
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 Original Paper 

 Neuroimmunomodulation 2011;18:142–149 

 DOI: 10.1159/000322868 

  � -Arrestin 2-Mediated Immune 
Suppression Induced by Chronic Stress 

 Hui Li    a     Dean Andrew Smalligan    a     Nanchang Xie    a     Avani Javer    a     Yi Zhang    a     

Gregory Hanley    b     Deling Yin    a   

  a    Department of Internal Medicine and  b    Division of Laboratory Animal Resources, James Quillen College of 

Medicine, East Tennessee State University,  Johnson City, Tenn. , USA 

 Introduction 

 Many studies have shown that stress has profound ef-
fects on immunological parameters in humans and ani-
mals  [1, 2] . These effects include lymphocytopenia, leu-
kocyte subset distribution, cytokine production, natural 
killer cell activity, and macrophage maturation and activ-
ity. These changes may result from physiological altera-
tions or from psychological stress  [2, 3] . However, the ef-
fects of stress, which may occur on a daily basis, varies 
with the severity of the stress. It is generally believed that 
chronic stress inhibits immune function and increases 
susceptibility to diseases  [4–8] . This effect is at least in 
part due to the reduction in splenocytes numbers  [9–12] . 
Stress is a known risk factor for numerous human dis-
eases, such as infectious diseases, autoimmune diseases 
and cancer  [4–6, 13] . The understanding of the cellular 
mechanisms underlying the suppressive effects of stress 
on the immune system has increased as we have reported 
that physical stress modulates the immune system 
through Toll-like receptors (TLRs) and the cell death re-
ceptor Fas-mediated apoptotic mechanism  [5, 10, 11, 14] . 
Moreover, we have shown that phosphoinositide 3-kinas-
es (PI3Ks) participate in chronic stress-induced immune 
suppression  [8, 12] . However, the precise mechanisms
associated with stress-induced immune suppression re-
main to be elucidated.
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 Abstract 
  Objective:  Stress, either physical or psychological, can mod-

ulate immune function. However, the mechanisms associat-

ed with stress-induced immune suppression remain to be 

elucidated.  � -Arrestin 2 serves as adaptor, scaffold, and/or 

signal transducer. The role of  � -arrestin 2 in stress-induced 

immune suppression is not known yet.  Methods/Results: 
 Here, we demonstrate that  � -arrestin 2 deficiency in mice 

increases the sensitivity to the chronic stress-induced reduc-

tion in the number of splenocytes. Interestingly, the stress-

induced suppression of T helper-type (Th) 1 cytokines and 

the increased production of Th2 cytokines were greatly en-

hanced in  � -arrestin 2-deficient mice compared with wild-

type mice. Moreover, inhibition of PI3K in  � -arrestin 2-defi-

cient mice exerts an additive effect on the stress-induced 

reduction in the number of splenocytes.  Conclusion:  Our 

study demonstrates that a deficiency in  � -arrestin 2 aug-

ments stress-induced immune suppression. 
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  Arrestins, which consist of four classes, visual arres-
tin, cone arrestin,  � -arrestin 1 and  � -arrestin 2, play a 
fundamental role in G-protein-coupled receptor regula-
tion  [15–17] . Both  � -arrestin 1 and 2, two universally ex-
pressed members of the arrestin family in many tissues 
 [15, 17]  with especially high expression in lymphatic and 
nervous tissues, are key negative regulators and scaffolds 
of G-protein-coupled receptor signaling  [15, 18, 19] . Re-
cent reports reveal that  � -arrestins function as adapters 
to connect the receptors to the cellular trafficking ma-
chinery  [15, 17–19] . However, relatively little is known 
about the importance of  � -arrestin 2 in vivo in the im-
mune system, where it is abundantly expressed.

   � -Arrestin 2 plays an important role in the regulation 
of T lymphocytes  [19] . Increasing evidence demonstrated 
that  � -arrestin 2 mediates some important immune re-
sponses, such as the regulation of chemotactic responses 
and granule release due to its scaffold and adaptor func-
tions  [17–19] . Accumulating evidence reveals that  � -ar-
restin plays a critical role in preventing apoptosis  [15, 20] . 
For example, stimulation of various G-protein-coupled 
receptors causes apoptosis in the absence of, but not in
the presence of,  � -arrestins, indicating an important role 
for  � -arrestins in anti-apoptotic signaling. Recent studies 
have disclosed that  � -arrestins are fundamental negative 
regulators of innate immune activation  [21] . Remarkably, 
 � -arrestin 2-deficient mice are more susceptible to endo-
toxic shock, suggesting  � -arrestin 2 functions in vivo 
 [21] . However, the role of  � -arrestin 2 in stress-induced 
immune responses is not known yet. Our previous stud-
ies have shown that PI3K signaling participates in the 
stress-induced reduction in the number of splenocytes
 [8, 12] .

  PI3Ks are a conserved family of signal transduction 
enzymes which are involved in the regulation of cell pro-
liferation and inhibition of cell apoptosis  [22] . PI3K is an 
enzyme complex composed of a regulatory subunit (p85) 
and a catalytic subunit (p110)  [23] . In the immune system, 
impaired PI3K signaling leads to immunodeficiency, 
whereas unrestrained PI3K signaling contributes to au-
toimmunity and leukemia  [24] . The PI3K inhibitors 
LY294002 and wortmannin have been used extensively as 
research tools. Intriguingly, recent studies reported that 
inhibition of PI3K with LY294002 or wortmannin com-
pletely eliminated the protection against septic mortality, 
which resulted in increased serum levels of TNF- � , IL-2, 
and IL-6 in septic mice. They also reported that inhi-
bition of PI3K in septic mice resulted in increased sple-
nocyte apoptosis  [25] . Recent evidence has shown that 
pretreatment of neutrophils with the PI3K inhibitor 

LY294002 totally reversed the delay in apoptosis induced 
by heme  [26–28] , and recent studies revealed that  � -ar-
restin 2 regulates the PI3K/Akt signaling pathway  [29] . In 
this study, we investigated the role of  � -arrestin 2 and the 
involvement of PI3K signaling in the immune response 
following stress. Our results showed that  � -arrestin 2 
plays a critical role in stress-induced immune suppres-
sion.

  Materials and Methods 

 Mice 
 Wild-type C57BL/6 mice were obtained from the Jackson Lab-

oratory (Bar Harbor, Me., USA). The  � -arrestin 2 knockout 
mouse line was a generous gift from Dr. Robert Lefkowitz (Duke 
University Medical Center, Durham, N.C., USA) and maintained 
in the Division of Laboratory Animal Resources at the East Ten-
nessee State University (ETSU), a facility accredited by the Asso-
ciation for the Assessment and Accreditation of Laboratory Ani-
mal Care International. All aspects of the animal care and ex-
perimental protocols were approved by the ETSU Committee on 
Animal Care.

  Physical Restraint Stress and Administration of Reagents 
 Six- to 7-week-old male mice were subjected to an established 

chronic physical restraint protocol used in our laboratory as well 
as others  [8, 10–14, 30] . Briefly, mice were placed in a 50-ml con-
ical centrifuge tube with multiple punctures to allow ventilation. 
Mice were held horizontally in the tubes from 9:   00 p.m. to 9:   00 
a.m. for 12 h followed by a 12-hour rest. The light cycle for the 
mice was from 7 a.m. (on) to 7 p.m. (off). During the rest period, 
food and water were provided ad libitum. Control littermates 
were kept in their original cage, and food and water were provid-
ed only during the 12-hour rest. Animals received a single intra-
peritoneal injection of LY294002, a PI3K inhibitor  [8, 12]  (1 mg/
25 g body weight; Sigma, St. Louis, Mo., USA). Two days after 
physical stress, mice were sacrificed by CO 2  asphyxiation, and the 
spleens and splenocytes were collected immediately after stress 
exposure. Mice were subjected to a 12-hour physical restraint dai-
ly for 2 or 3 days, and delayed-type hypersensitivity (DTH; hind 
footpad) of all groups was measured as described below.

  Isolation of RNA and RT-PCR 
 Total RNA was isolated from spleens by the Versagene TM  RNA 

tissue kit (Gentra Systems, Minneapolis, Minn., USA), as de-
scribed in our previous studies  [11] . The real-time RT-PCR detec-
tion technique was performed as described previously  [11] . Brief-
ly, first-strand cDNA was synthesized from 1  � g of total RNA in 
a final volume of 50  � l using a Reaction Ready TM  first-strand 
cDNA synthesis kit (SABioscience Corporation, Frederick, Md., 
USA). PCR was performed in a 50- � l volume using RT 2  real-
time TM  SYBR Green Fluorescein PCR Master Mix (SABioscience). 
All primers were purchased from SABioscience. All 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 ( C  T ) were determined 
using the Bio-Rad iCycler iQ multicolor real-time PCR detection 
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system (version 1.1) and transformed using the  �  C  T  comparative 
method. Gene-specific expression values were normalized to ex-
pression values of GAPDH and/or  � -actin (endogenous control) 
within each sample. The amount of target, normalized to an en-
dogenous reference and relative to a calibrator, was determined by 
the comparative  C  T  method ( �  �  C  T ).

  Western Blot Analysis 
 Cytoplasmic proteins were prepared from splenic tissue and 

immunoblots were performed as described in our previous stud-
ies  [8, 31, 32] . Briefly, the cellular proteins were separated by SDS-
PAGE and transferred onto Hybond ECL membranes (Amersham 
Pharmacia, Piscataway, N.J., USA). The membrane was then in-
cubated at room temperature in a blocking solution composed of 
5% skim milk powder dissolved in 1 !  TBS (10 m M  Tris, pH 8.0, 
and 140 m M  NaCl) for 1 h. The membrane was then incubated 
with the blocking solution containing anti- � -arrestin 2 antibody 
overnight at 4   °   C ( � -arrestin 2 antibody was obtained from Santa 
Cruz Biotechnology, Santa Cruz, Calif., USA). After washing 
three times with TBS for 5 min, the blot was then incubated with 
a second antibody. The blot was again washed three times with 
TBS before being exposed to the SuperSignal West Dura Extented 
Duration substrate (Pierce Biotechnology, Rockford, Ill., USA).

  ELISA for Cytokines 
 Splenic lymphocytes from  � -arrestin 2 knockout and wild-

type mice were adjusted to a final concentration of 5  !  10 5  cells/
ml in 96-well plates. Splenocytes were treated with concanavalin 
A (5  � g/ml). The supernatants were harvested after 24 h (IL-2 and 
IFN- �  detection) or 48 h (IL-4) of cultivation. The presence of 
cytokines in the supernatants was determined using cytokine-
specific sandwich ELISA kits (R&D Systems, Minneapolis, Minn., 
USA), as described in our previous studies  [8, 14] .

  Induction of DTH 
 DTH was induced as described previously  [4, 33, 34] . Briefly, 

7- to 8-week-old mice were immunized with ovalbumin (OVA, 
injection of 100  � g s.c.) in complete Freund’s adjuvant on the 1st 
day of stress which was followed by a boost with OVA (injection 
of 20  � g s.c.) in incomplete Freund’s adjuvant on the 7th day. Mice 
were subjected to a 12-hour physical restraint daily for 2 or 3 days. 
DTHs (hind footpad) of all groups were measured on day 10 in a 
blinded fashion using a caliper meter.

  Statistical Analysis 
 The results were presented as means  8  SD. The data were an-

alyzed using one-way analysis of variance followed by Bonferroni 
tests to determine where differences among groups existed. A val-
ue of p  !  0.05 was considered statistically significant.

  Results 

  � -Arrestin 2 Deficiency in Mice Increases the 
Sensitivity to the Stress-Induced Reduction in 
Splenocyte Numbers 
 Recently, our studies have revealed that  � -arrestin 2 

plays a role in apoptosis  [35–37] . Our previous studies 
have shown that restraint stress induces a reduction in 
splenocyte numbers  [8, 10, 12, 14] . Our previous studies 
have demonstrated that restraint stress of mice induces a 
reduction in splenocyte numbers through a cell-apoptot-
ic mechanism  [10] . To determine the role of  � -arrestin 2 
in the restraint stress-induced reduction in splenocyte 

0

C
e

ll
s/

sp
le

e
n

, n
 ×

1
0

6

20

40

60

80

100

120

WT �-Arrestin-2 KO

– +

*

Stress

– +

**

c

0

Fo
ld

 c
h

a
n

g
e

,

n
o

rm
a

li
ze

d
 t

o
 G

A
P

D
H

0.5

1.0

Stress

– +

*

a b

�-Arrestin 2

�-Actin

Stress

– +

  Fig. 1.  Effect of    � -arrestin 2 in physical stress-induced splenocyte 
reduction.  a  Physical restraint decreased the expression of  � -ar-
restin 2. Wild-type C57BL/6J (WT) mice at 7 weeks of age were 
stressed for 12 h. Total RNA was isolated from the spleen and 
analyzed for  � -arrestin 2 expression by real-time quantitative RT-
PCR.  b  WT mice were subjected to a 12-hour physical restraint 

daily for 2 days. The expression of  � -arrestin 2 was determined by 
Western blot analysis.  c   � -Arrestin 2 knockout mice ( � -arrestin 
2 KO) and WT mice aged 6–7 weeks were subjected to a 12-hour 
physical restraint daily for 2 days. Total splenocytes were counted. 
 *   p  !  0.01 vs. unstressed control,  *  *   p  !  0.01 vs. stressed WT. 
Means and SE were calculated from 7 mice/group. 
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numbers, we first examined the expression of  � -arrestin 
2 with or without physical restraint by real-time quantita-
tive RT-PCR ( fig. 1 a) and Western blot analysis ( fig. 1 b). 
The expression of  � -arrestin 2 in the spleen was signifi-
cantly decreased following physical restraint ( fig. 1 a, b). 
We then determined the role of  � -arrestin 2 in the phys-
ically stressed immune system. We used a knockout 
mouse line which lacks the  � -arrestin 2  [38, 39]  and is 
therefore a very powerful tool for investigating the role of 
 � -arrestin 2 in the restraint stress-induced splenocyte re-
duction. We subjected  � -arrestin 2 knockout mice and 
wild-type mice (controls) to 12-hour physical restraint 
daily for 2 days. Physical stress of wild-type mice induced 
a 35% reduction in splenocyte numbers compared to un-
stressed controls. Interestingly, the physical restraint of 
 � -arrestin 2 knockout mice caused approximately a 65% 
splenocyte reduction compared to unstressed controls 
( fig. 1 c). Collectively, our data suggest that  � -arrestin 2 
plays a pivotal role in the restraint stress-induced reduc-
tion in splenocyte numbers.

  Effect of  � -Arrestin 2 on the Balance between T 
Helper 1 and 2 Cytokine Levels in Restraint Stress 
  � -Arrestin 2 is the predominant arrestin protein in T 

and B lymphocytes  [26, 35] . Increasing evidence demon-
strated that  � -arrestin 2 mediates some important im-
mune responses, such as the regulation of chemotactic 
responses and granule release due to its scaffold and 
adaptor functions  [19, 35] . Recently, we have reported that 

restraint stress caused dramatic decreases in T helper-
type (Th) 1 cytokine IFN- �  and IL-2 levels but an in-
crease in the Th2 cytokine IL-4 in wild-type mice  [8, 14] . 
Therefore, we next determined the effects of  � -arrestin 2 
on Th1 and Th2 cytokine production following restraint 
stress. Two days after restraint stress of  � -arrestin 2-
deficient mice and wild-type mice, culture supernatants 
from concanavalin A-stimulated splenocytes were ana-
lyzed for the levels of Th1 cytokines, IFN- �  and IL-2, and 
the Th2 cytokine IL-4 by ELISA. We found that spleno-
cytes from stressed wild-type mice produced dramati-
cally less IFN- �  ( fig.  2 a) and IL-2 ( fig.  2 b) and signifi-
cantly more IL-4 ( fig.  2 c) than splenocytes from un-
stressed wild-type mice. Although stress dramatically 
alters the production of Th1 and Th2 cytokines in  � -ar-
restin 2 knockout mice compared with unstressed  � -ar-
restin 2 knockout mice, intriguingly, the stress dramati-
cally enhances alterations in Th1 and Th2 cytokines in 
 � -arrestin 2 knockout mice compared with the wild-type 
mice ( fig. 2 ). Thus, the inhibition of Th1 cytokines and 
the induction of Th2 cytokines by stress are mediated 
through a  � -arrestin 2-dependent mechanism.

   � -Arrestin 2 Deficiency in Mice Enhances the
Stress-Induced Suppression of the DTH Response 
 Chronic stress suppressed the DTH response  [4, 32] . 

DTH responses are antigen-specific T cell-mediated im-
mune reactions  [4, 33, 34] . Recent evidence supports that 
 � -arrestin 2 is the predominant arrestin protein in T lym-
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  Fig. 2.  Effect of  � -arrestin 2 on Th1 and Th2 cytokine levels fol-
lowing restraint stress. Both wild-type (WT) and  � -arrestin 2-de-
ficient ( � -arrestin 2 KO) mice aged 6–8 weeks were subjected to a 
12-hour physical restraint stress for 2 days. Splenic lymphocytes 
were treated with concanavalin A (5  � g/ml) for 24 h (IFN- �  and 

IL-2 detection) or 48 h (IL-4). Production of the Th1 cytokines 
IFN- �  ( a ) and IL-2 ( b ), and the Th2 cytokine IL-4 ( c ) was analyzed 
by ELISA. Means and SE were calculated from 5 mice/group.
 *  p  !  0.01 vs. unstressed WT control,  *  *  p  !  0.01 vs. stressed WT 
mice. 
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phocytes  [19] . Therefore, we next investigated the effect 
 � -arrestin 2 on the DTH response during physical stress 
in  � -arrestin 2 knockout and wild-type mice. We ob-
served that stressing mice for 2 days also suppressed the 
DTH response (data not shown). However, in mice, a 
3-day stress exposure induced more suppression of the 
DTH response compared with a 2-day stress exposure. 
Thus, we reported the data from mice stressed for 3 days. 
As shown in  figure 3 , restraint stress of immunized wild-
type mice significantly decreased footpad thickness com-
pared to that of immunized unstressed wild-type mice. 
Interestingly, restraint stress further decreased footpad 
thickness in  � -arrestin 2 knockout mice compared with 
wild-type mice. These results suggest that  � -arrestin 2 
plays an important role in T cell-mediated immunity 
during stress.

  Inhibition of PI3K in  � -Arrestin 2-Deficient Mice 
Exerts an Additive Effect on the Stress-Induced 
Splenocyte Reduction 
 We have recently reported that PI3K signaling plays an 

important role in the stress-induced reduction in the 

number of splenocytes  [8, 12] . Recent studies have shown 
that  � -arrestin 2 regulates the PI3K/Akt signaling path-
way  [29] . Thus, to determine the role of  � -arrestin 2 in 
the PI3K-mediated reduction in the number of spleno-
cytes induced by stress, we subjected  � -arrestin 2 knock-
out mice and wild-type mice to stress. One hour before 
the initiation of each stress cycle, we administered the 
PI3K inhibitors LY294002 or wortmannin, which have 
been widely used to study the role of PI3K in the immune 
system both in vitro and in vivo    [8, 10, 32, 40] . As shown 
in  figure 4 a, inhibition of PI3K by LY294002 administra-
tion did not dramatically change the number of spleno-
cytes in either wild-type or  � -arrestin 2-deficient mice in 
the absence of physical stress. However, in the presence 
of physical stress, PI3K inhibition significantly decreased 
the number of splenocytes in both wild-type and  � -arres-
tin 2-deficient mice compared with their stressed control 
mice (without LY294002 administration). LY294002 ad-
ministration exerted an additive effect on stress-induced 
splenocyte reduction in both wild-type mice and  � -ar-
restin 2-deficient mice. Interestingly, in the presence of 
stress, LY294002 administration in  � -arrestin 2-deficient 
mice resulted in a greater splenocyte reduction than ei-
ther LY294002 administration in wild-type mice or in 
 � -arrestin 2-deficient mice without LY294002 admin-
istration ( fig. 4 a). Similar results were observed for the 
other PI3K inhibitor wortmannin ( fig. 4 b). Collectively, 
these data suggest that it is possible that  � -arrestin 2 plays 
a role in PI3K-mediated splenocyte reduction induced by 
stress.

  Discussion 

 Physical and psychological stress can change the im-
mune system in both humans and animals  [1, 6] . Stress is 
a known risk factor for human diseases, such as autoim-
mune and infectious diseases  [4, 5, 41] . Stress-induced 
T-cell dysfunction has been observed in persons under 
various stressors  [42, 43] . Numerous experimental sys-
tems have been utilized to investigate how stress alters 
immune functions. However, little progress has been 
made in understanding physical and psychological stress-
induced immune suppression. Recent evidence suggests 
that  � -arrestin 2 plays an important role in regulating 
immune responses  [19, 21] . However, the effects of  � -ar-
restin 2 on stress-induced immune responses are un-
known. We speculated that high levels of  � -arrestin 2 
may be responsible for the splenocyte reduction induced 
by restraint stress. In this study, we demonstrated that 
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  Fig. 3.  Restraint stress-induced suppression of the DTH response 
was enhanced in  � -arrestin 2-deficient mice. Wild-type (WT) 
and  � -arrestin 2-deficient mice ( � -arrestin 2 KO) were immu-
nized with OVA (injection of 100  � g s.c.) in complete Freund’s 
adjuvant on the 1st day of stress followed by a boost with OVA 
(injection of 20  � g s.c.) in incomplete Freund’s adjuvant on the 
7th day. Mice were subjected to a 12-hour physical restraint daily 
for 3 days. In all groups, DTH (hind footpad) was assessed on day 
10 in a blind fashion using a caliper meter.          *  p  !  0.01 vs. the indi-
cated groups.       
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lack of  � -arrestin 2 in mice increases the sensitivity to 
stress-induced splenocyte reduction ( fig. 1 b). Our previ-
ous studies have shown that restraint stress of mice in-
duces a reduction in splenocyte numbers through a cell-
apoptotic mechanism  [10] . We followed our stress mouse 
model as described in our previous studies  [10] . The re-
duction in splenocytes induced by stress could be medi-
ated by two possible mechanisms: cell death or emigra-
tion. In our published work  [10] , we determined cell death 
in histological sections of the spleen using a TUNEL 
technique. We found that in the spleen of stressed mice a 
significant number of cells was undergoing apoptosis, 
whereas only a few apoptotic cells were detected in the 
spleen of control mice. Thus, a physical restraint-induced 
reduction in splenocyte numbers is likely due to the in-
duction of apoptosis rather than the mobilization of sple-
nocytes. Therefore, we did not further determine the role 
of emigration in the same restraint stress mouse model in 
our current study. The role of  � -arrestin 2 in stress-in-
duced apoptosis will be investigated in future studies.

  We have recently reported that chronic stress induces 
an imbalance in the Th1 and Th2 responses  [14] . In the 
present study, we extended these observations to dem-
onstrate that dysfunction of  � -arrestin 2 ( � -arrestin 2 
knockout) had a stronger inhibitory effect on Th1 cyto-
kine levels than in wild-type mice. Of great significance, 
dysfunction of  � -arrestin 2 increases stress-induced sup-

pression of the DTH response. Thus, these data suggest 
that restraint stress may initiate an immunosuppressive 
process in animals resulting in the modulation of a  � -
arrestin 2-mediated signaling pathway. A limitation of 
the study is the use of  � -arrestin 2-deficient mice.  � -Ar-
restin 2 transgenic mice (overexpression of  � -arrestin 2) 
will be used in future studies.

  Growing evidence reveals that  � -arrestin 2 induces
activation of PI3K/Akt  [20, 21] . Anti-apoptotic proteins 
inhibit apoptosis via activating specific signaling path-
way(s), such as the PI3K-mediated pathway. It has been 
established that inhibition of PI3K-mediated signaling 
sensitizes cells to apoptotic stimuli  [44] . We and others 
have shown that LY294002, a PI3K inhibitor, caused in-
hibition of cell proliferation and induction of cell apopto-
sis, and that inhibition of PI3K-mediated signaling dra-
matically enhanced the sensitivity of cell apoptosis  [12, 
32, 44] . Our previous studies have demonstrated that in-
hibition of PI3K by administration of LY294002 or wort-
mannin before restraint of mice caused a greater reduc-
tion in splenocyte numbers  [8, 12] . We speculated that 
 � -arrestin 2 plays a role in PI3K-mediated splenocyte re-
duction induced by stress. To test this hypothesis, we ad-
ministered the PI3K inhibitor LY294002 or wortmannin 
prior to restraint stress in  � -arrestin 2 knockout and 
wild-type mice. We observed that pharmacological inhi-
bition of PI3K activity by LY294002 or wortmannin be-
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  Fig. 4.  PI3K inhibition increases lymphocyte reduction in wild-
type (WT) and  � -arrestin 2-deficient ( � -arrestin 2 KO) mice fol-
lowing stress. We subjected  � -arrestin 2-deficient and WT mice 
aged 6–8 weeks to 12 h of physical stress daily. LY294002 (1 mg/
25 g body weight;        a ) or wortmannin (25  � g/25 g body weight;  b ) 

was administered intraperitoneally 1 h before the initiation of the 
stress cycle. Two days after stress, total splenocytes were counted. 
Means and SE were calculated from 6 mice/group.    *  p  !  0.01 vs. 
the indicated groups.       
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fore physical restraint caused a greater reduction in the 
number of splenocytes than stress did alone. Interesting-
ly, we found that in the presence of stress, inhibition of 
PI3K in  � -arrestin 2-deficient mice resulted in a greater 
splenocyte reduction than either inhibition of PI3K in 
wild-type mice or in  � -arrestin 2-deficient mice without 
inhibition of PI3K ( fig. 4 ). Therefore, these data suggest 
that it is possible that  � -arrestin 2 plays a role in PI3K-
mediated splenocyte reduction induced by stress. How-
ever, future studies are required to elucidate the precise 
role of  � -arrestin 2-mediated PI3K.

  In summary, to the best of our knowledge, this study 
is the first report to demonstrate that a deficiency in  � -

arrestin 2 augments stress-induced immune suppression. 
Our data suggest that  � -arrestin 2 may serve as a poten-
tial therapeutic target to promote the activation of protec-
tive signaling, such as PI3K/Akt signaling.
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