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Stress induced circulating catecholamines are hypothesized to selectively activate adrenergic receptors
(ARs) on immunocompetent cells modulating their inflammatory response to trauma or environmental
toxins. We characterized changes in expression of a pro-inflammatory cytokine modulated by 3-AR acti-
vation in human primary and immortalized monocytes that had been simultaneously stimulated with
lipopolysaccharide (LPS). Results from cytokine antibody arrays demonstrated that half-maximal effec-
tive concentrations of the selective [3-AR agonist isoproterenol (Iso) qualitatively increased LPS-mediated
expression of the soluble cytokine, interleukin-13 (IL-18). Semi-quantitative immunoblot techniques
confirmed a synergistic increase of IL-13 production in both LPS stimulated THP-1 cells and primary
human monocytes co-incubated with Iso. Immunoblot techniques as well as radioligand binding studies
were also used to characterize the heterogeneous expression of (3;- and 3,-AR subtypes on THP-1 cells.
[3-AR activation is classically associated with generation of cAMP in many tissues and cell types. There-
fore, using the method of Schild, we generated Iso concentration-response curves in the presence of
fixed subtype-selective 3-AR antagonist concentrations to demonstrate that (3;-AR activation was exclu-
sively linked with the generation of cAMP in THP-1 cells. Furthermore, use of a selective kinase inhibitor
demonstrated that Iso potentiated the expression of soluble IL-1(3 through activation of cAMP-dependent
protein kinase A. Finally, discriminating concentrations of subtype-selective 3-AR antagonists revealed
that 31-AR stimulation alone accounted for the synergistic production of IL-1f3 in LPS stimulated mono-
cytes co-incubated with Iso. These results demonstrate a unique synergistic pro-inflammatory response
mediated through a 3;-AR cAMP-dependent mechanism in LPS-challenged monocytic cells.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

During acute infections monocytes are the primary producers
of cytokines such as interleukin-1@ (IL-18) and tumor necrosis
factor o (TNF-a), which contribute to the microbicide activity of

Abbreviations: ARs, adrenergic receptors; Bmax, maximal specific binding of
radioligand; CGP 20712A, [1-(2-((3-carbamoyl-4-hydroxy)phenoxy)ethylamino)-
3-(4-(1-methyl-4-trifluoromethyl-2-imidazoylyl)phenoxy)-2-propanol
methanesulfonate, 2-hydroxy-5-(2-(hydroxy-3-(4-((1-methyl-4-trifluoromethyl)-
1H-imidazol-2-yl)phenoxy)propyl)aminoethoxy)benzamide; ECso, molar
concentration of receptor agonist that produces 50% of its maximal effect;

ELISA, Enzyme-Linked Immunosorbent Assay; FBS, fetal bovine serum; H-89, N-
[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide  dihydrochloride;
HBSS, Hank’s balance salt solution; IBMX, 1-methyl-3-isobutylxanthine; ICso, molar
concentration of competitive ligand that inhibits radioligand binding by 50%; ICI
118,551, erythro-dI-1-(7-methylindan-4-yloxy)-3-isopropylaminobutan-2-ol; 12°I-
CYP, (-)3-['**I]iodocyanopindolol; IL-1B, interleukin-1B; Iso, isoproterenol; Ky,
equilibrium dissociation constant of competitive receptor antagonist determined
from functional assay; Ky, equilibrium dissociation constant of radioligand; Kj,
equilibrium dissociation constant of competitive ligand determined from radioli-
gand binding study; kDa, kilodalton; LPS, lipopolysaccharide; MNL, mononuclear
leukocytes; PDE, phosphodiesterase; PKA, protein kinase A; PVDF, polyvinyli-
dene difluoride; THP-1, human monocytic cell line; TIMP-2, tissue inhibitor of
metalloproteinease-2; TNF-a, tumor necrosis factor a.

% This study was supported by the National Science Foundation [Grant 0235146];
the National Institutes of Health [Grant GM066726]; the National Institutes of Health

0161-5890/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.molimm.2009.12.013

Centers of Biomedical Research Excellence (COBRE) program [Grant RR016471];
and the North Dakota Experimental Program to Stimulate Competitive Research
(EPSCoR) program through the National Science Foundation [Grant EPS-0447679].

% The results of this work have been previously presented in part at the Experi-
mental Biology 2009 meeting (Abstract #489).

* Corresponding author at: Department of Pharmacology, Physiology and Thera-
peutics, The University of North Dakota School of Medicine & Health Sciences, 501
North Columbia Road, Stop 9037, Grand Forks, ND 58202-9037, United States. Tel.:
+1 701 777 4293; fax: +1 701 777 4490.

E-mail address: porter@medicine.nodak.edu (J.E. Porter).

1 The Integrative and Organ Systems Pharmacology internship of L.A.G. at the
University of Nebraska Medical Center was support by National Institutes of Health
[Grant R25GM074089].

2 Current address: South Dakota State University, Psychology Department, Box
504, Brookings, SD 57007, United States.


http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
mailto:porter@medicine.nodak.edu
dx.doi.org/10.1016/j.molimm.2009.12.013

L.A. Grisanti et al. / Molecular Inmunology 47 (2010) 1244-1254 1245

the innate immune system (Cavaillon and Adib-Conquy, 2005). In
chronic inflammatory conditions such as atherosclerosis, genera-
tion of IL-1 and TNF-a by these same immunocompetent cells
induces damage to endothelial cells, which is a major factor in the
development of vascular plaques (Loppnow et al., 2008). Under-
standing how to regulate monocyte production of IL-1[3, TNF-a and
other innate cytokines may prove useful in the treatment of sep-
sis or slowing the progression of cardiovascular diseases caused by
atherosclerotic lesions.

Increased sympathetic responses associated with acute infec-
tion or tissue injury constitute an important regulatory mechanism
that optimizes innate inflammatory responses (Calcagni and
Elenkov, 2006). For instance, the sympathetic neurotransmitter
norepinephrine has been shown to have a variety of effects on the
innate immune response in vivo, including acting as a chemotactic
agent for monocytes as well as inhibiting the bacterial endotoxin
initiated production of TNF-« (Straub et al., 2000; van der Poll et
al,, 1994). In the same manner, prolonged or inappropriate stim-
ulation of the sympathetic nervous system on innate immune
responses can lead to excess inflammation or uncontrolled infec-
tion resulting in pathological effects, including toxic shock and
tissue damage (Spengler et al., 1990; Murray et al., 2000). There-
fore, understanding the mechanisms that modulate sympathetic
regulation of monocyte function and thereby innate cytokine pro-
duction is important in the development of therapeutic strategies
to selectively regulate the inflammatory response to diseases in
which immunocompetent cells of the innate immune system play
an important pathological function.

In humans, responses to the endogenous catecholamines nore-
pinephrine and epinephrine are mediated through activation of
three independent families of adrenergic receptors (ARs), which
include within each group three characterized receptor subtypes
(at12, O1py Q1d, 22, 02, Oac, B1, B2, B3; see review by Guimardes
and Moura, 2001) Early studies have characterized high -AR
expression levels from an ex vivo preparation of human mononu-
clear leukocytes (MNL), which comprise a mixed population of
monocytes, lymphocytes (adaptive immunocompetent cells) and
platelets (Motulsky et al., 1986). A subsequent investigation uti-
lizing oral administration of subtype-selective 3-AR antagonists
to block isoproterenol (Iso) induced changes in [3-AR density and
generation of CAMP documented a 3,-AR population in this same
MNL preparation (van Tits et al., 1990). Although an elegant analy-
sis, this investigation did not quantify direct receptor interactions
for subtype-selective 3-AR competitive antagonists and thus het-
erogeneous expression of [3-AR subtypes cannot be ruled out in
this mixed population of immunocompetent cells. Nonetheless, ex
vivo and in vitro preparations of human monocytes are consid-
ered to solely express the [3;-AR subtype, whose activation has
further been shown to have “anti-inflammatory” effects result-
ing in dampening of the innate immune response to infection or
injury (Farmer and Pugin, 2000; Mizuno et al., 2005; van der Poll
et al,, 1994). However, complicating the literature are reports of
[31-AR subtype expression in preparations of human monocytes or
“pro-inflammatory” responses attributed to 3;-AR activation, sug-
gesting a pluripotent [3,-AR effect in these same cells (Kavelaars et
al., 1997; Szelenyi et al., 2006; Talmadge et al., 1993). In this study
we tested the hypothesis that pro-inflammatory outcomes of 3-AR
activation in monocytes are not due to the bi-functional ability of
a single receptor, but instead are related to the signaling capacity
for a specific 3-AR subtype expressed in a heterogeneous recep-
tor population. We explored the dichotomous 3-AR inflammatory
response in human monocytes that had been simultaneously incu-
bated with the bacterial endotoxin, lipopolysaccharide (LPS). We
characterize the expression of both ;- and 3;-AR subtypes on
human monocytes, which when stimulated concomitantly with LPS
and Iso generated a unique synergistic increase in IL-1[3 production.

Using subtype-selective receptor antagonists, we observed that this
novel pro-inflammatory response is associated with exclusive acti-
vation of the 31-AR subtype and was functionally correlated to the
generation of cCAMP along with subsequent activation of protein
kinase A (PKA). Our results are the first to demonstrate, using clas-
sical pharmacological techniques, a “pro-inflammatory” effect of
[31-AR activation in human monocytes that have been pathogeni-
cally challenged to initiate an inflammatory response.

2. Experimental
2.1. Materials and methods

2.1.1. Cell culture

A human monocytic cell line, THP-1 (ATCC, Manassas, VA) was
propagated using standard cell culture conditions (37 °C/5% CO5)
in RPMI 1640 medium with 2 mM L-glutamine adjusted to con-
tain 1.5 g/L sodium bicarbonate, 4.5 g/L glucose and 10 mM HEPES
(complete media), supplemented with 10% heat inactivated fetal
bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA). Conflu-
ent THP-1 cells (108 cells/mL) were washed in serum-free complete
medium, allowed to become quiescent for 30 min before pre-
incubating with or without AR antagonists or inhibitors of PKA
for 60 min prior to addition of the selective 3-AR agonist, Iso
(Sigma-Aldrich, St. Louis, MO) and/or an inflammatory receptor
agonist, LPS (Sigma-Aldrich, St. Louis, MO).

2.1.2. Isolation of primary human monocytes

The lymphocyte layer was obtained from the peripheral blood
of healthy adults. Monocytes were separated by centrifugation
at 600 x g for 20min at 22°C using a 30-45-60% Percoll den-
sity gradient. The monocyte-enriched fraction was removed from
the 30-45% gradient interface, washed and resuspended in com-
plete media containing 10% heat inactivated FBS. 106 cells/mL were
washed in serum-free medium and allowed to become quiescent
for 30 min prior to the addition of Iso (Sigma-Aldrich, St. Louis, MO)
and/or LPS (Sigma-Aldrich, St. Louis, MO).

2.1.3. Cytokine antibody arrays

A commercially available cytokine array system was used to
simultaneously detect multiple inflammation-related factors gen-
erated by THP-1 cells according to the manufacturer’s instructions
(RayBiotech, Norcross, GA). Briefly, quiescent THP-1 cells were
stimulated by LPS in the absence or presence of Iso for 2 h. Cells
were gently pelleted and 1 mL of the supernatant used to cover the
membrane containing the arrayed antibodies. After an overnight
incubation at 4°C, the membrane was washed and incubated
at 22°C for 2h with biotin-conjugated antibodies. After wash-
ing, membranes were incubated at 22 °C for 60 min with diluted
horseradish peroxidase-conjugated streptavidin. Bound antibody
was visualized by digital photography (UVP, Upland, CA) using ECL
imaging solutions from the manufacturer (RayBiotech, Norcross,
GA).

2.1.4. Membrane preparation for receptor binding

Crude THP-1 cell membranes were prepared as previously
described (Rojanathammanee et al., 2009). Briefly, suspended cells
were transferred to a 50 mL conical tube and twice washed by
centrifugation at 1000 x g using cold Hank’s balance salt solution
(HBSS). The intact cell pellet was resuspended in 10 mL of 0.25M
sucrose containing 10 pg/mL bacitracin, 10 wg/mL benzamidine,
10 pg/mL leupeptin, and 20 wg/mL phenylmethylsulfonylfluoride.
The cells were disrupted by freezing followed by homogenization
of the thawed suspension using 20 strokes from a loose fitting
Dounce homogenizer (B) pestle. This mixture was then centrifuged
at 1260 x g for 5 min at 4 °C. Buffer A(20 mM HEPES, pH 7.5, 1.4 mM
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