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Nicotinic acetylcholine receptors (nAChRs) play an essential role in neurotransmission. Recent studies have
indicated that nAChRs may be involved in the regulation of some bacterial infections through immunological
mechanisms in macrophages. However, the regulation of infection with Chlamydia pneumoniae, which is a
ubiquitous pneumonia-causing bacterium, by an nAChR-mediated mechanism is still unclear. In the present
study, it was found that stimulation of nAChRs with ligands such as nicotine and acetylcholine altered the
growth of C. pneumoniae in epithelial HEp-2 cells. Thus, the results revealed a possible pathophysiological role
of nAChRs in the regulation of intracellular bacterial infection.

It is well documented that nicotinic acetylcholine (ACh)
receptors (NAChRs), which are found mainly in the central and
peripheral nervous systems and on many other tissue cells
throughout the body, are also present on immune cells (4, 8).
Although the function of peripheral nAChRs has not been
well investigated, such localization suggests that peripheral
nAChRs have a nonsynaptic role. Nicotine, which is the pri-
mary constituent that regulates the maintenance of tobacco
use and is also one of the key constitutes of tobacco products
causing adverse health consequences (21), and ACh, a neuro-
transmitter in cholinergic neurons, are major ligands for
nAChRs. It has been recently demonstrated that activation of
nAChRs by a ligand such as nicotine resulted in alteration of
immune functions, besides facilitation of cation flow (11). In
addition, modulation of growth of Legionella pneumophila, an
intracellular pathogen that causes bacterial pneumonia in im-
munocompromised hosts, has also been shown following stim-
ulation of nAChRs with nicotine (13). Thus, the nonsynaptic
role of nAChRs seems important in nonneuronal cells.

Chlamydia (Chlamydophila) pneumoniae is an obligate intra-
cellular bacterium that causes a variety of respiratory illnesses,
including community-acquired pneumonia, bronchitis, pharyn-
gitis, and sinusitis (1, 2, 17). Current studies indicate the pos-
sible involvement of C. pneumoniae in chronic inflammatory
diseases, such as atherosclerosis, besides respiratory illness
(10). It is known that tobacco smoking accelerates pneumonia
caused by bacteria, including C. pneumoniae (12, 14). In addi-
tion, the prevalence of C. pneumoniae in clinical specimens
obtained from tobacco smokers is significantly higher than that
from nonsmokers (18). Although these clinical findings indi-
cate a possible linkage between tobacco components and ac-
celeration of C. pneumoniae infection, the mechanisms of in-
fection modulation by tobacco smoking are unclear. Nicotine
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appears to be one of the major immunomodulatory compo-
nents of tobacco smoke because it has been shown that treat-
ment of human peripheral blood mononuclear cells with nic-
otine significantly inhibited the production of a variety of
cytokines in response to anti-CD3 stimulation (16). Therefore,
in the present study, a possible alteration of C. pneumoniae
infection mediated by nAChRs with nicotine, as well as endog-
enous ACh, was assessed in order to determine a possible
pathophysiological role of nAChRs in the regulation of bacte-
rial infection.

Human epithelial HEp-2 cells (American Type Culture Col-
lection, Manassas, Va.) cultured in Dulbecco’s modified Ea-
gle’s medium (Sigma Chemical, St. Louis, Mo.) supplemented
with 10% heat-inactivated fetal bovine serum and antibiotics
(gentamicin at 10 pwg/ml, vancomycin at 10 pg/ml, and ampho-
tericin B at 1 pg/ml) were used in this study. The nAChR
agonist nicotine hydrogen bitartrate, 1,1-dimethyl-4-phenyl-
piperazinium iodide (DMPP), and ACh and the antagonist
d-tubocurarine (d-TC), were purchased from Sigma. All re-
agents were dissolved in pyrogen-free water, sterilized by
filtration with a membrane, and diluted to working concentra-
tions with medium. C. pneumoniae TW183, confirmed Myco-
plasma free by PCR (15), was propagated in HEp-2 cells (7).
The numbers of inclusion-forming units (IFU) in chlamydia
preparations were determined by counting chlamydial inclu-
sions in HEp-2 cells (19). Infection of HEp-2 cells for the study
of nAChR involvement in the control of bacterial growth was
performed as follows. Cells (2 X 10°/well, 24-well plates) were
infected by incubation with C. pneumoniae at a multiplicity of
infection of 10 for 2 h and then washed to remove noninfected
bacteria. The infected cells were treated with or without nico-
tine (0.001 to 10 wg/ml [0.00064 to 6.4 uM]), DMPP (1 uM),
or ACh (1 uM) for 72 h at 37°C in 5% CO,. In some experi-
ments, infected cells were pretreated with d-TC (10 nM) for
15 min before nAChR agonist treatment. The concentrations
of nAChR agonists and antagonist used were previously con-
firmed to be appropriate concentrations showing stimulation
and blocking of nAChRs (13). At the concentrations used,
these agonists and antagonist did not show any cytotoxicity for
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FIG. 1. Effect of nicotine on C. pneumoniae growth in HEp-2 cells.
Cells infected with bacteria were treated with or without the indicated
concentrations of nicotine in the presence or absence of d-TC (10 uM)
and then incubated for 72 h. The number of IFU in cells was assessed
and expressed as bacterial growth relative to that of the control group.
The data shown are the mean plus the standard deviation for triplicate
cultures and are representative of three experiments. The number of
IFU per culture of the control group 72 h after infection was 2.8 X
10* = 0.9 X 10% %, P < 0.05 (significantly different from the control

group).

HEp-2 cells during incubation for up to 72 h, as determined by
trypan blue dye exclusion assay. Assessment of C. pneumoniae
growth in cells was performed by detection of infective progeny
bacteria (IFU) as described previously (20). The transcripts of
nAChR subunit genes (a4, a7, B2, and B4) in HEp-2 cells were
determined by reverse transcription (RT)-PCR as described
previously (13). The primers for these genes were designed
from GenBank cDNA sequences by using the website pro-
gram Primer 3 (http:/www-genome.wi.mit.edu/cgi-bin/primer
/primer3.cgi). The primer sequences for nAChR a4 (fragment
size, 172 bp) were 5'-CAC GTT TGC CAA ATT TTC CT-3’
(sense) and 5'-CCG AGT CCT GCA GGT AGA AG-3’ (anti-
sense). The primer sequences for nAChR o7 (fragment size,
180 bp) were 5'-CCC AAG TGG ACC AGA GTC AT-3’
(sense) and 5'-GAT GTA CAG CAG GTT CCC GT-3' (anti-
sense). The primer sequences for nAChR B2 (fragment size,
201 bp) were 5'-GGC ATG TAC GAG GTG TCC TT-3'
(sense) and 5'-CAC CTC ACT CTT CAG CAC CA-3’ (anti-
sense). The primer sequences for nAChR B4 (fragment size,
173 bp) were 5'-GTT CAT GTT TGT GTG CGT CC-3’
(sense) and 5'-AAC CCA GAA AGA AGC AGC AA-3’
(antisense). The primers for B actin were synthesized on the
basis of sequences described previously (6). The specificity of
the PCR was confirmed by oligonucleotide sequencing of PCR
products (Qiagen, Valencia, Calif.).

As shown in Fig. 1, treatment of HEp-2 cells with nicotine
after infection with bacteria resulted in a significant increase in
C. pneumoniae inclusion numbers in cells at 72 h after cultiva-
tion. The size and morphology of chlamydia inclusions were
not significantly affected by the treatment. The concentration
required for significant enhancement of bacterial growth was
more than 1 pg/ml, which is higher than the level in the plasma
of heavy smokers (33 =+ 15 ng/ml) (5). It has been reported that
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the mean nicotine yield of tobacco smoking is ~0.91 mg/ciga-
rette (9). Therefore, the concentration of nicotine in the re-
spiratory tract after tobacco smoking may be higher than the
level in plasma. Nevertheless, the findings revealed that nico-
tine alters the growth of C. pneumoniae in cells. Such an effect
of nicotine on bacterial growth was almost completely blocked
by the addition of d-TC, a nonselective nAChR antagonist, at
all of the nicotine concentrations tested. This result indicates
that the effect of nicotine on bacterial growth may be mediated
by nAChRs. Since the small molecular size and lipophilic char-
acteristics of nicotine may allow a small amount to directly
cross cell membranes, blocking of the effect of nicotine by a
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FIG. 2. Effects of the nAChR agonists ACh (A) and DMPP (B) on
C. pneumoniae growth in HEp-2 cells. Cells were infected with bacteria
and then treated with or without ACh (1 pM) or DMPP (1 pM) in the
presence or absence of d-TC (10 uM). The number of IFU was as-
sessed at 72 h after infection and expressed as bacterial growth relative
to that of the control. The data shown are the mean plus the standard
deviation for triplicate cultures and are representative of three exper-
iments. The numbers of IFU per culture of the control group at 72 h
after infection in the ACh and DMPP experiments were 2.2 X 10* =
0.4 X 10% and 2.7 X 10* = 0.6 X 10 respectively. *, P < 0.05 (signif-
icantly different from the control group).
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FIG. 3. Transcripts of nAChR subunit genes determined by RT-
PCR. Expression of nAChR mRNASs (a4, «7, B2, and 4 subunits) in
HEp-2 cells was analyzed by RT-PCR.

receptor antagonist indicates the possibility that nAChRs are
involved in bacterial growth regulation.

In order to define the possible involvement of nAChRs in
the regulation of C. pneumoniae growth in cells, bacterium-
infected HEp-2 cells were treated with other nAChR agonists,
such as ACh and DMPP, and growth of the bacteria was
assessed. Figure 2 shows the results of such experiments. Stim-
ulation of nAChRs by these agonists significantly enhanced the
growth of C. pneumoniae in cells, similar to the effect of nic-
otine. Furthermore, these bacterial-growth-enhancing effects
of agonists were completely abolished by treatment with the
antagonist d-TC, similar to the case of nicotine and d-TC
treatment experiments. These results clearly show the involve-
ment of nAChRs in the regulation of C. pneumoniae growth in
cells.

It is widely accepted that nAChRs form a family of receptors
and that they are differentially expressed in many tissues (3).
However, it is not known whether and which type of nAChRs
are present in HEp-2 cells. Therefore, in order to define the
presence of nAChRs in HEp-2 cells, transcripts of nAChR
subunit genes (a4, a7, B2, and B4) were assessed by RT-PCR.
The PCR products of HEp-2 cells without RT were examined
as a negative control. As shown in Fig. 3, HEp-2 cells expressed
all of the subunits of nAChRs tested. Even though the study
demonstrated only receptor message expression, the results of
the blocking study with the antagonist and the receptor mes-
sage study indicate the expression of nAChRs in HEp-2 cells.
Whereas the presence of nAChRs in the cells was indicated,
the type of nAChRs, which are assembled from five subunits in
accordance with defined combination rules (3), present in
HEp-2 cells was not made clear by this study.

In conclusion, nAChRs are involved in the regulation of C.
pneumoniae growth in cells. The findings highlight the impor-
tance of nAChRs in not only the neurotransmissional but also
the pathophysiological aspects of infection.
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