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Studies were conducted to determine whether the production of various cytokines is associated with Myco-
plasma pulmonis disease expression. Susceptible C3H/HeN and resistant C57BL/6N mice were inoculated
intranasally with 107 CFU of virulent M. pulmonis UAB CT or avirulent M. pulmonis UAB T. Expression of
genes for tumor necrosis factor alpha (TNF-a), interleukin 1a (IL-1a), IL-1b, IL-6, and gamma interferon
(IFN-g) in whole lung tissue and TNF-a gene expression in bronchoalveolar lavage (BAL) cells was determined
by reverse transcription-PCR using specific cytokine primers at various times postinoculation. In addition,
concentrations of TNF-a, IL-1, IL-6, and IFN-g were determined in BAL fluid and serum samples at various
times postinoculation. Our results showed that there was a sequential appearance of cytokines in the lungs of
infected mice: TNF-a, produced primarily by BAL cells, appeared first, followed by IL-1 and IL-6, which were
followed by IFN-g. Susceptible C3H/HeN mice had higher and more persistent concentrations of TNF-a and
IL-6 in BAL fluid than did resistant C57BL/6N mice, indicating that TNF-a and possibly IL-6 are important
factors in pathogenesis of acute M. pulmonis disease in mice. Serum concentrations of IL-6 were elevated in
C3H/HeN mice, but not C57BL/6N mice, following infection with M. pulmonis, suggesting that IL-6 has both
local and systemic effects in M. pulmonis disease.

Although acutely fatal pneumonia is not characteristic of
mycoplasma infections in humans or animals, fatal cases of
Mycoplasma pneumoniae infection do occur in humans and
have been associated with the adult respiratory distress syn-
drome (ARDS) (19, 29). More recently, Mycoplasma fermen-
tans infection has been associated with fulminant disease in
patients with an initially flulike illness that rapidly progressed
to ARDS or systemic disease with multiple organ system fail-
ure (35, 46). Susceptible mice experimentally infected with
high doses of Mycoplasma pulmonis often die with an acute
pneumonia characterized by neutrophilic exudate, alveolar
edema, and pulmonary congestion and hemorrhage (10, 34).
The nature of the lesions indicates that extensive lung vascular
permeability changes occur in acute M. pulmonis disease. Ex-
cept for pulmonary hemorrhage, similar lesions are seen in
human patients who die of ARDS (45). One of the most
common predisposing factors to the development of ARDS is
gram-negative sepsis (25), and various cytokines have been
implicated in the pathophysiology of gram-negative sepsis-as-
sociated lung injury (20, 51–54). Thus, lesions of acute M.
pulmonis disease in mice may develop by similar mechanisms.
Murine respiratory mycoplasmosis (MRM), the natural dis-

ease caused byM. pulmonis in mice and rats, provides excellent
rodent models for studies of the pathogenesis of both acute
and chronic mycoplasmal respiratory disease (6, 7). There are

differences in M. pulmonis disease expression among mouse
strains, with C3H/HeN mice being far more susceptible than
C57BL/6N mice, even though there is no difference in the
number of mycoplasmas necessary to establish infection in
these two mouse strains (13). Rather, the differences in sus-
ceptibility between C3H/HeN and C57BL/6N mice seem to be
due to differences in the host response to M. pulmonis infec-
tion. The resistance of C57BL/6N mice is related to effective
nonspecific pulmonary host defense mechanisms which limit
the extent of infection (12, 13, 43). Intrapulmonary killing of
M. pulmonis occurs within 4 h of experimental infection in
C57BL/6N mice (12, 43). Paradoxically, a greater increase in
inflammatory cells occurs in C3H/HeN mice, which have poor
intrapulmonary killing of M. pulmonis (12, 43). By examining
how these two mouse strains differ in their responses to M.
pulmonis infection, it is likely that pathogenetic mechanisms
influencing mycoplasmal respiratory disease expression can be
identified. Using a mechanistic approach to disease expression
should allow verification of pathogenic mechanisms involved in
human mycoplasmal diseases.
Recent studies have shown that the genes of several cyto-

kines are expressed in mice following experimental infection
with either M. pulmonis (42) or M. pneumoniae (44), but little
is known about the production of cytokines or their involve-
ment in the pathogenesis of respiratory mycoplasmal infection.
Cytokines are important mediators in both lung defense and
inflammation (26). Resistance to a number of respiratory
pathogens, including Legionella pneumophila (4), Chlamydia
trachomatis (57, 58), and Pneumocystis carinii (8), is mediated

* Corresponding author. Present address: Division of Comparative
Medicine, Department of Pathobiology, University of Florida, One
Progress Blvd., P.O. Box 21, Alachua, FL 32615.

4084



by various cytokines. In contrast, cytokine production also is
involved in the pathogenesis of lung inflammatory diseases (27,
53, 54). For example, acute inflammatory lung injury due to
gram-negative sepsis is known to involve a number of cytokines
(5, 20, 41, 52). Intratracheal injection of lipopolysaccharide
(LPS), a major cell wall component of gram-negative bacteria,
causes an acute intra-alveolar neutrophilic exudate in rats. This
response is associated with increased levels of tumor necrosis
factor alpha (TNF-a) and interleukin 1 (IL-1) in the lung (53).
Furthermore, another cytokine, IL-6, can modulate the effects
of LPS-induced acute lung inflammation (54). Thus, further
studies are needed to investigate the role of cytokines in the
resistance and pathogenesis of respiratory disease in animals
and humans.
The purpose of this study was to characterize both the gene

expression and production of various cytokines and examine
their association with the pathogenesis of acute M. pulmonis
respiratory disease in mice. We chose to examine TNF-a, IL-1,
IL-6, and gamma interferon (IFN-g), since these cytokines
have been found in association with inflammation (17, 31, 48)
and with respiratory infections (4, 8, 57, 58). Furthermore,
several mycoplasmal species have been found to induce various
types of cells to produce TNF-a (2, 21, 32, 37, 47, 50), IFN-g
(28, 30), IL-1 (2, 28, 37), and IL-6 (37) in vitro. We character-
ized the expression and production of these cytokines in C3H/
HeN and C57BL/6N mice after M. pulmonis infection and
identified which of these cytokines was associated with the
pathogenesis of acute mycoplasma respiratory disease. The
results suggest that production of TNF-a and IL-6 has some
effects on the differential expression of disease in these two
mouse strains following M. pulmonis infection.

MATERIALS AND METHODS

Animals. C3H/HeN and C57BL/6N mice were obtained from the Frederick
Cancer Research Facility, Frederick, Md., or from breeding colonies maintained
at the University of Alabama at Birmingham (UAB). Animal colonies are mon-
itored regularly by serology, culture, and histology for mycoplasmas and other
murine pathogens (33). Serological testing for immunoglobulin M and immuno-
globulin G antibodies to mycoplasmas (11) was done at UAB, and tests for
antibodies to Sendai virus, pneumonia virus of mice, mouse hepatitis virus,
minute virus of mice, mouse poliovirus, reovirus type 3, lymphocytic choriomen-
ingitis virus, ectromelia, mouse adenovirus, epizootic diarrhea of infant mice,
mouse pneumonitis virus, and polyomavirus were done by Charles River Pro-
fessional Services, Wilmington, Mass. These colonies have been consistently free
of all pathogens. Mice were reared in cages in Trexler plastic film isolators
(Germ-Free Supply Division, Standard Safety Equipment Co., Palatine, Ill.) until
weaning and then placed in sterilized microisolator cages (Lab Products, May-
wood, N.J.). Sterile food (Agway, Syracuse, N.Y.) and water were provided ad
libitum. All cages were provided with sterile hardwood chip bedding (P. J.
Murphy Forest Products, Rochelle Park, N.J.), which was changed twice per
week.
Animals were housed and maintained in accordance with the Guide for the

Care and Use of Laboratory Animals (40). Mice were anesthetized by intramus-
cular injection of ketamine HCl (8.7 mg/100 g of body weight; Aveco, Fort
Dodge, Iowa) and xylazine (1.3 mg/100 g of body weight; Haver, Shawnee, Kans.)
prior to inoculation or exsanguination.
Organisms. M. pulmonis UAB CT and UAB T were originally isolated from

mice (10). All isolates were verified as pure cultures of M. pulmonis by immu-
nofluorescence, and stock cultures of organisms were grown in broth A and
stored at 2708C (10). The formulation for broth A is as follows (per liter):
mycoplasma broth base (Frey’s; Baltimore Biological Laboratories/BBL, Cock-
eysville, Md.), 22.5 g; DNA (degraded free acid from herring sperm; Sigma, St.
Louis, Mo.), 0.2 g; ultrapure water, 785 ml; phenol red (Fisher Scientific Co.,
Springfield, N.J.), 2 ml; horse serum (gamma globulin free; GIBCO Diagnostics,
Grand Island, N.Y.), 200 ml; 50% (wt/vol) glucose (Fisher), 10 ml; and cefopera-
zone sodium, 250-mg/ml stock solution (Roerig/Pfizer, New York, NY), 260 ml.
Mice were inoculated intranasally with 107 CFU of virulent M. pulmonis UAB
CT or avirulent M. pulmonis UAB T (10).
RNA isolation from lungs and bronchoalveolar lavage (BAL) cells. Total RNA

was isolated from whole lungs of mice, using the Ultraspec RNA isolation system
(Biotecx Laboratories, Inc., Houston, Tex.), which is based on the method de-
scribed by Chomczynski and Sacchi (9). Briefly, lungs were homogenized in the
Ultraspec RNA reagent. Chloroform was added to the homogenate and centri-

fuged at 12,000 3 g (48C) for 15 min. The RNA was precipitated by adding
isopropanol to the aqueous phase and centrifuging the samples at 12,000 3 g
(48C) for 10 min. The RNA pellet for each sample was washed twice with 75%
ethanol by vortexing and subsequent centrifugation for 5 min at 7,500 3 g and
then resuspended in diethylpyrocarbonate-treated water. The concentration of
RNA in each of the samples was determined spectrophotometrically
(GeneQuant; Pharmacia, San Diego, Calif.), and samples were stored at 2708C
until used.
The procedure used to isolate total RNA from the cellular fraction of BAL

samples was similar to that used for RNA isolation from whole lungs, but
because of the low number of cells obtained by lung lavage, we used RNATack
resin (Biotecx Laboratories) when the RNA was precipitated with isopropanol.
The resin binds the precipitated RNA, while the other impurities are removed by
washing twice with 75% ethanol. The bound RNA was eluted from the resin by
washing in diethylpyrocarbonate-treated water. The concentration of RNA in
each of the samples was determined spectrophotometrically, and samples were
stored at 2708C.
RT-PCR. The RNA was denatured by incubating it at 658C for 2 min and then

chilled quickly to 48C. The reaction mixture for synthesis of cDNA by reverse
transcription (RT) reaction included 25 mM MgCl2; 103 reaction buffer con-
taining 500 mM KCl, 100 mM Tris-HCl (pH 9.0), and 1.0% Triton X-100; 100
mM each dATP, dCTP, dGTP, and dTTP; recombinant RNase inhibitor (RNa-
sin) (40 U/ml); and Moloney murine leukemia virus reverse transcriptase (200
U/ml) without RNase H activity. (All reagents were obtained from Promega,
Madison, Wis.). The oligo(dT)16 primer (50 mM) was synthesized at the UAB
Oligonucleotide Core Facility. A 1-ml aliquot containing 50 ng of sample RNA
was added to 9 ml of the RT master mix, which contained 5.6 mM MgCl2, 1.13
of 103 reaction buffer (8.9 volumes of diethylpyrocarbonate-treated water added
to 1.1 volumes of 103 reaction buffer), 1.1 mM each deoxynucleoside triphos-
phate, 1.1 U of RNasin, and 2.8 mM oligo(dT)16 primer. The RT reaction was
done in a thermocycler (PTC 100; MJ Research, Inc., Watertown, Mass.) at 428C
for 15 min, 378C for 45 min, and 998C for 5 min.
The PCR mixture contained 25 mM MgCl2; 103 reaction buffer containing

500 mM KCl, 100 mM Tris-HCl (pH 9.0 at 258C), and 1.0% Triton X-100; and
Taq DNA polymerase (5 U/ml) (Promega). The primers for the cytokines and
b-actin were synthesized at the UAB Oligonucleotide Core Facility. Primer se-
quences were as previously described (36, 39); the sequences of these primers
(amplicon sizes are given in parentheses) were as follows: b-actin, 59TGGAATC
CTGTGGCATCCATGAAAC39, 59TAAAACGCAGCTCAGTAACAGTCCG39
(348 bp); IL-1a, 59CTCTAGAGCACCATGCTACA39, 59TGGAATCCAGGG
GAAACACTG39 (308 bp); IL-1b, 59GCAACTGTTCCTGAACTCA39, 59CTCG
GAGCCTGTAGTGCAG39 (384 bp); IL-6, 59TGGAGTCACAGAAGGAGTG
GCTAAG39, 59TCTGACCACAGTGAGGAATGTCCAC39 (155 bp); IFN-g,
59AGCGGCTGACTGAACTCAGATTGTAG39, 59GTCACAGTTTTCAGCTG
TATAGGG39 (249 bp); and TNF-a, 59GGCAGGTCTACTTTGGAGTC39,
59ACATTCGAGGCTCCAGTGAATTCGG39 (307 bp).
For each reaction, 40 ml of master mix containing 1.25 mM MgCl2, 103

reaction buffer, 0.03 U of Taq DNA polymerase, and 15 mM each primer was
added to a tube containing 10 ml of the cDNA synthesized in the RT reaction.
The tubes were incubated in a thermocycler (MJ Research) at 958C for 2 min
(once), 948C for 45 s, 608C for 2 min, and 728C for 3 min (20 to 35 cycles), and
728C for 7 min, and then held at 48C. PCR products were visualized by ethidium
bromide staining after agarose (2%) gel electrophoresis.
To determine whether M. pulmonis infection induced expression of cytokine

mRNAs, we determined the number of PCR amplification cycles resulting in
little or no PCR product for each cytokine in total RNA from lung and BAL cells
from sham-inoculated control mice, and we amplified samples from inoculated
mice accordingly. The numbers of cycles were 25 for TNF-a, 25 for IL-1a, 21 for
IL-1b, 30 for IL-6, 30 for IFN-g, and 30 for b-actin, unless stated otherwise. PCR
amplifications without RT ensured that RNA preparations were not contami-
nated with genomic DNA. We attempted to obtain semiquantitative assessment
of cytokine gene expression by comparison of PCR product band intensity with
that of b-actin mRNA amplified for 30 PCR cycles.
BAL. BAL fluid samples were collected as previously described (12). Briefly, a

sterile 19-gauge intravenous catheter (Deseret Medical, Becton-Dickinson, Inc.,
Sandy, Utah) was inserted into the tracheas of mice, and 1.0-ml washes were
done three times with sterile, endotoxin-free, 0.9% NaCl without preservatives
(Abbott Laboratories, North Chicago, Ill.). Lavage samples were separated into
cellular and noncellular fractions by centrifugation at 400 3 g for 10 min at 48C.
To remove mycoplasmas, noncellular fractions were filter sterilized with 0.1-mm-
pore-size low-protein-binding syringe filters (Gelman Sciences, Ann Arbor,
Mich.) and stored at 2708C.
Cytokine immunoassays. Concentrations of TNF-a in serum and BAL fluid

samples were determined by using an enzyme-linked immunosorbent assay
(ELISA) for murine TNF-a (Genzyme Corp., Cambridge, Mass.). IL-6 and
IFN-g concentrations were determined by using the appropriate paired antibod-
ies and recombinant murine cytokines in an ELISA format (PharMingen, San
Diego, Calif.) according to manufacturer’s instructions. In brief, each assay was
a solid-phase enzyme immunoassay that used a monoclonal antibody to capture
the appropriate cytokine. Goat polyclonal antibody against TNF-a was used for
amplification in the TNF-a assay, and peroxidase-conjugated donkey anti-goat
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antibody was used for detection. For IL-6 and IFN-g assays, a biotinylated
anticytokine monoclonal antibody was used for detection and developed with an
avidin-peroxidase conjugate. For each run, a reference standard curve was gen-
erated with different concentrations of recombinant murine TNF-a, IL-6, or
IFN-g.
IL-1 bioassay. The term IL-1 refers to two distinct polypeptide gene products,

IL-1a and IL-1b, which recognize the same cell surface receptors and have
overlapping biologic activities (15). Because there were no commercially avail-
able immunoassays that distinguish mouse IL-1a and IL-1b, we used a biologic
assay to determine the presence or absence of IL-1 in serum and BAL fluid
samples. This bioassay measures the ability of IL-1 to stimulate the proliferation
of the murine T-cell cloned line D-10M (24). Briefly, duplicate wells of serially
diluted serum and BAL fluid samples were incubated with 104 D-10M cells per
well in RPMI 1640 medium containing 2 mM L-glutamine, 20 mg of gentamicin
per ml, and 50 mM 2-mercaptoethanol at 378C in the presence of 8% CO2. After
68 h, each well was pulsed with 1 mCi of [3H]thymidine and harvested 4 h later
onto glass fiber filters, which were dried and counted in a liquid scintillation
counter. For each run, IL-1 concentrations in samples were determined by
extrapolation from a reference curve generated with different concentrations of
murine IL-1a.
Statistical analysis. Data were analyzed by analysis of variance followed by

Tukey’s multigroup comparison for parametric data or Mann-Whitney U tests
using Bonferroni-adjusted probabilities for nonparametric data (56). Analyses
were performed by using the SYSTAT computer program (SYSTAT, Inc., Evan-
ston, Ill.). A P value of less than 0.05 was considered significant.

RESULTS

Cytokine gene expression in lungs of mice inoculated with
M. pulmonis UAB CT. In each of two experiments, four mice of
each strain were studied at 1, 4 to 6, and 24 h postinoculation
(p.i.), and four sham-inoculated control mice of each strain
were included. Although expression of b-actin mRNA was
uniform among control mice of the same strain, expression
appeared to be slightly higher in C57BL/6N mice than in C3H/
HeN mice, and expression was inconsistent in mice of both
strains after inoculation withM. pulmonis. Consequently, these
results are best interpreted conservatively as qualitative rather
than semiquantitative, precluding an assessment of relative
levels of expression of cytokine genes between susceptible
C3H/HeN mice and resistant C57BL/6N mice. Nonetheless, a
consistent pattern in the order of appearance of cytokine
mRNAs was evident in the first 24 h after M. pulmonis UAB

CT infection in the lungs of mice of both strains (Fig. 1);
mRNAs of TNF-a and IL-1a were detected as early as 1 h p.i.,
and those of IL-1b and IL-6 were detected by 4 to 6 h p.i.,
whereas IFN-gmRNA was not evident until 24 h p.i. (Table 1).
TNF-a gene expression in lung lavage cells from mice in-

fected with M. pulmonis UAB CT. Alveolar macrophages are
strong producers of TNF-a (16, 49); to evaluate their role in
production of TNF-a in lungs ofM. pulmonis infected mice, we
assessed mRNA TNF-a expression in whole lung and BAL
cells from C3H/HeN and C57BL/6N mice inoculated with vir-
ulent M. pulmonis. Because of differences in expression of
b-actin mRNA between C57BL/6N and C3H/HeN mice and
among inoculated mice of both strains, these results must be
interpreted as qualitative rather than semiquantitative. How-
ever, with 23 amplification cycles, TNF-a mRNA was readily
detectable in BAL cells, but not lungs, at 4 and 24 h p.i. (Fig.
2), indicating that BAL cells are a major source of the TNF-a
protein detected in BAL fluid samples.
TNF-a response to M. pulmonis infection. Initially, seven

C3H/HeN mice were inoculated intranasally with M. pulmonis
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FIG. 1. Cytokine gene expression in the lungs of C3H/HeN and C57BL/6N mice inoculated withM. pulmonisUAB CT. Cytokine mRNAs were detected by RT-PCR
of 50 ng of total lung RNA. The experiments were done twice with four mice of each strain at each time p.i. Levels of gene expression for the indicated cytokines for
one representative animal for each experiment are shown.

TABLE 1. Expression of cytokine genes in lungs of mice after
intranasal inoculation of 107 CFU M. pulmonis UAB CT

Cytokine mRNAa

Expression

Control

At indicated time after M.
pulmonis infection

1 h 4–6 h 24 h

TNF-a 2 1 1 1
IL-1a 2 1 1 1
IL-1b 2 2 1 1
IL-6 2 2 1 1
IFN-g 2 2 2 1
b-Actin 1 1 1 1

a The presence of cytokine mRNAs was detected by RT-PCR of 50 ng of total
lung RNA.
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UAB CT, and seven control mice were sham inoculated with
sterile broth. The mice were killed 4 days p.i., and serum and
BAL fluid were collected. BAL fluids of control mice did not
contain detectable TNF-a, whereas those of infected mice had
259 6 193 pg of TNF-a per ml (P # 0.001). TNF-a was not
detected in the serum samples of either control or infected
mice.
BAL fluid TNF-a responses were further studied in C3H/

HeN and C57BL/6N mice inoculated either with virulent UAB
CT or avirulent UAB T strains of M. pulmonis. Two to eight
infected mice were sacrificed for collection of BAL fluid and
serum 0.5, 1, 2, 4, and 24 h and 3 and 7 days p.i. At least one
control mouse of each strain was sacrificed at each time point.
Lungs from at least two mice for each combination of mouse
and mycoplasma strain and each p.i. interval were examined
histologically; all had lesions typical of acute MRM (10, 34).
Results for M. pulmonis UAB CT are shown in Fig. 3, and
those for strain UAB T are shown in Fig. 4. Significant in-
creases in TNF-a occurred in mice of both strains after infec-
tion with M. pulmonis UAB CT; however, concentrations were
higher, and remained elevated longer, in C3H/HeN mice than
in C57BL/6N mice. Infection with the avirulent UAB T strain
ofM. pulmonis also resulted in significantly increased TNF-a in
BAL fluid at early times p.i., but the increases did not persist
as long as in mice given the virulent strain of M. pulmonis.
TNF-a was not detected in BAL fluids of the control mice or
in sera of either infected or control mice.
IL-1 and IFN-g response to M. pulmonis infection. Serum

and BAL fluid IL-1 responses were compared between C3H/
HeN and C57BL/6N mice inoculated with the UAB CT strain
of M. pulmonis at 4 and 24 h after infection (five mice per
group). Control mice were inoculated with sterile broth. Mice
of both strains had significantly increased IL-1 in BAL fluid
after inoculation, but there were no statistically significant dif-
ferences between mice of the two strains (Fig. 5). IL-1 was not
detected in the sera of control or infected mice or in the BAL
fluids of control mice.
To determine whether IFN-g is produced in infected mice,

sera and BAL fluids were collected from C3H/HeN and
C57BL/6N mice inoculated with M. pulmonis UAB CT at 0.5,
1, 2, 4, and 24 h and at 3 and 7 days p.i. (at least four mice per
group). Sham-inoculated control mice of each strain were in-
cluded. In two experiments, IFN-g was undetectable in either
serum or BAL fluid (data not shown).
IL-6 response to M. pulmonis infection. Serum and BAL

fluid IL-6 responses in C3H/HeN and C57BL/6N mice were
compared by immunoassay at 0.5, 1, 2, 4, and 24 h and at 3 and
7 days after infection with M. pulmonis UAB CT. Each group

included sham-inoculated control mice and three to nine in-
oculated mice. IL-6 concentrations in BAL fluid were signifi-
cantly increased in C3H/HeN by 4 h p.i., were maximally in-
creased at 3 days p.i., and remained elevated for at least 7 days
p.i. (Fig. 6). In contrast, BAL fluid concentrations of IL-6 were
significantly increased in C57BL/6N mice only at 24 h p.i. BAL
fluid concentrations of IL-6 were significantly higher in C3H/
HeN mice than in C57BL/6N mice at 3 and 7 days p.i. Serum
concentrations of IL-6 were significantly increased in infected
C3H/HeN mice at 3 days p.i. (Fig. 7) but not increased in
infected C57BL/6N mice (data not shown).

DISCUSSION

The fibrinous and hemorrhagic pneumonia observed in mice
that die within 1 week of inoculation with high doses of virulent
M. pulmonis (10, 34) indicates that extensive lung vascular
permeability changes occur in acute MRM. Similar lesions are
seen in human patients who die of ARDS, except that pulmo-
nary hemorrhage is uncommon (45). One of the most common
predisposing factors to the development of ARDS is gram-
negative sepsis (25). Cytokines have been implicated as impor-
tant mediators in the pathophysiology of gram-negative sepsis-
associated lung injury (20, 51–54). The purpose of the present
study was to investigate the expression and production of sev-
eral cytokines in the lungs of mice following infection with M.
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FIG. 2. TNF-a gene expression in the lungs of C3H/HeN and C57BL/6N mice inoculated with M. pulmonis UAB CT. TNF-a mRNA was detected by RT-PCR of
50 ng of total RNA from either BAL cells or whole lung.

FIG. 3. TNF-a concentrations in BAL fluids of mice inoculated with virulent
M. pulmonis UAB CT. Bars represent mean (6 standard error) TNF-a concen-
trations, with n 5 5 to 15 mice for each mean. There were significant differences
(P , 0.05) between the means for C3H/HeN and C57BL/6N mice at the indi-
cated times p.i. (indicated by asterisks).
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pulmonis. Although differences in expression of b-actin mRNA
between C57BL/6N and C3H/HeN mice and among inoculated
mice of both strains precluded assessment of relative levels of
cytokine gene expression, the results nonetheless showed a
consistent sequential activation of cytokine production after
infection with M. pulmonis in both susceptible and resistant
mice. TNF-a and IL-1a mRNAs were present as early as 1 h
after M. pulmonis infection, and TNF-a protein appeared in
BAL fluid coincident with the appearance of TNF-a mRNA.
IL-1b and IL-6 mRNAs also appeared rapidly, being evident
by 4 h p.i., whereas IFN-g mRNA appeared after 6 h p.i. and
was evident 24 h p.i. Coincident with their mRNAs, IL-1 and
IL-6 were detected in BAL fluid at 4 h PI. However, IFN-g was
not detected in BAL fluid at any time after infection, suggest-
ing that IFN-g was not produced, was present at very low
concentrations, and/or was rapidly utilized.
We were somewhat surprised that no b-actin PCR product

was obtained with BAL cell samples from sham-inoculated
control mice (Fig. 2). We also were unable to demonstrate any
PCR product for the gene encoding glyceraldehyde-3-phos-
phate dehydrogenase, another commonly used housekeeping
gene, with these samples. This might indicate that BAL cells

are transcriptionally inert and require a stimulus to express
genes that are constitutively expressed in most other cell types.
Our results differ somewhat from those of a previous study

in which not only IFN-gmRNA but also that of TNF-a did not
increase until 24 h after M. pulmonis infection (42). However,
our results are consistent with those of other studies showing a
sequential appearance of TNF-a, IL-1, and IL-6 in serum after
intravenous injection of a lethal dose of Escherichia coli in
baboons (20, 52). By using this model of sepsis, TNF-a was also
shown to be important in subsequent in vivo production of IL-1
and IL-6 (20). In addition, TNF-a production by macrophages
is known to stimulate the production of IFN-g by natural killer
cells (3). Thus, our studies are consistent with the idea that
TNF-a is important for the progressive appearance of inflam-
mation-associated cytokines following M. pulmonis infection.
The results of this study implicate TNF-a production in the

pathogenesis of MRM. TNF-a concentrations in BAL fluid
were higher and more persistent in susceptible C3H/HeN mice
than in resistant C57BL/6N mice after infection with the viru-
lent UAB CT strain of M. pulmonis. Infection with the aviru-

FIG. 4. TNF-a concentrations in BAL fluids of mice inoculated with aviru-
lent M. pulmonis UAB T. Bars represent mean (6 standard error) TNF-a
concentrations, with n 5 5 to 15 mice for each mean. There were significant
differences (P , 0.05) between the means for C3H/HeN and C57BL/6N mice at
the indicated times p.i. (indicated by asterisks).

FIG. 5. IL-1 concentrations in BAL fluids from mice inoculated with M.
pulmonis UAB CT. Bars represent mean (6 standard deviation) IL-1 concen-
trations in pooled BAL fluid samples (equal volumes from all animals), with n 5
5 mice per group for each of two experiments. There were no significant differ-
ences between C3H/HeN and C57BL/6N mice at any time. N.D., not detectable.

FIG. 6. IL-6 concentrations in BAL fluids from mice inoculated with M.
pulmonis UAB CT. Bars represent mean (6 standard deviation) IL-6 concen-
trations, with n 5 3 to 9 for each mean. IL-6 concentrations were significantly
increased (P , 0.05) in C3H/HeN mice by 4 h p.i. and remained elevated for at
least 7 days (d) p.i. compared with sham-inoculated (0 h) control C3H/HeNmice.
In contrast, IL-6 concentrations were significantly increased (P, 0.05) only at 24
h p.i. in C57BL/6N mice. There were significant differences (P , 0.05) between
the means of C3H/HeN and C57BL/6N mice at 3 and 7 days p.i. (indicated by
asterisks. N.D., not detectable.

FIG. 7. IL-6 concentrations in sera from C3H/HeN mice inoculated with M.
pulmonis UAB CT. Bars represent mean (6 standard deviation) IL-6 concen-
trations, with n 5 3 to 7 for each mean. Means of sham-inoculated control mice
and infected mice were significantly different (P , 0.05) at 3 days p.i.
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lent UAB T strain of M. pulmonis resulted in much lower
TNF-a concentrations, which returned to control levels by 24 h
p.i. TNF-a also is an important mediator of neutrophil recruit-
ment to sites of inflammation, including inflammatory re-
sponses within the lung (53), and is directly chemotactic for
neutrophils and increases their adherence to vascular endothe-
lium (22). This finding is consistent with the observation that
C3H/HeN mice accumulate much larger numbers of neutro-
phils in their lungs in response to M. pulmonis than do
C57BL/6N mice (43). However, TNF-a alone is probably not
solely responsible for the acute inflammatory lesions of MRM.
IL-1, which also is produced after infection with M. pulmonis,
is another potent mediator of neutrophil recruitment (53) and
may act synergistically with TNF-a.
TNF-a, along with other cytokines, has a role in antimicro-

bial host defense mechanisms (3, 14, 38). However, its role in
host defense in MRM is presently uncertain. Susceptible C3H/
HeN mice, in which intrapulmonary killing of M. pulmonis is
less efficient than in resistant C57BL/6N mice, produce higher
concentrations of TNF-a in their lungs, although alveolar mac-
rophages appear to be the major effector cells of intrapulmo-
nary killing ofM. pulmonis in C57BL/6N mice (12). Our results
and those of Nishomoto et al. (42) suggest that alveolar mac-
rophages are activated followingM. pulmonis infection and are
a major source of TNF-a in both mouse strains. The concen-
trations of IL-1, another macrophage-produced cytokine, in
lung lavages were not different between the two mouse strains,
whereas the TNF-a response to M. pulmonis infection differed
greatly. Thus, alveolar macrophages differ between the two
mouse strains in production of TNF-a, but in M. pulmonis
disease, this cytokine may be associated more with severity of
pulmonary injury than with host defense against the myco-
plasma.
In addition to TNF-a, our results show that IL-6 production

also is associated with M. pulmonis disease progression, inas-
much as M. pulmonis infection results in much higher BAL
fluid concentrations of IL-6 in susceptible C3H/HeN mice than
in resistant C57BL/6N mice. This difference may be due to the
higher concentrations of TNF-a in the lungs of infected C3H/
HeN mice, because TNF-a can induce IL-6 gene expression
and protein production (1). IL-6 was maximally elevated in the
lungs of infected C3H/HeN mice by 3 days p.i., which tempo-
rally coincides with influx of the greatest numbers of neutro-
phils following M. pulmonis infection (43). One possible role
for IL-6 in the pathogenesis of MRM is the modulation of the
inflammatory response toM. pulmonis infection. This notion is
supported by the observation that IL-6 reduces the numbers of
neutrophils in acute lung inflammation following the intratra-
cheal inoculation of LPS in rats (54). Conversely, the presence
of circulating IL-6 in individuals with meningococcal septic
shock connotes a poor outcome (55). A similar association of
serum IL-6 and severe disease was found in our studies, inas-
much as serum IL-6 concentrations increased after M. pulmo-
nis inoculation only in susceptible C3H/HeN mice.
The increased circulating concentrations of IL-6 in infected

C3H/HeNmice is consistent with our previous studies (18) that
suggest the development of an acute-phase response in mice
with severe M. pulmonis disease, inasmuch as IL-6 is the most
potent inducer of the acute phase response (23). Presently, the
role of IL-6 in the pathogenesis of MRM is unclear. However,
our results suggest that IL-6 may have both local and systemic
effects during disease progression.
In summary, our results showed a sequential appearance of

TNF-a, followed by IL-1 and IL-6, in the lungs of mice inoc-
ulated with M. pulmonis. Susceptible C3H/HeN mice had
higher and more persistent amounts of TNF-a in BAL fluid

than did resistant C57BL/6N mice in response to either the
virulent or avirulent strain of M. pulmonis, and this difference
was more pronounced in mice given the virulent strain. There
also were greater amounts of IL-6 in BAL fluid in C3H/HeN
mice, and there was increased serum IL-6 in C3H/HeN mice
but not C57BL/6N mice. Thus, differences in production of
TNF-a and IL-6 could be factors in the difference in suscep-
tibility of C3H/HeN and C57BL/6N mice to M. pulmonis.
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