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Introduction

Summary

Adrenergic signalling of the immune system is one of the important
modulator pathways of the inflammatory immune response realized via G
protein-mediated pathways. The resulted signal depends on the type of
the receptor-coupled G-protein (GPCR) that, according to the classical
paradigm in the case of [-adrenergic receptor (B-AR), is Gs-type.
Recently, alternate and/or multiple G protein coupling specificity of
GPCRs have been demonstrated including a switch from Gs to Gi bind-
ing. The possibility of a Gs/Gi switch and its role in the immune response
of macrophages has not been investigated yet. In this study, we demon-
strate that P-adrenergic stimulation itself is able to induce a transient
mitogen-activated protein kinase phosphorylation in murine peritoneal
macrophages in a pertussis toxin-sensitive manner, suggesting that the
Gs/Gi switch also occurs in the immune system. Although this process is
very rapid, it can influence different signalling pathways and can repro-
gramme effector functions suggesting that sympathetic modulation of the
defence mechanism of the innate immune system has an additional, Gs/Gi
switch-dependent component.
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(G proteins). G proteins contain different subunits with
different signalling properties (e.g. Gas, Gai, Goo, Gog,

B-adrenergic receptors (B-ARs) that represent a primary
target for sympathetically derived catecholamines are
expressed on a wide variety of tissues and cell-types,
including the surface of various immune cells."” Adrener-
gic signalling of the immune system originates from the
sympathetic nervous system that innervates primary and
secondary immune organs, providing them with its neu-
rotransmitters.> The inflammatory response induced by
the interaction of macrophages with various pathogens is
under a tonic sympathetic control that involves B-ARs
expressed on macrophages.”>™®

G protein coupled receptors (GPCRs) are seven trans-
membrane-spanning (7-TM) receptors that act via
heterotrimeric guanine nucleotide regulatory proteins

etc. and Py).” The GPCR B-AR was formerly considered
to be associated exclusively with Gas that increases adeny-
late cyclase activity. The resulted increase in intracellular
cAMP level activates protein kinase A (PKA) that induces
several cellular responses including the inactivation of the
c-Raf-1/ERK pathway via inhibitory phosphorylation of
c-Raf protein.'®"? It has recently become apparent that
B-AR is also capable of transducing other signalling pro-
cesses than those associated with the formerly recognized
cAMP related pathways. Studies have shown that some
aspects of signalling via B-AR and its subtypes are inhib-
ited by pertussis toxin (PTX), indicating that they might
be mediated by Gi/Go proteins. PKA mediated phos-
phorylation of the B-AR decreases its affinity for the Gas

Abbreviations: B-AR, B-adrenergic receptor; 7-TM receptors, 7-transmembrane receptors; GPCR, receptor-coupled G-protein;
Gs, stimulatory G protein; Gi, inhibitory G protein; ip., peritoneal, intraperitoneal; cAMP, cyclic adenosine 3',5'-monophosphate;
MAPK, mitogen-activated-protein-kinase; ERK, extracellular signal-regulated kinase; PTX, pertussis toxin; LPS, bacterial
lipopolysaccharide; Iso, isoproterenol; TNF, tumour necrosis factor; PMA, phorbol myristyl acetate; ELISA, enzyme-linked

immunosorbent assay.

© 2007 Blackwell Publishing Ltd, Immunology, 122, 503-513

503



M. Magocsi et al.

subunit whereas increases Goui binding switching the
predominant coupling of B-AR from stimulatory guanine
nucleotide regulatory protein Gs to inhibitory guanine
nucleotide regulatory protein Gi.'>'* Gi signalling decrea-
ses the adenylate cyclase activity and increases the recep-
tor-stimulated mitogen-activated-protein-kinase (MAPK)
activation. Although the alternate and/or multiple G pro-
tein coupling specificity were demonstrated in several cell
types (in cultured HEK293 cells,”” cardiac myocytes,'”
Chinese hamster ovary cells'®), the possibility of a Gs/Gi
switch of certain 7-TM receptors and its possible role in
the immune response of macrophages has not yet been
investigated.

Macrophages play a central role in the inflammatory
reaction by determining, initiating, and maintaining the
specific immune response. The primary defence against
pathogens is achieved by several routes, mainly by produ-
cing and releasing cytokines, enzymes, reactive free
radicals, cytotoxic peptides, and by phagocytosis of the
pathogen followed by antigen presentation to T lympho-
cytes.'”'® These effector functions can be induced by sev-
eral stimuli, e.g. in response to activation of certain
receptors by pathogens or other structures. Although in
certain pathogen induced processes the CD14 and Toll-
like receptor families are the first targets'® a number of
other non-immune receptors, like B-AR, contribute to the
postreceptor signalling and modulate the extension of
the final immune response.>** The sympathetic control of
the innate immune response is believed to be immuno-
suppressive, because the B-AR coupled Gs pathway via
cAMP/PKA is known to suppress the inflammatory
response.**"*

We recently published,” that in peritoneal macroph-
ages and in human myelomonocyte leukaemia cells
(PLB-985) differentiated towards the macrophage lin-
eage, the immunomodulatory effect of B-AR activation
either suppressed or stimulated effector functions
(tumour necrosis factor-oo (TNF-at), interleukin (IL)-12
and NO production), depending on the nature of the
applied inflammatory stimuli. We demonstrated, that
isoproterenol pretreatment resulted in a reduced TNF-o
expression in lipopolysaccharide (LPS)-treated cells, in
good correlation with its known immunosuppressive
effect. In contrast, the same isoproterenol pretreatment
increased TNF-o expression in the case of phorbol
12-myristate 13-acetate (PMA) stimulation. In good
correlation with the changes in TNF-a production, iso-
proterenol pretreatment significantly decreased the acti-
vation of extracellular signal-regulated kinase (ERK)1/2
and p38 MAPKs in LPS-stimulated cells, while it
slightly increased the activation of these kinases in
PMA-treated cells. All these effects could be completely
inhibited by a pretreatment with the B-AR antagonist
propranolol supporting the role of a B-receptor in these
processes.”
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Previous studies have proved that LPS-induced activa-
tion of inflammatory cells depends in part upon the acti-
vation of heterotrimeric Gi proteins,”*** It is also known,
that the MAPKs, which are the main effectors of Gi
signalling regulate cytokine and NO production of macro-
phages.”®*” The possibility, that isoproterenol pretreat-
ment induces Gs/Gi switch and a rapid change in MAPK
activities may influence the inflammatory immune
response may have considerable therapeutic importance.
Because the possibility of a Gs/Gi switch has not yet been
investigated in immunological competent cells, our aim
was at first to test whether this change in the G-protein
coupling specificity also occurs in peritoneal macrophages
and then to investigate how this change may influence
the immunomodulatory effect of isoproterenol on LPS or
PMA-induced TNF-a production.

Materials and methods

Antibodies, chemicals and reagents

Primary rabbit anti-ERK1 immunoglobulin G (IgG; SC-
94) and goat anti-p38 IgG (SC-728-G) antibodies and
antiphospho-ERK monoclonal IgG (SC-7383) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA)
and rabbit antiphospho-p38 IgG was purchased from Cel-
lular Signalling (Beverly, MA). Horseradish peroxidase
conjugates of anti-rabbit, anti-goat or anti-mouse IgG
were obtained from Jackson ImmunoSearch (West Grove,
PA) and were used as secondary antibodies. The PKC
inhibitors bis-indol-maleinimide (Bim) and G66976 were
purchased from Calbiochem (La Jolla, CA). Thioglycol-
late, PTX, KT-5720, and isoproterenol were purchased
from Sigma (Saint Louis, MO). Dulbecco’s modified
Eagle’s minimal essential medium (DMEM), RPMI, fetal
bovine serum (FBS), penicillin, and streptomycin were
obtained from Gibco BRL (Grovemont Circle, Gaithers-
burg, MD).

Preparation of peritoneal macrophages

BALB/c mice were purchased from Charles River Laborat-
ories (Budapest, Hungary). Mice were kept in individual
cages in the Animal Unit for at least 7 days before use.
Animals received food and water ad libitum and lighting
was maintained on a 12-hr cycle. All procedures were
approved by the Institutional Animal Care and Use Com-
mittee of the Institute of Experimental Medicine. In each
experiment 8-10 mice were pretreated intraperitoneally
with 2 ml of 3% thioglycollate 4 days before the experi-
ment. On the day of the experiment mice were anaesthet-
ized with ether and macrophages were obtained by
intraperitoneal lavage with 10 ml of DMEM supplemen-
ted with 10% FBS and 0.1% dipotassium ethylenedi-
aminetetra-acetic acid under sterile conditions. Cells were
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pooled, washed with DMEM containing 10% FBS, plated
into six-well plates for Western blot (WB) assays then left
to adhere for 2 hr in the plate. The non-adherent cells
were removed by rinsing the plates three times with 4.5%
glucose-supplemented phosphate-buffered saline (PBS)
solution. Macrophages were allowed to rest for 48 hr in
freshly prepared complete media before treating them
with the drugs.

Determination of TNF-o. production

Living cells (2-3 x 10°/well) were plated into 96-well
plates in DMEM, without FBS. Cells were pretreated with
100 ng/ml PTX (dissolved in the tissue culture medium)
overnight. Stimulation of the B-adrenergic receptor with
100 pum isoproterenol was performed for 30 min. Macro-
phage activation was achieved with 10 pg/ml LPS, sup-
ernatants were collected after 24 hr. The level of TNF-a
of the supernatants was measured with an enzyme-linked
immunosorbent assay (ELISA) kit from R & D Sys-
tems (Minneapolis, MN) in at least three parallel wells.
Absorbance was read in both cases by Bio-Rad Microplate
Reader Model 450 (BioRad Laboratories, Hercules, CA).

Preparation of cell extracts and analysis by Western
blotting

Cells (2-6 x 10°) were plated into 6-well plates in DMEM
without FBS for WB analysis. Cells were settled for 2 hr
then treated with various concentrations of isoproterenol
for the time indicated in the Results. For determination
of PTX sensitivity, cells were pretreated overnight with
100 ng/ml PTX, and then stimulated with B-adrenergic
receptor agonist isoproterenol. Cells were lysed as des-
cribed previously.”® Fifty pg of lysed cell protein was sep-
arated by sodium dodecyl sulphate (SDS)—polyacrylamide
gel electrophoresis gel and transferred to polyvinylidene
difluoride membrane (Bio-Rad) using the Mini-Protean
III system (Bio-Rad). Membranes stained first with mouse
monoclonal antiphospho-ERK antibodies were incubated
in Tris buffered saline (TBS)/0-1% Tween-20 containing
0-5% H,0, at room temperature for 30 min, then washed
three times with TBS/0-1% Tween-20 and developed by
rabbit polyclonal anti-ERK1 antibodies. In some cases
membranes stained first with antiphospho-p38 rabbit
polyclonal antibodies were treated with H,O, as it
is described above and then developed by the mouse
monoclonal antiphospho-ERK1/2. These double-stained
membranes were developed later by rabbit polyclonal
anti-ERK1 or by goat polyclonal anti-p38 IgG after clean-
ing the membranes from the previously bound antibodies
by heating them on 50 °C for 30 min in 62-5 mm Tris-
HCl buffer (pH = 6-7) supplemented with 100 mm
B-mercaptoethanol and 2% SDS. The ECL system
was used for chemiluminescence detection (Amersham,
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Amersham, UK). For quantitative analysis of Western
blots, image analysis of X-ray films with the Bio-Rad
Chem doc TM system was used with the Quantity One
4.4 program, following digitalisation with a Hewlett
Packard 5100C scanner.

Statistical analysis

Statistical analysis of the data from three independent
experiments was performed by one-way anova followed
by Dunnett’s test or by the Newman—Keuls test where
appropriate P < 0-05 was considered as statistically signi-
ficant (*P < 0-05, **P < 0-01, and *** indicates signifi-
cance at level P < 0-001).

Results

B-AR mediated activation of ERK and p38 MAP
kinases in murine peritoneal macrophages by
isoproterenol

First we tested whether isoproterenol induces MAPKs
activation in murine peritoneal macrophages. Isolated
macrophages were incubated with various concentrations
of isoproterenol for different times and phosphorylation
of ERK and p38 proteins were followed in the cell
lysates by Western blot analysis using phospho-specific
antibodies (see Materials and methods). As demonstra-
ted in Fig. 1 (upper and middle panels), the amount of
both p-ERK and p-p38 were increased 10 min after iso-
proterenol administration. Quantitative evaluation (see
middle parts of Fig. 1) showed that the effect of iso-
proterenol was significant on the activation of both
MAPKs, even at the 10 um concentration. For the
quantitative analyses, optical density values obtained
from Western blots were normalized to the total expres-
sion level of these kinases determined by nonphospho-
specific antibodies and were further normalized to the
untreated controls. The upper panels of Fig. 1(a and b)
show the Western blots of one typical experiment, while
middle panels summarize the results of three independ-
ent experiments. When macrophages were incubated for
5, 10, 30 60, 90 and 210 min with 100 pM isoprotere-
nol, the isoproterenol-induced ERK (Fig. la lowest
panel) or p38 (Fig. 1b lowest panel) phosphorylation
was transient, reached a peak between 5 and 10 min,
and after 30 min returned to the level of the untreated
control and remained unchanged during the following
210 min.

PTX sensitivity of the B-AR mediated activation
of ERK1/2 and p38

To test the involvement of the Gi pathway in the isopro-
terenol-induced ERK and p38 activation, we used the Gi
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Figure 1. Isoproterenol-induced ERK (a) and p38 (b) phosphorylation in murine peritoneal macrophages. In each experiment, 5 x 10° peritoneal
macrophages were treated and 50 pg of whole cell protein extracts were analysed by Western blot using specific antibodies recognizing phospho-
ERK1/2, phospho-p38, or total ERK1/2 and p38 proteins, as described in Materials and methods. Experiments were repeated three times from
separate pooled macrophage preparations and each experiment was analysed by Western blot two times. Macrophages were treated with 10 pm
or 100 um isoproterenol for 10 min (upper and middle parts) or for 5, 10, 30, 60, 90 and 210 min with 100 um isoproterenol (lower parts).
Upper parts: One typical immunoblot out of n = 6. Middle panels show the quantification of these experiments and lower panels show the
quantification of ERK and p38 phosphorylation in time. In the middle and lower panels, data are given as the optical densities of the bands
obtained by Western blot and determined by BioScan v1.0. Protein loading was standardized to the total ERK1/2 protein levels of the cellular
extracts and values were normalized to the control, nontreated cells. Columns represent the mean values and error bars represent the + SE where

n = 6. The asterisks represent the significances as they are given in the Materials and methods section. ***Indicates significance at level
P < 0-001.

inhibitor PTX. Preincubation of cells with 100 ng/ml
PTX overnight and a following 10 min-long treatment
with 100 pM isoproterenol, significantly inhibited ERK
(Fig. 2a) or p38 (Fig. 2b) phosphorylation compared to
samples treated with isoproterenol alone. For quantitative
evaluation, data were standardized to the total ERK or
p38 expression levels and were further normalized to the
control levels. The upper panels of Fig. 2(a and b) show
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the Western blots of one typical experiment, while lower
panels show quantitative analyses summarizing the results
of three independent experiments evaluated similar to
Fig. 1.

In summary, the results of the above experiments show
a rapid, transient and PTX sensitive phosphorylation of
MAPKs supporting the existing of a Gs/Gi switch in iso-
proterenol treated peritoneal macrophages.

© 2007 Blackwell Publishing Ltd, Immunology, 122, 503-513
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Figure 2. PTX sensitivity of isoproterenol-induced ERK and p38 phosphorylation in peritoneal macrophages. Peritoneal macrophages (5 x 10°)
were pretreated with 100 ng/ml PTX overnight and that was followed by the administration of 100 pm isoproterenol for 10 min. Western blots

were performed as described in the legend to Fig. 1. Immunoblot (upper panels) and quantification (lower panels) of ERK (a) and p38 (b) phos-
phorylation in macrophages are presented. Immunoblots show the results of one typical experiment from the three independent experiments,
each with duplicate determination. Evaluation and standardization were carried out as described in the legend to Fig. 1. Columns represent the
mean values and error bars represent the + SE from the mean (n = 6). ***Indicates significance at level P < 0-001.

Is the suppressive effect of isoproterenol on
LPS-induced inflammatory TNF-o production and
ERK phosphorylation PTX-sensitive in peritoneal
macrophages?

It is known that Gi-mediated signalling is involved in the
effector pathways of LPS***> but the PTX sensitivity
of LPS-induced TNF-a production is rather controver-
sial.?**° In the following experiments we tested the PTX
sensitivity of the LPS-induced ERK1/2 activation and
TNF-o production and we studied the involvement of Gi
activation in the immunosuppressive effect of isoprotere-
nol in LPS-activated peritoneal macrophages. Cells were
preincubated with 100 ng/ml PTX overnight, then with
100 um isoproterenol for 10 min and thereafter treated
with 10 pg/ml LPS for 24 hr. The TNF-o levels were
determined by ELISA (see Materials and methods). The
results of TNF-a determinations are summarized on
Fig. 3(a). As it is shown, neither PTX nor isoproterenol
treatment alone changed the TNF-o production compared
to the nontreated control cells. PTX pretreatment resulted
in a significant but not complete decrease in LPS induced
TNF-o production. In good correlation with its known
immunosuppressive effect, the isoproterenol pretreatment
resulted in a significant reduction in LPS induced TNF-o
production and this decreased TNF-o level was main-
tained even in the case of PTX treatment prior to isopro-
terenol. Similar experiments were carried out to study the

© 2007 Blackwell Publishing Ltd, Immunology, 122, 503-513

effect of PTX and/or isoproterenol pretreatment on the
LPS-induced ERK1/2 phosphorylation by Western blot-
ting. One typical immunoblot and the quantification
of three independent experiments, each in duplicates are
presented in Fig. 3(b) and Fig. 3(c), respectively.

In good correlation with the TNF-o levels presented
in (a), overnight pretreatment with PTX considerably
decreased the amount of LPS-activated p-ERK1/2 level
in peritoneal macrophages. All these data support the
involvement of the Gi pathway in LPS-induced processes.
When the cells were pretreated with 100 pm isoproterenol
for 10 min and thereafter treated with 10 pg/ml LPS for
5 min, the amount of phosphorylated ERK1/2 kinases
were significantly suppressed. Similar to the TNF-o pro-
duction, suppressed ERK1/2 phosphorylation could be
observed when the cells were pretreated with PTX over-
night prior to isoproterenol and LPS administration.

Thus, the PTX pretreatment did not attenuate further
the isoproterenol suppressed TNF-a production and ERK
phosphorylation in the LPS induced PTX-sensitive activa-
tion of peritoneal macrophages.

The stimulatory effect of isoproterenol on PMA-
induced TNF-a production and ERK phosphorylation
is PTX-sensitive in peritoneal macrophages

In the following experiments the cells were preincubated
with (or without) 100 ng/ml PTX overnight, then with
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100 um isoproterenol for 10 min and thereafter treated
with 100 nm PMA for 24 hr. The results of the TNF-o
determinations are summarised on Fig. 4(a). In contrast
with LPS, PMA-induced TNF-a production was signi-
ficantly increased by isoproterenol (Fig. 4a) and a pre-
ceding PTX pretreatment significantly reduced that
TNF-a level. The PMA-induced stimulation of TNF-o
production itself was not sensitive to PTX but in combi-
nation with isoproterenol, PTX reversed the immuno-
stimulatory effect of isoproterenol in PMA-stimulated
macrophages. While isoproterenol activated cAMP/PKA is
thought to be involved in Gs/Gi switch,'* we studied the
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Figure 3. Effect of PTX and isoproterenol pretreatments on LPS
induced TNF-a production and ERK phosphorylation in peritoneal
macrophages. Peritoneal macrophages (2-3 x 10°) were pretreated
with or without 100 ng/ml PTX overnight and then with or without
100 pm isoproterenol for 10 min, followed by the stimulation with
10 pg/ml LPS (a). Supernatants were collected after 24 hr for deter-
mination of TNF-o levels. The quantitative results were obtained
from five independent experiments each in triplicate. Error bars rep-
resent £ SE from the mean. **Indicates significance at level P < 0-01
and *** at level P < 0-001. (b and c) Peritoneal macrophages
(5 x 10°) were pretreated with or without 100 ng/ml PTX overnight
and that was followed by the administration of 100 um isoproterenol
for 10 min, followed by the stimulation with 10 pg/ml LPS for
5 min 50 pg whole cell protein extracts were analysed by Western
blot, immuno-stained with phospho-specific ERK1/2 antibodies and
reprobed with antibodies raised against non-phosphorylated ERK1/2
to reveal total ERK1/2 protein levels. Immunoblot (b) and quantifi-
cation (c) of three independent experiments, each with duplicate
determination. Quantification and standardization of the data were
carried out as described in the legend to Fig. 1. Error bars represent
+ SE from the mean (n = 6). The asterisks represent the significances
as they are given in the Materials and methods section.

effect of PKA inhibition on the isoproterenol-induced
immunostimulation of PMA activated macrophages.
When isoproterenol and PMA were added to cells previ-
ously treated with the PKA inhibitor KT-5720 (for
30 min), the increment of TNF-o production decreased
almost to the level measured in the presence of PMA
alone (Fig. 4b).

We also studied the effect of PTX on the isoproterenol
treated, PMA-stimulated ERK activity by Western blot-
ting. In our previous work™ we showed that in PMA sti-
mulated peritoneal macrophages there is an early and
transient activation of ERK, with a peak at 10 min after
the treatment. In this work, macrophages were pre-
incubated with 100 ng/ml PTX overnight, and then cells
were treated with 100 pum isoproterenol for 10 min and
thereafter 100 nm PMA was added for 5 min. The repre-
sentative blot presented on Fig. 5(a) and the quantifica-
tion of the three independent experiments, each in
duplicates (Fig. 5b), show that the PMA-stimulated ERK
phosphorylation did not decrease but slightly increased
due to isoproterenol treatment, and this increase was
inhibited in PTX preincubated macrophages. Data also
reinforced the PTX sensitivity of isoproterenol induced
ERK phosphorylation.

As it is also known that among the LPS-induced events
activation of PKC was also described.”® Therefore we per-
formed experiments in order to clarify the extent of the
involvement of PKC activation in the LPS stimulated
cells. We compare the TNF-a production measured in the
presence or in the absence of two different PKC inhibitors
in LPS or in PMA stimulated cells. These experiments
demonstrated that both highly specific PKC inhibitors:
Go66850 (Bim) (an inhibitor for conventional and PKC

© 2007 Blackwell Publishing Ltd, Immunology, 122, 503-513
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Figure 4. Modulation of PMA-induced TNF-o production by iso-
proterenol. Effect of PTX or KT-5620 pretreatments. Peritoneal
macrophages (2-3 X 10°) were pretreated with or without 100 ng/ml
PTX overnight and then with or without 100 pm isoproterenol for
10 min, followed by the stimulation of 100 nm PMA for 24 hr (a).
Macrophages without PTX treatment were preincubated with
200 nm KT-5720 for 30 min prior to isoproterenol and PMA addi-
tion (b). Supernatants were collected after 24 hr for the determin-
ation of TNF-o. The quantitative results were obtained from three
independent experiments, each tested in triplicate. Error bars repre-
sent +SE from the mean (n = 9). The asterisks represent the signif-
icances as they are given in the Materials and methods section.

zeta isoforms) and Go6976 (an inhibitor of conventional
Ca sensitive PKC isoforms), both in 50 nM concentration,
inhibited the PMA-induced TNF-o production signifi-
cantly but had only a minor effect (6-8% inhibition)
on the LPS-induced response (Fig. 6). Our results also
showed that neither of these PKC inhibitors influenced
the basal TNF-o production of the untreated peritoneal
macrophages.
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Figure 5. Modulation of PMA-induced ERK phosphorylation by
isoproterenol in macrophages. The effect of PTX. Peritoneal macro-
phages (5 x 10°) were pretreated with or without 100 ng/ml PTX
overnight that was followed by the administration of 100 pm isopro-
terenol for 10 min and stimulated with 100 nm PMA for 5 min
50 pg whole cell protein extracts were analysed by Western blot,
immuno-stained with phospho-specific ERK1/2 antibodies and
reprobed with antibodies raised against non-phosphorylated ERK1/2
to reveal total ERK1/2 protein levels. Immunoblot (a) and quantifi-
cation (b) of three independent experiments, each with duplicate
determination. Quantification and standardization of the data were
carried out as described in the legend to Fig. 1. Error bars represent
+SE from the mean (n = 6). The asterisks represent the significances
as they are given in the Materials and methods section.

These results suggest the involvement of a PKA
dependent PTX sensitive Gi signalling in the immuno-
stimulatory effect of isoproterenol in PMA-activated
macrophages.

Discussion

B-AR and its subtypes (B1- and P2-ARs) represent the
classically defined Gs coupled seven-membrane-spanning
receptors. It has been suggested that both f1- and B2-AR
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Figure 6. Effect of PKC inhibitors on the mitogen-stimulated TNF-o
production in murine peritoneal macrophages. Cells were prepared
and plated as described in the Methods section. 50 nm Bim or 50 nm
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levels where determined from the supernatants by the ELISA tech-
nique. Columns represent the TNF-o level expressed as the percentage
of the total stimulation observed in the presence of LPS or PMA
alone. Results were obtained from three independent experiments,
each tested in triplicate. Error bars represent +SE from the mean
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(n = 9) and ** indicates significance at level P < 0-01 and at level

P < 0-001.

are able to switch their G protein-coupling specificity
from Gs to Gi because of phosphorylation of the receptor
by PKA.'>'*?12 Gs/Gi switch was reported for other
GPCRs, such as receptors for vasoactive intestinal pep-
tide, vasopressin, prostacyclin, parathyroid hormone,
histamine, and also serotonin.”>® This new Gs/Gi
switch-related aspect of B-AR signalling is the Gi-protein
mediated PTX-sensitive activation of MAPKs,'>!*?1%3738
Thus, a single B-AR is able to induce signals to both PKA
and the MAPK pathways, which can cross-talk with each
other regulating the signalling specificity of the recep-
tor.*>*® PKA is known to have an inhibitory effect on the
c-Raf-1/ERK pathway'®'? but it is also able to activate
the ERK pathway in certain cell types via modification of
B-Raf pathway.*'™ Accordingly, the B-AR-induced ERK
activation can be either PTX insensitive or sensitive. This
latter pathway sequentially involves Gi, GPy, MAPKs,
phosphoinositide 3-kinase (PI3K) and Akt activation as it
is described in cardiac myocytes.******> Relation between
the PTX-sensitive or -insensitive signalling through B-AR
and the MAPK pathways was described in various cell
types,'®*"*® but until now, no data have been published
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for cells of the innate immunity. In this work we presen-
ted evidence that in the case of peritoneal murine macro-
phages, members of the MAPK family, i.e. ERK and p38
are simultaneously transiently activated by the B-AR
agonist isoproterenol in a PTX-sensitive manner demon-
strating that the Gs/Gi switch also exists in immunologi-
cally competent cells. Although simultaneous activation of
ERKs and p38 is mostly connected to Gq signalling,*’
such a synchronic activation of MAPKs has also been
demonstrated related to a Gi protein coupled signalling
pathway.*®

The sympathetic modulation of the immune response
via B-AR expressed on macrophages is one of the import-
ant regulatory mechanisms both in the physiological and
in the pathological state. The down-regulation of LPS-
induced TNF-o production by isoproterenol pretreatment
was observed by different authors.”®**=>' This immuno-
suppressive effect is mainly explained by the isoproterenol
induced cAMP/PKA activation via Gs protein and the
consequent phosphorylation of Raf-1, which has an inhib-
itory effect on the MEK/ERK pathway.*>>*

Recently we have demonstrated that depending on the
inflammatory stimulus (e.g. PMA activation instead of
the bacterial LPS), the sympathetic stimuli (isoproterenol
pretreatment) might increase or decrease the production
of the inflammatory mediators (TNF-a, IL-12, and NO)
in correlation with the changes of MAPK-activities in
peritoneal macrophages and in differentiated myelomono-
cyte leukaemia cells (PLB-983).>> The fact that isoprotere-
nol pretreatment differently influenced MAPK-activities
and TNF-a production in LPS or PMA treated cells raises
the question whether an isoproterenol induced Gs/Gi
switch may play a role in this stimulus-dependent
immunomodulatory effect of isoproterenol.

PTX pretreatment of peritoneal macrophages previous
to B-AR stimulation by isoproterenol inhibits all signal-
ling events mediated by Gi proteins. The fact that PTX
reduces the stimulatory effect of isoproterenol pretreat-
ment on PMA induced TNF-a production and ERK
phosphorylation demonstrated in this paper, implies that
the isoproterenol induced Gs/Gi switch and MAPK acti-
vation are critical components of the increased inflamma-
tory response. This observation is further supported by
the results obtained with the PKA inhibitor KT-5720. As
we demonstrated here, KT-5720 reduced the stimulatory
effect of isoproterenol on PMA induced TNF-a produc-
tion, similarly to PTX.

The highly potent inflammatory mediator LPS binds to
Toll-like receptors (CD14-TLR4) on macrophages, which
causes a Gi dependent activation of MAPKs™® (besides
other signalling pathways). The MAP kinases play an
important role in TNF-o expression via the c-Fos/AP-1
and NF-kappaB pathways.'”*** In good correlation with
this, we demonstrated here, that LPS-induced ERK activa-
tion and TNF-a production are PTX sensitive per se in
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peritoneal macrophages, supporting the involvement of
Gi in these processes. Similar results were obtained after
LPS activation of different macrophage and promonocytic
cell lines.”*** As the LPS-induced TNF-o production and
ERK phosphorylation already have a PTX-sensitive Gi
component, the contribution of an isoproterenol induced
Gs/Gi switch can not be distinguished. Still, the possibility
that the isoproterenol induced Gs/Gi switch might repro-
gramme cellular effector functions of the cells via a rapid
and transient ERK activation which may influence
upstream signals desensitising Gi for a second stimulus,
cannot be ruled out.

Activation of PKC signalling seems to be common in
LPS- and PMA-activated peritoneal macrophages. It is
known that LPS-induced ERK activation occurs, in part,
through the activation of the atypical PKC isoform (PKC
zeta).”® By measuring the LPS- or PMA-stimulated
TNF-a production in the presence of different PKC inhi-
bitors, we demonstrate in this paper that the LPS-induced
activation of PKC is only a minor (7%) mediator of the
signalling through the CD14-TLR complex. Thus, in
contrast with PMA-stimulated macrophages, the iso-
proterenol acts on other parts of LPS-induced signal-
transduction processes than the PKC.

The PTX dependent immunostimulatory effect of iso-
proterenol on PMA-activated peritoneal macrophages
presented in this paper, may serve as a model for other
stimuli that can promote inflammatory cytokine produc-
tion via different activation of MAPKs as nerve growth
factor’® or mycobacterial infection.”” The regulatory role
of sphingosine kinase/phosphoinositide-specific phospho-
lipase C/conventional protein kinase C pathway in the
proinflammatory response of mycobacteria infected
macrophages has recently been identified.”’

In summary, here we demonstrate for the first time,
that isoproterenol induces a Gs/Gi switch in peritoneal
macrophages resulting in a PTX sensitive, rapid and
transient activation of both ERK and p38 MAP kinases.
Thus macrophages might be added to the growing list
of cell types that exhibit changes in their function
because of the switch of the G-protein subtype. We
showed that this switch can contribute to the inflam-
matory responses of certain type of stimuli and intensi-
fies inflammatory mediator production suggesting that
sympathetic modulation of the innate immune sys-
tem may have an additional, Gs/Gi switch-dependent
component.
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