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established (Fig. 4, right panels). Since transfection with
the vector did not influence NO production (Fig. 1c), cells
transfected with p-arrestin 2 were compared with
RAW264 cells. As shown in the RAWar cells (Fig. 2), NO
production (Fig. 5a) and NOS II protein and mRNA
expressions (Fig. 5b) were definitely decreased in the RA-
Warr2 cells.

Anti-P-arrestin 2 antibodies coimmunoprecipitated
IxBa in RAW264 cells before, but not after, LPS stimula-
tion for 6 hr (Fig. 6). On the other hand, the amount of
IxkBa coprecipitated by anti-f-arrestin 2 antibodies was
not reduced but rather was increased in the RAWar and
RAWarr2 cells after LPS stimulation, indicating that the
LPS-stimulated down-regulation of B;AR and B-arrestin 2
is essential for IxBa degradation.
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Figure 3. Forced f,-adrenergic receptor (f;AR) expression sup-
presses nuclear factor-xB (NF-xB) activation. (a) The vector control
cells and P,AR transfectant were stimulated with lipopolysaccharide
(LPS), and NF-xB activation was analysed by elecirophoretic mobil-
ity shift assay. (b) The vector control cells and PAR transfectant
were stimulated with LPS, and cytoplasmic inhibitor of NF-xB
{(IxBa) and GAPDH (loading control) were analysed by Western
blotting. (c, d) RAW264 cells were cotransfected with the pNF-xB-
Luc vector () or the NOS Il promoter-luciferase construct (d) and
vector (Vec), pcDNA4-PB,AR (AR) or pCMV-IxBaM (DN-IxB). The
cells were cultured with LPS for 24 hr, and luciferase activities were
determined. The results are expressed as means + SEM from six-well
cultures, *P < 0-001 versus cells cotransfected with Vec (e) Pyrroli-
dine dithiocarbamate (PDTC) was added to the cultures at the indi-
cated time-points after addition of LPS. Nitrite accumulation in the
supernatants at 24 hr of culture was measured using the Griess
reagent. The results are expressed as means + SEM from three-well
cultures. The error bars are too small 1o be distinguishable in the
figure (numeric data from the left bar: 3.75 £ 0-18, 507 + 0-22,
4-22 = 007, 569 £ 0:12, 10:38 £ 0:06, 15-00 + 0-05, and 25-20 +
0:28). *P < 0:001 versus LPS-stimulated cells without PDTC. Data
shown are representative of two or three separate experiments.
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Figure 4. Lipopolysaccharide (LPS) stimulation down-regulates

P-arrestin 2 expression. RAW264, RAWar, and RAWarr2 cells were
stimulated with LPS, and the protein levels of f-arrestin 2 and GAP-
DH (upper panel) and ger RNA exp of farrestin 2
and 185 ribosomal RNA (middle panel) were analysed as in
Fig. 1(a). Bar graphs show the relative intensity of the band from
three separate experiments (mean + SEM) (lower panel). *P < 001
versus 0 hr,

Discussion

In this study, we investigated the role played by B,AR in
the antimicrobial responses of macrophages. First, we
demonstrated that P,AR expression is decreased by LPS
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Figure 5. Forced P-arrestin 2 expression suppresses nitric oxide
(NO) production and nitric oxide synthase I1 (NOS II) expression.
(a) Cells were stimulated with lipopolysaccharide (LPS) for 24 hr,
and nitrite accumulation in the supernatants was measured using the
Griess reagent. The results are expressed as means + SEM from
three-well cultures. *P < 0:001 versus LPS-stmulated RAW264 cells.
(b) The protein levels of NOS Il and GAPDH (left panel) and mes-
senger RNA expressions of NOS 11 and 185 ribosomal RNA (light
upper panel) were analysed-as in Fig. 1(a). Bar graphs show the rela-
tive intensity of the polymerase chain reaction bands from three sep-
arate experiments (mean + SEM) (right lower panel). *P < 0.01
versus corresponding RAW264 cells. Data shown are representative
of three to four separate experiments,

RAW264 RAWar RAWZ264 RAWarr2
LPS(hr) O 8B 0 & 0 6 0 [

Figure 6. fl-arrestin 2 interacts with cytosolic inhibitor of NF-xB
{IxBa). Before and after stimulation with lipopolysaccharide (LPS)
for 6 hr, cells were lysed and immunoprecipitated with anti-B-arres-
tin 2 antibodies. Western blotting analysis was performed using anti-
IxBa antibodies (upper panel). The protein levels of GAPDH in
equal amounts of lysates were used for control (lower panel).

stimulation. To investigate the role of B;AR down-regula-
tion in response to LPS directly, we established a
macrophage cell line, RAWar. Prevention of the down-
regulation of LAR expression in RAWar cells resulted in
reduced NO production, suggesting that the LPS-associ-
ated down-regulation of B,AR expression plays an
important role in NO production in macrophages.
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Decreases in NOS 11 mRNA expression were observed
in the RAWar cells, indicating that NOS 11 expression was
transcriptionally down-regulated by forced B.AR expres-
sion. Prevention of the down-regulation of ;AR expres
sion in the RAWar cells resulted in a marked decrease in
NF-xB activation and inhibited cytosolic IxBa degrada-
tion, indicating that the forced B,AR expression inhibited
LPS-induced NF-xB activation by IxBa stabilization.

On the other hand, P-arrestins, which are universally
expressed members of the arrestin family, are the major
regulators of GPCR signalling and bind to activated
GPCRs, causing receptor desensitization and internaliza-
tion."* Recently, P-arrestins have been shown to play
functional roles in the regulation of a variety of signalling
pathways and in the mediation of cross-talk between sig-
nalling pathways. Moreover, there is accumulating evi-
dence that f-arrestin 2, which is expressed abundantly in
the spleen, is functionally involved in some important
immune responses.””?® We have demonstrated that
B-arrestin 2 is down-regulated in LPS-stimulated
RAW264 cells. Down-regulation of B-arrestin 2 was abol-
ished in RAWar cells, suggesting that f-arrestin 2 expres-
sion is regulated by P;AR. These findings suggest that
B:AR participates in signal transduction pathways from
TLR4 by regulating the level of B-arrestin 2 expression.
Meanwhile, the amount of IxBa coimmunoprecipitated
by anti-B-arrestin 2 antibodies was decreased in the
RAW264 cells after their stimulation with LPS but not in
the RAWar or RAWarr2 cells, suggesting that [,AR inhib-
ited LPS-induced NF-xB activation by stabilizing [xBa
through P-arrestin 2. The release of NF-xB following the
degradation of IxBa proteins is an essential step in the
generation of transcriptionally competent NF-xB. In addi-
tion, NF-kB activity following stimulation is dependent
on the level of cytoplasmic NF-xB/IkBa complexes free
from stabilizing factors. Therefore, the following appear
likely: (1) LPS-stimulated signals suppress f,AR expres-
sion, (2) the reduction of P;AR results in the down-regu-
lation of P-arrestin 2 expression, (3) [-arrestin 2
stabilizes cytoplasmic IxBa and inhibits NF-xB activation
(so reduction in the level of B-arrestin 2 accelerates IxBa
degradation and NF-xB activation in LPS-stimulated
cells) and (4) nuclear translocation of NF-xB enhances
NOS II expression.

The cross-talk between P,AR and the TLR signalling
pathways is schematically summarized in Fig. 7.

Catecholamines increase ¢cAMP via f,AR activation,
and PKA activation inhibits NF-xB-induced transcription
by phosphorylating cAMP responsive element binding
protein (CREB), which competes with p65 for the limited
amounts of CREB-binding protein (CBP) (Fig. 7a(ii)).””
However, f.AR agonists did not suppress NO production
(unpublished observation). In the present study, we dem-
onstrated that LPS stimulation suppressed the cAMP
accumulation in RAWvec cells stimulated with a AR

© 2008 Blackwell Publishing Ltd, Immunocfogy, 124, 348-356
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Figure 7. Cross-talk between f;-adrenergic receptor (B;AR) and
Toll-like receptor (TLR) signalling pathways. (a) B;AR agonists sup-
press nuclear factor-xB (NF-xB) activation by increasing cytoplasmic
p-arrestin 2, which stabilizes the NF-xB/inhibitor of NF-xB (IxBa)
complexes in cytoplasm (i) or by actrivating cAMP i t
binding protein (CREB), which then produces wmpelmon between
CREB-binding protein (CBP) and NF-xB in the nucleus (ii). (b)
TLR4-dependent signals lead to the following steps both in the pres-
ence or absence of fLAR agonists: @ TLR4-dependent down-regula-
tion of PAR expression, @ down-regulation of f-amestin 2, @
release of NF-xB/IxBa complexes in the cytoplasm, @ degradation of
IxBa, and ® translocation of NF-xB to the nucleus and transcription
of its target genes.

agonist. In addition, we showed that prevention of the
down-regulation of P;AR inhibits the degradation of IxBa
through P-arrestin 2, which stabilizes IxBx in the steady
state (Fig. 7a(ii)). Therefore, the down-regulation of
expression of both B,AR and P-arrestin 2 by the TLR4-
dependent pathway might provide a mechanism for
‘escaping’ anti-proinflammatory signals, such as the
B2AR-cAMP-PKA pathway” or the P,AR-P-arrestin
2-1xBu pathway. As the levels of B,AR ligands vary under

© 2008 Blackwell Publishing Ltd, immunology, 124, 348-356
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different conditions, understanding the cross-talk between
TLRs and B;AR pathways may have both physiological
and pathophysiological importance. Taken together, the
observations of the present study regarding the regulation
of TLR4 signalling through P;AR appear to provide
another therapeutic target for the regulation of inflamma-
tory disease conditions.
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