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Abstract

Stress has been shown to suppress immune function and increase susceptibility to inflammatory disease and psychiatric
disease. CD4+CD25+ regulatory T (Treg) cells are prominent in immune regulation. This study was conducted to determine if
anti-CD25 antibody (Ab) mediated depletion of Treg cells in mice susceptibility to stress-induced development of
depression-like behaviors, as well as immunological and neurochemical activity. To accomplish this, an elevated plus-maze
test (EPM), tail suspension test (TST), and forced swim test (FST) were used to examine depression-like behaviors upon
chronic immobilization stress. Immune imbalance status was observed based on analysis of serum cytokines using a mouse
cytometric bead array in conjunction with flow cytometry and changes in the levels of serotonin (5-HT) and dopamine (DA)
in the brain were measured by high performance liquid chromatography (HPLC). The time spent in the open arms of the
EPM decreased significantly and the immobility time in the FST increased significantly in the anti-CD25 Ab-treated group
when compared with the non stressed wild-type group. In addition, interlukin-6 (IL-6), tumor necrosis factor-á (TNF-á),
interlukin-2 (IL-2), interferon-gamma (IFN-c), interlukin-4 (IL-4) and interlukin-17A (IL-17A) concentrations were significantly
upregulated in the stressed anti-CD25 Ab-treated group when compared with the non stressed wild-type group.
Furthermore, the non stressed anti-CD25 Ab-treated group displayed decreased 5-HT levels within the hippocampus when
compared with the non stressed wild-type group. These results suggest that CD4+CD25+ Treg cell depletion modulated
alterations in depressive behavior, cytokine and monoaminergic activity. Therefore, controlling CD4+CD25+ Treg cell
function during stress may be a potent therapeutic strategy for the treatment of depression-like symptoms.
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Introduction

Stressful experiences, particularly chronic and unintended

stressors, are significant risk factors that play a pervasive role in

the etiology of myriad of diseases that they produce and

exacerbate. Chronic stress is associated with a neurobehavioral

syndrome that is suggestive of depression and multiple processes

ranging from psychic-related disorders to activation of the

inflammatory immune system [1,2,3]. Several studies have

consistently indicated that psychological, behavioral and neurobi-

ological profiles of depression are linked to the effects of

inflammatory cytokines. [4,5,6]. However, the pathophysiologic

mechanism of depression is still largely unknown in regards to the

interactions between the nervous and immune system.

CD4+CD25+ Regulatory T (Treg) cells are a subset of thymus-

derived CD4+ T cell populations that play a crucial role in

maintaining immune homeostasis and tolerance by inhibiting the

proliferation and the production of cytokines via their constitutive

expression of the IL-2 receptor a-chain (CD25) and the

transcription factor Foxp3 [7,8,9]. There is a great deal of

convincing data demonstrating that CD4+CD25+ Treg cells

suppress the development of chronic inflammatory diseases, such

as lupus, rheumatoid arthritis [10,11] and multiple sclerosis [12]

through different mechanisms concurrently and sequentially [13].

One mechanism through which stressors might affect numerous

processes aligned with neurobehavioral syndrome reminiscent of

depression is by activation of the inflammatory immune system

[1,3]. Chronic inflammation may also be associated with both

stress and impaired humoral immunity through the improper

functioning of helper T cells [14,15]. However, the role of

CD4+CD25+ Treg cells in major depression, which also exhibits

immune imbalance, has not yet been explored.

There has been increasing interest in understanding the

relationship between activation of immune response, such as the

release of immune cytokines, and the development of neuropsy-

chiatric disorders, including major depression [16,17]. Indeed,

patients with major depression have repeatedly been found to have

deregulation of the immune system, as indicated by unbalanced

peripheral blood inflammatory biomarkers [6] and increased

expression of acute phase proteins [18,19], chemokines and

adhesion molecules [20]. These changes have been considered in

terms of the imbalance between pro- and anti-inflammatory

cytokines, referred to as Th1/Th2 cytokines. In addition,

therapeutic administration of the cytokine IL-2 and interferon-á

has been shown to lead to depression in patients [21,22]. However,

very little is known about the immunological role that

CD4+CD25+ Treg cells play in stress models of depression.
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This study was conducted to assess the possibility that

CD4+CD25+ Treg cells might contribute to the behavioral and

biological alterations provoked by chronic immobilization stress

(CIS), which has been used to model neuropsychiatric pathology in

mice. The influence of CD4+CD25+ Treg cells deficiency on CIS-

induced development of depression-like behaviors in mice was

examined. In addition, to identify whether these behavioral effects

were accompanied by changes in the circulating cytokine levels

and central monoamine activity within several stressor-sensitive

brain regions that have been implicated in depression and anxiety,

the serum levels of the pro-inflammatory cytokines (IL-6 and

TNF-á), Th1 cytokine (IL-2 and IFN-c), Th2 inflammatory

cytokine (IL-4) and Th17 cytokine (IL-17A) and monoamine (DA

and 5-HT) within the prefrontal cortex and hippocampus were

measured during the development of behavioral responses-related

depression. The use of this animal model may further clarify the

role of helper T cells and provide insight into the effects of

CD4+CD25+ Treg cells on the susceptibility to the induction of

depressive disorders.

Methods

Ethics Statement
All experiments were approved by the University of Kyung Hee

Animal Care and Use Committee (KHUASP (SE) - 11 - 027).

Animals
C57BL/6 mice (6 to 8 wk of age, weighing 20 to 25 g) were

obtained from Charles River Laboratories international, Inc.

(South Korea). Mice were randomly divided into four groups: non-

stressed wild-type (WT) mice (naı̈ve + control group, n = 15),

stressed WT mice (stress + control group, n = 14), non-stressed

CD4+CD25+ regulatory T (Treg) cells depleted mice (naı̈ve + anti-

CD25 antibody -treated group, n = 16), stressed CD4+CD25+

Treg cells depleted mice (stress + anti-CD25 antibody-treated

group, n = 15). Three separate cohorts of mice (n = 5–6/group, 4

groups in one cohort) were assessed in an elevated plus-maze test,

tail suspension test, and forced swim test. Among them, the flow

cytometric analysis and the serum cytokine concentrations in two

cohorts of mice were measured, while the levels of brain

monoamines were examined in the remaining cohort after

finishing the behavior tests. The mice were group-housed under

pathogen-free conditions at a controlled temperature (22–24uC)

and 12 h light/dark cycle. The lights remained on from 8:00 to

20:00 and food and water were available ad libitum.

Depletion of CD4+CD25+ Regulatory T Cells in vivo
Anti-mouse CD25 rat IgG1 (anti-CD25; clone PC61) were

generated in-house from hybridomas obtained from the American

Type Culture Collection (Mamassas, VA, USA). A dose of

0.25 mg of anti-CD25 antibody (Ab) was injected intraperitoneally

once 24 h before CIS and then on the 8th day after the first

immobilization stress. The efficacy of CD4+CD25+ Treg cells

depletion was confirmed by flow cytometry analysis using PE-anti-

mouse CD25 and fluorescent isothiocyanate- anti-mouse CD4

(Fig. 1).

Chronic Immobilization Stress Procedure
Mice were randomly assigned to a chronic immobilization

stressed group or a non-stressed control group. Stress was

produced by forcing the animals into an immobilizer device (a

disposable rodent restraint cone, Cat. no 529586, Harvard

Instruments, Holliston, MA, U.S.A.) for 2 hours (10:00 a.m.–

12:00 p.m.) every day for 21 consecutive days. The mouse was

eased into the restraint head first, after which the transparent

perforated plastic tube was closed, while leaving a nose-hole for

breathing. The mice fit tightly into the apparatus to prevent them

from moving or turning around. Mice were allowed to habituate to

the testing room for at least 1-h before performing the behavior

tests. The chronic immobilization stressor used in our study

produced typical depressive like behaviors, such as increased

duration of immobility and did not decrease locomotive activity on

day 21, at which time sickness was not evident [23].

Behavioral Assessments
Depression and anxiety related behavior testing was con-

ducted on the afternoon (22 day) after the previous day’s

morning CIS. Mice were allowed to acclimate to the relevant

testing room for at least 1 hour before performing the sequence

of behavior tests in order to minimize the acute effects of the

experimental stressors, and all apparatuses were thoroughly

cleaned between trials/mice with a 70% ethanol solution to

minimize the effects of lingering olfactory cues. Twenty-four

hours after the last behavior test, all mice were rapidly

decapitated and blood, spleen and brain of mice from each of

the treatment groups were collected. Blood serum and brain

specimens were then stored at 280uC for serum cytokine

measurements and HPLC monoamine determination.

Elevated Plus-maze Test
As anxiety-related variables, the time spent and numbers of

entries into the open and closed arms at the end (during three

weeks) of the stress procedure were measured. The testing

procedure used in this study was based on the method described

by Lister, with some modifications [24]. The EPM consisted of

a black wooden platform with two open arms (3065 cm) and two

closed arms (3065615 cm) arranged in the shape of a plus sign.

The arms extended from a central platform (565 cm). The maze

was elevated 40 cm above the floor. The mice were individually

placed in a central platform facing a closed arm and allowed to

explore the maze freely for 5 min. The frequency of entries into

the open arms and closed arms of the maze and time spent in the

respective arms was recorded.

Forced Swim Test
Mice were individually placed in a glass cylinder (20 cm

diameter625 cm high) containing water (2461uC) with a depth of

15 cm from the bottom. The water level was deliberately made

deeper than in the procedure described by Porsolt et al. [25] to

prevent the mice from supporting themselves by touching the

bottom with their hind limbs or tail. All mice were forced to swim

for 6 min, and the duration of immobility was observed and

measured during the final 4 min of the test. The immobility time

was regarded as the time the mouse spent floating in the water

without struggling and making only those movements necessary to

keep its head above water.

Tail Suspension Test
The total duration of immobility induced by tail suspension was

based on a method described by Steru et al. [26] and measured

using computerized TST equipment, BSTST2CA, with the

BSTST2LOG software (BIOSEB, Boulogne, France). Briefly,

mice were isolated in each chamber and suspended upside down

by taping their tails to a flat metal bar with adhesive tape. The

mice were positioned so that they could not reach the top or sides

of the chamber. The mice were left in this position for six minutes.

Treg Cells Modulates Stress Induced Depression
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Flow Cytometric Analysis
After the behavioral tests, single-cell suspensions of spleenocytes

that were incubated with fluorescently tagged Abs directed against

a panel of cell surface markers were stained with CD4, CD25 and

Foxp3 (eBiosciences, San Diego, CA, USA). The staining was

conducted in accordance with the manufacturer’s instructions. All

FACS data were acquired using a FACSCalibur flow cytometer

(BD Biosciences, San Jose, CA, USA) and analyzed using

CellQuest Pro (BD Biosciences, San Jose, CA, USA).

Serum Cytokine Measurements
Blood samples were collected by retro-orbital puncture and

allowed to clot for 1–2 hours at 37uC. They were then centrifuged

at 1000 g for 20 min at 4uC to obtain the serum, which was stored

at 270uC until analyzed in the CBA assay. The serum prepared

from each blood sample was subjected to duplicate measurements

for cytokine analysis using the mouse cytometric bead array (CBA)

(Cat. No 560485BD, Biosciences, San Jose, CA, USA) in

accordance with manufacturer’s instructions.

HPLC Determination of Brain Monoamine Concentrations
After the behavioral tests, the prefrontal cortex and hippocam-

pus were dissected from the mice and homogenized in 200 ml of

mobile phase using a Bio-vortexer (Bartlesville, OK, USA).

Dopamine (DA), dihydroxyphenylacetic acid (DOPAC), homo-

vanillic acid (HVA), serotonine (5-HT), and 5-hydroxyindole

acetic acid (5-HIAA) were purchased from Sigma Aldrich (St.

Louis, USA). All other chemicals used in this study were of

analytical or HPLC grade. The mobile phase was composed of

a phosphate buffer with a final pH of 3.2 and contained 150 mM

sodium phsphatemonobasic monohydrate, 1.85 mM octanesulfo-

nic acid, 0.2 mM EDTA, 0.01% (v/v) triethylamine, 4% (v/v)

methanol and 6% (v/v) acetonitrile. The homogenate was

centrifuged (15 min, 10006g, 4uC; Micro 17R, Hanil Co. Korea)

and the supernatants were filtered using 0.45 mm PVDF (target

syringe filter, National Scientific, USA). Twenty microliters of the

supernatants were then injected into the HPLC-ECD system,

which employed a reversed phase HPLC column (4 mm Nova-

pack C18; 3.96150 mm column; Waters Co., MA, USA) for

separation of the monoamines and metabolites. HPLC was

conducted at a flow rate of 0.8 ml/min (1525 binary pump;

Waters Co) and the monoamine and metabolite content was

determined using an electrochemical detector (ESA, MA, USA;

Coulochem II Model 5300A; model with a guard cell 5020;

300 mV, micro dialysis cell model 5014B; E2+320 mV, E1–

100 mV r; 20 nA).

Protein Assay
To normalize samples for HPLC, the protein content of the

samples was determined by the method described by Bradford

[27] using Coomassie brilliant blue reagent (Cat. no 500-0203,

Bio-Rad Laboratories, Inc. Hercules, CA, USA). Bovine serum

albumin (1 mg/ml) was used as a standard.

Statistical Analysis
Data were calculated and analyzed using 2 (CD4+CD25+ Treg

cells depletion; wild type vs. CD4+CD25+ Treg cells depletion

treatment) 62 (CIS; non-stressed vs. stressed condition) analysis of

variance (ANOVA) and one way ANOVA followed by a post hoc

Newman-Keuls multiple comparison test when necessary (Graph-

Pad Software, San Diego, CA, USA). Pearson’s correlation

coefficients (2-tailed) were used to calculate the relationship

between stress condition and changes in cytokine and monoamine

concentrations. All data shown represent the means 6 S.E. values.

A p,0.05 was considered to be significant.

Results

CIS Induced Decrease CD4+CD25+ Treg Population in
Stressed WT Mice

As shown in Figure 2, stress may decrease the Treg population.

Two-way ANOVA analysis revealed a significant interaction

between CD4+CD25+ Treg cell depletion and CIS (F1, 33 = 15.86,

p= 0.0004), a significant effect of the CD4+CD25+ Treg cell

depletion (F1, 33 = 29.23, p,0.0001) and effect of the CIS

(F1, 33 = 13.37, p,0.0001). Separate one-way ANOVA showed

that the CD4+CD25+ Treg cell population differed significantly

among the groups (F3, 33 = 468.9, p,0.0001). The post hoc

comparisons indicated that the stressed control group had

a significantly decreased CD4+CD25+ Treg cell population when

compared with the non-stressed control group (p,0.001 ).

CD4+CD25+ Treg Cells Depleted Mice Showed Elevated
Anxiety-related Behavior

As shown in Figure 3A, two-way ANOVA of the EPM data

revealed a significant interaction between CD4+CD25+ Treg cell

Figure 1. Schedule of experimental procedures. Mice were divided into non-stressed WT mice, stressed WT mice, non-stressed CD4+CD25+

regulatory T (Treg) cells depleted mice, stressed CD4+CD25+ Treg cells depleted mice; from day 1 to 22, the stressed WT mice and stressed
CD4+CD25+ Treg cells depleted mice received daily immobilization stress for 4 h and then were moved back to the home cage (three mice to a cage).
An anti-CD25 antibody (Ab) was injected intraperitoneally once 24 h before CIS and then on the 8th day after the first CIS. On day 22, EPM, FST and
TST were conducted in the afternoon (22 day) to determine depression and anxiety related behaviors after the previous day’s morning CIS.
doi:10.1371/journal.pone.0042054.g001
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depletion and CIS (F1, 56 = 5.26, p= 0.0256) and a significant

effect of CIS (F1, 56 = 17.43, p= 0.0001), but there was no

significant effect of CD4+CD25+ Treg cell depletion (F1,

56 = 17.43, p= 0.2173) on time spent in the open arms. These

findings indicated that repeatedly stressed mice may display

anxiety-related behavior during open space-induced exploration.

Separate one-way ANOVA revealed that the time spent in the

open arms differed significantly among groups (F3, 56 = 7.95,

p,0.001). The post hoc comparisons indicated that the stressed

control group spent significantly less time in the open arms than

the non-stressed control group (p,0.001). Similarly, the non-

stressed anti-CD25 Ab-treated group (p,0.05) and the stressed

anti-CD25 Ab-treated group (p,0.001) spent significantly less time

in the open arms than the non-stressed control group, indicating

increased anxiety-related behavior. Concomitant with the data for

the open arms, no significant interaction between CD4+CD25+

Treg cell depletion and CIS (F1, 56 = 3.35, p= 0.0065) was

observed in the two-way ANOVA, but the CIS led to significantly

elevated time spent in the closed arms of EPM (F1, 56 = 6.45,

p = 0.0139) without the influence of CD4+CD25+ Treg cell

depletion (F1, 56 = 0.097, p= 0.757) (Fig. 3B). Separate one-way

ANOVA revealed that the time spent in the closed arms differed

significantly among groups (F3, 56 = 3.27, p,0.05). Post hoc

comparisons indicated that the stressed control group spent

significantly more time in the closed arms than the non-stressed

control group (p,0.001). Although the anti-CD25 Ab-treated

groups showed no significant change in the duration of time spent

in the closed arms upon CIS, the anti-CD25 Ab-treated groups

tended to spend more time in the closed arms of the EPM.

Moreover, the frequency of entries into both arms was unaffected

by the interaction between CD4+CD25+ Treg cell depletion and

CIS (F1, 56 = 1.53, p= 0.2243), CIS (F1, 56 = 0.127, p= 0.7231) and

CD4+CD25+ Treg cell depletion (F1, 56 = 0.301, p= 0.5868),

indicating that there were no significant differences in the

locomotion independent anxiety levels of the mice (Fig. 3C).

CD4+CD25+ Treg Cells Depleted Mice Showed Increased
Despair Behavior

A two-way ANOVA of the FST data revealed that the durations

of immobility differed as a function of the significant interaction

between CD4+CD25+ Treg cell depletion and the CIS

(F1, 56 = 4.85, p = 0.0319) and a significant effect of the CIS

(F1, 56 = 8.45, p= 0.0052) was observed, as the stressed mice

exhibited a markedly depressed phenotype characterized by

increased durations of immobility during the FST when compared

with non-stressed mice. However, no significant effect of

CD4+CD25+ Treg cell depletion was observed (F1, 56 = 2.39,

p= 0.1278) (Fig. 4). Separate one-way ANOVA revealed that the

durations of immobility in the FST differed significantly among

groups (F3, 56 = 6.77, p,0.01). Post hoc comparisons indicated that

the stressed control group showed significantly increased durations

of immobility in FST when compared with the non-stressed

control group (p,0.01). Similarly, the stressed anti-CD25 Ab-

treated group and the non-stressed anti-CD25 Ab-treated group

showed significantly higher durations of immobility in FST when

compared with the non-stressed control group (p,0.01 and

p,0.01).

As shown in Figure 5, two-way ANOVA analysis of the TST

data showed that the durations of immobility did not differ

significantly among groups (CD4+CD25+ Treg cells depletion6
CIS interaction effect, F1, 56 = 2.17, p = 0.1462; CIS main effect,

F1, 56 = 0.522, p = 0.4729; CD4+CD25+ Treg cells depletion main

effect, F1, 56 = 0.062, p = 0.8032). Separate one-way ANOVA

analysis also showed that the durations of immobility did not differ

significantly among groups (F3, 56 = 0.89, p.0.05).

Effects of the Chronic Immobilization Stress Treatment
and CD4+CD25+ Treg Cells Deficiency on Serum
Cytokines

As shown in Figure 6A and 6B, a significant effect of

CD4+CD25+ Treg cell depletion on serum concentrations of the

monocytic pro-inflammatory cytokines, IL-6 (F1, 39 = 6.86,

p= 0.0125) and TNF-a (F1, 39 = 8.97, p= 0.0048) were observed

in the two-way ANOVA, but there were no significant interaction

between CD4+CD25+ Treg cell depletion and CIS and the effect

of CIS on the concentrations of IL-6 (F1, 39 = 1.40, p= 0.2433 and

F1, 39 = 3.01, p= 0.0908) and TNF-a (F1, 39 = 2.10, p= 0.1555 and

F1, 39 = 2.09, p= 0.0.1471). Furthermore, the magnitude of the

increase in IL-6 and TNF-a concentration in response to the

stressor differed significantly among the control and anti-CD25

Ab-treated mice. Separate one-way ANOVA revealed that the

concentrations of IL-6 and TNF-a differed significantly among

groups (F3, 39 = 3.58, p,0.05 and F3, 39 = 4.26, p,0.01). Post hoc

comparisons indicated that the stressed anti-CD25 Ab-treated

group had higher serum IL-6 and TNF-a concentrations when

compared with the non-stressed control group (p,0.05 and

p,0.05) and the stressed control group (p,0.05 and p,0.05). In

addition, the stressed anti-CD25 Ab-treated group showed

significantly higher IL-6 and TNF-a concentration when com-

pared with the non-stressed anti-CD25 Ab-treated group (p,0.05

and p,0.05).

Similarly, two-way ANOVA revealed that the serum concen-

trations of Th1 cytokine, IL-2 and interferon-gamma (IFN-c)

were significantly affected by the depletion of CD4+CD25+ Treg

cells (F1, 39 = 6.53, p= 0.0146 and F1, 39 = 12.47, p= 0.0011), but

there were no significant interaction between CD4+CD25+ Treg

cells depletion and CIS (IL-2; F1, 39 = 2.41, p= 0.1290 and IFN-

c; F1, 39 = 1.98, p= 0.1677) and a significant effect of CIS was

observed (IL-2; F1, 39 = 2.41, p= 0.1290 and IFN-c; F1, 39 = 2.03,

Figure 2. Anti-CD25 Ab-induced depletion of CD4+CD25+ Treg
cells in mice (n=8–10). Representative dot plots are shown for
CD4+CD25+FOXP3+ cells. The efficacy of CD4+CD25+ Treg cell depletion
was confirmed by flow cytometry analysis using PE-anti-mouse CD25
and fluorescent isothiocyanate- anti-mouse CD4 (A). Summaries of the
percentage of positive cells are shown in (B) for CD4+CD25+FOXP3+ cells
and are presented as the mean 6 SE. *** p,0.001 vs. the wild-type
mice.
doi:10.1371/journal.pone.0042054.g002
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p= 0.1626). Separate one-way ANOVA revealed that the

concentrations of IL-2 and IFN-c differed significantly among

groups (F3,39 = 3.63, p,0.05, and F3,39 = 5.33, p,0.01), as the

stressed anti-CD25 Ab-treated group had higher levels of IL-2

and interferon-gamma (IFN-c) when compared with the non-

stressed control group (p,0.05 and p,0.05) and the stressed

control group (p,0.05 and p,0.01). The stressed anti-CD25 Ab-

treated group also had elevated IL-2 concentrations when

compared with the non-stressed anti-CD25 Ab-treated group

(p,0.05) (Fig. 7A and Fig. 7B).

As shown in Figure 8A, a significant effect of CD4+CD25+ Treg

cell depletion on the serum concentrations of IL-4 was observed in

two-way ANOVA analysis, which differed significantly among

groups (F1, 39 = 26.51, p= 0.001), but there were no significant

interaction between CD4+CD25+ Treg cell depletion and CIS (F1,

39 = 1.97, p= 0.1689) and a significant main effect of CIS (F1,

39 = 2.43, p= 2.978) was not observed. In addition, IL-17A varied

as a function of the significant effect of CD4+CD25+ Treg cell

depletion (F1, 39 = 26.51, p= 0.0001) and CIS (and F1, 39 = 17.56,

p= 0.002), but there was no significant interaction between

CD4+CD25+ Treg cell depletion and CIS (F1, 39 = 2.38,

p= 0.1311) in the serum concentrations of IL-17A (Fig. 8B).

Separate one-way ANOVA showed a significant effect of the

differences in concentrations of IL-4 and IL-17A between the

control and anti-CD25 Ab-treated group (F3, 39 = 10.05, p,0.001

and F3, 39 = 7.39, p,0.001). Post hoc comparisons indicated that the

serum concentrations of IL-4 and IL-17A of the stressed anti-

CD25 Ab-treated group were elevated relative to the non-stressed

control group (p,0.001 and p,0.01), the stressed control group

(p,0.001and p,0.001) and the non-stressed anti-CD25 Ab-

treated group (p,0.05 and p,0.05).

CD4+CD25+ Treg Cells Depleted Mice Displayed
Decreased 5-HT Levels within the Hippocampus

Two-way ANOVA revealed that neither the DA levels

(CD4+CD25+ Treg cells depletion6CIS interaction effect,

F1, 21 = 0.01, p = 0.9999; CIS main effect, F1, 21 = 0.04,

p = 0.8537; CD4+CD25+ Treg cells depletion main effect, F1,

21 = 0.52, p = 0.4837) nor those of its metabolite, DOPAC

Figure 3. Effects of CD4+CD25+ Treg cells deficiency upon chronic immobilization stress in the elevated plus maze (n=14–16). After
21 days of stress, mice were individually placed in a central platform facing a closed arm and allowed to freely explore the maize for 5 min. Time
spent in the open arms (A) and closed arms (B) of the maze and the frequency of entry into both arms (C) in the elevated plus maze. The time spent in
the respective arms was recorded. Data were analyzed using separate one-way ANOVA followed by a post hoc Newman-Keuls test. ***p,0.001,
*p,0.05 vs. the non-stressed control group. Vertical bars indicate the S.E.
doi:10.1371/journal.pone.0042054.g003
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(CD4+CD25+ Treg cells depletion6CIS interaction effect, F1,

21 = 1.12, p = 0.3085; CIS main effect, F1, 21 = 0.16, p = 0.6959;

CD4+CD25+ Treg cells depletion main effect, F1, 21 = 4.18,

p = 0.0602) within the prefrontal cortex (PFN) were significantly

affected by CD4+CD25+ Treg cell depletion or the CIS (Fig. 9A

and Fig. 9B). Moreover, the changes in 5-HT and its metabolite,

5-HIAA, within the hippocampus in response to the repeated

stress treatment differed as a function of the significant interaction

between the CD4+CD25+ Treg cell depletion and the CIS among

the control group and anti-CD25 Ab-treated group (F1, 21 = 5.02,

p = 0.0359 and F1, 21 = 4.472, p = 0.0466), but no significant effect

of the CD4+CD25+ Treg cell depletion or CIS on the 5-HT

(F1, 21 = 0.67, p = 0.4236 and F1, 21 = 0.003, p = 0.9523) and 5-

HIAA levels (F1, 21 = 0.06, p = 0.8040 and F1, 21 = 1.72, p = 0.2043)

were observed. Separate one-way ANOVA analysis revealed that

the level of 5-HT and its metabolite 5-HIAA within the

hippocampus differed significantly between the control group

and anti-CD25 Ab-treated group (F3, 21 = 4.26, p,0.05 and F3,

21 = 4.39, p,0.05). Post hoc comparisons indicated that the stressed

anti-CD25 Ab-treated group and the non-stressed anti-CD25 Ab-

treated group showed significantly reduced 5-HT levels within the

hippocampus when compared with the non-stressed control group

(p,0.05). The 5-HIAA levels were greatly reduced in the stressed

control group and the non-stressed anti-CD25 Ab-treated group

when compared to the non-stressed control group (p,0.05)

(Fig. 10A and Fig. 10B).

Correlation between Stress-induced Behavior and
Inflammatory Cytokines/monoamines

When all of the animals were included in the correlation

analysis, the immobility of FST as CIS-related variables was found

to be positively correlated with the levels of IL-6 (r = 0.48,

p= 0.0342) and TNF-á (r = 0.46, p= 0.0417) (Fig. 11A). There was

no correlation between the immobility of FST and IL-2 (r = 0.23,

p = 0.3360), IFN-c (r = 0.35, p= 0.1301), IL-4 (r = 0.40, p= 0.0842)

and IL-17A (r = 0.33, p= 0.0842). The immobility of FST was also

negatively correlated with 5-HT (r =20.46, p = 0.0405), 5-HIAA

(r =20.46, p = 0.0393) of hippocampus (Fig. 11B). Furthermore,

we found a negative correlation between the immobility of FST

and DA of the prefrontal cortex (r =20.47, p= 0.0372) (Fig. 11C).

Discussion

The results of the present study demonstrates that CD4+CD25+

Treg cell depleted mice displayed markedly increased anxiety in

the open arms of the EPM and immobility in the FST. In addition,

the serum concentrations of the pro-inflammatory cytokines (IL-6

and TNF-á), Th1 cytokines (IL-2 and IFN-c), Th2 inflammatory

cytokine (IL-4) and Th17 cytokine (IL-17A) were significantly

elevated in CD4+CD25+ Treg cell depleted mice. Moreover,

a significant decrease in 5-HT levels within the hippocampus was

observed in the CD4+CD25+ Treg cell depleted mice. We found

that CIS led to a decrease in the CD4+CD25+ Treg population in

the splenocytes of WT mice that received the CIS. This

observation is consistent with the finding that the immune

imbalance in major depression patients resulted in a decrease in

the Treg cell population in peripheral blood lymphocyte [28].

Tregs have been also known to inhibit the extenuating effects of

autoreactive T cells on stress-induced anxiety- like behaviors [29].

Many studies have suggested that stress activation of the immune

system predominantly produces pro-inflammatory cytokines,

which initiates inflammatory immune responses [4,30,31]. Pre-

vious studies that have examined major depression have shown

that elevated IL-2 and IL-6 production could be integrated with

an inflammatory response system during a depressive state [32,33],

although some studies have shown conflicting results [34,35].

Similarly, Lanquillon et al. reported that the production of TNF-

a by peripheral blood mononuclear cells is significantly higher in

depressed patients than in normal control patients [36]. In-

terestingly, present data also demonstrated that the level of IL-6

and TNF-á was positively correlated with the depressive behavior,

Figure 4. Effects of CD4+CD25+ Treg cells deficiency on the
durations of immobility in the forced swim test (n =14–16).
After 21 days of stress, mice were individually placed in a glass cylinder
(20 cm diameter625 cm high) containing water. During the 6 min test,
the duration of immobility was observed and measured. The immobility
time was regarded as the time spent by the mouse floating in the water
without struggling. Data were analyzed using separate one-way ANOVA
followed by a post hoc Newman-Keuls test. ** p,0.01 vs. the non-
stressed control group. Vertical bars indicate the S.E.
doi:10.1371/journal.pone.0042054.g004

Figure 5. Effects of CD4+CD25+ Treg cells deficiency on the
durations of immobility in the tail suspension test (n=14–16).
After 21 days of stress, mice were isolated in each chamber and
suspended upside down by taping their tails to a flat metal bar so that
they could not reach the top or the sides of the chamber. The mice
were left in this position for 6 min and the total duration of immobility
was measured. Data were analyzed using separate one-way ANOVA
followed by a post hoc Newman-Keuls test. Vertical bars indicate the S.E.
doi:10.1371/journal.pone.0042054.g005
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supporting the hypothesis that the inflammatory cytokines cause

development of depression. Moreover, previous studies have

demonstrated that several genes that modulate T cell function

are associated with major depression and the response to

antidepressants. For example, single nucleotide polymorphisms

(SNPs) in the PSMB4 and T-bet (Tbx 21) genes are strongly

involved in the susceptibility to major depression [37]. Th1 cell

cytokines and IFN-ã production induced by T-bet (Tbx21), which

initiates development of the Th1 cell lineage from naive pre-Th

cells, was higher in depressed patients and Th2 anti-inflammatory

cytokine, IL-4 was lower in normal controls [38,39,40,41]. Our

recent study demonstrated that T-bet deficient mice exhibit

impaired depression like behavior upon CIS [41]. Consistent with

these previous reports, the immune imbalance in major depression

patients was not only characterized by changes in cytokine levels,

but also by a decrease in the CD4+CD25+ Treg cell population in

peripheral blood lymphocytes. These changes may prove impor-

tant to understanding the mechanism involved in immune

deregulation [39]. The results of the present study suggest that

CD4+CD25+ Treg cell deficiency may contribute to a progressive

effect on stress-induced immunological variations. Such findings

are consistent with the possibility that stressor-induced increases in

circulating pro inflammatory cytokines may occur as a result of the

action of Th immune cells, and that CD4+CD25+ Treg cell

deficiency may aggravate the immunological effect of CIS. These

findings also suggest that Th cell dysfunction in major depression

Figure 6. Effects of CD4+CD25+ Treg cells deficiency on serum concentrations of the pro-inflammatory cytokines IL-6 (A), and TNF-á
(B) (n =10–12). After the behavior tests, blood samples were collected from the mice by retro-orbital puncture. The serum prepared from each
blood sample was then subjected to duplicate measurements for cytokine analysis using the mouse cytometric bead array (CBA). Data were analyzed
using separate one-way ANOVA followed by a post hoc Newman-Keuls test. ** p,0.01, * p,0.05 vs. the stressed anti-CD25 Ab-treated group. Vertical
bars indicate the S.E.
doi:10.1371/journal.pone.0042054.g006

Figure 7. Effects of CD4+CD25+ Treg cells deficiency on serum concentrations of the Th1 cytokines IL-2 (A) and IFN-c (B) (n=10–12).
After the behavior tests, blood samples were collected from the mice by retro-orbital puncture. The serum prepared from each blood sample was
then subjected to duplicate measurements for cytokine analysis using the mouse cytometric bead array (CBA). Data were analyzed using separate
one-way ANOVA followed by a post hoc Newman-Keuls test. ** p,0.01, * p,0.05 vs. the stressed anti-CD25 Ab-treated group. Vertical bars indicate
the S.E.
doi:10.1371/journal.pone.0042054.g007
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may not only represent a consequence of the disease, but also plays

an important role in its cause.

In the case of the central nervous system (CNS), Treg cells can

have a beneficial effect by short circuiting the inflammatory loop

of T cells and antigen-presenting cells (APCs) [42]. Moreover,

peripheral cytokines may directly trigger vagal and trigeminal

afferent fibers and promote cytokines, mainly produced by

microglia and astroglia through all CNS cells [43,44,45].

Furthermore, cytokines have specific transporter mechanisms at

the blood- brain barrier (BBB) [46]. Increased BBB permeability

[47] by stress can cause an increase in the infiltration of peripheral

immune cells, such as activated T lymphocytes and natural killer

cells [48], into brain parenchyma. Interestingly, it has been shown

that CD4+ T cells were found to be involved in neuroprotection

during the pathology of neurodegenerative disorders of the central

nervous system (CNS) such as Alzheimer’s (AD) and Parkinson

Figure 8. Effects of CD4+CD25+ Treg cells deficiency on serum concentrations of the Th2 cytokine IL-4 (A) and the Th17 cytokine IL-
17A (B) (n =10–12). After the behavior tests, blood samples were collected from the mice by retro-orbital puncture. The serum prepared from each
blood sample was subjected to duplicate measurements for cytokine analysis using the mouse cytometric bead array (CBA). Data were analyzed
using separate one-way ANOVA followed by a post hoc Newman-Keuls test. *** p,0.00, ** p,0.01, * p,0.05 vs. the stressed anti-CD25 Ab-treated
group. Vertical bars indicate the S.E.
doi:10.1371/journal.pone.0042054.g008

Figure 9. Effects of CD4+CD25+ Treg cells deficiency on levels of dopamine (DA) (A) and its metabolite, DOPAC (B) within the
prefrontal cortex (n=5–8). After the behavioral tests, the prefrontal cortex and hippocampus were dissected from the mice and homogenized.
Each supernatant sample was then injected into a reversed phase HPLC column, after which the amounts of monoamines and metabolites were
determined using an electrochemical detector. Data were analyzed by separate one-way ANOVA followed by a post hoc Newman-Keuls test. Vertical
bars indicate S.E.
doi:10.1371/journal.pone.0042054.g009
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disease (PD) [49,50,51]. Neuroinflammation and the progressive

loss of nerve cells occur concurrently with activated microglia as

part of a local innate immune reaction, production of in-

flammatory cytokines and limited T cells infiltration [52,53].

The capacity of CD4+ T cells to reduce microglia responses and

protect against neurodegeneration suggests the possible involve-

ment of CD4+CD25+ Treg cells. Therefore, given the potential

role of inflammation in depression and the ability of Treg to

inhibit inappropriate or excessive immune responses, it is an

intriguing possibility that decreased Treg activity may be relevant

to the pathogenesis of depression. However, few studies exploring

the intracellular mechanisms that regulate communication be-

tween stress and T cells have been reported.

In this study, CD4+CD25+ Treg cell depleted mice were shown

to be susceptible to the CIS-induced development of depression-

like behaviors, indicating that stress induced depression may be

considered a pathogenic immune disorder. Anxiety is a symptom

with high prevalence in depression. Therefore, animal models that

are used to elucidate mechanisms underlying depression often

display altered anxiety-related behavior, which can be assessed in

the elevated plus-maze test (EPM) [54]. The time spent in the open

arms by CD4+CD25+ Treg cell depleted mice was significantly

reduced when compared to that of non-stressed WT mice,

indicating that anxiety-related behaviors were promoted by both

CIS and the depletion of CD4+CD25+ Treg cells. The forced swim

test (FST) and the tail suspension test (TST), which are two

standard tests used for the assessment of despair behavior, were

also conducted. In the FST, mice were forced to swim in

a restricted space from which they cannot escape and were

induced to assume a characteristic behavior of immobility [25].

The stressed WT mice exhibited markedly increased durations of

immobility during the FST when compared with the non-stressed

WT mice, while CD4+CD25+ Treg cell depleted mice were not

further influenced by the CIS. In the TST, the animal

immediately engaged in several agitation- or escape-like behaviors,

followed by increasing bouts of immobility upon suspension by its

tail [26]. The stressed WT mice and the CD4+CD25+ Treg cell

depleted mice showed slightly increased durations of immobility in

TST when compared to the non-stressed WT mice, but these

increases were not significant. These findings indicate that CIS

treatment resulted in a marked increase in depression-like

behaviors during the FST in WT mice, while Treg depleted mice

were no longer responding to CIS with elevated depressive

behaviors.

Central monoamines, specifically serotonin (5-HT), norepi-

nephrine (NE) and dopamine (DA), are widely distributed in the

brain, and their functional role is well established under stressful

conditions. [55]. To ascertain if CD4+CD25+ Treg cell deficiency

contributes to CIS-induced behavioral deficits by moderating the

central effects of stress, changes in DA and its metabolites,

DOPAC, in the prefrontal cortex, which has a high DA content,

were evaluated [56]. In addition, changes in 5-HT and its

metabolite, 5-HIAA, present in the hippocampus, which has a high

concentration of glucocorticoid (GC) receptors [57] were ob-

served. Noticeable decreases in the hippocampus 5-HT levels were

observed in CD4+CD25+ Treg cell depleted mice. In contrast, DA

levels and DOPAC within the prefrontal cortex were not affected

by the treatments, indicating a region-specific effect of stress,

although an increase in the DA levels in the prefrontal cortex were

observed in CD4+CD25+ Treg cell depleted mice [58,59,60].

These changes were significantly positively correlated with

CD4+CD25+ Treg cell deficiency, which indicated that mono-

amines within the hippocampus may interact with CD4+CD25+

Treg cells. The results of neurochemical variations indicate that

CIS and CD4+CD25+ Treg deficiency influences 5-HT activity

within the hippocampus. It should be noted that reduced

monoamine concentrations are relevant to increased stress

sensitization and their preferential and higher utilization. A recent

study showed that low levels of brain monoamine neurotransmit-

ters, especially 5-HT, could induce depression [61]. A more recent

study demonstrated that a decreased in serotonin tissue concen-

tration induced by chronic mild stress was apparent without

Figure 10. Effects of CD4+CD25+ Treg cells deficiency on levels of serotonin (5-HT) (A) and its metabolite, 5-HIAA, (B) within the
hippocampus (n=5–8). After the behavioral tests, the prefrontal cortex and hippocampus were dissected from the mice and homogenized. Each
supernatant sample was injected into a reversed phase HPLC column. The amounts of monoamines and metabolites were then determined using an
electrochemical detector. Data were analyzed using separate one-way ANOVA followed by a post hoc Newman-Keuls test. * p,0.05 vs. the non-
stressed control group. Vertical bars indicate the S.E.
doi:10.1371/journal.pone.0042054.g010
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a subsequent increase in the 5-HT turnover ratio due to the

simultaneous decrease in 5- HIAA tissue levels [62]. The reduction

in 5-HT levels and its metabolite during CIS is in agreement with

the results of studies, which found that a decrease of 5-HT in the

brain varied in response to chronic social stress, suggesting that 5-

HT may play a role in such processes [63,64]. We also found

a significant correlation between CIS-induced behavior changes

and pro-inflammatory cytokines (IL-6 and TNF-á) and mono-

amines (5-HT, 5-HIAA and DA), indicating that elevated levels of

pro-inflammatory cytokines may function in the development of

depression.

In conclusion, CD4+CD25+ Treg cells play a role in the

manifestation of depression-like behaviors, immune alterations

and changes in the neurochemical status. Therefore, CD4+CD25+

Treg cells may provide a promising strategy for the development

of CD4+CD25+ Treg cell-based therapies that will alleviate stress

induced disorders, including depression.
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changes in cytokines (IL-6, r = 0.48 and TNF-á, r = 0.46) and monoamines (5-HT, r =20.46; 5-HIAA, r =20.46; DA, r =20.47) concentrations.
doi:10.1371/journal.pone.0042054.g011

Treg Cells Modulates Stress Induced Depression

PLoS ONE | www.plosone.org 10 July 2012 | Volume 7 | Issue 7 | e42054



(CD25). Breakdown of a single mechanism of self-tolerance causes various

autoimmune diseases. J Immunol 155: 1151–1164.
10. Leipe J, Skapenko A, Lipsky PE, Schulze-Koops H (2005) Regulatory T cells in

rheumatoid arthritis. Arthritis Res Ther 7: 93.

11. Hayashi T, Hasegawa K, Adachi C (2005) Elimination of CD4(+)CD25(+) T cell
accelerates the development of glomerulonephritis during the preactive phase in

autoimmune-prone female NZB6NZW F mice. Int J Exp Pathol 86: 289–296.
12. Siegert RJ, Abernethy DA (2005) Depression in multiple sclerosis: a review.

J Neurol Neurosurg Psychiatry 76: 469–475.

13. Tang Q, Bluestone JA (2008) The Foxp3+ regulatory T cell: a jack of all trades,
master of regulation. Nat Immunol 9: 239–244.

14. Kiecolt-Glaser JK, Glaser R, Gravenstein S, Malarkey WB, Sheridan J (1996)
Chronic stress alters the immune response to influenza virus vaccine in older

adults. Proc Natl Acad Sci U S A 93: 3043–3047.
15. Kiecolt-Glaser JK, Preacher KJ, MacCallum RC, Atkinson C, Malarkey WB, et

al. (2003) Chronic stress and age-related increases in the proinflammatory

cytokine IL-6. Proc Natl Acad Sci U S A 100: 9090–9095.
16. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW (2008) From

inflammation to sickness and depression: when the immune system subjugates
the brain. Nat Rev Neurosci 9: 46–56.

17. Swiergiel AH, Dunn AJ (2007) Effects of interleukin-1beta and lipopolysaccha-

ride on behavior of mice in the elevated plus-maze and open field tests.
Pharmacol Biochem Behav 86: 651–659.

18. Danner M, Kasl SV, Abramson JL, Vaccarino V (2003) Association between
depression and elevated C-reactive protein. Psychosom Med 65: 347–356.

19. Tiemeier H, Hofman A, van Tuijl HR, Kiliaan AJ, Meijer J, et al. (2003)
Inflammatory proteins and depression in the elderly. Epidemiology 14: 103–107.

20. Suarez EC, Lewis JG, Krishnan RR, Young KH (2004) Enhanced expression of

cytokines and chemokines by blood monocytes to in vitro lipopolysaccharide
stimulation are associated with hostility and severity of depressive symptoms in

healthy women. Psychoneuroendocrinology 29: 1119–1128.
21. Malaguarnera M, Laurino A, Di Fazio I, Pistone G, Castorina M, et al. (2001)

Neuropsychiatric effects and type of IFN-alpha in chronic hepatitis C. J

Interferon Cytokine Res 21: 273–278.
22. Capuron L, Gumnick JF, Musselman DL, Lawson DH, Reemsnyder A, et al.

(2002) Neurobehavioral effects of interferon-alpha in cancer patients: phenom-
enology and paroxetine responsiveness of symptom dimensions. Neuropsycho-

pharmacology 26: 643–652.
23. Park HJ, Kim HY, Hahm DH, Lee H, Kim KS, et al. (2010) Electro-

acupuncture to ST36 ameliorates behavioral and biochemical responses to

restraint stress in rats. Neurol Res 32 Suppl 1: 111–115.
24. Lister RG (1987) The use of a plus-maze to measure anxiety in the mouse.

Psychopharmacology (Berl) 92: 180–185.
25. Porsolt RD, Anton G, Blavet N, Jalfre M (1978) Behavioural despair in rats:

a new model sensitive to antidepressant treatments. Eur J Pharmacol 47: 379–

391.
26. Steru L, Chermat R, Thierry B, Simon P (1985) The tail suspension test: a new

method for screening antidepressants in mice. Psychopharmacology (Berl) 85:
367–370.

27. Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.

Anal Biochem 72: 248–254.

28. Li Y, Xiao B, Qiu W, Yang L, Hu B, et al. (2010) Altered expression of
CD4(+)CD25(+) regulatory T cells and its 5-HT(1a) receptor in patients with

major depression disorder. J Affect Disord 124: 68–75.
29. Cohen H, Ziv Y, Cardon M, Kaplan Z, Matar MA, et al. (2006) Maladaptation

to mental stress mitigated by the adaptive immune system via depletion of

naturally occurring regulatory CD4+CD25+ cells. J Neurobiol 66: 552–563.
30. Elenkov IJ, Chrousos GP (2002) Stress hormones, proinflammatory and

antiinflammatory cytokines, and autoimmunity. Ann N Y Acad Sci 966: 290–
303.

31. Schiepers OJ, Wichers MC, Maes M (2005) Cytokines and major depression.

Prog Neuropsychopharmacol Biol Psychiatry 29: 201–217.
32. Schlatter J, Ortuno F, Cervera-Enguix S (2004) Lymphocyte subsets and

lymphokine production in patients with melancholic versus nonmelancholic
depression. Psychiatry Res 128: 259–265.

33. Wichers MC, Maes M (2004) The role of indoleamine 2,3-dioxygenase (IDO) in
the pathophysiology of interferon-alpha-induced depression. J Psychiatry

Neurosci 29: 11–17.

34. Weizman R, Laor N, Podliszewski E, Notti I, Djaldetti M, et al. (1994) Cytokine
production in major depressed patients before and after clomipramine

treatment. Biol Psychiatry 35: 42–47.
35. Kanba S, Manki H, Shintani F, Ohno Y, Yagi G, et al. (1998) Aberrant

interleukin-2 receptor-mediated blastoformation of peripheral blood lympho-

cytes in a severe major depressive episode. Psychol Med 28: 481–484.
36. Lanquillon S, Krieg JC, Bening-Abu-Shach U, Vedder H (2000) Cytokine

production and treatment response in major depressive disorder. Neuropsycho-
pharmacology 22: 370–379.

37. Simon NM, McNamara K, Chow CW, Maser RS, Papakostas GI, et al. (2008)

A detailed examination of cytokine abnormalities in Major Depressive Disorder.
Eur Neuropsychopharmacol 18: 230–233.

38. Natelson BH, Denny T, Zhou XD, LaManca JJ, Ottenweller JE, et al. (1999) Is

depression associated with immune activation? J Affect Disord 53: 179–184.
39. Woods AB, Page GG, O’Campo P, Pugh LC, Ford D, et al. (2005) The

mediation effect of posttraumatic stress disorder symptoms on the relationship of
intimate partner violence and IFN-gamma levels. Am J Community Psychol 36:

159–175.

40. Simmons DA, Broderick PA (2005) Cytokines, stressors, and clinical depression:
augmented adaptation responses underlie depression pathogenesis. Prog

Neuropsychopharmacol Biol Psychiatry 29: 793–807.
41. Kim SJ, Lee H, Joung HY, Lee G, Lee HJ, et al. (2011) T-bet deficient mice

exhibit resistance to stress-induced development of depression-like behaviors.
J Neuroimmunol 240–241: 45–51.

42. Beissert S, Schwarz A, Schwarz T (2006) Regulatory T cells. J Invest Dermatol

126: 15–24.
43. Goehler LE, Gaykema RP, Hansen MK, Anderson K, Maier SF, et al. (2000)

Vagal immune-to-brain communication: a visceral chemosensory pathway.
Auton Neurosci 85: 49–59.

44. Romeo HE, Tio DL, Rahman SU, Chiappelli F, Taylor AN (2001) The

glossopharyngeal nerve as a novel pathway in immune-to-brain communication:
relevance to neuroimmune surveillance of the oral cavity. J Neuroimmunol 115:

91–100.
45. Maier SF, Goehler LE, Fleshner M, Watkins LR (1998) The role of the vagus

nerve in cytokine-to-brain communication. Ann N Y Acad Sci 840: 289–300.
46. Pan W, Banks WA, Kastin AJ (1997) Permeability of the blood-brain and blood-

spinal cord barriers to interferons. J Neuroimmunol 76: 105–111.

47. Esposito P, Chandler N, Kandere K, Basu S, Jacobson S, et al. (2002)
Corticotropin-releasing hormone and brain mast cells regulate blood-brain-

barrier permeability induced by acute stress. J Pharmacol Exp Ther 303: 1061–
1066.

48. Thale C, Kiderlen AF (2005) Sources of interferon-gamma (IFN-gamma) in

early immune response to Listeria monocytogenes. Immunobiology 210: 673–
683.

49. Laurie C, Reynolds A, Coskun O, Bowman E, Gendelman HE, et al. (2007)
CD4+ T cells from Copolymer-1 immunized mice protect dopaminergic

neurons in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of Parkin-
son’s disease. J Neuroimmunol 183: 60–68.

50. McGeer PL, Itagaki S, Boyes BE, McGeer EG (1988) Reactive microglia are

positive for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s
disease brains. Neurology 38: 1285–1291.

51. Britschgi M, Wyss-Coray T (2007) Systemic and acquired immune responses in
Alzheimer’s disease. Int Rev Neurobiol 82: 205–233.

52. Aktas O, Ullrich O, Infante-Duarte C, Nitsch R, Zipp F (2007) Neuronal

damage in brain inflammation. Arch Neurol 64: 185–189.
53. Napoli I, Neumann H (2009) Microglial clearance function in health and

disease. Neuroscience 158: 1030–1038.
54. Padovan CM, Guimaraes FS (2000) Restraint-induced hypoactivity in an

elevated plus-maze. Braz J Med Biol Res 33: 79–83.
55. Blier P, de Montigny C (1994) Current advances and trends in the treatment of

depression. Trends Pharmacol Sci 15: 220–226.

56. Miyazaki I, Asanuma M (2008) Dopaminergic neuron-specific oxidative stress
caused by dopamine itself. Acta Med Okayama 62: 141–150.

57. Jankord R, Herman JP (2008) Limbic regulation of hypothalamo-pituitary-
adrenocortical function during acute and chronic stress. Ann N Y Acad Sci

1148: 64–73.

58. De Souza EB, Van Loon GR (1986) Brain serotonin and catecholamine
responses to repeated stress in rats. Brain Res 367: 77–86.

59. Roth KA, Mefford IM, Barchas JD (1982) Epinephrine, norepinephrine,
dopamine and serotonin: differential effects of acute and chronic stress on

regional brain amines. Brain Res 239: 417–424.

60. Gilad GM, Mahon BD, Finkelstein Y, Koffler B, Gilad VH (1985) Stress-
induced activation of the hippocampal cholinergic system and the pituitary-

adrenocortical axis. Brain Res 347: 404–408.
61. Rothermundt M, Arolt V, Fenker J, Gutbrodt H, Peters M, et al. (2001)

Different immune patterns in melancholic and non-melancholic major de-
pression. Eur Arch Psychiatry Clin Neurosci 251: 90–97.

62. Li JM, Kong LD, Wang YM, Cheng CH, Zhang WY, et al. (2003) Behavioral

and biochemical studies on chronic mild stress models in rats treated with
a Chinese traditional prescription Banxia-houpu decoction. Life Sci 74: 55–73.

63. Berton O, Aguerre S, Sarrieau A, Mormede P, Chaouloff F (1998) Differential
effects of social stress on central serotonergic activity and emotional reactivity in

Lewis and spontaneously hypertensive rats. Neuroscience 82: 147–159.

64. Chung KK, Martinez M, Herbert J (1999) Central serotonin depletion
modulates the behavioural, endocrine and physiological responses to repeated

social stress and subsequent c-fos expression in the brains of male rats.
Neuroscience 92: 613–625.

Treg Cells Modulates Stress Induced Depression

PLoS ONE | www.plosone.org 11 July 2012 | Volume 7 | Issue 7 | e42054


