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ABSTRACT

Nicotine has been shown to affect B lymphocyte immune re-
sponse. In this study, we have explored the presence of nico-
tinic receptors in B lymphocyte-derived cell lines, myeloma
X63-Ag8 and hybridoma 1D6. We found that myeloma ex-
pressed on average 10,170 = 1,100 [*H]epibatidine and
6,730 + 370 '2%-a-bungarotoxin binding sites per cell, thus
reflecting the presence of both homomeric and heteromeric
nicotinic receptors. More specifically, the presence of a4- and
a7-containing nicotinic receptor subunits was demonstrated in
both myeloma and hybridoma cells with subunit-specific anti-

bodies. It was significantly higher in dividing than in resting
cells. Long-term exposure to nicotine, at physiological concen-
tration found in smokers, resulted in up-regulation of both a4
and a7 subunits in hybridoma cells. Additionally, nicotine stim-
ulated hybridoma cell proliferation, whereas it decreased anti-
body production. In contrast, a7-specific snake toxins inhibited
cell proliferation but increased antibody production. It is con-
cluded that myeloma and hybridoma cells express a4- and
a7-containing nicotinic receptors, which participate in regulat-
ing cell proliferation and function.

Nicotine, the main bioactive component of cigarette smoke,
affects the organism through nicotinic acetylcholine receptors
(nAChRs), which are pentameric ligand-gated ion channels. In
mammals, 17 different nAChR subunits (a1-a10, 184, v, 5,
and €) have been identified that form homo- and heteropentam-
eric receptor subtypes. In the brain, the most abundantly ex-
pressed nAChR, composed of @4 and B2 subunits is considered
to be a key player in nicotine addiction (Changeux et al., 1998).
In addition to the central nervous system, nicotine affects re-
spiratory tract, skin, vascular, and immune tissues. Conse-
quently, neuronal nAChRs were found in keratinocytes
(Grando, 1997), respiratory epithelial (Maus et al., 1998), vas-
cular endothelial (Macklin et al., 1998), and ginginal and esoph-
ageal epithelial cells (Nguyen et al., 2000). They were also found
in several tumor cell lines, such as cervical epithelial carcinoma,
epidermoid skin carcinoma, lung adenocarcinoma, hepatoma,
glioblastoma, and small cell lung carcinoma (Chini et al., 1992;
Sciamanna et al., 1997). Interestingly, nAChRs were shown to
be involved in promoting tumor growth (Codignola et al., 1994;
Quik et al., 1994).

Of special interest is the presence of nAChRs in lympho-
cytes, because these cells produce acetylcholine, which may
exert its effects through autocrine or paracrine transmission
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(Rinner et al., 1998). nAChR expression has been clearly
demonstrated for both T lymphocytes and T lymphocyte-
derived cell lines. In both cases, nicotine affected the ability
of these cells to participate in the immune response (Sopori et
al., 1998a; Sato et al., 1999). T lymphocytes are not the only
class of immune cell affected by nicotine, because nicotine-
treated animals were shown to have an altered B lymphocyte
response to lipopolysaccharide, anti-IgM, and sheep erythro-
cytes (Savage et al., 1991). The expression of nAChRs in
transformed B lymphocytes has also been reported (Sato et
al., 1999; Lustig et al., 2001); however, their functional role is
unknown.

The aim of our study was to explore nAChR expression in
B lymphocyte-derived cell lines, myeloma and hybridoma,
and to assess their sensitivity to nicotine and nAChR-specific
antagonists. Herein, we describe a previously unrecognized
presence of a4- and a7-containing nAChRs in these cells and
show that they are involved in regulating hybridoma cell
proliferation and antibody production.

Materials and Methods

Cell Cultures. Myeloma X63-Ag8 was obtained from permanent
stocks of the Palladin Institute of Biochemistry (Kiev, Ukraine) and
Pasteur Institute (Paris, France). Hybridoma 1D6 producing anti-
bodies against nAChR peptide «3(191-182) was generated previously

ABBREVIATIONS: nAChR, nicotinic acetylcholine receptor; PBS, phosphate-buffered saline; ELISA, enzyme-linked immunosorbent assay; BSA,
bovine serum albumin; CTX, cobratoxin; WTX, weak toxin; NTII, neurotoxin II.
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by us (Voitenko et al., 2001). The cells were grown in RPMI 1640
medium supplemented with 20 mM HEPES, 20 mM L-glutamine,
5 X 1075 M B-mercaptoethanol, 50 ug/ml sodium pyruvate, 41 ug/ml
insulin, 40 pg/ml gentamicin, and 10% fetal calf serum (Sigma-
Aldrich, St. Louis, MO). Cell proliferation studies were performed in
96-well plates seeded initially with 5 X 10® cells/well. The cells were
grown for 3 to 5 days in the presence of either nicotine or toxins and
then the number of live cells per well was measured with the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (triazolyl
blue) assay (Carmichael et al., 1987) and the cell doubling time (“2t”)
was calculated according to the equation 2t = ¢ X In2/(InX — InX,),
where ¢ is the period of cell incubation (hours); X, is the initial
number of cells seeded; and X is the final number of cells obtained.

[3H]Epibatidine and '2?°I-a-Bungarotoxin (a-Bgt) Binding
Studies. Myeloma X63-Ag8 cells (2-2.5 X 10°/sample) were incu-
bated on ice with either 20 nM 2°I-a-Bgt or 20 nM [*H]epibatidine
(Amersham Biosciences UK, Ltd., Little Chalfont, Buckinghamshire,
UK) either in the presence (nonspecific binding) or in the absence
(total binding) of 2 mM nicotine for 1 h. The saturating ligand
concentrations were established in preliminary experiments. The
cells were washed with cold PBS on glass microfiber filters (GF-C;
Whatman, Clifton, NJ), and the filters were counted with either
scintillation beta-counter (for epibatidine) or gamma-counter (for
a-Bgt). The number of binding sites per cell was calculated using the
equation n = B X N/c, where n is the number of binding sites, B is the
number of ligand moles bound, N is the Avogadro number, and c is
the number of cells per sample. The number of ligand moles bound
specifically was calculated as the difference of total and nonspecific
binding using the measured radioactivity of a standard ligand sam-
ple.

ELISA and Cell-ELISA Assays. The amounts of antibody se-
creted by hybridomas were measured by conventional ELISA using
corresponding peptide-BSA conjugate as a coating antigen and per-
oxidase-conjugated mouse IgG-specific antibodies, followed by a sub-
strate solution containing o-phenylendiamine (Skok et al., 1999).

The numbers of antibody-secreting cells were calculated by
ELISA-Spot assay. Hybridoma cells were grown on nitrocellulose
filters (Bio-Rad, Hercules, CA) placed in the wells of 96-well tissue
culture plate, 5 X 10® cells/well, in the presence or absence of nico-
tine for 3 days. The filters were then treated with peroxidase-
conjugated goat anti-mouse IgG antibodies and the spots of antibody-
secreting cells developed with a solution of 4-chloro-1-naphthol-
containing substrate solution.

For Cell-ELISA, hybridoma cells were suspended in PBS and fixed
to the wells of 96-well ELISA plate, 1 X 10° cells/well, by evaporation
overnight at 37°C. The wells were blocked with 1% BSA and rat IgG
(50 pg/ml). Biotinylated affinity-purified antibodies to nAChR sub-
units were added to the cells at a concentration of 10 to 20 pg/ml for
2 h at 37°C. After two washes with PBS/1% BSA, the wells were
treated with avidin-peroxidase (1 h at 37°C; Sigma-Aldrich). After
three additional washes, peroxidase activity was developed with
o-phenylendiamine—containing substrate solution and the absor-
bance was registered with a MicroELISA autoreader (Dynatech
Labs, Chantilly, VA).

Statistical Analysis. All results are expressed as mean * stan-
dard error, and data were analyzed using Student’s ¢ test. Values at
p < 0.05 were considered significant.

Results

The cell models used in this study were the mouse my-
eloma X63-Ag8 and hybridoma 1D6 (Skok et al., 2001). Both
myeloma and hybridoma cells were used to study nAChR
expression, whereas antibody-producing hybridoma was
used to check both cell proliferation and antibody production
upon nicotine/toxin treatment.

The presence of nAChRs was first studied by [*H]epibati-

dine and '?’I-a-bungarotoxin binding. As shown in Fig. 1,
myeloma X63-Ag8 cells demonstrated specific binding for
both compounds, the calculated number of binding sites per
cell being 10,170 = 1,100 for epibatidine and 6,730 + 370 for
a-bungarotoxin (means * S.E. of three independent experi-
ments).

The presence of receptor protein on the cell surface was
further investigated by Cell-ELISA using « subunit-specific
antibodies generated by us previously (Skok et al., 1999,
2001; Voitenko et al., 2001). As shown in Fig. 2, both cell lines
tested bound nAChR «4- and a7-specific antibodies, but not
a3- and ob5-specific antibodies.

Hybridoma 1D6 cells adhere to tissue culture plastics,
whereas in the course of cultivation some of them are float-
ing. When 1D6 cells were separated into floating and adher-
ent ones, the floating cells bound significantly more nAChR-
specific antibodies than the adherent ones (Fig. 3).

To determine whether nAChRs expressed were sensitive to
nicotine, 1D6 cells were incubated with various doses of
nicotine for 5 to 6 days before being tested by Cell-ELISA. As
shown in Fig. 4, o4- and «7-specific antibody binding in-
creased in 1D6 hybridoma cells after nicotine treatment.
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Fig. 1. [*H]Epibatidine (20 nM) and '?°I-a-bungarotoxin (10 nM) binding
sites per X63-Ag8 myeloma cells (2 X 10°/sample). A mean and S.E. of
three independent experiments is presented.
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Fig. 2. Cell surface nAChR receptor expression studied by Cell-ELISA
with a3, a4, &b, and a7 subunit-specific antibodies in myeloma X63-Ag8
and hybridoma 1D6 cells. Each column represents a mean and S.E. of the
data for three independent measurements. NS, nonspecific binding mea-
sured with irrelevant rabbit immunoglobulins. ##, p < 0.005; s##%, p <
0.0005; the significance of difference compared with NS values).
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To investigate the functional implication of nAChR expres-
sion in B cells, the rate of proliferation and antibody produc-
tion of hybridoma cells were measured after treatment with
either agonist (nicotine) or antagonist (nAChR-specific snake
toxins). As illustrated in Fig. 5A, long-term nicotine exposure
resulted in a dose-dependent stimulation of hybridoma cell
proliferation; the calculated cell doubling time decreased
from 24.3 = 0.79 to 21.2 = 0.13 h (means * S.E. of three
independent experiments; p = 0.02) in the presence of 10 uM
nicotine. Accelerated proliferation was accompanied with a
decrease in the number of antibody-producing cells (Fig. 5B).
In contrast, the presence of either cobratoxin (CTX) or “weak
toxin” (WTX), but not that of neurotoxin II (NT II) slowed
hybridoma proliferation (Fig. 6A); the calculated cell dou-
bling time increased from 15.3 * 0.47 to 18.6 = 0.93 h for 1
uM CTX (p = 0.036; n = 3) and to 21.5 = 1.6 h for 1 uM WTX
(p = 0.02; n = 3); the effect of NT II was nonsignificant. The
difference in the initial rates of cell proliferation in two sets
of experiments was caused by the use of different batches of
fetal bovine sera in the culture media. The changes in cell
numbers resulting from the incubation with these toxins
were accompanied with an increase in the antibody amount
secreted by the hybridoma (Fig. 6B). In this test, WIX ex-
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Fig. 3. Cell surface expression of a4 and a7 nAChR subunits in either
floating or adherent 1D6 hybridoma cells. The data are presented simi-
larly to those in Fig. 2, the significance of difference between floating and
adherent cells for each subunit is shown (++x, p < 0.0005).
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Fig. 4. Long-term nicotine (4—6-day) exposure effect on a4- and «7-
specific antibody binding to hybridoma 1D6 studied by Cell ELISA. *, p <
0.05, the significance of difference compared with control values is indi-
cated. A mean and S.E. of three independent experiments is presented.
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Nicotinic Receptors in B Lymphocyte-Derived Cell Lines 887

erted a maximal effect, whereas CTX and NT II were less
effective.

Discussion

To demonstrate the presence of nicotinic receptors in my-
eloma X63-Ag8 cells, binding assays were performed with the
selective radioligands [*H]epibatidine and '?*I-«-Bgt (Fig. 1).
Epibatidine is a potent agonist of heteromeric neuronal
nAChRs (Sihver et al., 1999), whereas a-Bgt binds to both
muscle-type nAChRs and homomeric neuronal-type nAChRs
(Lindstrom et al., 1987). Our binding assays revealed that
myeloma cells express both heteromeric and homomeric (or
muscle-type) neuronal nAChRs.

The respective numbers of binding sites per cell (10,170 +
1,100 for epibatidine and 6,730 + 370 for a-Bgt) differed
substantially from those previously reported for other non-
exitable cell types. These numbers were lower than those in
mature skin keratinocytes (Grando, 1997), but higher than
those of respiratory endothelial (Maus et al., 1998), vascular
endothelial (Macklin et al., 1998), and lymph node T cells
(Maslinski et al., 1992). B lymphocyte-derived cell lines were
previously found to lack nicotine-binding sites (Maslinski et
al., 1992).
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Fig. 5. Effect of chronic nicotine treatment on the number of live hybrid-
oma 1D6 cells (A) and on the number of antibody-producing cells per well
(studied by ELISA-Spot assay) (B) found after 4 days of incubation; the
initial number of cells seeded was 5 X 10%well. Mean values and S.E. of
six repeats are presented for each point. #*, p < 0.005.
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To determine the subtypes of nAChRs expressed in my-
eloma and hybridoma cells, we used various « subunit-spe-
cific antibodies previously generated by us (Skok et al., 1999,
2001; Voitenko et al., 2001), which provided specific immu-
nolabeling of nAChR subtypes in the autonomic ganglia
(Skok et al., 1999; Voitenko et al., 2001). In both myeloma
and hybridoma cell lines, specific immunolabeling was ob-
tained only with a4- and «a7-specific antibodies (Fig. 2). These
results strongly suggest that myeloma and hybridoma cells
express o7 homomeric and «4-containing heteromeric
nAChRs.

Neuronal-type nAChR expression was previously found in
various non-neuronal tumor tissues: a-Bgt-binding nAChRs
and RNA transcripts for &5 subunits were both detected in
cervical epithelial carcinoma, epidermoid skin carcinoma,
lung adenocarcinoma, hepatoma, and glioblastoma (Chini et
al., 1992), whereas transcripts for «7 subunits were found in
a small cell lung carcinoma (Sciamanna et al., 1997). a3
mRNA and corresponding receptor molecules were found in
human T lymphocyte-derived cell lines, but not in myeloid
cell lines (Battaglioli et al., 1998), whereas a2, a5, a6, and a7
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Fig. 6. Effect of CTX, WTX, and NT II on the number of live hybridoma
1D6 cells (A) and on the antibody amount found in the supernatant
(expressed in absorption units of ELISA) (B), after 3 days of incubation
with toxins; the initial number of cells seeded was 2.5 X 10%/well. Each
point represents a mean and SE for three to six independent measure-
ments. *, p < 0.05; *x, p < 0.005; ##x, p < 0.0005).

nAChR subunit mRNAs were detected in both B and T lym-
phocyte-derived leukemic cell lines (Sato et al., 1999). Ours is
the first demonstration of the presence of «7- and a4-contain-
ing nAChRs in murine B cell-derived myeloma and hybrid-
oma cell lines.

We then set out to examine whether long-term exposure to
nicotine would modulate the levels of a4Bx and «7 nAChRs
measured on the surface of these cells. This phenomenon,
generally observed as an up-regulation, has been widely re-
ported in the central nervous system (Marks et al., 1992;
Yates et al., 1995; Peng et al., 1997), and more recently in
respiratory epithelial cells (Maus et al., 1998). Interestingly,
the nicotine- and epibatidine-binding sites were found to be
up-regulated in polymorphonuclear blood cells of smokers
(Benhammou et al., 2000). Some reports, however, have in-
dicated that nicotine down-regulates a7-containing nAChRs
in autonomic neurons (Kawai and Berg, 2001).

We found that long-term nicotine treatment resulted in the
increase of a4- and «7-specific antibody binding in 1D6 hy-
bridoma (Fig. 4). These data indicated that nAChRs ex-
pressed in hybridoma cells were sensitive to nicotine.

Hybridoma 1D6 produces antibodies to @3 nAChR peptide.
It was obtained by us previously using SP-2/0 cells as a fusion
partner, whereas SP-2/0 cells are themselves a hybrid of
X63-Ag8 and normal mouse B lymphocytes (Harlow and
Lane, 1988). However, because both myeloma X63-Ag8 cells
(Fig. 2) and normal mouse B lymphocytes (our unpublished
observation) were shown not to bind a3-specific antibody, we
could not expect the effect of the antibody produced on the
nicotine sensitivity of 1D6 hybridoma.

To study the nAChR function, we have examined hybrid-
oma cell proliferation and antibody production upon nicotine
or nAChR-specific cobra venom toxin treatments. a-CTX,
similarly to a-Bgt, belongs to the group of long-chain a-neu-
rotoxins and blocks the a7 and muscle-type nAChRs (Tsetlin,
1999). These receptors are also the targets for the recently
characterized WTX, although its blocking of acetylcholine
currents was observed at much higher concentrations than
that of CTX (Utkin et al., 2001). NT II, similarly to other
short-chain a-neurotoxins, acts predominantly on the mus-
cle-type nAChRs (Tsetlin, 1999). Our data indicate that ac-
tivating nAChRs by nicotine favored cell proliferation and
prevented antibody production (Fig. 5), whereas blocking
nAChRs by toxins prevented proliferation and favored anti-
body production (Fig. 6). The effect of CTX and WTX but not
NT II supports the view that a7 nAChR, rather than muscle-
type nAChRs contribute to the regulation of hybridoma pro-
liferation. Earlier observations have shown almost identical
irreversibility of acetylcholine current-blocking effects of
CTX and WTX for rat «7 AChRs expressed in Xenopus oo-
cytes (Utkin et al., 2001) or Lymneae stagnalis (Vulfius et al.,
2001).

The connection of nAChRs with hybridoma cell prolifera-
tion was further supported by the experiments where 1D6
cells were separated into floating and adherent ones. This is
a classical “mitotic shake-off” approach to separate dividing
(floating) from resting (adherent) cells (Alberts et al., 1989).
We found that floating cells expressed much more a4 and a7
nAChRs than adherent ones (Fig. 3); therefore, the number of
surface receptors increased in dividing cells. This is consis-
tent with the observed nAChR up-regulation upon nicotine
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treatment (Fig. 4), which also stimulated hybridoma cell
proliferation (Fig. 5A).

The involvement of a7 nAChRs in promoting tumor cell
proliferation was previously documented (Codignola et al.,
1994; Quik et al., 1994). Our data support this finding by
indicating that o7 nAChRs are involved in hybridoma cell
proliferation. Because hybridoma cells have the alternative
either to enter the cell cycle (proliferate) or to produce anti-
bodies, stimulating proliferation automatically decreases the
antibody production. In contrast, blocking proliferation with
CTX or WTX favors antibody production. These data suggest
that a7 nAChRs expressed in hybridoma modulate cell divi-
sion together with antibody production.

The blocking effect of toxins on cell proliferation found in
our experiments suggests that nAChRs in hybridoma are
endogenously activated. One of the explanations might be the
presence of endogenous acetylcholine in the cell culture me-
dium. Although not verified by us, this is consistent with the
reported evidence for acetylcholine production by lympho-
cytes (Rinner et al., 1998).

Our results are in accordance with the reported lymphocy-
tosis (Hughes et al., 1985; Loembe et al., 2001), the lower
levels of serum immunoglobulins in cigarette smokers
(Andersen et al., 1982), and the loss of antibody-producing
cells in nicotine-treated rats (Sopori et al., 1998b).
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