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Abstract
Psychological and physical stress can suppress the immune system in both humans and animals.
The mechanism by which stress affects immune responses, however, remains poorly defined. Toll-
like receptors (TLRs) play a key role in modulating immune responses and cell survival. The
mechanisms by which TLRs modulates chronic stress are largely unexplored. In current study, we
revealed that a deficiency of TLR9 is resistant to chronic stress-induced lymphocyte apoptosis. In
addition, TLR9 knockout (KO) mice significantly diminish the chronic stress-induced up-
regulation of corticosterone levels. Notably, we found that lymphocytes from both TLR9 KO mice
and wild type mice were similarly sensitive to corticosteroid-induced cell apoptosis. Moreover, we
demonstrated that a deficiency of TLR9 blocks chronic stress-induced imbalance of Th1 and Th2
cytokine levels. Taken together, our findings reveal that TLR9 plays an essential role in chronic
stress-induced immune suppression.
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1. Introduction
Different studies with various model systems have revealed that depending on the mood and
duration, physical and psychological stress could either increase or decrease immune
functions in both humans and animals [1–4]. An interaction between stress and immune
responses has been studied in various experimental paradigms [4,5]. It is well documented
that exhausting physical activity and psychological stress leads to immunosuppression of the
immune system [4–6]. Such suppression of the immune system has strong implications for
infectious disease susceptibility and progression [1,7,8], which is at least in part due to
lymphocyte apoptosis [4,9]. Investigations have shown that stress could promote
autoimmunity and infectious diseases by influencing the course and outcome of the
pathological processes [9–11]. However, acute stress modulates immunoprotection via cell-
mediated immunity [12,13]. It is well established that acute restraint stress could
significantly increase delayed-type hypersensitivity (DTH) reaction 8, while chronic stress
could decrease immune function and enhance susceptibility to diseases [7,14]. Stress
hormones, including cortisol, play a fundamental role in regulating immune responses and
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the balance of T help 1 (Th1) and Th2 cytokines, thereby modulating the susceptibility of
various immune-related disorders 4. We observed that chronic restraint stress caused a
dramatic decrease in Th1 cytokine IFN-gamma and IL-2 levels but increase in Th2 cytokine
IL-4. However, the mechanisms by which TLR9 participate in chronic stress-induced
immune suppression are unexplored. To define the role of immune responses and stress
hormones in mice, chronic restraint stress murine model has been widely employed [5,15].
We utilized this model to investigate TLR9-mediated immune responses as evaluated by
alterations in the number of apoptosis, corticosterone production, and the balance of Th1 and
Th2 cytokines.

TLRs play an essential role in modulating innate immunity and inflammation as well as cell
apoptosis and cell survival [16–18]. There are at least 11 TLRs in mammals. TLR2 detects a
broad range of Gram-positive bacterial products, including peptidoglycan, and TLR4
functions as a signal transducer for LPS. TLR4 modulates cell apoptotic signaling via the
interaction of the death domain of myeloid differentiation factor 88 (MyD88) with Fas
associated death domain (FADD) [19]. TLR3, TLR7, and TLR9 are distinct from other
TLRs in that they are not expressed on the plasma membrane [18,20,21]. TLR9 is identified
as a key immune receptor in TLRs family that can recognize bacterial DNA as well as
oligodeoxynucleotides (ODN) containing the CpG motifs responsible for the activating
capacity of bacterial DNA (CpG s-ODN) [20,21]. Recent studies from ours and others have
revealed that activation of TLR9 signaling triggers activation of pro-apoptotic signaling
pathways, and causes cell apoptosis in various systems [17,18,20]. Whether TLR9
participates in chronic stress-induced immune dysfunction is not clear. We have performed
TLR9 KO mice and wild type (WT) mice to investigate the consequence of TLR9
deficiency to the effect of animals on chronic stress. Our findings demonstrated a novel role
of TLR9 in regulating immune suppression by modulating stress-induced the production of
corticosteroid.

2. Materials and Methods
2.1. Experimental animals

Breeding pairs of TLR9 KO (not a functional KO) mice on a Balb/c background were kindly
provided by Dr. Shizuo Akira (Osaka University, Osaka, Japan) via Dr. Dennis Klinman
(National Cancer Institute, Frederick, MD). WT Balb/c male mice were purchased from the
Hallan (Indianapolis, Indiana) and maintained in the Division of Laboratory Animal
Resources at East Tennessee State University (ETSU). The physical restraint procedure was
approved by the Institutional Animal Care and Use Committee of ETSU. All male mice used
in the experiments were age- and weight-matched.

2.2. Physical restraint stress
Six- to eight-week-old male mice were subjected to an established chronic physical restraint
protocol used in our laboratory as well as others [4,5,9,14,22]. They were placed in a 50-ml
conical centrifuge tube filled with multiple punctures to allow ventilation. Mice were held
horizontally in the tubes for 12 h followed by a 12-h rest. During the rest period food and
water were provided ad libitum. Control littermates were kept in their original cage and food
and water were provided only during the 12 h rest. Mice were physically restrained for one
to three cycles as specified. After physical restraint, mice were sacrificed by CO2
asphyxiation and the spleens were harvested.

2.3. Detection of apoptosis by TUNEL assay
The frozen spleen sections from unstress and stressed WT and TLR9 KO mice were
harvested for terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling
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(TUNEL) assay using an in situ cell death detection kit (Roche Diagnostic, Indianapolis, IN)
according to the manufacturer's instructions and our previous publications [23,24].
Splenocytes isolated from WT and TLR9 KO mice were culture in 96-well plates at 5 × 105

cells/ ml with or without dexamethasone treatment at different concentrations. After 12
hours treatment, apoptotic cells were determined by TUNEL assay [21,23,24]. The
percentage of apoptotic cells was calculated by counting approximately 300 cells.

2.4. Measurement of cytokines by enzyme linked immunosorbent assay (ELISA)
The culture supernatants were harvested after 36 h of cultivation. The presence of cytokines
in the supernatants was determined using cytokine-specific sandwich ELISA kits (R&D
Systems, Minneapolis, MN) according to manufactures’s instruction oras described in our
previous publication [5].

2.5. Measurement of corticosterone levels
Experimental mice were sacrificed immediately after stress and blood was harvested from
each of mice. Serum was collected and stored at −80°C until determination of
corticosterone. The serum corticosterone levels were determined using a corticosterone
ELISA kit (IBL America, Minneapolis, MN) according to the manufacturer's instruction.

2.6. Isolation of splenic CD4+ T cells and determination of CYP11A1 expression by
quantitative real-time RT-PCR

Splenic CD4+ T cells were negatively selected by using the MagCellect™ Mouse CD4+ T
Cell Isolation Kit (R&D Systems, Minneapolis, MN). Total RNA was isolated from CD4+ T
cells by the VERSAGENE™ RNA Tissue Kit (Gentra SYSTEMS; Minnesota), as described
previously [22,25]. Quantitative real-time RT-PCR was carried out to quantify the
expression levels of CYP11A1 on Bio-Rad iCycler iQ Multicolor Real-Time PCR Detection
System (Bio-Rad Life Science Research, Hercules, CA) as described in our previous studies
22,25. The primers specific for CYP11A1 were described previously [26,27]. PCR assays
were performed in triplicate. The reaction conditions were: 95 °C for 12 min; followed by
40 cycles at 95 °C for 15 s, 55 °C for 30 s, and 72 °C for 30 s. Threshold cycle numbers
(CT) were determined with Bio-Rad iCycler iQ Multicolor Real- Time PCR Detection
System (version 1.1 software) and transformed using the ΔCT comparative method. Gene-
specific expression values were normalized to expression values of GAPDH and/or β-actin
(endogenous control) within each sample. The amount of CYP11A1, normalized to an
endogenous reference and relative to a calibrator, was determined by the comparative Ct
method (ΔΔCT).

2.7. Statistical analysis
All data were represented as mean ± SEM. The data were analyzed using one-way analysis
of variance (ANOVA) followed by Bonferroni tests to determine where differences among
groups existed. Differences were considered statistically significant for values of p ≤ 0.05.

3. Results
3.1. Chronic stress-induced lymphocyte reduction depends on TLR9

Our previous studies have shown that chronic stress induced splenocyte reduction [5,14].
However, the mechanisms by which TLRs play a critical role in immune suppression
induced by chronic stress are not known yet. To determine the role of TLR9 in chronic
stress-induced lymphocyte reduction, we subjected TLR9 KO male mice and their WT
control Balb/c male mice to a 12-h physical restraint daily for 2 days to determined the
number of splenocytes [5,14]. We found that chronic stress-induced lymphocyte reduction in
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the WT mice, however, a deficiency of TLR9 blocked stress-induced reduction in
lymphocyte numbers (Fig. 1). Therefore, TLR9 KO mice lose their sensitivity to restraint
stress-induced reduction in lymphocyte numbers, supporting an important role of TLR9 in
stress-induce immune response.

3.2. TLR9 is required for chronic stress-induced lymphocyte apoptosis
To investigate whether a deficiency of TLR9 inhibits stress-induced lymphocyte reduction is
due to the induction of apoptosis, we assessed apoptotic cells by the TUNEL assay using
histological spleen sections. Our data showed that the number of apoptotic cells was
dramatically increased in the spleen of stressed WT mice compared with unstressed control
WT mice, whereas no significant apoptotic cells was observed in the spleen of stressed
TLR9 KO mice (Fig. 2). Therefore, chronic stress induces lymphocyte apoptosis through a
TLR9-dependent manner.

3.3. A deficiency of TLR9 attenuates stress-enhanced corticosterone levels
It has been shown that chronic stress increases corticosterone levels, one of major stress
hormone [4,28]. Enhanced corticosterone levels induces the induction of lymphocyte
apoptosis [4,28]. We next examined whether TLR9 participates in modulating the
glucocorticoid following chronic stress, corticosterone level in serum was determined. We
showed that chronic stress significantly enhanced corticosterone levels in the WT mice.
Interestingly, a deficiency of TLR9 attenuates stress-enhanced corticosterone levels (Fig. 3).
Taken together, our results suggest that TLR9 is necessary for up-regulation of the steroid
hormone in response to chronic stress.

3.4. A deficiency of TLR9 does not impair exogenous dexamethasone-induced lymphocyte
apoptosis

TLR9 plays a key role in up-regulation of the steroid hormone induced by stress (Fig. 3).
We next defined whether TLR9 acts upstream of the corticosterone hormone. Splenocytes
from WT mice and TLR9 KO mice were incubated in the presence or absence of exogenous
dexamethasone and then determined the number of cell apoptosis. Our results showed that
there are no significant differences in the apoptotic cell numbers from WT mice and TLR9
KO mice (Fig. 4). These results suggest that steroid-induced cell death is not impaired in
TLR9 KO cells, indicating that endogenous TLR9 acts upstream of the corticosterone
hormone.

3.5. A deficiency of TLR9 diminishes stress-increased the expression of CYP11A1
CYP11A1 (cytochrome P450scc, cholesterol side-chain cleavage enzyme) plays the first and
rate-limiting step in the synthesis of the steroid hormones. CYP11A1 is a definitive marker
for corticosterone synthesis [26,27,29]. To investigate the effect of TLR9 on regulating
CYP11A1 expression during chronic stress, we examined the expression of CYP11A1 in
splenic CD4+ T cells in the stressed and unstressed (control) mice. Our studies showed that
chronic stress enhanced the expression of CYP11A1 in the WT mice (Fig. 5). Interestingly,
chronic stress-enhanced CYP11A1 expression was dramatically attenuated in the TLR9 KO
mice. These results suggest that TLR9 plays an important role in corticosterone synthesis
during chronic stress.

3.6. TLR9 KO mice are resistant to stress-induced changes of Th1 and Th2 cytokine levels
Since TLR9 plays an important role in modulating inflammatory responses [30,31], we then
examined the effects TLR9 on the T helper 1 (Th1) and Th2 cytokine production in response
to chronic stress. At 2 days after stress of WT mice and TLR9 KO mice, we assessed the
levels of Th1 and Th2 cytokines from culture supernatants from Con A-stimulated
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lymphocytes by ELISA. Our data showed that chronic stress significantly enhances the
production of TNF-α (Fig. 6A), IL-4 (Fig. 6B), IL-6 (Fig. 6C), and MCP-1 (Fig. 6D) but
dramatically inhibits IL-2 production (Fig. 6E) in lymphocytes from stressed WT mice than
lymphocytes from unstressed WT mice. Surprisingly, chronic stress failed to induce these
cytokine changes in TLR9 KO mice (Fig. 6). Thus, our studies suggest that TLR9 is
required for chronic stress-induce immune responses.

4. Discussion
It is well established that various stress model systems of physical stress can either enhance
or inhibit immune function depending on the type and duration of the stressors [2,6,7,14]. It
has been shown that chronic stress-induced alterations of immune responses could result
from increased cell death and apoptosis or decreased cell proliferation [4,5,14]. Physical or
psychological stress promotes stress hormone and neuronal transmitters [15,32,33].
However, the role of TLR9 in stress-mediated immune responses has remained unexplored.
In the present study, we showed that TLR9 is resistant to chronic restraint-induced reduction
in the number of lymphocytes. We also showed that chronic stress-induced lymphocyte
apoptosis requires TLR9.

Recent studies indicate that steroid hormones play an important role in modulating immune
functions under chronic stress conditions [4]. It is important to point out that some studies
have challenged the general effect of steroids on stress situations [34]. As an example,
recent researchers have shown that chronic stress significantly enhances corticosterone
production and induces lymphocyte apoptosis is, at least partially, mediated by
corticosterioids [4,28]. We first evaluated whether TLR9 plays a role in modulating
glucocorticoid levels under chronic stress conditions, TLR9 KO mice and WT mice were
subjected to chronic stress. Corticosterone levels were enhanced more than a 4-fold in the
serum of WT mice following chronic stress. Surprisingly, TLR9 KO mice are resistant to
chronic stress-induced up-regulation of corticosterone production, suggesting that TLR9 is
required for chronic stress-caused up-regulation of steroid hormone. We next defined
whether TLR9 participates in CYP11A1 regulation, a definitive marker for corticosterone
synthesis [26,27,29]. Our studies showed that isolated splenic CD4+ T cells from the
stressed WT mice increased the expression of CYP11A1 compared with unstressed control
mice. Importantly, we found that a deficiency of TLR9 significantly attenuated the chronic
stress-induced CYP11A1 expression.

We then determined whether TLR9 involves in exogenous dexamethasone-induced
lymphocyte apoptosis. Our data showed that lymphocytes isolated from TLR9 KO mice and
WT mice did not show a significant difference in the percentage of dexamethasone-induced
apoptosis, indicating that TLR9 is an upstream of the corticosterone. These findings suggest
that TLR9 plays an important role in the interaction between the neuronal and the immune
systems. We speculated that TLR9 performs upstream of the corticosterone, and might be
responsible for its enhanced levels under chronic stress conditions. We observed that chronic
stress of mice caused in an increase in Th2 cytokine production, whereas a decrease of Th1
cytokine production was observed. In our current study, we subjected TLR9-KO mice and
WT mice to chronic stress and found that a deficiency of TLR9 attenuates chronic stress-
induced alterations in Th1 and Th2 cytokine levels. Therefore, chronic stress-caused the
imbalance of Th1 and Th2 cytokines appears to require TLR9.

In summary, to our best knowledge our study is the first to reveal that TLR9 is necessary for
chronic stress-induced immune suppression by modulating corticosteroid levels. Our
findings suggest that further identification of the TLR9-mediated signaling in response to
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chronic stress may provide a new insight into the prevention and/or treatment of stress
induced-immune suppression and infectious diseases.
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Fig. 1.
A deficiency of TLR9 blocks chronic restraint stress-induced lymphocyte reduction. TLR9
knockout (KO) mice or wild type (WT) Balb/c mice aged 6 to 8 weeks were subjected to a
12 h physical restraint daily. After 2 d stress, mice were sacrificed by CO2 asphyxiation, and
total splenocytes were enumerated. Means and SEs were calculated from five to seven mice
each group. * p < 0.01 compared with indicated groups.
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Fig. 2.
Chronic stress induces lymphocyte apoptosis through TLR9. WT mice or TLR9 KO mice
aged 6 to 8 weeks were subjected to a 12 h physical restraint daily for 2 d. Apoptotic cells in
frozen spleen sections were determined by TUNEL assay. The data are representative of
three experiments.
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Fig. 3.
A deficiency of TLR9 inhibits chronic stress-induced corticosterone production. We
subjected WT mice or TLR9 KO mice aged 6 to 8 weeks to a 12 h physical restraint daily.
After 2 d stress, blood was harvested immediately and serum was collected for
determination of corticosterone production. The levels of corticosterone were examined by a
corticosterone ELISA kit. Means and SEs were calculated from four to six mice per group. *
p < 0.01 compared with indicated groups.

Li et al. Page 10

Neuroimmunomodulation. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
TLR9 is not necessary for exogenous dexamethasone-induced lymphocyte apoptosis.
Single-cell suspensions of splenocytes isolated from TLR9-deficienct mice or WT mice
aged 6 to 8 weeks were incubated in the absence or presence of dexamethasone at different
concentrations for 12 h. The apoptotic cells were determined by TUNEL assay. The
percentage of apoptotic cells was calculated by counting approximately 300 cells. Means
and SEs were calculated from three independent experiments.
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Fig. 5.
TLR9 deficient diminishes chronic stress-induced the expression of CYP11A1. WT mice or
TLR9 KO mice aged 6 to 8 weeks were subjected to a 12 h physical restraint daily for 2
days. Splenic CD4+ T cells were isolated for examination of CYP11A1 expression by real
time PCR. Means and SEs were calculated from four to six mice per group. ** p < 0.01
compared with indicated groups.
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Fig. 6.
Effect of TLR9 on chronic stress-induced changes of Th1 and Th2 cytokines. TLR9 KO
mice and WT mice aged 6 to 8 weeks were subjected to a 12-h physical restraint stress for 2
d. Splenic lymphocytes were treated with Con A (5 µg/ml). After 36 h incubation, the
culture supernatants were harvested. Cytokine production in the supernatants, TNF (A), IL-4
(B), IL-6 (C), MCP-1 (D), and IL-2 (E) was assessed using cytokine-specific sandwich
ELISA kits. Means and SEs were calculated from three to five mice per group. * p < 0.01
compared with indicated groups.
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