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The ability of macrophages to control the growth of microorganisms is increased by macrophage activation.
Previously, it was shown that epinephrine activated mouse macrophages to resist the growth of Mycobacterium
avium via �2-adrenergic stimulation. In the present study, we show that the �2-adrenergic agonist (�2-agonist)
clonidine induced resistance to M. avium growth in the RAW264.7 mouse macrophage cell line. The ability of
catecholamines to induce resistance to mycobacteria was specific to �2-adrenergic stimulation, as �1-, �1-, and
�2-agonists had no effect. Receptor signaling through Gi proteins was required. A G-protein antagonist specific
for the � subunits of the Go/Gi family blocked the increased resistance induced by clonidine, while a Gs-protein
antagonist was without effect. Both nitric oxide (NO) production and superoxide (O2

�) production were
required for the increased resistance to M. avium growth induced by clonidine. Although NO production was
required, clonidine did not increase the level of NO in M. avium-infected cells. Since NO and O2

� interact to
produce peroxynitrite (ONOO�), we examined whether ONOO� mediates the increased resistance to M. avium
induced by clonidine. 5,10,15,20-Tetrakis(4-sulfonatophenyl)prophyrinato iron (III) chloride (FeTPPS), a spe-
cific scavenger of ONOO�, inhibited the effect of clonidine on M. avium growth. Clonidine also increased the
production of ONOO� in M. avium-infected RAW264.7 cells, as measured by the oxidation of 123-dihydror-
hodamine and the production of nitrated tyrosine residues. We therefore conclude that �2-adrenergic stimu-
lation activates macrophages to resist the growth of M. avium by enhancing the production of ONOO�.

Macrophages are among the first cells of the host to confront
microbes and are important effector cells in innate resistance
to intracellular microbial pathogens. The outcome of this ini-
tial encounter with an intracellular pathogen is that either the
macrophage resists the growth of the microorganism or the
microorganism adapts and replicates within the macrophage.
The ability of the macrophage to resist the growth of the
microorganism is dependent on the activation state of the
macrophage. Cytokines, such as gamma interferon (IFN-�),
granulocyte-macrophage colony-stimulating factor, and tumor
necrosis factor alpha (TNF-�), activate macrophages to resist
the growth of intracellular pathogens by enhancing the pro-
duction of the major antimicrobial effector molecules, includ-
ing reactive oxygen species and nitric oxide (38, 46, 53).

The sympathetic nervous system acts to maintain homeosta-
sis during periods of stress by releasing norepinephrine at
sympathetic nerve endings and epinephrine from the adrenal
medulla (3, 20, 65). These catecholamine hormones modulate
the activities of cells, including cells of the immune system
(35). Macrophage function can be either activated (50, 59, 60)
or suppressed (9, 31, 58, 63, 67) by catecholamines. A study by
Boomershine et al. (9) showed that the addition of epinephrine
to IFN-�-activated mouse peritoneal macrophages inhibited
the ability of the macrophages to resist the growth of Myco-
bacterium avium. This effect was shown to be mediated by the
�2-adrenergic receptor and to be correlated with a decrease in
nitric oxide production. In contrast, when resting peritoneal

macrophages were treated with epinephrine, the inhibition of
mycobacterial growth increased, suggesting that in this situa-
tion, the catecholamine activated the macrophages (50). The
activation of the macrophages was mediated by �2-adrenergic
stimulation. The �2-adrenergic agonist (�2-agonist) clonidine
increased the ability of the macrophages to inhibit mycobac-
terial growth, and the effect of epinephrine was blocked by the
�-adrenergic antagonist phentolamine.

In the present study, we examined the mechanism by which
�2-adrenergic stimulation inhibited the growth of M. avium in
the RAW 264.7 macrophage cell line. The effect of clonidine
was shown to require both nitric oxide production and super-
oxide production and the formation of peroxynitrite. A specific
peroxynitrite scavenger blocked the ability of macrophages
stimulated with clonidine to inhibit mycobacterial growth.

MATERIALS AND METHODS

Reagents. Iscove’s modified Dulbecco’s medium (IMDM) was obtained from
Life Technologies (Gaithersburg, Md.). Fetal bovine serum was purchased from
Harlan Bioproducts for Science (Indianapolis, Ind.). Clonidine (�2-agonist),
methoxamine (�1-agonist), dobutamine (�1-agonist), salbutamol (�2-agonist),
aminoguanidine, NG-monomethyl-L-arginine (L-NMMA), diphenyleneiodonium
chloride (DPI), mannitol, biotinylated goat anti-mouse immunoglobulin G, and
ExtrAvidin-alkaline phosphate conjugate were obtained from Sigma (St. Louis,
Mo.). NF007, NF023, NF449, MN(III) tetrakis(4-benzoic acid)porphyrin chlo-
ride (MnTBAP), apocynin, and 5,10,15,20-tetrakis(4-sulfonatophenyl)prophyri-
nato iron (III) chloride (FeTPPS) were obtained from Calbiochem (La Jolla,
Calif.). 123-Dihydrorhodamine (123-DHR) was obtained from Molecular Probes
(Eugene, Oreg.). Antinitrotyrosine monoclonal antibody was obtained from Up-
state Biotechnology (Lake Placid, N.Y.). p-Nitrophenyl phosphate was obtained
from Zymed (South San Francisco, Calif.). 3H-uracil (40 to 60 Ci/mmol) and
32P-dCTP (3,000 Ci/mmol) were obtained from Amersham (Piscatawy, N.J.).
The cDNA probe for inducible nitric oxide synthase (iNOS) was produced by
reverse transcription-PCR with primers obtained from Clontech (Palo Alto,
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Calif.). The glyceraldehyde-3-phosphate dehydrogenase (G3PDH) cDNA probe
was isolated from a murine macrophage cDNA library with a G3PDH-specific
oligonucleotide.

Bacteria. M. avium (ATCC 35712) was passaged through mice and grown in
Middlebrook 7H9 medium (Difco, Detroit, Mich.) with oleic acid-albumin-dex-
trose-catalase enrichment (Difco) at 37°C in 5% CO2. Bacteria were stored in
1-ml aliquots at �70°C until used. The number of bacteria was confirmed by
plate counting on 7H11 agar plates supplemented with oleic acid-albumin-dex-
trose-catalase.

Cell culture. The macrophage cell line RAW264.7 was cultured in IMDM
supplemented with 10% fetal bovine serum, 100 U of penicillin/ml, and 100 �g
of streptomycin/ml (complete IMDM) at 37°C under 5% CO2 humidified air.

Antimycobacterial activity. The ability of the macrophages to inhibit the
growth of M. avium was determined as previously described (20, 52). RAW264.7
macrophages in complete IMDM were plated in 96-well plates at 105 cells/well.
After 24 h, the medium was replaced with IMDM without serum or antibiotics
(incomplete IMDM). The macrophages were first treated with clonidine and
other catecholamines and inhibitors and then immediately infected with M.
avium at a 10:1 bacterium/macrophage ratio. On the next day, macrophage
monolayers were washed vigorously to remove unphagocytized bacteria and
incubated with fresh medium without serum or antibiotics. Clonidine was also
added back to agonist-treated cultures. After 5 days of culturing, the macro-
phages were lysed and the bacteria were radiolabeled by the addition of lysis
buffer, which contained incomplete IMDM and 5 �Ci of 3H-uracil/ml diluted 1:1
with 1.2% saponin in 7H9 medium. Bacteria were incubated overnight and
harvested onto glass fiber filter strips (Brandel, Gaithersburg, Md.) with a cell
harvester. Radioactivity incorporated by the released bacteria was quantitated by
liquid scintillation spectrometry. The inhibition of growth was calculated by
dividing the radioactivity incorporated by bacteria obtained from cultures treated
with clonidine and inhibitors by that incorporated by bacteria obtained from
cultures not treated with clonidine and inhibitors and multiplying by 100.

Nitric oxide determination. Nitric oxide production was determined by mea-
surement of the accumulation of nitrite in culture supernatants with the Griess
reagent (30).

RNA extraction and Northern blot hybridization. Total macrophage RNA was
isolated by the acid guanidinium thiocyanate-phenol-chloroform method of
Chomczynski and Sacchi (13). RNA (15 �g) was separated in 1% formaldehyde–
agarose gels and transferred to Hybond N� membranes (Amersham). Northern
blot hybridization was carried out as previously described (40). Gel-purifed insert
cDNAs were radiolabeled with 32P-dCTP by the random primer method (High
Prime; Roche, Indianapolis, Ind.). Blots that initially hybridized to the iNOS
cDNA probe were stripped by boiling in 0.10% sodium dodecyl sulfate and
rehybridized with a radiolabeled G3PDH cDNA probe.

Determination of peroxynitrite production. RAW264.7 cells were plated at 3
� 106 cells/well in 24-well plates and cultured overnight at 37°C in complete
IMDM without phenol red. On the following day, the medium was removed and
replaced with incomplete IMDM. The cells were treated with 10�7 M clonidine
and infected with M. avium at a 20:1 bacterium/macrophage ratio. 123-DHR was
then added to the cultures at a concentration of 25 �M. The conversion of
123-DHR to 123-rhodamine was measured at 15, 30, 45, and 60 min by fluori-
metric analysis at excitation and emission wavelengths of 485 and 530 nm,
respectively, with a Cytofluor II multiwell fluorescence plate reader (PerSpective
Biosystems). Fluorescence due to auto-oxidation of 123-DHR was subtracted by
determining the fluorescence resulting from 125-DHR in medium without cells
and subtracting this value from the measurements. The amount of 123-DHR
converted to 123-rhodamine was determined from standard curves of 123-rho-
damine.

Detection of nitrotyrosine. The production of nitrated tyrosine residues was
determined by a cellular enzyme-linked immunosorbent assay (ELISA).
RAW264.7 cells were plated in 96-well plates at 200,000 cells/well and incubated
overnight with M. avium and 10�7 M clonidine. The medium was removed, and
the adherent macrophages were fixed with ethanol-acetic acid (95:5) for 1 min
and washed with phosphate-buffered saline (PBS). The cells were incubated
overnight with 2 �g of mouse antinitrotyrosine monoclonal antibody/well. The
cells were washed with PBS, incubated with biotinylated goat anti-mouse immu-
noglobulin G for 30 min, and then incubated with ExtrAvidin-alkaline phospha-
tase conjugate for an additional 30 min. After the cells were washed in PBS, p-
nitrophenyl phosphate substrate was added, and the reaction was read at 405 nm.

Statistical analysis. Results were analyzed by a one-way analysis of variance
(ANOVA) with SigmaSTAT (SPSS Science, Chicago, Ill.).

RESULTS

Clonidine increases resistance to mycobacterial growth. The
results shown in Fig. 1A indicate that treatment of RAW264.7
macrophages with clonidine, an �2-agonist, inhibited the
growth of M. avium in a dose-dependent manner. In this ex-
periment, RAW264.7 cells were treated with clonidine and
immediately infected with M. avium. After overnight incuba-

FIG. 1. Effect of �2-adrenergic stimulation on the antimycobacte-
rial activity of RAW264.7 cells. (A) RAW264.7 cells were treated with
the �2-agonist clonidine and immediately infected with M. avium.
After 5 days of culturing, cells were lysed and bacterial growth was
assessed by overnight incubation with 3H-uracil. The data are ex-
pressed as the percent mycobacterial growth inhibition by clonidine,
determined by dividing the radioactivity incorporated by bacteria in
cultures treated with clonidine by the radioactivity incorporated by
bacteria in cultures not treated with clonidine and multiplying by 100.
The data represent the mean and standard error of four separate
experiments. The effect of clonidine was significant, as determined by
an ANOVA (P � 0.001). (B) The antimycobacterial activity of
RAW264.7 macrophages was stimulated only by �2-agonist stimula-
tion. RAW264.7 macrophages were treated as described above with
10�7 M salbutamol (�2-agonist), dobutamine (�1-agonist), methox-
amine (�1-agonist), and clonidine (�2-agonist). The data represent the
mean and standard error of three separate experiments. Only
clonidine significantly increased antimycobacterial activity, as deter-
mined by an ANOVA (P � 0.001).
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tion, the macrophage monolayers were washed to remove
unphagocytized bacteria, and the medium was replaced with
fresh medium containing clonidine. After 5 days of culturing,
the cells were lysed and bacterial growth was determined by
3H-uracil incorporation. The data are expressed as the percent
inhibition of mycobacterial growth by clonidine treatment. The
effect of clonidine on mycobacterial growth in RAW264.7 mac-
rophages was equivalent to that reported previously for resi-
dent peritoneal macrophages (50). The ability of cat-
echolamines to increase resistance to mycobacterial growth is
restricted to �2-adrenergic stimulation, as treatment with me-
thoxamine (�1-agonist), dobutamine (�1-agonist), and salbuta-
mol (�2-agonist) had no effect (Fig. 1B).

Increased resistance to mycobacterial growth induced by
clonidine requires activation of Gi proteins. �2-Adrenergic
receptors primarily couple to the Gi family of G proteins. To
determine whether signaling through Gi proteins is required
for the increased resistance to mycobacterial growth induced
by clonidine, macrophages were treated with 10�7 M clonidine
in the presence of G-protein antagonists and then infected with
M. avium. After 5 days of culturing, the effect on mycobacterial
growth was determined by 3H-uracil incorporation. As shown
in Fig. 2, NF023, which is a selective G-protein antagonist
specific for the � subunits of the Go/Gi family (25), blocked the
increased resistance to mycobacterial growth of clonidine-stim-
ulated macrophages, while NF007, an inactive form of NF023,
and NF449, which is an antagonist specific for the � subunits of
the Gs family (33), had no effect.

Increased resistance to mycobacterial growth induced by
�2-adrenergic stimulation requires both nitric oxide produc-
tion and superoxide production. Nitric oxide has been shown
to be a factor in the resistance of IFN-�-activated macrophages
to the growth of mycobacteria (8, 22, 56). To determine
whether nitric oxide production is also a factor in the increased
resistance induced by clonidine, we treated RAW264.7 mac-
rophages with clonidine or IFN-� in the presence of L-NMMA
and aminoguanidine, competitive inhibitors of nitric oxide syn-
thase. After infection with M. avium for 5 days, the effect on
mycobacterial growth was assessed by 3H-uracil incorporation.
Both L-NMMA (Fig. 3A) and aminoguanidine (Fig. 3B) inhib-
ited the increased resistance to mycobacterial growth induced
by clonidine and IFN-�. Although this result suggests that
nitric oxide production is required for the increased resistance
to mycobacterial growth of clonidine-stimulated macrophages,
clonidine alone did not induce the production of nitric oxide or
increase the amount of nitric oxide produced in M. avium-
infected macrophages, as determined by a nitric oxide assay of
supernatants from 24-h cultures (Fig. 3C). Clonidine also did
not increase the level of iNOS mRNA in M. avium-infected
macrophages (data not shown).

Macrophages also produce superoxide and other reactive
oxygen intermediates by NADPH oxidase activation. To deter-
mine whether superoxide production is also a factor in the
�2-agonist-induced increased resistance to mycobacterial
growth, we treated macrophages with clonidine in the presence
of DPI, an inhibitor of NADPH oxidase, and MnTBAP, a
cell-permeating superoxide dismutase (SOD) mimetic agent
which acts as a scavenger of superoxide (19). Macrophages
were then infected with M. avium. After 5 days of culturing, the
effect on mycobacterial growth was determined by 3H-uracil

incorporation. Both DPI (Fig. 4A) and MnTBAP (Fig. 4B)
inhibited the increased resistance to mycobacterial growth in-
duced by clonidine, indicating that superoxide production is
also required for the effect of clonidine. Another reactive ox-
ygen species that has antimycobacterial activity is the hydroxyl

FIG. 2. Effect of G-protein antagonists on the increased resistance
to mycobacterial growth induced by clonidine. RAW264.7 cells were
treated as described in the legend to Fig. 1 with 10�7 M clonidine in
the presence of the G-protein antagonists NF023, which is specific for
the � subunits of the Go/Gi family; NF007, which is an inactive form
of NF023; and NF449, which is specific for the � subunits of the Gs
family. The data represent the mean and standard error of five exper-
iments. Only NF023 significantly inhibited the increase in antimyco-
bacterial activity induced by clonidine, as determined by an ANOVA
(P � 0.001).
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radical, which is produced in phagosomes by the iron-catalyzed
reaction of superoxide with H2O2. However, treatment with
clonidine in the presence of mannitol, a scavenger of the hy-
droxyl radical, had no effect on the increased resistance to
mycobacterial growth induced by clonidine (Fig. 4C).

A scavenger of peroxynitrite inhibits increased resistance to
mycobacterial growth of clonidine-stimulated macrophages.
Superoxide is removed from cells by the enzyme SOD. How-
ever, nitric oxide competes with SOD for superoxide, forming
peroxynitrite (ONOO�), which is a powerful oxidant. To de-
termine whether peroxynitrite is involved in the resistance to
mycobacteria induced by clonidine, RAW264.7 macrophages
were treated with clonidine in the presence of FeTPPS, a
specific scavenger of peroxynitrite with minimal SOD activity
(51), and then infected with M. avium. The effect on mycobac-
terial growth was assessed after 5 days of culturing by 3H-uracil
incorporation. As shown in Fig. 5A, FeTPPS inhibited the
increased resistance to mycobacterial growth induced by both
clonidine and IFN-�.

To confirm the role of peroxynitrite, we also measured the
production of peroxynitrite by determining the oxidation of
123-DHR to 123-rhodamine by peroxynitrite (52). RAW264.7
cells were treated with clonidine and infected with M. avium.
After the addition of 123-DHR, the production of 123-rhoda-
mine was measured at various times over the next hour by
fluorimetric analysis. As shown in Fig. 5B, M. avium infection
of RAW264.7 macrophages induced the production of per-
oxynitrite. Infection with M. avium in the presence of 10�7 M
clonidine substantially increased the production of peroxyni-
trite, while clonidine alone had no effect. To show that the
oxidation of 123-DHR is specific for peroxynitrite, macro-
phages were stimulated with M. avium and clonidine in the
presence of apocynin, an NADPH oxidase inhibitor (61), and
aminoguanidine, a competitive inhibitor of nitric oxide. Both
apocynin and aminoguanidine, when added separately, com-
pletely inhibited the oxidation of 123-DHR, confirming that
the production of both nitric oxide and superoxide is required
for the reaction (data not shown).

Since peroxynitrite reacts with proteins to form nitrated
tyrosine residues (5), we also determined whether clonidine
increased the production of nitrotryosine in M. avium-infected
RAW264.7 cells. Infection with M. avium alone only margin-
ally increased the production of nitrotyrosine, as detected by a
cellular ELISA (Fig. 5C). The addition of clonidine resulted in
a threefold increase in nitrotyrosine production. This increase
in nitrotyrosine production was blocked by scavenging of su-
peroxide with MnTBAP.

DISCUSSION

One of the factors controlling mycobacterial infections is the
ability of macrophages to restrict the growth of intracellular

FIG. 3. Increased resistance to mycobacterial growth induced by
clonidine requires nitric oxide production. (A) RAW264.7 cells were
treated with IFN-� (100 U/ml) or 10�7 M clonidine and the indicated
concentrations of L-NMMA, and the effect on mycobacterial growth
was determined. The data represent the mean and standard error of six
separate experiments. L-NMMA significantly inhibited the increased
antimycobacterial activity induced by clonidine and IFN-�, as deter-
mined by an ANOVA (P � 0.001). (B) RAW264.7 cells were treated
with 10�7 M clonidine and the indicated concentrations of aminogua-
nidine, and the effect on mycobacterial growth was determined. The
data represent the mean and standard error of six separate experi-
ments. Aminoguanidine significantly inhibited the increased antimy-
cobacterial activity induced by clonidine, as determined by an ANOVA
(P 	 0.008). (C) NO production by RAW264.7 macrophages was
stimulated with IFN-� (100 U/ml) and 10�7 M clonidine, and cells

were infected with M. avium (M.a.) (bacterium/macrophage ratio,
10:1) for 24 h. Supernatants were collected and assayed for NO pro-
duction by the Griess reaction. unstim, unstimulated. Results are rep-
resentative of three independent experiments (mean and standard
error). IFN-� but not clonidine significantly increased NO production
in M. avium-infected cells, as determined by an ANOVA (P � 0.0001).
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bacteria. The ability of macrophages to restrict mycobacterial
growth is greatly enhanced by IFN-� produced by T cells and
NK cells (8, 22, 56). Our investigations showed that cat-
echolamines can also stimulate macrophage antimycobacterial
activity. This stimulation was mediated via the �2-adrenergic
receptor. Only the �2-agonist clonidine stimulated the antimy-
cobacterial activity of RAW264.7 cells; �1-, �1-, and �2-ago-
nists had no effect. These results confirm those of a previous
study (50) in which it was shown that epinephrine stimulated
the antimycobacterial activity of mouse peritoneal macro-
phages by binding to �2-adrenergic receptors.

The three main mechanisms by which activated macro-
phages restrict the growth of intracellular pathogens are the
production of superoxide anions by NADPH oxidase, the pro-
duction of NO by nitric oxide synthase, and the production of
hydroxyl radicals via Fenton-Haber-Weiss reactions. We inves-
tigated which of these mechanisms was activated during
clonidine stimulation of antimycobacterial activity. Our results
showed that both superoxide production and NO production
were required for the clonidine stimulation of antimycobacte-
rial activity, while the production of hydroxyl radicals was not
required. The requirement for superoxide anions was demon-
strated by blocking increased antimycobacterial activity with
the superoxide scavenger MnTBAP and inhibiting NAPDH
oxidase activity with DPI. The requirement for NO production
was demonstrated by inhibiting nitric oxide synthase with L-
NMMA and aminoguanidine. Although NO production was
required, clonidine did not increase NO levels above those
found in infected cells alone. In contrast, IFN-� dramatically
increased the production of NO. NO and superoxide can react
to form the potent oxidant peroxynitrite, which is highly reac-
tive with biomolecules, resulting in oxidation and protein ty-
rosine nitration (5). We therefore examined whether peroxyni-
trite was produced following clonidine stimulation and was
required for antimycobacterial activity. We found that the per-
oxynitrite scavenger FeTPPS inhibited the increased antimy-
cobacterial activity induced by clonidine. Further, we showed
that clonidine increased peroxynitrite production and protein
tyrosine nitration. Thus, our results suggested that peroxyni-
trite production is responsible for the antimycobacterial activ-
ity of macrophages induced by �2-adrenergic stimulation.

This combination of NO- and superoxide anion-generating
systems was previously shown to have a synergistic effect on the
killing of microorganisms (18). Peroxynitrite has been shown to
be better than NO at killing Escherichia coli (10), Salmonella
enterica serovar Typhimurium (17), Mycoplasma pulmonis (32),
Candida albicans (64), Plasmodium falciparum (27), and
Rhodococcus equi (16). For other organisms, including Leish-
mania major (2), Giardia lamblia (21), and Cryptococcus neo-
formans (62), NO appears to be more toxic than peroxynitrite.
Avirulent strains of M. bovis and M. smegmatis were found to
be more susceptible than virulent strains of M. bovis and M.

FIG. 4. Increased resistance to mycobacterial growth induced by
clonidine requires superoxide but not hydroxyl radical production.
(A) RAW264.7 cells were treated with IFN-� (100 U/ml) or 10�7 M
clonidine and the NADPH oxidase inhibitor DPI at 100 and 500 �M.
The effect on mycobacterial growth was determined by 3H-uracil in-
corporation. The data represent the mean and standard error of six
separate experiments. DPI significantly inhibited the increased anti-
mycobacterial activity induced by clonidine, as determined by an
ANOVA (P 	 0.037), and IFN-�, as determined by an ANOVA (P 	
0.045). (B) RAW264.7 cells were treated with 10�7 M clonidine and
the indicated concentrations of the superoxide scavenger MnTBAP.
The effect on mycobacterial growth was determined by 3H-uracil in-
corporation. The data represent the mean and standard error of six
separate experiments. MnTBAP significantly inhibited the increased

antimycobacterial activity induced by clonidine, as determined by an
ANOVA (P � 0.001). (C) RAW264.7 macrophages were treated with
10�7 M clonidine and the indicated concentrations of mannitol, a
hydroxyl radical scavenger, and the effect on mycobacterial growth was
determined. The data represent the mean and standard error of five
separate experiments.
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tuberculosis to peroxynitrite in an in vitro assay (66). Our in vivo
studies with M. avium indicated that peroxynitrite does contribute
to the resistance of macrophages to the growth of M. avium.

Through molecular cloning, three subtypes of �2-adrenergic
receptors (�2A, �2B, and �2C) that differ in tissue expression
have been described (39, 45, 54). Although the pattern of
expression of these �2 subtypes in macrophages is not known,
the presence of �2-adrenergic receptors on macrophages has
been demonstrated by receptor binding of the �2-adrenergic
antagonist yohimbine in a saturable and reversible manner
(59). In most cells, �2-adrenergic receptors couple to Gi-pro-
tein � subunits. Our studies showed that increased resistance
to mycobacterial growth requires signaling through Gi-protein
� subunits, as a specific antagonist of the Go/Gi family blocked
the increased resistance to mycobacterial growth induced by
clonidine, while an antagonist of Gs-protein � subunits had no
effect. �2-Adrenergic stimulation inhibits adenylyl cyclase (15,
44) and activates phospholipase C (15, 29), phospholipase D
(PLD) (36, 47), and mitogen-activated protein (MAP) kinases
(1, 23, 57). Which of these pathways is responsible for the
increased production of peroxynitrite needs to be determined.

We also do not yet know the step in the synthesis of per-
oxynitrite affected by clonidine. However, our studies showed
that it is not at the level of NO production. One possibility is
that clonidine affects the production of superoxide anions.
Superoxide is produced by NADPH oxidase via the reduction
of molecular oxygen (4). The activation of NADPH oxidase by
mycobacteria and the significance for controlling mycobacte-
rial growth are controversial. Infection of mouse peritoneal
macrophages with M. intracelulare was shown to result in the
production of superoxide anions (28), but infection of differ-
entiated U937 macrophages with M. kansasii did not trigger
the production of superoxide anions (43). This difference was
most likely due to differences in cell surface receptors that
trigger superoxide production, such as Toll-like receptor 2,
which is not expressed in human U937 cells but is expressed in
mouse macrophages (11). Mycobacteria also have the means to
evade the effects of reactive oxygen species (reviewed in ref-
erence 24). However, mice deficient in NADPH oxidase com-
ponent p47phox have a reduced ability to control M. tuberculosis
growth early in infection (14). Also, individuals with chronic
granulomatous disease are more susceptible to tuberculosis
(42). Thus, these studies support a role for NADPH oxidase in
resistance to mycobacteria.

NADPH oxidase is a multiprotein complex consisting of
membrane-bound cytochrome b558 and cytosolic p40phox,
p47phox, p67phox, and Rac1 proteins. The activation of NADPH
oxidase by stimuli results in the phosphorylation of p47phox and

FIG. 5. Increased resistance to mycobacterial growth induced by
clonidine requires peroxynitrite production. (A) RAW264.7 cells were
treated with 10�7 M clonidine and the indicated concentrations of
FeTPPS, a peroxynitrite scavenger, and the effect on mycobacterial
growth was determined. The data represent the mean and standard
error of five separate experiments. FeTPPS significantly inhibited the
increased antimycobacterial activity induced by clonidine, as deter-
mined by an ANOVA (P � 0.001). (B) Clonidine increased the pro-
duction of peroxynitrite. RAW264.7 cells were treated with 10�7 M
clonidine and infected with M. avium. The production of peroxynitrite
was determined by the oxidation of 123-DHR to 123-rhodamine. The

data represent the mean and standard error of three separate exper-
iments. Clonidine significantly increased the production of peroxyni-
trite, as determined by an ANOVA (P � 0.001). This production of
peroxynitrite was completely inhibited by the inclusion of 300 �M
apocynin or 1 mM aminoguanidine in the culture media (data not
shown). (C) Clonidine increased the formation of nitrotyrosine.
RAW264.7 cells were treated with 10�7 M clonidine and MnTBAP
and infected with M. avium (M.a.). After overnight incubation, the
nitration of tyrosines was determined by a cellular ELISA with a
monoclonal antibody to nitrotyrosine. unstim, unstimulated; O.D., op-
tical density. Results are representative of three experiments.
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the migration of p40phox, p47phox, p67phox, and Rac1 proteins
from the cytosol to the membrane, where they interact with
cytochrome b558 to form an active enzymatic complex (34, 37).
Thus, �2-adrenergic receptor signaling could increase the
phosphorylation of p47phox and the migration of cytosolic pro-
teins. This effect could occur through MAP kinase or PLD
activation by the adrenergic receptor, as both MAP kinases
and PLD have been shown to be involved in activating
NADPH oxidase (41, 49). Although we did not measure su-
peroxide production, we found that clonidine did not enhance
the production of H2O2 by M. avium-infected mouse perito-
neal macrophages (unpublished observations). H2O2 is formed
by the dismutation of superoxide anions, and the level of H2O2

in macrophages is an indirect measure of superoxide produc-
tion. This reaction is catalyzed by SOD, which exists in both
cytoplasmic (Cu/Zn-SOD) and mitochondrial (Mn-SOD)
forms (26). Since NO would be expected to compete with SOD
for superoxide, clonidine could also favor the production of
ONOO� by inhibiting SOD activity. Cu/Zn-SOD and Mn-
SOD isolated in the presence of H2O2 have also been shown to
break down NO into ONOO� (48). Clonidine could thus in-
crease the ONOO� levels by increasing this enzymatic activity.

Studies have shown that catecholamines can either stimulate
or inhibit macrophage function, depending on whether �2-
adrenergic receptors or �2-adrenergic receptors are activated.
A previous study (50) with peritoneal macrophages and this
study with RAW264.7 cells found that catecholamines increase
antimycobacterial activity via the stimulation of �2-adrenergic
receptors. Spengler et al. (59, 60) also found, by using perito-
neal macrophages, that the stimulation of �2-adrenergic recep-
tors increases lipopolysaccharide stimulation of TNF-� pro-
duction. In contrast, the stimulation of �2-adrenergic receptors
inhibits macrophage function. Boomershine et al. found that
catecholamine stimulation of IFN-�-activated macrophages in-
hibits antimycobacterial activity and NO production (9). Spen-
gler et al. (60) also reported that �2-adrenergic stimulation
decreases lipopolysaccharide-induced TNF-� production. Sim-
ilar effects of �2-adrenergic stimulation on the TNF-� produc-
tion of human monocytes and the THP-1 monocytic cell line
have been reported (58, 63). Others have reported that cate-
cholamine stimulation of RAW264.7 macrophages through �2-
adrenergic receptors inhibits the production of the chemokine
macrophage inflammatory protein 1� (31) and increases mac-
rophage arginase activity (7) and IL-10 production (12). These
differences in responses to catecholamines may be due to the
activation status of macrophages. For example, our study and
the studies of Spengler et al. (59, 60) suggest that naive mac-
rophages may be able to respond through both �2- and �2-
adrenergic receptors, while in IFN-�-activated macrophages,
�2-adrenergic responses predominate. These findings could be
due to changes in the expression of adrenergic receptors upon
activation or through the induction of RGS (regulator of G-
protein signaling) proteins. RGS proteins represent a large
family of proteins that inhibit signaling by acting as GTPase-
activating proteins for G-protein � subunits of the G0/Gi family
and thus accelerating the rate of inactivation of GTP-bound
G-protein � subunits (6, 55).

The results of this study add support to the view that cat-
echolamines released as the sympathetic response to stress can
act as macrophage activators for antimycobacterial activity.

This activation of macrophages results from the �2-adrenergic
modulation of the level of peroxynitrite produced by infected
macrophages. The results also suggest that the sympathetic
stress response can have a beneficial effect by enhancing the
innate response to infection. However, once an acquired im-
mune response is mounted and IFN-� is produced, the sym-
pathetic stress response acting through �2-adrenergic recep-
tors inhibits the antimycobacterial activity of IFN-�-activated
macrophages, thus accounting for studies which show that
stress limits the response to infection.
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