevent inter-assay variability
according to the manufacturer’s instructions. The sensitivity of
the corticosterone assay was 6.1 ng/ml.

Statistical Analysis
For statistical comparison, the STATISTICA 9 software package
(StatSoft Inc., Tulsa, OK, USA) was used. The data were
analyzed by two-way analysis of variance (ANOVA; main factors:
microbial status and stress treatment). If there was not a
significant interaction effect between both factors, the interaction
term was removed from the model and the main effects ANOVA
was run. Follow-up comparisons of the means comprising main
effects or simple effects of significant interactions were conducted
using Tukey’s test. The data were expressed as the mean ± SEM,
and p < 0.05 were considered statistically significant.

RESULTS

Effect of Microbiota on Plasma
Corticosterone Level in Response to Acute
Restraint Stress
The two-way ANOVA revealed a significant effect of stress [F1,34
= 283.45, p < 0.001] and microbiota [F1,34 = 4.82, p = 0.035]
but no significant interaction effect between the factors. Post-hoc
analysis demonstrated that both stress and microbiota resulted in
increased plasma level of corticosterone (Figure 1).

Effect of Microbiota on Pituitary Response
to Acute Restraint Stress
To establish the impact of microbiota on glucocorticoid and
neuropeptide signaling pathways in the pituitary, we examined
the expression of the Crhr1 gene encoding the CRHR1 receptor,
whose activation enhances the transcription of Pomc, a gene
encoding the ACTHprecursor (Figure 1). Microbiota had amain
effect on both Crhr1 and Pomc expression [Crhr1: F1,47 = 24.42,
p < 0.001; Pomc: F1,47 = 17.26, p < 0.001], but a significant effect
of stress was revealed only for the expression of Crhr1 [F1,47 =

37.53, p < 0.001] but not for Pomc. No significant interaction
between stress and microbiota was observed in either case. The
expression of Crhr1, which has been suggested together with the
hormones CRH and ACTH to be critical for initiating the stress
response, was significantly decreased in stressed mice. Similarly,
microbiota downregulated the expression of Crhr1 and Pomc.

To assess the potential differences in the pituitary
glucocorticoid feedback between GF and SPF mice, we measured
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FIGURE 1 | Effect of acute restraint stress on plasma corticosterone and on

genes participating in secretion of adrenocorticotropic hormone in the pituitary

of specific pathogen-free (SPF) and germ-free (GF) mice. CTRL, unstressed

mice; STRESS, mice exposed to restraint stress for 2 h; Crhr1,
corticotropin-releasing hormone receptor type 1; Pomc, pro-opiomelanocortin;

Gr, glucocorticoid receptor; Fkbp5, co-chaperone FK506 binding protein 5.

Data are shown as mean ± SEM. A main effect of stress has been identified

by placing a dashed horizontal line with an asterisk (***p < 0.001) above the

bars for the stress-exposed groups, whereas a main effect of microbiota by

placing a dashed horizontal line with a hash sign (###p < 0.001, #p < 0.05)

above the bars for the SPF groups. No interaction effects between stress and

microbiota were observed in any of the analyses.

the expression of Gr and Fkbp5, which encode the glucocorticoid
receptor and the co-chaperone participating in the regulation
of glucocorticoid receptor sensitivity and in the efficiency of
the negative feedback pathway of the HPA axis (28) (Figure 1).
Within the pituitary, two-way ANOVA revealed a significant
effect of acute stress on the expression of Fkbp5 [F1,47 = 556.11,
p < 0.001], without any significant effect of microbiota or the
stress × microbiota interaction. As shown in Figure 1, stress
upregulated Fkbp5 compared with unstressed counterparts.
Neither stress nor microbiota modulated the expression of Gr.

Effect of Microbiota and Acute Restraint
Stress on Expression of the ACTH
Receptor and Steroidogenesis Enzymes in
Adrenal Glands
To evaluate the effect of microbiota on the acute stress response
in the adrenal glands, the expression of genes participating
in adrenal steroidogenesis was quantified, namely, the genes
encoding the ACTH receptor (Mc2r), a critical transcriptional

FIGURE 2 | Effect of microbiota and acute restraint stress on the expression of

genes participating in adrenal steroidogenesis and its regulation. SPF, specific

pathogen-free mice; GF, germ-free mice; CTRL, unstressed mice; STRESS,

mice exposed to restraint stress for 2 h; Mc2r, melanocortin-2 receptor; Sf-1,
steroidogenic factor 1; Star, steroidogenic acute regulatory protein, Cyp11a1,
cholesterol side-chain cleavage enzyme, Hsd3b1, 3β-hydroxysteroid

dehydrogenase type 1; Cyp21a1, 21-hydroxylase; Cyp11b1, 11β-hydroxylase.

All data are expressed as mean ± SEM. A main effect of stress has been

identified by placing a dashed horizontal line with an asterisk (***p < 0.001, *p
< 0.05) above the bars for the stress-exposed groups, whereas a main effect

of microbiota by placing a dashed horizontal line with a hash sign (###p <

0.001, #p < 0.05) above the bars for the SPF groups. No interaction effects

between stress and microbiota were observed in any of the analyses.

factor regulating adrenal steroidogenesis (Sf-1), a protein that
triggers the flow of cholesterol to the steroidogenic machinery
(Star) and the steroidogenic enzymes (Cyp11a1, Hsd3b1,
Cyp21a1, Cyp11b1) (29) (Figure 2). A two-way ANOVA of
these transcripts did not indicate any statistically significant
interaction effect of stress and microbiota. In contrast, the
analysis proved the main effect of stress on the expression of
genes encoding the first regulatory elements of the steroidogenic
pathway, whereas the subsequent elements of this pathway
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TABLE 1 | Results of two-way analysis of variance comparing the effects of microbiota and acute restraint stress in the intestine.

Colon Ileum

Df Microbiota Stress Interaction Df Microbiota Stress Interaction

Lrh-1 1, 36 <0.001 (69.64) <0.001 (68.29) NS 1, 34 0.816 (0.05) <0.001 (16.56) 0.003 (10.10)

Sf-1 1, 33 0.095 (2.95) 0.109 (2.71) NS 1, 28 0.051 (4.15) 0.171 (1.98) NS

Star 1, 32 0.388 (0.77) 0.603 (0.28) 0.035 (4.84) 1, 33 0.784 (0.07) 0.704 (0.15) NS

Mln64 1, 37 0.864 (0.03) 0.897 (0.02) NS 1, 33 0.045 (4.36) 0.002 (11.49) 0.039 (4.62)

Cyp11a1 1, 35 <0.001 (20.61) <0.001 (32.14) <0.001 (14.79) 1, 33 0.161 (2.06) 0.298 (1.12) NS

Hsd3b1 1, 33 0.164 (2.03) 0.960 (0.01) 0.017 (6.27) 1, 20 0.140 (2.37) 0.182 (1.92) NS

Hsd3b2 1, 37 <0.001 (71.45) 0.005 (8.88) NS 1, 36 0.003 (9.78) 0.931 (0.01) NS

Cyp11b1 1, 28 0.082 (3.25) 0.038 (3.00) NS 1, 34 0.169 (1.97) 0.173 (1.94) NS

Tnfα 1, 37 0.046 (5.21) <0.001 (17.37) NS 1, 33 0.009 (7.74) 0.035 (4.86) 0.006 (8.71)

Crhr1 1, 34 0.517 (0.43) 0.616 (0.25) NS 1, 25 0.147 (2.23) 0.358 (0.88) NS

Crhr2 1, 36 0.143 (2.24) <0.001 (50.62) NS 1, 32 0.801 (0.06) 0.157 (2.10) 0.007 (8.37)

Mc2r 1, 26 0.108 (2.77) 0.107 (2.79) 0.035 (4.63) 1, 27 0.095 (2.99) 0.907 (0.01) NS

The data represent p-values with bolding indicating a statistically significant main effect or interaction effect; F values are given in parentheses; Df, degrees of freedom; NS, no significant
interaction effect between microbiota and stress.

were modulated by microbial status but not by acute stress.
Namely, the results showed that Mc2r was dependent on
stress [F1,34 = 14.47, p < 0.001] but not on microbiota and
stress significantly downregulated Mc2r expression. Similarly,
the expression of adrenal genes, which are known to respond
to acute stress, showed a main effect of stress [Star: F1,34 =

79.30, p < 0.001; Sf-1: F1,34 = 52.23, p < 0.001] accompanied
by upregulation of the expression. No significant main effect
of stress was found in the expression of genes encoding the
enzymes of glucocorticoid synthesis excepting Cyp11a1 [F1,35
= 4.21, p = 0.048], which was weakly increased by stress.
In contrast, microbiota had a main effect on the expression
of Cyp11a1 [F(1,35 = 14.96, p < 0.001], Hsd3b1 [F1,35 =

5.08, p = 0.031], and Cyp21a1 [F1,35 = 13.83, p < 0.001]
and post hoc tests revealed upregulation of all three genes
by gut microbiota. No change due to microbiota was seen
in Cyp11b1.

Effect of Microbiota and Acute Restraint
Stress on Expression of Genes Encoding
Intestinal Biogenesis
As acute inflammatory stress upregulates glucocorticoid
synthesis in the intestine (13), we determined the effects of
microbiome and stress on the expression of genes encoding
selective enzymes and regulatory factors associated with
steroidogenesis in GF and SPF mice. Two-way ANOVA revealed
that both microbiota and stress modulate the expression of
several genes associated with intestinal steroidogenesis. In the
colon, the ANOVA indicated a significant interaction between
the effect of stress and microbiota on the expression of Star,
Cyp11a1, and Hsd3b1 (Table 1). As shown in Figure 3, the post
hoc analysis revealed a significant stress-dependent decrease
of Cyp11a1 in GF but not SPF mice and the stimulatory
effect of germ-free status only in unstressed but not stressed
animals. In contrast, germ-free status decreased the response

of Hsd3b1 to stress but did not modulate the expression in
unstressed animals. There was no significant effect of a stress ×
microbiota interaction in other genes participating in intestinal
steroidogenesis (Table 1). However, there were significant
main effects of stress and microbiota on the expression of
Lrh-1, encoding a functional homolog of adrenal SF-1 in
the intestine (30) and Hsd3b2, the second enzyme of the
steroidogenic pathway (Table 1). The presence of microbiota
led to the upregulation and stress to the downregulation of
Lrh-1 and Hsd3b2 (Figure 3). In the case of Cyp11b1, only
the effect of stress but not microbiota approached significance
(Table 1).

Within the ileum, the main effect of microbiota approached
significance only on the expression of Hsd3b2 and the effect
of stress × microbiota interaction on Lrh-1 and Mln64
(Table 1). As shown in Figure 4, microbiota downregulated
the expression of Hsd3b2 and stress upregulated Lrh-1
and Mln64, but here the effect depended on the absence
of microbiota.

Effect of Microbiota and Acute Restraint
Stress on Expression of TNFα and
Melanocortin and CRH Signaling in the
Intestine
Both stress and microbiota affected the expression of Tnfα in
the colon and ileum. Whereas, the interaction between both
factors was not significant in the colon, the two-way ANOVA
proved a robust interaction between stress and microbiota in
the ileum (Table 1). As shown in Figure 5, stress significantly
downregulated and microbiota upregulated the expression of
Tnfα in the colon. However, in the ileum, stress downregulated
Tnfα only in SPF but not GF mice, where the expression of the
cytokine was very low.

To determine whether microbiota modulate peripheral CRH
and melanocortin signaling in acute stress, the expression of
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FIGURE 3 | Effect of microbiota and acute restraint stress on the expression of genes participating in colon steroidogenesis and its regulation. SPF, specific

pathogen-free mice; GF, germ-free mice; CTRL, unstressed mice; STRESS, mice exposed to restraint stress for 2 h; Lrh-1, liver receptor homolog-1; Sf-1,
steroidogenic factor 1; Star, steroidogenic acute regulatory protein; Mln64, lymph node protein 64; Cyp11a1, cholesterol side-chain cleavage enzyme; Hsd3b1,
3β-hydroxysteroid dehydrogenase type 1; Hsd3b2, 3β-hydroxysteroid dehydrogenase type 2; Cyp11b1, 11β-hydroxylase. All data are expressed as mean ± SEM.

Where an interaction effect was observed, the ampersand sign (&&&p < 0.001, &p < 0.05) indicates a significant difference from the stressed GF mice and the plus

sign (+++p < 0.001) indicates a significant difference relative to the unstressed SPF animals. Where no interaction effect was observed, a main effect of stress has

been identified by placing a horizontal dashed line with an asterisk (***p < 0.001, **p < 0.01) above the bars for the stress-exposed groups, whereas a main effect of

microbiota by placing a dashed horizontal line with a hash sign (###p < 0.001) above the bars for the SPF groups.

FIGURE 4 | Effect of microbiota and acute restraint stress on expression of genes participating in ileal steroidogenesis and its regulation. For further details, see the

description of Figure 3. All data are expressed as mean ± SEM. Where an interaction effect was observed, the ampersand sign (&&&p < 0.001, &&p < 0.01, &p <

0.05) indicates a significant difference from the stressed GF mice. Where no interaction effect was observed, a main effect of microbiome has been identified by

placing a dashed horizontal line with a hash sign (##p < 0.01) above the bars for the SPF groups. No main effects of stress were found in any of the analyses.

the receptors Crhr1, Crhr2, and Mc2r were compared between
stressed and unstressed SPF and GF mice. A significant effect of
stress was found on Crhr2 in the colon and a stress×microbiota

interaction on Crhr2 in the ileum and Mc2r in the colon. No
effects of stress and microbiota were found on Crhr1 expression
either in the colon or ileum (Table 1). Post-hoc tests revealed
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FIGURE 5 | Effect of stress on expression of the genes encoding tumor

necrosis factor α and receptors for adrenocorticotropic and

corticotropin-releasing hormones in the ileum and colon of specific

pathogen-free (SPF) and germ-free (GF) mice. CTRL, unstressed mice;

STRESS, mice exposed to restraint stress for 2 h; Tnfα, tumor necrosis factor

α; Crhr1, corticotropin-releasing hormone receptor type 1; Crhr2,
corticotropin-releasing hormone receptor type 2; Mc2r, melanocortin-2

receptor. All data are expressed as mean ± SEM. Where an interaction effect

was observed, the ampersand sign (&p < 0.05) indicates a significant

difference from the stressed GF mice and the plus sign (+++p < 0.001, ++p <

0.01, +p < 0.05) indicates a significant difference relative to the unstressed

SPF animals. Where no interaction effect was observed, a main effect of stress

has been identified by placing a dashed horizontal line with an asterisk (***p <

0.001) above the bars for the stress-exposed groups, whereas a main effect of

microbiota by placing a dashed horizontal line with a hash sign (#p < 0.05)

above the bars for the SPF groups.

that stress significantly decreased the expression of Crhr2 in the
colon but in the ileum this effect was observed only in SPF mice

(Figure 5). Expression of Mc2r showed a similar pattern in both
intestinal segments, with a significant downregulation of Mc2r
expression by stress only in the colon of GF mice (Figure 5).

DISCUSSION

There is growing evidence that microbiota regulate the
responsiveness of the HPA axis to stress. Similar to Sudo et al.
(6) and Clarke et al. (7), we showed an exaggerated response of
the HPA axis to acute restraint stress in GF mice, but our study
extends this finding by demonstrating that the microbiota have
a profound modulatory effect not only on brain neurochemistry
(6, 8, 31) but also on the pituitary and adrenal glands and
extra-adrenal tissues.

Contrary to our expectations, we did not observe higher
expression of Pomc in the pituitary after acute restraint stress,
despite our previous report demonstrating upregulation of
pituitary Pomc after chronic psychosocial stress (32) and the
findings of Aguilera et al. showing increased expression of
this gene after 14 days of repeated immobilization (33). This
discrepancy may reflect either the different timelines of the
experiments or different stressors used. In acute stress, the
absence of increased pituitary Pomc expression after 45min of
restraint stress was observed in domestic chickens (34), whereas
15min of restraint upregulated Pomc levels in the rat pituitary
(35), but after 2 h of restraint, this level was already at the
control value (36). The decreased Crhr1 expression during acute
stress is in line with previous findings in rat (37). Nevertheless,
the expression of pituitary Pomc and Crhr1 were upregulated
in GF animals without any significant effect of microbiota on
the expression of Gr and Fkbp5. This finding differs from
our previous results (32), which showed an absence of any
effect of microbiota on the expression of Pomc and Crhr1
in the pituitary. This discrepancy seems to reflect differences
in the treatment of control groups in both experiments. In
our previous experiment, the GF and SPF mice were kept
in groups of 4–5 per cage and were transferred from the
isolator through a sterilized transfer port, where the animals
had to spend some time in the transfer jar, whereas in the
current experiment, the mice were kept in sterile IVC boxes
and thus were not exposed to acute transfer and handling stress,
which increased the instantaneous plasma level of corticosterone
(see Materials and Methods). Regarding the effect of stress,
the upregulation of pituitary Fkbp5 and downregulation of
Crhr1 were also described in other studies (32, 38), and this
downregulation was connected with the action of microRNA
(36). To achieve homeostasis, glucocorticoids suppress the HPA
axis through feedback inhibition of hypothalamic CRH and
pituitary POMC synthesis and secretion (39). Therefore, the
appropriate regulation of adrenal glucocorticoid synthesis is
dependent not only on the adrenal responsiveness to ACTH but
also on the synthesis and secretion of CRH in the hypothalamus
and the degree of glucocorticoid-mediated feedback inhibition
of the HPA axis. The absence of any effect of microbiota on
Gr and Fkbp5 expression indicates that the efficiency of the
negative feedback loop via pituitary glucocorticoid receptors
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is not modulated by the microbiota. The Fkbp5 gene encodes
a protein that regulates the glucocorticoid-mediated negative
feedback loop through a decrease of the corticosterone affinity to
glucocorticoid receptors and the trafficking of the receptor ligand
complex to the nucleus (28). In contrast to the absence of any
effect of microbiota on the glucocorticoid negative feedback loop,
the downregulation of pituitary Pomc and Crhr1 expression by
microbiota suggests the possibility that the higher expression of
Pomc and Crhr1 in GF mice might contribute to the exaggerated
HPA response to stress in these animals.

The ACTH-dependent regulation of glucocorticoid
production requires the precisely coordinated transcription of a
variety of genes involved in numerous aspects of steroidogenesis
within the adrenal cortex where the nuclear receptor SF-1
represents the critical mediator, which transcriptionally regulates
a variety of steroid biosynthetic enzymes (29). However,
although the GF mice showed higher HPA axis reactivity to
stress than SPF animals, the genes of the ACTH signaling
pathway in the adrenal gland were independent of microbiota,
particularly Mc2r, Sf-1, and Star, a gene whose transcription is
rapidly stimulated by ACTH. Despite the effect of microbiota
on the expression of genes encoding enzymes of adrenal
steroidogenesis, acute restraint stress strongly upregulated Sf-1
and Star but had no significant effect on the expression of
steroidogenic enzyme genes with the exception of a weak effect
of stress on Cyp11a1. Similar resistance of steroidogenic genes
to acute restraint stress was shown recently by others (34, 40).
These findings are in accordance with rapid stimulation of Star
transcription during acute regulation of steroidogenesis and
with less obvious effect on Cyp11a1, whose increased expression
is associated predominantly with chronic maintenance of
steroidogenesis (29).

The microbiota impact the systemic glucocorticoid response
to stress (6–8), but whether the microbiota are involved in
stressor-induced extra-adrenal glucocorticoid synthesis is not
clear. It has been previously shown that acute inflammation stress
increases local secretion of corticosterone from the intestine
due to upregulation of Cyp11a1 and Cyp11b1 (13). As the
design of our study allowed us to evaluate steroidogenesis
not only in the adrenal gland but also in other tissues, we
further studied whether acute restraint stress and the microbiota
modulate intestinal glucocorticoid steroidogenesis. First, we
provided evidence in favor of the effect of our stress paradigm
in the intestine. Microbiota were shown to upregulate and
chronic stress to downregulate TNFα mRNA and protein
secretion (32). Second, the intestinal CRH system, a well-
established regulatory system in the gastrointestinal tract, was
shown to respond to various stressors (41). Consistent with this,
microbiota upregulated intestinal Tnfα expression, and acute
restraint stress downregulated Crhr2 and Tnfα. Detailed analysis
of steroidogenic genes in the colon showed a profound effect
of stress and microbiota on the expression of several genes,
particularly Lrh-1, whose gene product is a functional homolog
of the transcription factor SF-1 and plays a crucial role in the
regulation of intestinal steroidogenesis (42). Surprisingly, despite
the upregulation of Sf-1 transcript in the adrenals of stressed
animals, we found downregulation of colonic Lrh-1 by stress

in both GF and SPF animals, and this downregulation was
not followed by a corresponding decrease in Star expression.
Stress-induced downregulation was identified only in the case of
Cyp11a1 in GF animals, and the transcripts of all other genes of
glucocorticoid synthesis were not significantly downregulated by
stress. In contrast to the colon, stress upregulated the expression
of Lrh-1 in the ileum but only in GF mice and the same pattern
was observed in the case of Mln64, a gene encoding protein that
has been implicated in cholesterol transport and steroidogenesis
(43).These data are not in line with previous studies, which have
shown that acute inflammatory stress upregulated the expression
of Lrh-1, Cyp11a1, and Cyp11b1 in the intestine (13, 42). The
different responses of steroidogenic genes to acute inflammatory
and restraint stress may be because the gene encoding TNFα,
a master regulator of intestinal glucocorticoid synthesis during
inflammation (25), was either downregulated or unchanged after
restraint stress. Final proof regarding, whether acute restraint
stress has a similar effect on intestinal synthesis of glucocorticoids
as acute inflammatory stress will require further experiments.
Nevertheless, the data indicate that acute restraint stress might
influence intestinal steroidogenesis and that this effect depends
on microbiota. First, the stimulatory effect of stress on the
expression of ileal Lrh-1 and Mln64 was observed only in
GF mice. Second, the expression of Sf-1, which activates the
promoter of intestinal Cyp11a1 and Cyp11b1 similar to Lrh-1
(30), showed a trend toward a significant increase by a stressor
only in SPF animals. Third, the interaction between stress and
microbiota determined the expression of Cyp11a1.

While our experiments show the impact of gut microbiota
on the response of the pituitary, adrenal and intestine to stress,
there are several limitations to these data. The current study
used only males and thus the impact of sexual dimorphism
of HPA axis cannot be excluded. First, compared to males,
female mice and rats show a more robust HPA axis response,
as a result of circulating estradiol, which elevates stress
hormones levels during non-threatening situations and
during stress (44). This sexual dimorphism reflects not
only differences in the central components of the HPA
axis but also in the adrenal responsiveness to ACTH (45–
47). However, the mechanisms surrounding the stronger
adrenal phenotype of females are not well understood
(48–51). Second, recent data indicate that microbiome
leads to alterations of sex-dimorphic gene expression (52)
but no interaction between stress, sex, and GF status
was observed in the release of corticosterone following a
novel-environment stressor (7). Therefore, more studies
will be necessary to assess whether the effect of stress and
microbiota on activation of glucocorticoid steroidogenesis is a
sex-specific process.

In conclusion, the findings reported here demonstrate that
the microbiota have a significant impact on the response of
the peripheral components of the HPA axis and extra-adrenal
glucocorticoid steroidogenic pathway to acute restraint stress.
In particular, we found that a lower expression of Pomc and
Crhr1 in the pituitary of SPF mice could partially explain the
exaggerated HPA axis reactivity in GF animals. In contrast,
the weak effect of microbiota on the expression of genes of
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the adrenal glucocorticoid synthetic pathway indicates that the
increased reactivity of the HPA axis in GF mice is not related
to changes in the expression of adrenal steroidogenic enzymes.
Finally, our study revealed that the response of the intestinal
extra-adrenal glucocorticoid pathway to acute stressors depends
on the microbiota. Although the precise mechanisms by which
microbiota mediate these changes have yet to be elucidated,
our findings show that the acute stress response is shaped by
microbiota not only in the components of the HPA axis but
also in peripheral organs and that the activation of intestinal
steroidogenesis is controlled differently from that in the adrenals.
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Peter Ergang1, Anna Mikulecká1, Martin Vodička1,2, Karla Vagnerová1, Ivan Mikšík1 and Jiří Pácha1,2

1Institute of Physiology, Academy of Sciences of the Czech Republic, Prague, Czech Republic
2Department of Physiology, Faculty of Science, Charles University, Prague, Czech Republic

Correspondence should be addressed to J Pácha: pacha@biomed.cas.cz

Abstract

Stress is an important risk factors for human diseases. It activates the hypothalamic–

pituitary–adrenal (HPA) axis and increases plasma glucocorticoids, which are powerful 

regulators of immune system. The response of the target cells to glucocorticoids 

depends not only on the plasma concentrations of cortisol and corticosterone but 

also on their local metabolism. This metabolism is catalyzed by 11β-hydroxysteroid 

dehydrogenases type 1 and 2, which interconvert glucocorticoid hormones cortisol and 

corticosterone and their 11-oxo metabolites cortisone and 11-dehydrocorticosterone. 

The goal of this study was to determine whether stress modulates glucocorticoid 

metabolism within lymphoid organs – the structures where immune cells undergo 

development and activation. Using the resident-intruder paradigm, we studied 

the effect of social stress on glucocorticoid metabolism in primary and secondary 

lymphoid organs of Fisher 344 (F344) and Lewis (LEW) rats, which exhibit marked 

differences in their HPA axis response to social stressors and inflammation. We 

show that repeated social defeat increased the regeneration of corticosterone from 

11-dehydrocorticosterone in the thymus, spleen and mesenteric lymphatic nodes (MLN). 

Compared with the F344 strain, LEW rats showed higher corticosterone regeneration 

in splenocytes of unstressed rats and in thymic and MLN mobile cells after stress but 

corticosterone regeneration in the stroma of all lymphoid organs was similar in both 

strains. Inactivation of corticosterone to 11-dehydrocorticosterone was found only in the 

stroma of lymphoid organs but not in mobile lymphoid cells and was not upregulated 

by stress. Together, our findings demonstrate the tissue- and strain-dependent 

regeneration of glucocorticoids following social stress.

Introduction

Stress is a ubiquitous condition that affects both people 
and animals. It initiates a series of events, culminating 
in the activation of the hypothalamic–pituitary–
adrenal (HPA) axis and sympathetic nervous system 
(SNS), including the sympathetic–adrenal–medullary 
axis, which subsequently release glucocorticoids and 
catecholamines, respectively. The HPA and SNS axes 
are the two major pathways through which stress is 
able to modulate immune functions depending on the 

nature, intensity and duration of stress (1). Chronic 
stress can stimulate immunosuppression and increase 
susceptibility to diseases (2) or can enhance immune 
reactivity and induce insensitivity to glucocorticoids, 
which prevents glucocorticoid-induced suppression 
of inflammation (3). Acute stress increases transiently 
plasma glucocorticoids, whereas chronic stress is 
associated with a chronic elevation of circulating 
glucocorticoids (4).
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The response of the target cells to glucocorticoids 
does not merely depend on the level of the free hormone, 
activity of multidrug resistance efflux pumps and 
density of glucocorticoid receptors in target cells but 
also on the prereceptor metabolism of glucocorticoids, 
which is catalyzed by two enzymes, 11β-hydroxysteroid 
dehydrogenase type 1 (11HSD1) and type 2 (11HSD2). 
11HSD2 is an enzyme that catalyzes the oxidations of 
cortisol and corticosterone to the inactive cortisone and 
11-dehydrocorticosterone, reducing the local glucocorticoid 
signals. In contrast, 11HSD1 converts biologically inactive 
11-oxo steroids (cortisone and 11-dehydrocorticosterone) 
to cortisol and corticosterone, amplifying the cellular 
glucocorticoid action (5). 11HSD1 is expressed in many 
organs and tissues, including lymphoid organs and 
immune cells (6, 7, 8, 9). 11HSD2 is predominantly 
expressed in mineralocorticoid target tissues, but moderate 
levels of 11HSD2 have also been found in lymphoid organs 
(10). Stressful situations have been shown to modulate the 
expression of 11HSD1 in the brain and some peripheral 
organs, but the results are contradictory (11, 12, 13, 14, 15, 
16). For example, chronic social stress increased 11HSD1 
expression in the rat hippocampus (12) but decreased it in 
the hippocampus of tree shrews (13) and in the rat testes 
(15). Similarly, chronic restraint stress upregulated 11HSD1 
in the liver (11) but not in the thymus (14).

Given the fact that chronic stress is associated with 
an increased risk of many diseases including autoimmune 
disorders (17, 18), these effects are often attributed to the 
dysregulation of the HPA axis (1, 17) and the activity of 
lymphocytes and other leukocytes is potently modulated 
by glucocorticoids (19, 20, 21), the goal of this study 
was to determine (i) whether social stress influences 
the local metabolism of glucocorticoids in primary and 
secondary lymphoid organs, i.e. in the structures where 
immune cells undergo development and activation and 
(ii) whether there is any strain predisposition for the 
effect of stress on the lymphoid organs. To study these 
questions, we used two inbred rat strains, Fisher 344 
(F344) and Lewis (LEW) rats, which represent two ends 
of a spectrum of HPA axis responsiveness to stress (22, 
23) and vulnerability to immune diseases (24). The F344 
strain has been classically used as a model of HPA axis 
hyperactivity and hyperreactivity to stress, whereas the 
LEW strain shows vulnerability to immune diseases due 
to a hypoactive and hyporeactive HPA axis (22). To induce 
stress, the animals were submitted to repeated social 
defeat, which is the result of intraspecific confrontation 
between male rats. This model provides a relevant tool 
to study stress response features, as well as differences in 

the vulnerability and resilience to stress and exposing the 
test animal to a dominant and aggressive counterpart for 
a known period of time is thought to mimic psychological 
stress in humans (25).

Materials and methods

Animals and social defeat paradigm

The animals used in the present study were male F344 
and LEW rats, aged 65  days, that were purchased from 
Charles River, Germany. Animals were kept in groups 
of three to four in standard transparent cages in a 
temperature-controlled room (23 ± 1°C) on a 12/12-h 
light/darkness cycle with ad libitum access to food and 
water, and they were left for 3 weeks to acclimatize before 
any experimental procedure. Additionally, Long Evans 
retired male breeders (Institute of Physiology, Academy 
of Science, Prague) were chosen for consistent aggressive 
behavior. In contrast to the experimental animals, the 
Long Evans rats were housed individually. The F344 and 
LEW animals were randomly assigned to four groups, 
each consisted of eight rats, as follows: (1) control F344 
rats, (2) defeated F344 rats, (3) control LEW rats and (4) 
defeated LEW rats. Control rats were placed in an adjacent 
room under the lighting conditions mention above and 
were then left undisturbed in their home cages.

To stress the animals, we used a slight modification of 
the resident-intruder paradigm validated by other authors 
(26). The resident-intruder test consisted of placing a smaller 
experimental rat (intruder) in the home cage of a larger 
and aggressive conspecific rat (resident), which defended 
its territory and defeated the intruder. The experimental 
rats were confronted with a resident male for 15 min 
each in the home cage of a Long Evans rat. The paradigm 
was repeated once daily for ten consecutive days, and 
each intruder was exposed to a novel resident to prevent 
habituation to the resident. No intruder was wounded 
by the residents during the repeated confrontations. The 
male rats were used for this study because they are more 
sensitive to social defeat than females (27).

The experiments were performed in the morning 
(between 09:00 and 12:00 h), and all animal procedures 
were performed in accordance with Institutional Animal 
Care and Use Committee regulations.

Tissue collection and processing

Control rats and the rats after the last social interaction 
session were immediately anesthetized with isoflurane 
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and blood was collected by cardiac puncture. Then, the 
rats were decapitated, and the pituitary, thymus, spleen 
and mesenteric lymphatic nodes (MLNs) were quickly 
collected, cleaned of fat and connective tissues and 
weighted. The harvested thymus, spleen and MLN were 
used immediately for preparation of cell suspension 
of mobile cells and stroma, as described previously (6). 
Briefly, the lymphoid cell suspensions were prepared 
in RPMI 1640 medium by pressing the organs with a 
syringe plunger, filtering the suspension through nylon 
cell strainer (mesh size 45 µm) and washing the cell 
suspensions and remaining stroma twice in RPMI 1640 
before measurement of the 11HSD activity. Erythrocytes 
were depleted from the spleen cell suspension by lysis in 
ACK lysis buffer.

Measurement of 11HSD activity

Isolated cells and stroma minced into fine pieces were 
used immediately to measure 11HSD1 and 11HSD2 
activities. The 11-reductase activity assay for 11HSD1 
was performed by measuring corticosterone produced 
from 11-dehydrocorticosterone and 11-oxidase assay 
for 11HSD2 was done by measuring the conversion of 
corticosterone to 11-dehydrocorticosterone as described 
previously (6). In brief, isolated cells and stroma were 
incubated in culture media consisting of RPMI 1640 
supplemented with 5% charcoal-stripped fetal bovine 
serum (Biochrom GmbH), 100 IU/mL penicillin, 10 µg/mL 
streptomycin, 0.3 mg/L l-glutamine and 4.5 g/L glucose 
in the presence of 12.8 nM [3H]11-dehydrocorticosterone 
or [3H]corticosterone in an atmosphere of 5% CO2 and 
95% O2 at 37°C. [3H]Corticosterone was purchased 
from MP Biomedicals (Santa Anna, USA) and [3H]11-
dehydrocorticosterone was synthesized ‘in house’ from 
[3H]corticosterone using kidney microsomes prepared 
from guinea pig. After 24 h of incubation, the samples were 
centrifuged, the pellets used for protein quantification 
using the BCA method and the steroids extracted from the 
supernatants using C18 reverse phase Sep-Pak cartridges 
(Phenomenex, USA). Pituitary 11HSD1 activity was 
measured in minced pituitary explants using the same 
tissue culture procedure as for lymphoid organs.

The extracted samples were evaporated to dryness 
under nitrogen at 40°C, reconstituted in methanol and 
analyzed using HPLC as previously described (28, 29). 
The elution of radioactive steroids was detected using 
Radiomatic 150TR Flow Scintillation Analyzer (Canberra 
Packard, USA) and the identification of radiolabeled 
corticosterone and 11-dehydrocorticosterone peaks 

(Supplementary Fig.  1, see section on supplementary 
data given at the end of this article) was performed by 
comparison with the elution profiles of the unlabeled 
steroid standards (Steraloids, Newport, RI, USA).

Plasma corticosterone and ACTH determination

The plasma corticosterone and ACTH concentrations 
were determined using commercially available 
radioimmunoassay (Corticosterone 125I RIA, MP 
Biomedicals, Solon, OH, USA) and enzyme immunoassay 
(ACTH ELISA, MD Bioproducts, Eggs, Switzerland) kits, 
respectively. The samples for each assay were determined 
in a single run to prevent inter-assay variability according 
to the manufacturer’s instructions. The sensitivity of 
the corticosterone and ACTH assays were 7.7 ng/mL and 
0.22 pg/mL, respectively.

Statistical analysis

The results are expressed as the means ± s.e.m. All 
calculations were conducted in Statistica 6.1. (StatSoft Inc., 
Tulsa, OK, USA) using a two-way ANOVA for comparisons 
involving the effects of stress and strain. The independent 
variables were the treatment and strain, consisting of 
two levels, which were unstressed or stressed and F344 or 
LEW, respectively. Post hoc analyses were performed using 
Fisher’s LSD test. Differences were considered significant 
at P < 0.05.

Results

Effect of stress on weights of thymus, spleen and 
adrenal gland and on plasma levels of ACTH 
and corticosterone

Statistical analysis revealed a decreased body weight in 
repeatedly stressed LEW rats but control and stressed F344 
rats had similar body weight not only on Day 1 but also 
on Day 10 (Table  1). Stress significantly increased the 
relative adrenal weight in F344 rats but not in LEW rats. 
No differences were observed in the spleen and thymus 
weights of stressed and unstressed animals of both strains.

Figure 1 shows plasma ACTH and corticosterone levels 
in unstressed and stressed F344 and LEW rats. A two-way 
ANOVA revealed a significant effect of stress (F1,24 = 16.17, 
P < 0.01) and strain (F1,24 = 11.11, P < 0.01) on ACTH. As 
given in Fig. 1A, stress significantly increased ACTH level 
in F344 rats and had a nonsignificant tendency to increase 
ACTH level also in LEW rats (P = 0.067). Whereas the plasma 
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levels of ACTH in unstressed LEW and F344 rats were 
similar, ACTH levels in stressed F344 rats were significantly 
higher than those in stressed LEW rats. As shown in Fig. 1B, 
stress significantly affected the plasma corticosterone 
(F1,26 = 37.08, P < 0.001), and this effect depended on the 
strain (F1,26 = 11.77, P < 0.01) and showed a stress × strain 
interaction (F1,26 = 12.58, P < 0.01). Post hoc analysis revealed 
similar baseline levels of corticosterone with a significantly 
higher effect of stress on the plasma corticosterone in F344 
rats compared to LEW rats.

Effect of stress on local metabolism of 
glucocorticoids in lymphoid organs

As shown in Fig. 2, exposure to stress significantly affected 
the 11-reductase activity of 11HSD1, in both stroma 
(thymus: F1,21 = 33.72, P < 0.001; spleen: F1,20 = 126.58, 
P < 0.001; MLN: F1,20 = 52.16, P < 0.001) and mobile cells 
(thymus: F1,20 = 32.96, P < 0.001; spleen: F1,20 = 4.71, P < 0.05; 
MLN: F1,14 = 53.90, P < 0.001), indicating stress-induced 
modulation of glucocorticoid regeneration in lymphoid 
tissues. Similarly, two-way ANOVA revealed a significant 
effect of the strain on 11-reductase activity in mobile cells 
of the thymus (F1,20 = 14.80, P < 0.01), spleen (F1,20 = 5.46, 
P < 0.05) and MLN (F1,14 = 25.85, P < 0.001), but no significant 
strain differences were found in the stroma of the three 
lymphoid organs. The stress × strain interactions were 
insignificant in all three tissues. Post hoc analysis showed 
a stimulatory effect of stress on the 11-reductase activity in 
studied lymphoid tissues of both strains, except for LEW 
splenocytes. In addition, a significantly higher effect of 
social defeat was found in thymocytes and MLN mobile cells 
of LEW rats than in their F344 counterparts. 11-Reductase 
activity in splenocytes of control unstressed LEW rats was 
significantly higher than that in the F344 rats and was not 
further upregulated in splenocytes of stressed LEW rats.

Expression of 11HSD2 measured as 11-oxidase activity 
was found in stroma, but it was not observed in mobile 
cells (Fig. 3), which agrees with previous findings of absent 
11HSD2 in lymphoid cells (9). Expression of 11HSD2 in 

the MLN and spleen was not changed following social 
defeat or strain differences. In contrast, the thymic 
activity was influenced by stress (F1,18 = 4.43, P < 0.05) and 
strain (F1,18 = 13.25, P < 0.01), with significantly increased 
levels in LEW compared to F344 rats and a significant 
downregulation by stress (Fig. 3).

Effect of stress on local metabolism of 
glucocorticoids in pituitary

As release of ACTH in pituitary is controlled by glucocorticoid 
negative feedback (30), this gland expresses 11HSD1 (12) 
and ACTH and corticosterone response to stressogenic 
stimulus differs between F344 and LEW rats (Fig.  1), we 

Table 1 Effect of repeated social defeat on the body and organ weights.

F344 LEW

Control Defeat Control Defeat

Body weight day 1 184 ± 2 188 ± 2 247 ± 4 244 ± 4
Body weight day 10 225 ± 3 224 ± 3 303 ± 3 283 ± 2***
Thymus 179 ± 5 171 ± 6 190 ± 7 172 ± 5
Spleen 241 ± 3 239 ± 2 202 ± 2## 222 ± 15
Adrenal gland 15 ± 1 22 ± 2* 15 ± 1 17 ± 0

Body weight is expressed in grams and organ weights in milligrams per 100 g of body weight (shown as mean ± s.e.m., n = 6–7 rats per group). Statistically 
significant differences between control and social defeat group: *P < 0.05 and ***P < 0.001 and between the strains: ##P < 0.01.

Figure 1
Plasma ACTH (A) and corticosterone (B) levels in rats exposed to repeated 
social defeat. The bars represent control unstressed (CTRL) and stressed 
rats. Data are given as the mean ± s.e.m. Significant differences between 
the stressed and unstressed animals of the same strain: **P < 0.01 and 
***P < 0.001 and between the F344 and LEW rats of the same treatment: 
##P < 0.01 and ###P < 0.001.
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determined whether stress results in changes of pituitary 
corticosterone metabolism. In contrast to lymphoid organs, 
pituitary tissue incubated in vitro with radioactive steroids 
only resulted in conversion of 11-dehydrocorticosterone to 
corticosterone, while oxidation of corticosterone was not 
detected. This finding indicates the presence of 11HSD1 
but not 11HSD2 in the pituitary. As shown in Fig. 4, the 
11-reductase activity of 11HSD1 was higher in F344 rats 
than in LEW rats (F1,21 = 12.56, P < 0.01), but stress did not 
modulate the conversion.

Discussion

In the present study, we have characterized the 
consequences of social stress on glucocorticoid metabolism 
in the lymphoid organs and pituitary of two inbred rat 

strains with differing HPA axis responsiveness. The F344 
strain has been classically used as a model of HPA axis 
hyperactivity and hyperreactivity to stress associated 
with inflammation resistance, whereas the LEW strain 
has a hypoactive and hyporeactive HPA axis, which has 
been associated with vulnerability to immune diseases 
(22, 23). Consistent with previous report (22), the plasma 
corticosterone and ACTH levels were elevated in both 
strains after the social defeat challenge, and the effect 
was greater in F344 rats. Although this result confirms 
the strain difference in the HPA axis, our findings 
demonstrate the tissue-dependent effect of stress on the 
local regeneration of biologically active glucocorticoids 
and its partial strain dependence.

Amplification of glucocorticoid metabolism in the 
immune system during social defeat indicates that the 
local effect of glucocorticoids follows both the systemic 
patterns of glucocorticoid synthesis by the adrenal gland 
and the local regeneration of corticosterone catalyzed 
by 11HSD1 via its 11-reductase activity. In contrast, the 
absence of any stress-dependent changes of pituitary 
11-reductase activity excludes the possibility that stress 
might be associated with amplification of glucocorticoid 
signals, which are known to influence the secretion of 
pituitary ACTH via negative feedback (30). Considering 
the regulatory effects of glucocorticoids in immune cells 
(19, 20, 21) and the expression of 11HSD1 in lymphocytes 
and immune organs (6, 8, 9), the stress-induced 
upregulation of corticosterone regeneration in lymphoid 
organs might provide immune cells/organs with a novel 

Figure 2
Effect of stress on 11-reductase activity of 11HSD1 in the stroma (A) and 
mobile cells (B) in lymphoid organs of control unstressed (CTLR) and 
stressed rats. Data are given as the mean ± s.e.m. Significant differences 
between the stressed and unstressed animals of the same strain: *P < 0.05, 
**P < 0.01 and ***P < 0.001 and between the F344 and LEW rats of the 
same treatment: ##P < 0.01 and ###P < 0.001.

Figure 3
Effect of stress on 11-oxidase activity referring to 11HSD2 in the stroma 
of lymphoid organs of control unstressed (CTRL) and stressed rats. Data 
are given as the mean ± s.e.m. Significant differences between the stressed 
and unstressed animals of the same strain: *P < 0.05 and between the 
F344 and LEW rats of the same treatment: ##P < 0.01.
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intracrine regulatory pathway. Similar stress-induced 
increase of 11HSD1 was recently shown in liver (11) and 
murine macrophages (16), respectively.

The presence of 11-oxidase and 11-reductase activities 
in the stroma tissue of lymphoid organs but the absence 
of 11-oxidase activity in the mobile cells of lymphoid 
organs may reflect the presence of different subsets of 
cells such lymphocytes, macrophages and thymocytes in 
the pool of mobile cells and fibroblast, thymic epithelial 
cells and vascular endothelial and smooth muscle cells 
in the stroma. Both isoforms of 11HSDs were identified 
in vascular cells, whereas epithelial cells express only 
11HSD2 and fibroblasts, lymphocytes, thymocytes and 
macrophages only 11HSD1 (5, 7, 9). In addition, it has 
been shown recently that thymic 11HSD2 is located at the 
perivascular sites of capillaries and small vessels penetrating 
the thymus (31) and in the thymic epithelial cells (32). 
Our findings are in full concordance with these data. We 
identified 11-reductase and 11-oxidase activities in the 
stroma and 11-reductase activity in the mobile cells, which 
indicates operational 11HSD1 and 11HSD2 in lymphoid 
organ stroma but 11HSD1 only in the mobile cells.

The mechanism by which social stress modulates 
11HSD1 remains unknown; however, several studies 
have demonstrated the regulation of 11HSD1 by 
transcription factors of the CCAT/enhancer-binding 
protein (C/EBP) family (33, 34) and their induction 
by catecholamines (35, 36) or glucocorticoid (37). 
Thus, it is likely that upregulation of 11HSD1 during 
stress might be associated with indirect regulation via 
C/EBP pathway activated either by increased plasma 
level of corticosterone or by increased activity of 
catecholaminergic pathway through norepinephrine 
released from adrenergic terminal or through local 
biogenesis of catecholamines in the target tissue (38).

Consistent with previous studies, F344 rats had an 
exaggerated stress response compared to the LEW strain, 
as measured by the plasma ACTH and corticosterone, 
but the present data also revealed clear inter-strain 
differences in the local regeneration of glucocorticoids 
both in the pituitary and lymphoid organs, particularly in 
mobile cells. Compared to the F344 strain, the LEW rats 
exhibited a lower resting regeneration of corticosterone 
in the pituitary, which was insensitive to repeated 
social challenge. In contrast, such challenge in LEW 
strain was associated with an increased regeneration of 
corticosterone in thymocytes and MLN mobile cells and 
with decreased corticosterone inactivation in thymic 
stroma. In addition, the splenocytes from untreated 
LEW vs F344 rats showed an increased corticosterone 
regeneration, which was not further upregulated by stress. 
These findings suggest that the hyporesponsiveness of the 
HPA axis in LEW rats compared to the F344 strain (22, 
23) is not associated with the LEW vs F344 difference 
in glucocorticoid metabolism in the pituitary. However, 
the well-known increased vulnerability of LEW rats to 
immune/inflammatory challenge (24) might be associated 
with a higher regeneration of corticosterone from 
11-dehydrocorticosterone in thymocytes and MLN mobile 
cells of LEW rats exposed to stress. Considering that 
glucocorticoids can antagonize the signal transduction 
delivered through T cell receptors in lymphocytes (21, 39), 
differences in corticosterone regeneration might distinctly 
modulate the activation and survival of T cells in the 
immune organs of both strains, even if further studies 
will be needed to evaluate this possibility. Analogous to 
our findings, immune tissues of stressed LEW rats exhibit 
reduced glucocorticoid receptor binding compared to 
F344 rats, even if there are no strain differences in the total 
glucocorticoid receptor levels in most immune tissues (22).

In summary, our findings indicate that social stress 
increases the local glucocorticoid production in lymphoid 
organs via corticosterone regeneration from a biologically 
inactive 11-oxo derivative, 11-dehydrocorticosterone, and 
this regeneration partially depends on the strain. As the 
stress-dependent increase of glucocorticoid production 
in mobile lymphoid organ cells is higher in LEW than 
in F344 rats, it is reasonable to assume that these strain-
dependent differences might participate in the higher 
susceptibility of the LEW strain to inflammatory diseases.

Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/
EC-18-0319.

Figure 4
Strain difference in 11-reductase activity of 11HSD1 in the pituitary of 
F344 and LEW rats. The bars represent the mean ± SEM of control 
unstressed (CTRL) and stressed rats. Significant differences between the 
F344 and LEW rats of the same treatment: #P < 0.05 and ##P < 0.01.
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A B S T R A C T

The bioavailability of glucocorticoids is modulated by enzyme 11β-hydroxysteroid dehydrogenase type 1
(11HSD1), which catalyzes the conversion of inactive 11-oxo-glucocorticoids to active 11-hydroxy-glucocorti-
coids cortisol and corticosterone and is regulated by pro-inflammatory cytokines. Our aim was to assess the
effect of colitis on the expression of 11HSD1 in specific microanatomical compartments of the mucosal immune
system. Using qRT-PCR we quantified the expression of 11HSD1 and cytokines in the colon, mesenteric lymph
nodes (MLN) and spleen of mice with colitis. Microsamples of the MLN cortex, paracortex and medulla, colonic
crypt epithelium (CCE), lamina propria and isolated intestinal lymphoid follicles (ILF) were harvested by laser
microdissection, whereas splenic and MLN lymphocytes by flow cytometry. Colitis increased 11HSD1 in the CCE,
ILF, and MLN cortex but not in the lamina propria and the MLN paracortex and medulla. Expression of IL-4, IL-
21 and TNFα was increased in both the cortex of MLN and ILF, whereas IL-1β and IL-10 were only increased in
the follicles. No positive effect was observed in the case of IFNγ and TGFβ. 11HSD1 was positively correlated
with TNFα and less strongly with IL-21, IL-1β, and IL-4. Colitis also upregulated the 11HSD1 expression of T cells
in the spleen and MLN. The study demonstrates the stimulatory effect of inflammation on local glucocorticoid
metabolism only in particular compartments of the mucosal immune system. The correlation between cytokines
and 11HSD1 in the ILF and MLN cortex indicates that pro-inflammatory cytokines may amplify glucocorticoid
signals in inductive compartments of the mucosal immune system.

1. Introduction

Inflammation is a first-line host defense mechanism that is con-
trolled by many regulators. Some of the most effective regulators of
inflammation are glucocorticoids, which modulate the differentiation,
trafficking and distribution of immune cells, block the transcription of
pro-inflammatory cytokines, and promote the expression of anti-in-
flammatory cytokines [1,2]. Glucocorticoid bioavailability in target
tissues depends not only on the concentration of free, unbound gluco-
corticoids in the blood and the receptor density but also on the corti-
costeroid metabolism in target cells, which is catalyzed by 11 β-hy-
droxysteroid dehydrogenase (11HSD). This enzyme interconverts active
glucocorticoids cortisol and corticosterone, with their inert 11-oxo
metabolites cortisone and 11-dehydrocorticosterone, respectively. The
isoform 11HSD1 activates in vivo cortisone and 11-dehy-
drocorticosterone into active cortisol and corticosterone, whereas the
11HSD2 isoform operates in the opposite direction and inactivates

glucocorticoids. 11HSD1 is expressed in various tissues, including
lymphoid organs and immune cells, such as lymphocytes, macrophages
and dendritic cells (DC), where the level of 11HSD1 mRNA and enzyme
activity depends on the activation of these cells. The obligatory cofactor
for 11HSD1 oxo-reductase activity is NADPH, which is generated from
NADP+ by hexose-6-phosphate dehydrogenase (H6PDH) [3–7]. The
augmentation of 11HSD1 was shown during lipopolysaccharide- and
thioglycollate-induced immune cell activation and in TNBS-induced
colitis [4,8,9]. By contrast, 11HSD1-deficiency in mice increased the
severity of the inflammation [10]. In addition, accumulating evidence
indicates that 11HSD1 expression is modulated by the pro-in-
flammatory cytokine milieu. In vitro experiments demonstrated that
TNF-α and IL-1β stimulate 11HSD1 in a variety of immune and non-
immune cells and the monocytes and the nasal mucosa are potently
induced by IL-4 and IL-13 [6,11–13].

These findings led to the hypothesis that the immunomodulatory
effects of glucocorticoids in immune reactions depend, at least in part,
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on 11HSD1. In particular, inflammatory diseases such as arthritis,
atherosclerosis and colitis have been associated with changes in
11HSD1 expression [10,14–17]. In previous studies, we demonstrated
that experimental colitis upregulates 11HSD1 expression in the colon,
the colon-draining lymph nodes and the spleen [9,18,19]. However,
intestinal inflammation is associated with specific dynamic changes in
the numbers and functions of inflammatory cells in different anatomical
compartments. To promote immune responses in the gut, complex
networks of specialized cells operate within the lamina propria and the
intestinal epithelium, which represent the effector compartments, and
within the gut-associated lymphoid tissue (GALT), which functions as a
sensory region of the antigen and an inductive site of T effector cells.
Enteric antigens are endocytosed by macrophages and DCs. Antigen-
loaded DCs then interact with T cells in the sub-epithelial structures of
the GALT such as Peyer’s patches and isolated lymphoid follicles (ILF)
or migrate to the gut-draining mesenteric lymph nodes (MLN) to prime
naive T cells to yield T effector cells, some of which provide help for B
cells in the follicular structures. Immune cells from the MLN reenter the
blood and are transported to the gut interstitium, where they interact
with a variety of cells to initiate intestinal inflammation. In addition,
some antigens may be transported to the spleen where they are pre-
sented to splenic DCs and initiate immune responses within the spleen
[20–22].

Although the process of the colonic inflammatory response takes
place in different microanatomical compartments of the colon and the
secondary lymphoid organs, so far no data are available on 11HSD1 and
the cytokine microenvironment. Most experiments concerning the
regulation of 11HSD1 have been performed using the whole colon,
MLN, and spleen [9,16,18] when information about the local com-
partment and its microenvironment was lost, even though it may be
assumed that the local cytokine microenvironment differs in various
compartments. Therefore, the aim of this study was to analyze the ex-
pression of 11HSD1 and the local cytokines in the specific micro-
anatomical compartments of the immune system associated with colitis.

2. Experimental

2.1. Animals, treatment and tissue sampling

Acute colitis was induced in male Balb/c mice (six to seven weeks
old; Institute of Physiology, Prague) by administering dextran sodium
sulfate (DSS, Mw = 40,000–50,000; USB Corp., Cleveland, OH, USA) in
drinking water [19]. Because initial studies revealed that mice exposed
to 5% DSS (wt/vol) became too diseased, a lower concentration (2%)
was used for a five-day period during the course of which the mice
developed a spontaneous colitis featuring typical clinical parameters
such as decreased weight gain, diarrhea and anal bleeding. Controls
consisted of time-matched naive mice that received only water instead
of DSS solution. The mice were sacrificed on day five, and the colon,
draining MLNs and spleen were harvested. The colon, MLNs and liver
(only for Western blot analysis) were either quickly frozen in liquid
nitrogen for protein isolation or oriented in a cryomold, embedded in
Tissue-Tek (Sakura, Tokyo, Japan) and frozen for im-
munohistochemistry and laser capture microdissection. All samples
were stored at −80 °C. The spleen and remaining MLNs were used
immediately for the isolation of immune cells. All experiments were
approved by the Animal Care Committee of the Institute of Physiology
and performed in accordance with the guidelines of the European
Community Council Directive 86/609EEC.

2.2. Western blot analysis

The colonic, hepatic and MLN tissues were homogenized in RIPA
buffer (approximately 1:9 w/v, Sigma-Aldrich, St. Louis, MO, USA)
containing protease inhibitor cocktail (1×; Roche Diagnostics GmbH,
Mannheim, Germany) using MagNA Lyser instrument and MagNA Lyser

green beads. The tissue homogenates were filtered through filtration
columns (Sigma-Aldrich) by 10,000 × g for 10 min, subsequently so-
nicated and centrifuged at 12,000 × g for 10 min. Protein concentra-
tions in the resulting supernatant were determined by the BCA method.
The supernatant samples were suspended in 4x Laemmli Sample Buffer
(Bio-Rad Laboratories, Inc., Hercules, CA, USA), heated to 70 °C for
10 min and stored at −20 °C. Proteins (41 μg of the colon, 29 μg of the
MLN and 1.9 μg of the liver) were run in 10% Mini-PROTEAN TGX gels
(Bio-Rad Laboratories), transferred to PVDF-low fluorescent mem-
branes using semi-dry transfer technique and blocked in 10% SEA block
buffer (TBS buffer containing 10% SEA and 0.1% Tween-20) for 30 min
(Termo Fisher Scientific, Rockford, IL, USA). The membranes were
treated with secondary antibody (rabbit anti-goat IRDye800 con-
jugated, 1:7500; Rockland, Gilbertsville, PA, USA) diluted in the
SignalBoost Immunoreaction Enhancer Kit (Millipore, Temecula, CA,
USA) for 60 min and washed 5 times with TBS buffer containing 0.1%
Tween-20 (TBST) and 2 times with TBS buffer. Nonspecific interaction
was detected by ChemiDoc-MP Imaging System (Bio-Rad Laboratories).
The membranes were then incubated overnight at 4 °C with the goat
anti-11HSD1 primary antibody (R &D System, McKinley Place, MN,
USA) diluted 1:7500 in the SignalBoost Immunoreaction Enhancer Kit.
The blots were washed with TBST buffer (5 times) and incubated with
secondary antibody as described above. After capturing the signal for
11HSD1, the blots were analyzed for β-actin as the loading standard
using the anti-β-actin Clone AC-15 primary antibody (1:5000, Sigma-
Aldrich) in 10% SEA and goat anti-rabbit IRDye700 conjugated sec-
ondary antibody (1:10,000, Rockland). Liver was used as positive
control tissue.

2.3. Immunohistochemistry

Sections 20-μm thick were cut on Cryostat Leica 1850, mounted on
SuperFrost Plus slides (Thermo Fisher Scientific), dried at room tem-
perature for 1 h and fixed in 4% paraformaldehyde (pH = 7.5) for 24 h
followed by washing with TBS (3 × 5 min). The sections were then
subjected to heat-induced antigen retrieval using citrate buffer
(pH = 6) at 92–96 °C for 30 min and permeabilized with 0.2% Triton-
100 for 15 min. Following these steps, the sections were rinsed in TBS
and blocked with 0.2% normal goat serum in TBST for 1 h (room
temperature, humidified chamber) prior to incubation overnight (4 °C)
with the rabbit anti-11HSD1 primary antibody (ab39364, Abcam,
Cambridge, UK) diluted 1:200 in blocking buffer. After being washed
with TBST (5 × 5 min) and incubated with peroxidase blocking solu-
tion Bloxall (Vector Laboratories, Burlingame, CA, USA) for 10 min, the
sections were incubated with secondary antibody. Tissue-bound pri-
mary antibody was detected using biotinylated goat anti-rabbit sec-
ondary antibody (1:400, 90 min) and the avidin-biotin peroxidase
complex method (Vectastain Elite ABC HRP Kit, Vector Laboratories).
The sections were then washed with TBST and finally incubated with
3,3′-diaminobenzidine (Sigma-Aldrich) as the chromogen. Negative
control sections were incubated with each immunohistochemistry run
by omission of the primary antibody. The samples were embedded in
Mowiol medium (Sigma-Aldrich).

2.4. Laser capture microdissection of the colon and the MLN and real-time
RT-PCR

For microdissection, 20-μm tissue sections were cut from frozen
blocks of the colon and MLN, using a cryostat Leica CM 1850 (Leica
Microsystems, Wetzlar, Germany), and transferred to polyethylene-
naphtalate membrane slides. The tissues were dehydrated and stained
with cresyl violet acetate and eosin B. Immediately after staining, the
tissues were dissected using the Leica LMD 6000 Laser Microdissection
System. Staining allowed for the identification of functionally different
compartments in the gut (ILF, lamina propria, colonic crypts) and MLN
(cortex, paracortex, medulla). To yield enough RNA for the analyses,
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we dissected an area measuring 25–75 × 103 μm2 per compartment,
which was usually harvested and combined from 7 (colon) or 5 (MLN)
sections prepared from one animal.

The harvested tissues were placed directly into RLT buffer and
stored at −80 °C until RNA isolation. RNA was extracted using Micro
RNeasy kit (Qiagen) and evaluated with a NanoDrop spectro-
photometer (Nanodrop Products, Wilmington, DE, USA). The total RNA
was used to prepare cDNA using random hexamers and Enhanced Avian
Reverse Transcriptase (Sigma-Aldrich) and the cDNA samples were
analyzed by real-time PCR on a Viia 7 (Applied Biosystems) using 5x
Hot Firepol Probe QPCR Master Mix Plus ROX (Solis Biodyne) and
TaqMan Gene Expression Master Mix and TaqMan Gene Expression
Assays (Life Technologies) specific for mouse 11HSD1 (cat. No.
Mm00476182_m1), hexose-6-phosphate dehydrogenase (H6PDH, cat.
No. Mm00557617_m1), interferon γ (IFNγ, cat. No. Mm00801778_m1),
interleukin 1β (IL-1β, cat. No. Mm01336189_m1), interleukin 4 (IL-4,
cat. No. Mm00445259-m1), interleukin 10 (IL-10, cat. No.
Mm00439614_m1), interleukin 17 (IL-17, cat. No. Mm00439618_m1),
interleukin 21 (IL-21, cat. No. Mm00517640_m1), transforming growth
factor β (TGFβ, cat. No. Mm01178820_m1), tumor necrosis factor α
(TNFα, cat. No. Mm00443258_m1), the T cell marker CD3ε coding a
part of TCR complex (cat. No. Mm00599683_m1), and the B cell marker
CD19 (cat. No. Mm00515420_m1). To identify the stability of reference
genes, the panel of 12 potential reference genes was compared using the
geNorm analysis and the genes HPRT1 (cat. No. Mm01545399-m1),
GUSB (cat. No. Mm01197698_m1), GAPDH (cat. No. 4351309) and
PPIB (cat. No. Mm00478295_m1) were identified as the optimal com-
bination to provide reliable normalization and the expressions of genes
of interest were expressed relative to the mean of the mentioned four
reference genes in each sample. The quantity of the PCR product was
determined using the standard curve method with 10-fold dilutions of
the mixed cDNA sample. Due to the limited RNA amounts and low
expression levels of 11HSD2 and H6PDH in some tissues (Ct of gene of
interest higher than 35), we applied in cDNA aliquots the specific pre-
amplification step of gene assay using the TaqMan PreAmp Master Mix
(Life Technologies) according to the manufacturer’s protocol.

2.5. Isolation of splenocytes and mobile MLN cells, flow cytometric
analysis, sorting and real-time RT-PCR

Single cell suspensions from the spleen and MLNs of individual mice
were prepared as previously described [9]. Briefly, mononuclear cells
were released by the mechanical disruption of the spleen capsule in
cold RPMI 1640, the cell suspension was filtered through nylon mesh
(mesh size 45 μm), red blood cells were lysed with ACK lysis buffer, and
mononuclear cell populations were collected by centrifugation and re-
suspended in RPMI 1640 buffer. After five minutes at room tempera-
ture, the cells were washed three times with HBSS buffer and re-
suspended at a concentration of 5 × 106 cells/ml. Lymphocyte
populations were prepared for cell sorting by staining aliquots of the
cell suspension (0.5 × 106 cells) using anti-mouse CD3ε-FITC, CD4-
Alexa Fluor 488, CD8a-PE, CD49b-PE, and CD19-APC (all purchased
from Affymetrix/eBioscience). Cells were incubated with antibodies at
4 °C for 30 min, washed three times with HBSS and sorted on a BD
FACSJazz (BD Biosciences). Sorted cells were collected into tubes
containing lysis buffer and stored at −80 °C until needed. RNA was
purified using GenElute Mammalian Total RNA Miniprep kit (Sigma-
Aldrich) according to the manufacturer’s protocol. After RNA isolation,
the RNA was reverse-transcribed into cDNA using random hexamers
and the High Capacity cDNA Reverse Transcription kit (Life Technol-
ogies). PCR amplification of cDNA was performed in a final volume of
10 μl.

2.6. Statistical analysis

All data are expressed as the mean ± SEM. Data were analyzed by

two-way ANOVA (main effects: compartments/cell subsets and treat-
ment) or Student’s t test, as appropriate. When the results of ANOVA
were significant, post hoc analysis was performed using the Fisher LSD
test. Pearson’s correlation analysis was used to determine the re-
lationship between the levels of 11HSD1 mRNA expression (dependent
variable) and those of various cytokines (independent variables). All
calculations were performed using Statistica v.6 software (StatSoft Inc.,
Tulsa, OK). Differences between groups were considered statistically
significant at P < 0.05.

3. Results

3.1. Colitis and expression of 11HSD1 in specific immune-cell
compartments

Because colon and secondary lymphoid organs convert inactive 11-
oxo derivatives of glucocorticoids to active hormones [9,23], show non-
homogenous distribution of 11HSD1 immunoreactivity [9,24] and have
upregulated 11HSD1 mRNA and enzyme activity during colitis
[16–19], we initially asked whether colitis per se increases expression
of 11HSD1 in colon and MLN. Western blot analysis demonstrated
different expression of 11HSD1 in liver (control tissue), colon and MLN
and the stimulatory effect of colitis on its expression. As shown in Fig. 1,
the band for 1.9 μg liver protein of untreated mice was greater intensity
than the bands for 41 μg colonic and 29 μg MLN protein isolated from
DSS-treated mice. In contrast, the bands for colon and MLN of control
untreated mice were faint.

Immunohistochemistry revealed 11HSD1 immunoreactivity both in
MLN and colon, where the staining was more intense (Fig. 2). In MLN,
the moderate 11HSD1 staining was present predominantly in the sub-
capsular sinuses and cortex containing follicles (Fig. 2B). In follicles, the
staining was observed mainly in the periphery of the follicle, together
with some stronger staining in its central area. In the longitudinal
sections of the colon, 11HSD1 immunoreactivity was found mainly in
the crypt epithelium, cells lining the crypts and in lamina propria
(Fig. 2E).

To determine whether the upregulation of 11HSD1 differs in various
immune-cell compartments of the gut and MLN, the levels of 11HSD1
transcripts were quantified in the laser microdissection samples of co-
lonic crypt epithelium (CCE), intestinal lymphoid follicles (ILF) and
lamina propria of the gut and in the cortex, paracortex and medulla of
the MLN (Fig. 3). The expression of 11HSD1 was found in all the in-
vestigated compartments both in the colon and the MLN, even though
this expression differed among the compartments (both colon and MLN,
P < 0.001). Constitutively higher expression was found in the medulla
of the MLN and in the lamina propria, which represent an immune cell
effector compartment (Fig. 4). Colitis stimulated expression of 11HSD1
both in the colon (P < 0.01) and in the MLN (P < 0.05), but post hoc
analysis revealed significant upregulation only in the colonic ILF and
CCE and in the cortex of the MLN but not in the lamina propria,
paracortex or medulla (Fig. 4). These data suggest that animals chal-
lenged with inflammation increase 11HSD1 expression, not only in
immune-inductive sites (ILF, MLN cortex), but also in the CCE, an

Fig. 1. Western blot analysis for 11HSD1 expression in liver, colon, and MLN of control
(ctrl) and DSS-treated mice detected by the antibody against 11HSD1 at 32 kDa and actin
at 42 kDa (liver, 1.9 μg prot.; colon, 41 μg prot.; MLN, 29 μg prot.).
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immune-effector compartment, which contains not only enterocytes but
also many immune cells such as CD8+ intraepithelial lymphocytes. In
contrast to 11HSD1, H6PDH was found only in MLN and was below the
detection limit in gut compartments. In MLN, the H6PDH expression
was significantly higher in medulla than in cortex and paracortex
(P < 0.01) and was not influenced by colitis (Fig. 4). 11HSD2, which
inactivates glucocorticoids, was expressed in CCE and ILF but not in
lamina propria and immune compartments of MLN. Colitis down-
regulated 11HSD2 in CCE (control mice: 2.94 ± 0.54, n = 7; DSS-
mice: 1.51 ± 0.34, n = 7; P < 0.05), whereas in ILF the detectable
11HSD2 mRNA was found only in control (0.11 ± 0.04, n = 6) but
not DSS-mice.

To characterize and confirm that the isolated zones were accurately
identified, we further examined the expression of CD3ε and CD19, T
and B cell markers, respectively. As shown in Fig. 5, the distribution of
CD3ε and CD19 mRNA was not homogenous in either the MLN (CD3ε,
P < 0.01; CD19, P < 0.05) or the colon (CD3ε, CD19, P < 0.001). In
the MLN, CD3ε mRNA was detected predominantly in the paracortex
and medulla whereas CD19 was detected predominantly in the cortex
and the medulla. In addition, colitis downregulated CD3ε and CD19 in
the cortex and medulla, but this effect reached significance only in the

case of CD3ε in medulla and CD19 in cortex. (Fig. 5A). In contrast to the
MLN, colitis was associated with upregulation of colonic CD3ε
(P < 0.001), and this effect depended on the compartment (Fig. 5C).

After establishing the upregulation of 11HSD1 in the colonic ILF,
CCE and the cortex of the MLN, further analysis was focused only on ILF
and the cortex of the MLN.

3.2. Cytokine expression in specific compartments during colitis

As 11HSD1 is upregulated by cytokines in vitro [13], we focused
further on determining how the expression of 11HSD1 changes in the
context of inflammation in vivo. In particular, we studied the cytokines
that are known to play a role in the pathogenesis of inflammatory bowel
disease: the Th1/Th2 effector cytokines, IFNγ and IL-4; the Th17 cy-
tokines IL-17 and IL-21; and the homeostatic cytokines IL-10 and TGFβ
[25,26]. In addition, we assessed the expression of TNFα and IL-1β, the
cytokines that generally arise secondary to the earlier Th1/Th2 or
Th17-like response as a result of the stimulation of epithelial cells,
macrophages and other innate immune cells [25].

As shown in Fig. 6, colitis induced changes in the local cytokine
microenvironment that differed between the ILF and the MLN cortex.

Fig. 2. Immunolocalization of 11HSD1 in mouse mesenteric lymphatic node (A–C) and colon (D–E). (A, D) Sections stained with cresyl violet. (B, E) Sections stained with anti-11HSD1
antibody. (C, F) Respective negative controls.

Fig. 3. Laser-capture microdissection of the functionally different
lymphoid compartments in the colon (A) and mesenteric lymph nodes
(B). Representative 20-μm thick cryosections of colon and mesenteric
lymph nodes were rapidly stained with cresyl violet and eosin B just
before dissection and then three colonic (CCE, epithelial crypts; LP,
lamina propria; ILF, isolated lymphoid follicles) and three nodular
areas (cortex, paracortex, medulla) were dissected. Scale: 200 μm.
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Colitis significantly affected the expression of genes encoding IL-1β
(P < 0.01), IL-4 (P < 0.001), IL-10 (P < 0.05), IL-21 (P < 0.001)
and TNFα (P < 0.001) but not IFNγ and TGFβ, and this effect was
more obvious in the colonic ILF than in the cortex of the MLN. Quan-
titative differences in the cytokine expression between the ILF and MLN
cortex were found in the case of IL-1β (P < 0.01), IL-4 (P < 0.05), IL-

10 (P < 0.01), TNFα (P < 0.001) and IFNγ (P < 0.01), but not IL-21
and TGFβ. In contrast to other cytokines, IL-1β and IL-10 had pre-
ferential distribution in the ILF, whereas their expression was very low
in the MLN cortex and was not upregulated during colitis. Similarly, the
expression of IL-17 was not detected in any of the studied compart-
ments either in the controls or in animals with colitis (data not shown).

Collectively, these data indicate that the cytokine milieu is different
among the lymphoid compartments in which 11HSD1 is upregulated
during colitis. To identify which of the cytokines might contribute most
to the upregulation of 11HSD1, Pearson’s correlation coefficient ana-
lysis was performed. As shown in Table 1, we found a statistically
significant positive correlation between the levels of 11HSD1 and IL-1β,
IL-4, IL-21, and TNFα, but there was no correlation between 11HSD1
and IFNγ, IL-10 or TGFβ. In addition, the determination of R2 con-
tributed by individual variables suggested that TNFα mRNA is the most
important variable in predicting the 11HSD1 mRNA level, and that the
increase of 11HSD1 expression during colitis is related predominantly
to the increased expression of TNFα. Fig. 7 summarizes the experi-
mental data of 11HSD1 and TNFα obtained in ILF and MLN cortex of
control and DSS-mice.

3.2.1. 11HSD1 expression in purified T cells
Given that colitis significantly increased 11HSD1 expression in the

ILF and the MLN cortex, which contain not only B cells and stroma cells,
but also DCs and various subsets of T cells [21,27,28], we also analyzed
FACS-sorted lymphocyte cell subsets from the spleen and MLN of con-
trol and DSS-treated mice. Five phenotypes of lymphocytes were iso-
lated: CD19+ (B cells), CD3+ (T cells) and their subsets CD8+, CD4+,
and natural killer T cells. As shown in Fig. 8A and B, the freshly isolated
splenic and MLN T cells had significantly upregulated 11HSD1 during
colitis (P < 0.01), whereas 11HSD1 expression in B cells had only a
tendency to increase (P = 0.074). Detailed analysis of splenic T cells
proved that colitis stimulates 11HSD1 expression in all three subsets of
these cells (Fig. 8C).

4. Discussion

In this study, we found a topographically specific effect of colitis on
11HSD1 expression. First, we showed that 11HSD1 expression was
upregulated in the ILF and colonic crypts but not in the lamina propria.
In parallel with this finding, we observed upregulation of 11HSD1 ex-
pression in the cortex but not in the paracortex or medulla of the MLN.
Collectively, these results indicate that inflammation stimulates
11HSD1 expression both in the effector and inductive compartments of
the colonic lymphoid tissue and in the secondary lymphoid organs. All
of the microanatomical compartments analyzed encompass different
types of cells. The follicular compartments of the ILF and MLN cortex
contain mainly B cells and stromal cells, but also populations of other
cell types such as DCs, follicle-associated epithelium and subsets of T
cells. These subsets include T follicular regulatory cells and T helper
cells, a class of activated T lymphocytes that migrate to the cortex to
assist B cells [21,28]. Our data do not allow to determine definitely
what types of cells have upregulated 11HSD1 expression. However, a
comparison of our findings with other data indicates that 11HSD1 was
not increased in stromal or DC cells. Even if the resident stromal cells
that comprise the backbone of the nodes are important in shaping a
unique microenvironment [27], the absence of the stimulatory effect in
the paracortex and medulla supports the hypothesis that glucocorticoid
metabolism is not upregulated in stromal cells. Similarly, Soulier et al.
[5] demonstrated that glucocorticoid amplification operates in murine
DCs at a maximal rate, and is unaffected by additional innate or
adaptive immune stimuli. In contrast, we have found that T cells re-
spond to colitis with an increase in 11HSD1 expression and Zhang et al.
[7] showed that in vitro activation of the splenic and lymph node T cells
is accompanied by upregulation of 11HSD1 activity. The hypothesis
about upregulation of 11HSD1 expression in follicular T cells during

Fig. 4. Effect of colitis on the expression of 11β-hydroxysteroid dehydrogenase type 1
(11HSD1) and hexose-6-phosphate dehydrogenase (H6PDH) in different anatomical
compartments of the colon (A) and mesenteric lymph nodes (B, C). The bars represent
control healthy mice (black bars) and mice with DSS-colitis (grey bars). ILF, isolated
lymphoid follicles; CCE, colonic crypt epithelium; LP, lamina propria. Data are given as
the mean ± SEM (n = 7–9); comparison between the identical anatomical compart-
ments of controls and animals treated with DSS: *P < 0.05, **P < 0.01 and
***P < 0.001; comparison between anatomical compartments: #P < 0.05, ##P < 0.01
and ###P < 0.001.

P. Ergang et al. Steroids 126 (2017) 66–73

70



inflammation is concordant with the finding of the T cell marker CD3ε
in the ILF and the cortex of the MLN and with previous papers showing
that multiple types of T cells are interspersed within and at the
boundary of immune follicles [20,21]. Consistent with this notion is
also the recently described role of glucocorticoids in regulatory T cells

whose differentiation initiated by Treg-cell-activating cytokines is
modulated by glucocorticoid-induced protein GILZ [29].

Our data suggest that inflammation induces changes in glucocorti-
coid metabolism not only in inductive sites of the lymphoid tissue but
also in crypts, which represent a very specific microanatomical

Fig. 5. Expression of the T and B cell markers
CD3ε and CD19 in different compartments of the
mesenteric lymph nodes (A, B) and the colon (C,
D). Black bars represent control healthy mice and
grey bars the mice with DSS-colitis, (n = 7–9). For
further details, see Fig. 2.

Fig. 6. Effect of colitis on the expression of cytokine mRNAs in isolated lymphoid follicles (ILF) and the cortex of mesenteric lymph nodes. Black bars indicate mRNA levels in the control,
healthy mice and grey bars represent mice with DSS-colitis, (n = 6–8). For further details, see Fig. 2.
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compartment containing not only epithelial cells, but also a unique
niche of intraepithelial lymphocytes, a heterogeneous population of T
cells composed mainly of cytotoxic CD8+ T cells displaying features
that distinguish them from T cells organized in lymphoid tissues and in
the lamina propria [30]. As 11HSD1 enzyme activity was identified in
isolated intraepithelial leukocytes but not in colonocytes [9,31], it is
reasonable to consider intraepithelial lymphocytes to be a principal
subset of cells whose 11HSD1 expression is upregulated by colitis.
Concerning macrophages whose 11HSD1 expression is upregulated by
Th2 cytokines during the process of differentiation from monocytes into
macrophages [6], we do not believe that they are responsible for the
upregulation of 11HSD1 expression because intestinal macrophages are
rare in the epithelium itself and upregulation of 11HSD1 was not ob-
served in the lamina propria, where macrophages are mostly located
[32].

Although 11HSD1 expression was significantly increased during
colitis, we did not find any parallel upregulation of H6PDH, an enzyme
which mediates glucocorticoid generation via 11HSD1 oxo-reductase
activity [33]. This means that H6PDH is resistant to inflammation or
operates maximally already in control animals. The negative finding of

H6PDH in colon may be due to the levels of the transcript too low for
detection. Despite the absence of H6PDH transcript signal in micro-
samples of colonic compartments, H6PDH transcript and protein were
identified in macrosamples of not only secondary lymphoid organs but
also colon and small intestine [24,34]. It seems that the H6PDH copy
number relative to 11HSD1 copies is much lower in ILF, LP and CCE
than in MLN. Similar to other studies, the isozyme 11HSD2, which in-
activates glucocorticoids, was found in colonic epithelium but not in
lymphoid organs and immune cells [7,9,31] and was decreased during
inflammation [17,18]. Identification of 11HSD2 transcript in ILF seems
to reflect the epithelium overlying ILF and containing microfold (M)
cells [28]. The undetectable levels of 11HSD2 mRNA in MLN com-
partments and the lack of enzyme activity in immune cells [7] indicate
that the deactivation of glucocorticoids is not catalyzed in secondary
and most likely also in tertiary lymphoid organs.

The initiation and evolution of intestinal inflammation is governed
by cytokines, and cytokines have been shown to regulate 11HSD1 ex-
pression and the local metabolism of glucocorticoids [13,25,35]. To
further explore the possibility that changes in the cytokine milieu in
microanatomical compartments might provide signaling to upregulate
11HSD1, we compared the relationship between 11HSD1 expression
and the cytokines characteristic of the Th1/Th2/Th17 and Treg path-
ways: IFNγ, IL-4, IL-10, IL-17A, and TGFβ, respectively. In addition, we
studied the cytokine IL-21, which amplifies Th17 differentiation, and
the pro-inflammatory cytokines TNFα and IL-1β, which are more pro-
miscuous in their function. Whereas colitis upregulated the expression
of TNFα, IL-1β, IL-4, IL-10 and IL-21 in ILF and partially in the MLN
cortex, no changes were observed in the case of IFNγ and TGFβ. On the
basis of evidence obtained from in vitro experiments, one possible ex-
planation for the upregulation of 11HSD1 expression is that the in-
creased level of cytokines in specific microanatomical compartments
might stimulate 11HSD1 expression. In our experiments, the strongest
statistically significant positive correlation between 11HSD1 expression
and cytokines was found above all in the case of TNFα. A weaker
correlation was found for IL-21 and IL-1β (only in ILF) and especially
for IL-4. These data suggest that TNFα is the most crucial determinant
of 11HSD1 upregulation even if the effects of other cytokines cannot be
excluded. This conclusion is in accordance with the previously de-
scribed stimulatory effects of cytokines on 11HSD1 expression in var-
ious in vitro experiments. 11HSD1 expression was shown to be upre-
gulated by Th2/Th17 but not Th1 cytokines in airways [11,12,36],
fibroblasts [37] and monocytes [6] and by the pleiotropic cytokines
TNFα and IL-1β in a large variety of cell cultures of various origin
[13,37]. Similarly, the absence of any significant correlation between
IFNγ or TGFβ and 11HSD1 corresponds with the inability of these two
cytokines to modulate the expression of 11HSD1 in cell culture [12].
The exact mechanism by which TNFα carries out the stimulatory effect
on 11HSD1 expression during inflammation is unknown. Nevertheless,
findings in hepatocytes, adipocytes and synovial fibroblasts show that
TNFα and IL-1β upregulate 11HSD1 expression by MAPK-mediated

Table 1
Regression analysis for expression of 11HSD1 mRNA and mRNA of cytokines in intestinal
lymphoid follicles (ILF) and cortex of mesenteric lymph nodes.

Beta P R2

IFNγ 0.293 ns 0.010
IL-1β 0.622 < 0.05 0.340
IL-4 0.440 < 0.05 0.157
IL-10 0.295 ns 0.022
IL-21 0.588 < 0.01 0.318
TGFβ 0.282 ns 0.047
TNFα 0.751 < 0.0001 0.562

Beta, regression coefficient; P, statistical significance; R2, coefficient of determination; ns,
not significant.

Fig. 7. Regression analysis plot showing the correlation between the levels of 11HSD1
and TNFα mRNA in healthy controls and mice with DSS-colitis, (n = 30).

Fig. 8. Effect of colitis on 11HSD1 expression in subpopulations of lymphocytes isolated from the spleen and mesenteric lymph nodes. (A) T cells, (B) B cells, (C) subpopulations of splenic
T cells (CD4+; CD8+; NKT, natural killer T cells). The black bars represent the control healthy mice and the grey bars the mice with DSS-colitis. The results are shown as the mean ± SEM
of data obtained from 6 control and 6 DSS-treated mice; the analyzed samples of lymphocyte subsets were always prepared from one animal. Significant difference between controls and
colitis: **P < 0.01, ***P < 0.001.
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increased binding of transcription factor C/EBPβ to the 11HSD1 pro-
moter or activate NF-κB/ReIA pathway [38–40].

In conclusion, we have identified topographically distinct changes
in the regulation of 11HSD1 expression in specific anatomical com-
partments of the colon and the MLN during colitis, which suggests
differences in the bioavailability of endogenous glucocorticoids and in
local glucocorticoid signaling amplification. These changes may facil-
itate a regulatory and/or anti-inflammatory role of glucocorticoids in
immune processes generated in response to activation of the GALT
system. We postulate, that the upregulation of 11HSD1 expression in
inductive sites of the immune system during inflammation is associated
with the activation of Th2 but not Th1 and Th17 regulatory pathways.
The strongest regulatory effect appears to be TNFα, a pleiotropic pro-
inflammatory cytokine, produced in a broad range of cell types.
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