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SUMMARY
It is known that there are some bidirectional interactions be-
tween the nervous and the immune systems via neurotransmit-
ters and cytokines. To clarify whether any neurotransmitters
modulate lymphocyte functions, we examined the effects of
oxotremorine-M (Oxo-M) on interleukin-2 (IL-2) production in
human peripheral blood lymphocytes by using enzyme-linked
immunosorbent assays, Northern blot analyses, reverse tran-
scriptase-polymerase chain reaction, and fluorescence-acti-
vated cell sorter. Pretreatment of cells with Oxo-M (10 nM to 10
mM) for 4–24 hr enhanced phytohemagglutinin (PHA)-induced
IL-2 mRNA expression and markedly increased IL-2 production

compared with those induced by PHA alone. Oxo-M alone did
not affect IL-2 mRNA expression and IL-2 production. In CD3-
positive T cells, pretreatment with Oxo-M for 24 hr enhanced
PHA-induced IL-2 production. Furthermore, pretreatment with
Oxo-M enhanced PHA-induced mRNA expression of the a and
b subunits of IL-2 receptors and DNA synthesis. Cytometric
analysis showed Oxo-M treatment did not up-regulate expres-
sion of cell surface molecules such as CD3, CD2, CD4, CD8,
and IL-2 receptors. These results suggest that activation of
muscarinic receptors enhances T cell antigen receptor/CD3-
induced IL-2 production.

Several studies suggest that the nervous system regulates
immune functions. Electron microscopic studies demonstrate
that the vagus nerves exist in lymphoid tissues such as the
spleen and thymus and that nerve terminals form synaptic
contacts with lymphocytes (1). In addition, lymphocytes pos-
sess various neurotransmitters and neuropeptide receptors,
such as b-adrenoceptors, muscarinic ACh receptors, 5-hy-
droxytryptamine1 receptors, and type B cholecystokinin re-
ceptors. It is known that the b-adrenoceptor/Gs/adenylyl cy-
clase system is involved in the inhibitory regulation of IL-2
production and thus proliferation of T cells (2). Despite sev-
eral studies on the functional roles of the b-adrenergic sys-
tem, details of the biochemical mechanisms of the role of the
muscarinic ACh system in the immune system (3) have not
been elucidated. Muscarinic ACh receptors mediate changes
in cGMP levels in T cells (4). Pharmacologically distinguish-

able forms of the muscarinic ACh receptors occur in different
tissues. They have been classified as M1, M2, and M3 sub-
types on the basis of the effectiveness of antagonists (i.e.,
pirenzepine, AF-DX 116, and 4-DAMP). With molecular clon-
ing techniques and by analyzing cDNA sequences, the mus-
carinic receptor subtype genes have been characterized and
named m1 to m5 (5). Recently, we demonstrated that the
muscarinic subtype of ACh receptors is expressed in a human
Jurkat leukemic helper T cell line (JP111) and that activa-
tion of these receptors induces PLC activation (6).

Activation of the multicomponent TCR/CD3 complexes by
antigen, lectins, or anti-CD3 mAb activated multiple signal
transduction pathways, such as the rapid PLC-mediated hy-
drolysis of phosphatidylinositol bisphosphate into two sec-
ondary messengers, inositol-1,4,5-triphosphate and diacyl-
glycerol (7), resulting in an increase in [Ca21]i and the
activation of PKC. Another rapid event that follows TCR/
CD3 activation is the phosphorylation of the tyrosine resi-
dues of several proteins, including the TCR z subunit and
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PLC-g1 (8). The downstream target of these activated ty-
rosine kinases is possibly involved in p21ras activation (9).

IL-2 is the first in the series of lymphocytotrophic hormones,
and it has a pivotal role in the generation and regulation of
immune responses. Activation of TCR/CD3 complexes induces
IL-2 production in T cells, and some immunosuppressants, such
as CsA and FK-506, inhibit this IL-2 production (10). CsA- and
FK-506-binding proteins identified as immunophilines (cyclo-
philins and FKBPs, respectively) (11) are targets for Ca21/
calmodulin-dependent phosphatase 2B, also known as cal-
cineurin (12). However, the detailed mechanisms of IL-2
production and regulation are not clear.

In this study, we found that muscarinic ACh receptors
exist in both CD4- and CD8-positive lymphocytes and that
activation of the receptors enhances TCR/CD3 complex-in-
duced mRNA expression of IL-2 and IL-2 receptor subunits,
production of IL-2, and cell proliferation.

Experimental Procedures
Materials. FK-506 (tacrolimus) and CsA were kindly donated by

Fujisawa Pharmaceutical (Osaka, Japan) and Sandoz (Basel, Swit-
zerland) respectively. Pirenzepine and AF-DX 116 were donated by
Nippon Boehringer Ingelheim (Hyogo, Japan) RPMI-1640 and FCS
were from GIBCO BRL (Gaithersburg, MD). Ficoll-Paque was from
Pharmacia LKB (St. Quentin, France); Oxo-M and 4-DAMP were
from Research Biochemical (Natick, MA). Fura-2/AM was from Dojin
Laboratories (Kumamoto, Japan). PHA, TPA, and DiOC6 were from
Sigma Chemical (Poole, Dorset, UK). Mouse mAb of anti-human CD3
(NU-T3), CD4 (NU-TH/I), and CD8 (NU-TS/C) were from Nichirei
(Tokyo, Japan). cDNA probes of IL-2 were from Oncor (Gaithersburg,
MD). IL-2 receptor a and b subunits were from Oncogene Science
(Cambridge, UK). IL-2 ELISA kit was purchased from DuPont-New
England Nuclear (Boston, MA). The 39-terminal labeling and multi-
prime labeling kits, [a-32P]ddATP (110 TBq/mmol), [a-32P]dCTP (110
TBq/mmol), and TdR (1.56 TBq/mmol) were purchased from Amer-
sham International (Buckinghamshire, UK).

Preparation of hPBL. hPBL were extracted from the venous
blood of healthy volunteers by dextran sedimentation followed by Ficoll-
Paque gradient centrifugation. hPBL populations were T cell enriched
by the removal of adherent cells. hPBL were cultured in RPMI-1640
medium supplemented with 5% heat-inactivated FCS in a humidified
atmosphere of 10% CO2 and air at 2 3 106 cells/ml. Trypan blue dye
staining showed that the viability of hPBL was .98%.

Positive panning separation of CD3-positive T cells from
hPBL. CD3-positive T cells were separated from hPBL by positive
selection using a panning technique (13). Briefly, polystyrene T-25
culture flasks covalently coated with anti-CD3 monoclonal antibod-
ies were generously provided by AIS (Menlo Park, CA). Before pan-
ning, the antibody-coated flasks were washed three times with a
PBS/Ca21,Mg21-free medium. Approximately 5 3 107 fresh hPBL
were incubated at room temperature with 4 ml of PBS/Ca21,Mg21-
free medium containing 0.5% human g-globulin (Wako Pure Chem-
icals, Osaka, Japan) and then were introduced into the anti-CD3
mAb coated T-25 flasks. After 1 hr of incubation at room tempera-
ture, nonattached cells were removed by pipetting, and 10 ml of the
“release medium” (10% FCS RPMI 1640) was added. After 72 hr of
culture in a humidified atmosphere of 5% CO2 at 37°, adherent cells
were removed from the flasks by pipetting. These cells were then
replated at 0.5–1 3 106 cells/ml in a fresh RPMI 1640 medium.

32P-Labeling of cDNA probes. cDNA probes for the IL-2 recep-
tor a and b subunits were labeled using a 39-end labeling kit with
[a-32P]ddATP, and cDNA probe of IL-2 was labeled using the multi-
prime labeling kit with [a-32P]dCTP.

RNA isolation and northern blot analysis. Total cellular RNA
was isolated by 4 M guanidine thiocyanate extraction, as described by

Chomczynski and Sacchi (14). hPBL or Jurkat cells were washed
twice in ice-cold PBS before lysis. RNA samples were quantified
spectrophotometrically by absorbance at 260 and 280 nm. Approxi-
mately 20 mg of each total RNA sample was analyzed by electro-
phoresis on 1% (w/v) agarose-6% (v/v) formaldehyde gels. For North-
ern blot analysis, the nitrocellulose filters were prehybridized for 5
hr at 40° in 50% deionized formamide, 43 SSC (0.5 M NaCl, 0.05 M

sodium citrate, pH 7.0), 50 mM sodium phosphate, pH 6.5, 53 Den-
hardt’s solution, and 100 mg/ml heat-denatured salmon sperm DNA.
RNA: cDNA hybridizations were performed in 50% deionized form-
amide, 43 SSC, 50 mM sodium phosphate, pH 6.5, 53 Denhardt’s
solution, 100 mg/ml heat-denatured salmon sperm DNA, and ;2 3
107 cpm of labeled probe at 42° for 18 hr. Filters were washed three
times in 23 SSC/0.1% sodium dodecyl sulfate at 37° (for cDNA probe
of IL-2) for 30 min. Filters were dried, and autoradiography was
performed by exposure of the filter to Kodak X-Omat AR film at 280°
for 1–7 days.

RT-PCR analysis. Twenty-one-nucleotide functional PCR prim-
ers of human m1–5 muscarinic receptor were designed (15). Primer
sequences, corresponding base sites (coding initiation site 5 1), size
of the PCR product ,and sequence number (GenBank) are as follows:
m1, GAAGAAGAGGAAGAGGACGAA as upper, bases 826–847,
CAGGAGAGGGGACTATCAGCA as lower, bases 1378–1399, PCR
product 573 bp, sequence number X15263; m2, GGGTCCTCTCTT-
TCATCCTCT as upper, bases 443–464, TCCTGGGTTATTTCAT-
CATCT as lower, bases 891–912, PCR product 469 bp, sequence
number X15264; m3, AGCCAAACGAACAACAAAGAG as upper,
bases 531–552, TTGAAGGACAGAGGTAGAGTG as lower, bases
1356–1377, PCR product 846 bp, sequence number X15266; m4,
CGCTATGAGACGGTGGAAATG as upper, bases 76–98, CGTCTT-
GGCTTTCTTCTCCTT as lower, bases 703–724, PCR product 648
bp, sequence number X15265; and m5, GGAAACAGAGAAGCGAAC-
CAA as upper, bases 654–675, AGCACAACCAATAGCCCAAGT as
lower, bases 1433–1454, PCR product 800 bp, sequence number
M80333 A computer program showed that all the primers were 100%
homologous to their target sequences and had no obvious homologies
with any genes recorded in the GenBank. Total RNA (1 mg) was
incubated at 37° for 60 min with a mixture of 100 units of RT, 13
first-strand buffer, 10 mM dithiothreitol, 0.5 mM concentration of
each dNTP, and 50 units of RNase inhibitor in a final volume of 20
ml. After incubation, the reaction mixture was further incubated for
10 min at 70° to inactive RT. The control templates [human fetal
brain MATCHMAKER cDNA library (Clontech, Palo Alto, CA)] were
digested with EcoRI and extracted. An aliquot (2 ml) of RT products
or control templates was mixed with 1 munits of TUB DNA polymer-
ase, 200 nM each of sense and antisense primers in a buffer contain-
ing 13 TUB buffer and 0.2 mM concentration of each dNTP in final
volume of 20 ml. The mixture was overlaid with 30 ml of liquid
paraffin to prevent evaporation and then amplified. PCR was started
at 94° for 1 min followed by 40 cycles of annealing at 53° for 1 min
and extension at 72° for 1.5 min except for the final cycle, in which
extension time at 72° was prolonged for an additional 7 min before
cooling at 4°. PCR products were resolved by electrophoresis in a
1.5% agarose gel in 13 Tris/borate/EDTA buffer (8.9 mM Tris, 8.9 mM

borate, 2 mM EDTA). The gel was stained with ethidium bromide and
photographed.

Assay of IL-2 production. The amount of IL-2 produced by
cultured T cells was determined using an ELISA kit for human IL-2
(DuPont-New England Nuclear). In brief, cell-free culture superna-
tants were obtained by centrifugation at 500 3 g for 5 min. Samples
were assayed according to the manufacturer’s instructions and ana-
lyzed on an automated ELISA plate reader (MTP-120, Corona Elec-
tric). Data are expressed as IU (1 IU/ml 5 0.2 ng/ml).

Measurement of DNA synthesis. [3H]TdR incorporation was
used as an estimate of the rate of DNA synthesis. Cells were cultured
for the times indicated, and [3H]TdR (500 nM, 74 kBq/ml) was added
12 hr before the end of culture. [3H]TdR incorporation was termi-
nated by filtration through a glass-fiber filter (Whatman GF/C), and
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cells were counted for their radioactivity. Data are expressed as dpm
of [3H]TdR incorporated into 4 3 105 cells.

Measurement of [Ca21]i. hPBL or Jurkat cells at 2 3 106 cells/ml
in RPMI-1640 medium containing 0.3% BSA were incubated with 5 mM

Fura-2/AM at 37° for 20 min. The suspension was diluted 10-fold in
RPMI-1640 medium and incubated at 37° for 30 min. The suspension
was centrifuged at 300 3 g for 5 min to wash out any free dye and
resuspended in Tyrode-HEPES buffer at 2 3 106 cells/ml. Intracellular
Fura-2 fluorescence was monitored in cell suspensions of 1 3 106 cells
with a fluorescence spectrophotometer (Hitachi F-2000) in a tempera-
ture-controlled cuvette while being stirred at 37°. The fluorescence
intensity at 510 nm was monitored when excited at 340/380 nm. The
equation [Ca21]i 5 Kd(R 2 Rmin)/(Rmax 2 R) 3 Fmin(340 nm)/Fmax(380
nm) was used, in which R equals the ratio in the fluorescence intensity
of Fura-2-loaded cells at 340/380 nm; Fmin is the fluorescence intensity
of the Ca21-free dye at 340 nm, determined in a 10 mM EGTA solution
of Triton X-100-lysed cells; and Fmax is the fluorescence intensity of the
Ca21-saturated dye at 380 nm, determined in a Triton X-100-lysed cell
suspensions containing 1 mM CaCl2. The limiting ratios, Rmin (Ca21-
free dye) and Rmax (Ca21-saturated dye), were determined in Triton
X-100-lysed cell suspensions using EGTA or Ca21 buffers, respectively.
The change in the ratio on stimulation (R) was then used to calculate
the change in [Ca21]i. The published Kd value for the Fura-2/Ca21

interaction (224 nm) was used for these calculations (16).
Flow cytometric analysis of cell surface of CD3, CD2, CD4,

CD8, and IL-2 receptor a subunit molecules. hPBL cells (1 3
106) were incubated in PBS with 1 mg of murine mAb of CD3, CD2,
CD4, CD8, or IL-2 receptor a subunit for 30 min at 4° and then
stained with 1.25 mg of fluorescein isothiocyanate-labeled secondary
antibody for 30 min at 4°. The stained cells were analyzed with a flow
cytometer (EPICS-CS, Coulter Electronics) to assess the surface
expression of CD3, CD2, CD4, CD8, or IL-2 receptor a subunit
molecules.

Subset analysis of hPBL by FACS. Approximately 1 3 107

hPBL cells/ml in PBS were reacted with NU-TH/I (anti-CD4 mAb,
conjugated to phycoerythrin) or NU-TS/C (anti-CD8 mAb, conju-
gated to phycoerythrin) and then loaded with a lipophilic cationic
membrane potential probe, DiOC6. The dye was dissolved in dimeth-
ylsulfoxide and stored frozen as a 1 mM stock solution. Before stim-
ulation, cells at a concentration of 1 3 106 cells/ml were incubated
with 50 nM of DiOC6 in PBS for 15 min at 4° to allow equilibration of
the probe. During any series of experiments, the interval between
dye addition to a sample and introduction of the sample into the flow
cytometer was the same. The fluorescence distributions for phyco-
erythrin and DiOC6 were obtained using the FACS system (EPICS-
CS). The green (530–570 nm) fluorescence of DiOC6 and the orange
fluorescence of phycoerythrin in individual cells were measured at
excitation wavelengths of 488 nm from an argon ion laser. Fluores-
cence parameters were collected using the liner mode to calculate
mean fluorescence intensity. Data were collected for 1 3 104 cells/
sample. In a cell suspension equilibrated with a labeled lipophilic
cation, hyperpolarization of the cell membrane leads to further up-
take of the indicator by cells, and depolarization leads to release of
indicator from cells into the buffer. At the dye concentration used in
these experiments, the fluorescence of individual cells was increased
monotonically with the amount of intracellular DiOC6. Thus, the
fluorescence of an individual cell is increased by hyperpolarization
and decreased by depolarization of the membranes.

Results
Muscarinic agonist-induced IL-2 production in

hPBL. Incubation of hPBL with 1 mM ACh (in the presence of
100 mM physostigmine, a cholinesterase inhibitor), 1 mM

Oxo-M, or 1 mM nicotine alone for 24 hr did not induce IL-2
production (Table 1). However, pretreatment with 1 mM ACh
(in the presence of 100 mM physostigmine) or 1 mM Oxo-M for

24 hr enhanced PHA-induced IL-2 production, but nicotine
pretreatment had no affect (Table 1). Anti-CD3 mAb (1 mg/
ml)-induced IL-2 production was also enhanced by Oxo-M
(62%), and it was similar to PHA-induced IL-2 production
(69%). Using CD3-positive T cells prepared by a positive
panning selection from hPBL, we examined the effects of
Oxo-M on PHA (10 mg/ml)-induced IL-2 production. We ob-
tained similar results to those with hPBL. Incubation with
PHA (10 mg/ml) and 1 mM Oxo-M for 24 hr enhanced IL-2
production by 69% in hPBL and by 76% in CD3-positive cells,
but 1 mM Oxo-M alone for 24 hr did not affect IL-2 production.
In addition, PHA-induced IL-2 production was enhanced by
pretreatment with Oxo-M at the concentration range of 10 nM

to 10 mM during 24-hr incubation (data not shown). Although
the addition of just 0.1 mM Oxo-M did not enhance PHA-
induced IL-2 production, pretreatment for .1 hr did enhance
it (Fig. 1A). Furthermore, although IL-2 production induced
by PHA alone was observed 12 hr after treatment, by pre-
treating with Oxo-M for 24 hr, PHA-induced IL-2 production
began earlier (after 3 hr) and doubled its production after
12–24 hr (Fig. 1B). When hPBL were pretreated with Oxo-M
for 24 hr, PHA alone produced IL-2 at low concentrations
(1–3 mg/ml) (Fig. 2).

Effects of FK-506 and CsA on IL-2 production from
hPBL. FK-506 and CsA, two immunosuppressant drugs, are
known to inhibit the production of several cytokines, such as
IL-2 (10). Therefore, we examined the effects of FK-506 and
CsA on PHA-induced IL-2 production and the Oxo-M-induced
enhancement of IL-2 production in hPBL. Although IL-2
production was not induced by 10 nM TPA or 500 nM ionomy-
cin alone, on treatment with both TPA (pretreatment for 1
hr) and ionomycin, IL-2 production was markedly induced
(Fig. 3A). This IL-2 production was almost completely inhib-
ited (;95% inhibition) by 10 nM FK-506 and 100 nM CsA (Fig.
3). However, FK-506 and CsA caused significant but less
potent inhibition in IL-2 production induced by PHA alone
than in that by TPA plus ionomycin (;50% inhibition, Fig.
3A). In addition, FK-506 and CsA significantly inhibited IL-2
production by PHA pretreated with Oxo-M for 24 hr (Fig. 4),
but the IL-2 amounts inhibited by FK-506 and CsA were not
largely altered between PHA alone and Oxo-M plus PHA
(Fig. 4). Pretreatment with 10 nM TPA for 1 hr also enhanced
PHA-induced IL-2 production, and the enhancement was

TABLE 1
Influences of cholinergic agonists on PHA-induced IL-2
production from hPBL
After hPBL were incubated with several cholinergic agonists (1 mM ACh in the
presence of 100 mM physostigmine, 1 mM Oxo-M, 1 mM nicotine) for 24 hr, 10
mg/ml PHA or the vehicle (control) was added to the culture medium and further
incubated for 24 hr, the IL-2 content in the medium was measured by ELISA for
human IL-2, as described in Experimental Procedures. CD3-positive T cells
prepared from hPBL by a positive panning selection method, as described in
Experimental Procedures, were also pretreated with 1 mM Oxo-M for 24 hr. PHA
(10 mg/ml) was added into the culture medium and further incubated for 24 hr, and
the IL-2 content in the medium was measured. PHA-induced IL-2 production and
Oxo-M-induced enhancement were found in all four experiments.

Treatment Control n Plus PHA n

IU/ml IU/ml

None 3.1 6 0.3 4 31.4 6 2.9 4
ACh 3.5 6 0.5 4 48.8 6 4.8a 4
Oxo-M 3.2 6 0.4 4 53.1 6 6.4a 4
Nicotine 3.0 6 0.4 4 28.5 6 3.2 4

a p , 0.05 vs. none.
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higher with Oxo-M pretreatment (Fig. 3B). IL-2 production
induced by TPA pretreatment plus PHA was not completely
inhibited by FK-506 and CsA (;70% inhibition) (Fig. 3A). In
the case of anti-CD3 mAb (NU-T3), similar results were
obtained (data not shown).

Expression of IL-2 and IL-2 receptor subtype mRNAs
in hPBL. Because pretreatment with Oxo-M enhanced PHA-
induced IL-2 production, we examined whether the expres-
sion of IL-2 mRNA is also stimulated. Reed et al. (17) re-
ported that stimulation by PHA alone induces IL-2 mRNA

expression 6- 14 hr into the incubation; this is followed by the
expression of IL-2 receptor mRNA (a subunit) 14- 24 hr into
the incubation. In this study, IL-2 mRNA expression (;1 kb)
(18) was detected by stimulation with both Oxo-M and PHA

Fig. 1. Effect of Oxo-M on PHA-induced IL-2 production in hPBL. A,
After hPBL were preincubated with 0.1 mM Oxo-M for 0–24 hr, 10 mg/ml
PHA was added and incubated for another 24 hr; subsequently, the
amount of IL-2 was measured. B, After hPBL were pretreated with
vehicle (E) or 0.1 mM Oxo-M (F) for 24 hr, 10 mg/ml PHA was added and
incubated for an additional 0–24 hr. Typical data of four independent
experiments are shown. Points, mean of four samples.

Fig. 2. Oxo-M enhanced PHA-induced IL-2 production. After hPBL
were pretreated with vehicle (E) or 0.1 mM Oxo-M (F) for 24 hr, PHA at
0–100 mg/ml was added, and they were further incubated for 24 hr.
Points, mean of four samples.

Fig. 3. Effect of TPA, ionomycin, FK-506, or CsA on IL-2 production in
hPBL. A, Effects of FK-506 and CsA, TPA plus PHA, and TPA plus
ionomycin (Iono.) on PHA-induced IL-2 production. After hPBL were
preincubated in the presence or absence of 10 nM FK-506, 100 nM

CsA for 2 hr, or 10 nM TPA for 1 hr, 10 mg/ml PHA or 500 nM ionomycin
was added, and they were incubated for an additional 24 hr. p, p ,
0.01, pp, p , 0.001 versus the value of None; <, p , 0.05 versus the
value of each stimulation such as PHA, TPA 1 PHA, or TPA 1 iono-
mycin. B, Effects of Oxo-M, TPA, and PHA on IL-2 production. After
hPBL were pretreated in the presence or absence of 10 nM TPA (for
1 hr) or 0.1 mM Oxo-M (for 24 hr), 10 mg/ml PHA was added, and they
were incubated for an additional 24 hr. Points, mean of four samples. p,
p , 0.01 versus None; <, p , 0.05 versus the value of PHA treatment.

Fig. 4. Effects of FK-506 and CsA on PHA-induced IL-2 production
and the Oxo-M-induced enhancement of IL-2 production. After hPBL
were preincubated in the presence or absence of 10 nM FK-506 or 100
nM CsA for 2 hr, hPBL were treated in the absence (A) or presence (B)
of 0.1 mM Oxo-M for 24 hr; then, 10 mg/ml PHA was added, and they
were incubated for an additional 24 hr. Subsequently, the amount of
IL-2 produced was measured in the medium. Points, mean of four
samples. p, p , 0.05, pp, p , 0.01 versus the value of each stimulation
such as PHA or TPA 1 Oxo-M; <, p , 0.05, <<, p , 0.001 versus the
value in the absence of Oxo-M.
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(pretreatment with Oxo-M for 24 hr plus PHA for 2 hr) (Fig.
5A, lane 4). However, PHA alone did not induce the IL-2
mRNA expression after 2 hr (Fig. 5A, lane 3). Activation by
PHA alone for just 12 hr induced the expression of IL-2
mRNA (Fig. 5B, lane 3), and pretreatment with Oxo-M for 24
hr plus PHA enhanced the expression (Fig. 5B, lane 4). Fur-
thermore PHA-induced expression of a subunit mRNA (;3.5
and ;1.5 kb) (19, 20) and the mRNA of the b subunit (;4 kb)
of IL-2 receptors were also enhanced by pretreatment of
hPBL with Oxo-M within 18 hr (Fig. 6). Two bands corre-
sponding to 3.5 and 1.5 kb were observed via gel electro-
phoresis (Fig. 6A). Both mRNAs are known to be capable of
encoding functional IL-2 receptors (19, 20).

Muscarinic agonist-enhanced DNA synthesis by ac-
tivation of the TCR/CD3 complex in hPBL. We further
examined whether cholinergic agonists affected proliferation
of lymphocytes. When incubated alone, 0.1 mM ACh (in the
presence of 10 mM physostigmine), 0.1 mM Oxo-M, and 0.1 mM

nicotine did not induce [3H]TdR incorporation (Table 2).
However, PHA-induced [3H]TdR incorporation during incu-
bation for 24 hr (Table 2) and 48 hr (Table 2) was enhanced
by pretreatment with ACh or Oxo-M for 24 hr but was not
enhanced by nicotine pretreatment. Thus, activation of mus-
carinic receptors also seems to modulate the activation of the
TCR/CD3 complex and, therefore, proliferation of human
lymphocytes.

Effects of Oxo-M treatment on expression of CD3,
CD2, CD4, CD8, and IL-2 receptor a subunits on hPBL
and T cells. To assess whether Oxo-M pretreatment up-
regulates the expression of cell surface molecules involved in
the PHA response in T cells, flow cytometric analysis was
performed. hPBL treated with or without 0.1 mM Oxo-M for
24 hr showed almost equal fluorescence shifts with regard to
CD3 and CD2 molecules (Fig. 7A). Oxo-M did not up-regulate
CD4, CD8, or IL-2 receptor a subunit molecules. Similar
results were obtained in CD3-positive T cells (Fig. 7B). Thus,

we suggest that Oxo-M does not up-regulate the expression of
the cell surface molecules such as CD3, CD2, CD4, CD8, and
IL-2 receptor a subunit in T cells.

Expression of muscarinic receptor mRNA in hPBL.
To investigate which subtypes of muscarinic receptor mRNA
are expressed in hPBL, RT-PCR analyses were carried out on
total RNA extracted from hPBL using human m1–5 musca-
rinic receptor functional PCR primer. Muscarinic receptor
m1 and m2 mRNAs were detected (Fig. 8).

Effects of Oxo-M and PHA on [Ca21]i in hPBL. Incu-
bation with 10 mg/ml PHA induced a marked and sustained
increase in [Ca21]i in hPBL (Fig. 9B). Anti-CD3 mAb (NU-
T3) also induced increased in [Ca21]i, similar in magnitude to
PHA-induced [Ca21]i (21). Oxo-M at a higher concentration
(10 mM) hardly induced any increase in [Ca21]i in hPBL (Fig.
9A), although IL-2 production was enhanced by Oxo-M at low
concentrations (.10 nM). A high concentration of Oxo-M (.1
mM) is required for increased [Ca21]i in Jurkat cells (6). These
results suggest that increases in [Ca21]i are not involved in
the Oxo-M-induced enhancement of IL-2 production.

A subset of hPBL that express muscarinic receptors.
It has been reported that lectins or ACh induced depolariza-
tion of hPBL (22, 23). Thus, we examined which subset of T
cells, CD4- or CD8-positive cells, are depolarized in response
to Oxo-M using the lipophilic dye DiOC6 labeling method.
The mean fluorescence intensity, using DiOC6-loaded cells,
was decreased by Oxo-M treatment from 222.3 to 85.7
(D136.6) in CD4-positive cells, suggesting depolarization of
CD4-positive cells by Oxo-M. In contrast, the mean fluores-
cence intensity was altered from 252.8 to 181.3 (D71.5) in
CD8-positive cells. The value of change (136.6) in CD4 cells
was almost twice more than that (71.5) in CD8 cells. There-
fore, muscarinic receptors may exist in larger numbers in
CD4 cells than in CD8 cells, although both cell types can
express muscarinic receptors (Fig. 10).

Fig. 5. Oxo-M enhanced PHA-induced IL-2 mRNA expression. hPBL
were treated with vehicle/vehicle (lane 1), vehicle/Oxo-M (lane 2), vehi-
cle/PHA (lane 3), and Oxo-M/PHA (lane 4). hPBL were first incubated
with vehicle (lanes 1–3) or 1 mM Oxo-M (lane 4) for 3 hr. Subsequently,
hPBL were incubated with vehicle (lane 1), 1 mM Oxo-M (lane 2), or 10
mg/ml PHA (lanes 3 and 4); then, PHA was added, and they were
incubated for 2 hr (A) or 12 hr (B). IL-2 mRNA was determined at the
;1-kb mark. Another experiment showed similar results.

Fig. 6. Stimulatory effects of Oxo-M on the mRNA of the a and b
subunits of IL-2 receptors. hPBL were treated with vehicle/vehicle (lane
1), vehicle/Oxo-M (lane 2), vehicle/PHA (lane 3), and Oxo-M/PHA (lane
4). hPBL were first incubated with vehicle (lanes 1–3) or 1 mM Oxo-M
(lane 4) for 6 hr. Subsequently, vehicle (lane 1), 1 mM Oxo-M (lane 2), or
10 mg/ml PHA (lanes 3 and 4) was added, and they were incubated for
an additional 18 hr. The mRNAs of the IL-2 receptor subunits were
determined at ;3.5/1.5 kb (a subunit) and ;4 kb (b subunit). The
positions of the 28S (;4.8 kb) and 18S (;2 kb) rRNA bands are
indicated. Another experiment showed similar results. IL-2R (a), a
subunit of the IL-2 receptor. IL-2R (b), b subunit of the IL-2 receptor.
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Discussion
Previously, Oxo-M, the nonselective muscarinic receptor

agonist, was found to induce activation of PLC through mech-
anisms different than those of PHA in Jurkat cells (6). Here,
we examined the effects of Oxo-M on IL-2 production in
hPBL.

We have shown that pretreatment of hPBL with Oxo-M or
ACh, but not nicotine, enhanced PHA-induced IL-2 produc-
tion (Table 1). PHA-induced IL-2 production was enhanced
when hPBL were pretreated .1 hr with Oxo-M (Fig. 1).
Furthermore, pretreatment with Oxo-M for 24 hr doubled
PHA-induced IL-2 production (Figs. 1B and 2). These find-
ings suggest that there are muscarinic receptors on hPBL
and that stimulation of these receptors enhanced IL-2 pro-
duction.

FK-506 and CsA are known to be immunosuppressive
drugs that inhibit IL-2 production (10). These drugs form
complexes with immunophilines (FKBPs and cyclophilins)
and block Ca21 pathways. Ca21 pathway in IL-2 production
may act via calcineurin by stimulating the translocation of
transcriptional factors such as NF-AT from the cytoplasm
into the nucleus. In this study, the inhibitory effect of FK-506
on IL-2 production induced by PHA was lower than that
induced by the combination of TPA and ionomycin (Fig. 3A).
This suggests that other pathways are involved in PHA-

induced IL-2 production. Furthermore, FK-506 and CsA in-
hibited IL-2 production of Oxo-M-pretreated PHA stimula-
tion. The degree of inhibition by FK-506 and CsA was not

Fig. 7. Effects of Oxo-M treatment on the expression of CD3, CD2,
CD4, CD8, and the a subunit of the IL-2 receptor in hPBL and T cells.
hPBL (A) and T cells (B) were treated with or without 100 mM Oxo-M;
then, their fluorescence intensities were analyzed by flow cytometry
using anti-CD3 mAb, anti-CD2 mAb, anti-CD4 mAb, anti-CD8 mAb,
and anti-IL-2 receptor a subunit mAb. IL2Ra, a subunit of the IL-2
receptor.

Fig. 8. Expression of muscarinic receptor mRNA in hPBL. A, RT-PCR
was used to amplify signals from isolated mRNA of hPBL. Right, sizes
(bp) of the HinfI cut pUC19 fragments in the last lane are indicated. For
each set of subtype-specific primers, mRNA was run in the presence
(1) and absence (2) of RT. Blank lanes in the absence of RT, absence
of contamination from cellular DNA or amplified products. B, Control
(human fetal brain cDNA library). Primer sequences and sizes of the
PCR products are described in Experimental Procedures.

Fig. 9. Effects of Oxo-M and PHA on the [Ca21]i in hPBL. Time course
of [Ca21]i rise was examined after the addition of 10 mM Oxo-M (A) or 10
mg/ml PHA (B). hPBL were preloaded with 5 mM Fura-2/AM for 20 min
and then washed. From the fluorescence intensity of Fura-2, [Ca21]i
was determined using an Hitachi F-2000 spectrophotometer. Although
a PHA-induced [Ca21]i rise was observed in all five independent exper-
iments, an Oxo-M-induced rise was not observed in some experiments.

TABLE 2
Effects of pretreatment with cholinergic agonists on [3H]TdR incorporation

Treatment
Control (24 hr) plus PHA (24 hr) plus PHA (48 hr)

Mean 6 S.E. (dpm/cells) n Mean 6 S.E. (dpm/cells) n Mean 6 S.E. (dpm/cells) n

None 1218 6 113 4 4021 6 325 4 53002 6 2521 4
ACh 1537 6 186 4 7065 6 544** 4 62701 6 2604* 4
Oxo-M 1450 6 132 4 7855 6 735** 4 64446 6 2804* 4
Nicotine 1037 6 89 4 3591 6 347 4 51223 6 2358 4

hPBL was pretreated with vehicle, 0.1 mM ACh (in the presence of 10 mM physostigmine), 0.1 mM Oxo-M or 10 mM nicotine for 24 hr. 10 mg/ml PHA was added
and the mixtures were further incubated for 24 hr and for 48 hr. Subsequently, hPBL thus treated was labeled by adding 0.5 mM [3H]TdR (74 kBq/ml) for 12 hr and
[3H]TdR incorporation was determined as described under “Experimental Procedures”.

Significance, * p , 0.05, ** p , 0.01 vs none.
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different between PHA alone and Oxo-M plus PHA (Fig. 4).
This indicates that Oxo-M-induced enhancement of IL-2 pro-
duction may not be due to [Ca21]i elevation alone.

We examined the expression of IL-2 mRNA and IL-2 re-
ceptor mRNA. These mRNAs were also enhanced Oxo-M
pretreatment and PHA stimulation (Figs. 5 and 6). However,
2 hr after PHA stimulation, Oxo-M pretreatment induced
IL-2 mRNA, but PHA stimulation alone did not (Fig. 5). This
suggests that Oxo-M pretreatment induces IL-2 mRNA more
rapidly. IL-2 receptor a subunit mRNA is also induced
through the T cell activation (24), perhaps in parallel to the
IL-2 mRNA activation.

Pretreatment with Oxo-M for 24 hr resulted in enhance-
ment of DNA synthesis (Table 2), which was parallel to the
IL-2 production. This DNA synthesis may be caused by
Oxo-M directly or via IL-2-mediated autocrine system.

To determine whether Oxo-M increases expression of the
surface molecules CD3, CD2, CD4, CD8, and IL-2 receptor a
subunit involved in PHA responses, we examined the FACS
analysis using each mAb but found no change in their ex-
pression (Fig. 7). Therefore, stimulatory effects of Oxo-M on
IL-2 production and IL-2 receptor formation could be due to
the intracellular signaling mechanism.

Muscarinic receptor subtype genes have been classified as
m1 to m5 on the basis of cDNA cloning (5). RT-PCR analysis
revealed that m1 and m2 receptors were expressed in hPBL
(Fig. 8). m1 receptors, known to couple with Gq protein,
which activates PLC-b (25), were expressed more than m2
receptors (Fig. 8A). The signals from PLC-b may lead to
activation of PKC through inositol-1,4,5-triphosphate and
diacylglycerol and enhance IL-2 production. The PKC family
is heterogeneous [e.g., classic PKC group (a, bI, bII, g), new
PKC group (d, e, h, u), and atypical PKC group (z, l)], and
PKC subspecies have different intracellular localization in
particular cell types (26). These studies indicate that PLC
and PKC activated by muscarinic receptors are different
species from those activated by TCR/CD3. Some studies
showed that cAMP inhibits IL-2 production in the T cell line
(27–29). m2 receptors are known to couple with Gi proteins,
which inhibit cAMP accumulation. Therefore, signal trans-
duction via m2 receptors may inhibit the cAMP accumula-
tion, followed by disinhibition of IL-2 production. Thus, m1
and m2 receptors interact to enhance IL-2 production.

In this study, Oxo-M alone caused a slight elevation of
[Ca21]i in hPBL (Fig. 9A), but this elevation of [Ca21]i was
lower than that induced by PHA. [Ca21]i may not be essential
in muscarinic receptor-enhanced IL-2 production in hPBL.

Based on the FACS analysis, CD4- and CD8-positive cells
express muscarinic receptors. These receptors are more
abundant in CD4 cells than in CD8 cells (Fig. 10).

The results presented here show that m1 and m2 musca-
rinic receptors were functionally expressed in human T cells.
They caused enhancement in TCR/CD3-mediated IL-2 and
IL-2 receptor formation through G proteins, PLC and via
FK-506- and CsA-insensitive pathways. CD4 cells are known
to release IL-2 protein when the cells are activated. We
showed that pretreatment with Oxo-M enhanced IL-2 pro-
duction and that these muscarinic receptors were mainly
expressed in CD4 cells.

In Alzheimer’s disease, cholinergic activity is low in the
central nervous system. Muscarinic receptor expression in
hPBL of patients is markedly decreased, although the recep-
tor/ACh affinity is not changed (30). The activation of T cells
has been shown to decrease with increasing age in several
immunodysfunction diseases (31), such as severe combined
immunodeficiency or acquired immunodeficiency syndrome.
These findings suggest that a selective muscarinic receptor
agonist may be therapeutically useful for the treatment of
several diseases that result from dysfunction of TCR/CD3
complexes in T cells. It is important to further clarify the
functional roles and the intracellular mechanism of the neu-
roimmune interaction.

Acknowledgments

We thank Dr. Yamashita (Hokkaido University, Sapporo, Japan)
for help with FACS.

References

1. Bulloch, K. Neuroanatomy of lymphoid tissue: a review, in Neural Modu-
lation of Immunity: Proceedings of an International Symposium Held
Under the Auspices of the Princess Liliane Cardiology Foundation in Brus-
sels, Belgium, October 27 & 28, 1983. (R. Guillemin, ed). Books on Demand,
New York, 111–141 (1985).

2. Kammer, G. M. The adenylate cyclase-cAMP-protein kinase A pathway
and regulation of the immune response. Immunol. Today 9:222–229
(1988).

3. Strom, B. T., A. M. Lane, and K. George. The parallel, time-dependent,
bimodal change in lymphocyte cholinergic binding activity and cholinergic
influence upon lymphocyte-mediated cytotoxicity after lymphocyte activa-
tion. J. Immunol. 127:705–710 (1981).

4. Haddock, A. M., K. R. Patal, W. C. Alston, and J. W. Kerr. Response of
lymphocyte guanyl cyclase to propranolol, noradrenaline, thymoxamine
and acetylcholine in-extrinsic bronchial asthma. Br. Med. J. 2:357–359
(1975).

5. Bonner, T. I., A. C. Young, M. R. Brann, and N. J. Buckley. Cloning and
expression of the human and rat m5 muscarinic acetylcholine receptor
genes. Neuron 1:403–410 (1988).

6. Kaneda, T., Y. Kitamura, and Y. Nomura. Presence of m3 subtype mus-
carinic acetylcholine receptors and receptor-mediated increases in the
cytoplasmic concentration of Ca21 in Jurkat, a human leukemic helper T
lymphocyte line. Mol. Pharmacol. 43:356–364 (1993).

7. Hadden, J. W., and R. G. Coffey. Early biochemical events in T-lymphocyte
activation by mitogens, in Immunopharmacology Reviews: Volume 1 (J. W.
Hadden and A. Szentivanyi, eds.). Plenum Press, New York, 273–376
(1990).

8. Abraham, R. T., L. M. Karnitz, J. P. Secrist, and P. J. Leibson. Signal
transduction through the T-cell antigen receptor. Trends Biochem. Sci.
17:434–438 (1992).

9. Downward, J., J. Graves, and D. Cantrell. The regulation and function of
p21ras in T cells. Immunol. Today 13:89–92 (1992).

10. Schreiber, S. L. Chemistry and biology of the immunophilines and their
immunosuppressive ligands. Science (Washington D. C.) 251:283–287
(1991).

11. Schreiber, S. L., and G. R. Crabtree. The mechanism of action of cyclospo-
rin A and FK506. Immunol. Today 13:136–142 (1992).

Fig. 10. FACS analysis of Oxo-M-induced depolarization of hPBL us-
ing anti-CD4 and anti-CD8 antibodies. After hPBL were preincubated
with phycoerythrin-conjugated anti-CD4 antibodies or anti-CD8 anti-
bodies for 30 min at 4°, the prelabeled hPBL were preloaded with 50 nM

DiOC6 for 15 min at 4° and then washed. The hPBL were then incu-
bated with 0.1 mM Oxo-M for 2 min, and FACS analysis was performed.
Fluorescence intensity of DiOC6 was markedly decreased by treatment
with Oxo-M. The mean of the fluorescence intensity in CD4-positive
cells had decreased from 222.3 to 85.7 (D136.6) in the Oxo-M treated
cells; the mean fluorescence intensity in CD8-positive cells ranged from
252.8 to 181.3 (D71.5). Typical data are shown. Another experiment
showed similar results.

Muscarinic Receptor-Enhanced IL-2 Production 1013

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


12. Clipstone, N. A., and G. R. Crabtree. Identification of calcineurin as a key
signalling enzyme in T-lymphocyte activation. Nature (Lond.) 357:695–
697 (1992).

13. Morecki, S., S. L. Topalian, W. W. Myers, D. Okrongly, T. B. Okarma, and
S. A. Rosenberg. Separation and growth of human CD41 and CD81 tumor-
infiltrating lymphocytes and peripheral blood mononuclear cells by direct
positive panning on covalently attached monoclonal antibody-coated
flasks. J. Biol. Response Modif. 9:463–474 (1990).

14. Chomczynski, P., and N. Sacchi. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156–159 (1987).

15. Baumgartner, M., K. J. Wei, and R. S. Aronstam. Retionoic acid-induced
differentiation of a human neuroblastoma cell line alters muscarinic re-
ceptor expression. Dev. Brain Res. 72:305–308 (1993).

16. Grynkiewicz, G., M. Poenie, and Y. R. Tsien. A new generation of Ca21

indicators with greatly improved fluorescence properties. J. Biol. Chem.
260:3440–3450 (1985).

17. Reed, J. C., J. D. Alpers, P. C. Nowell, and R. G. Hoover. Sequential
expression of protooncogenes during lectin-stimulated mitogenesis of nor-
mal human lymphocytes. Proc. Natl. Acad. Sci. USA 83:3982–3986 (1986).

18. Taniguchi, T., H. Matsui, T. Fujita, C. Takaoka, N. Kashima, R. Yoshi-
moto, and J. Hamuro. Structure and expression of a cloned cDNA for
human interleukin-2. Nature (Lond.) 302:305–310 (1983).

19. Leonard, W. J., J. M. Depper, G. R. Crabtree, S. Rudikoff, J. Pumphrey, R.
J. Robb, M. Kronke, P. B. Svetlik, N. J. Peffer, T. A. Waldmann, and W. C.
Greene. Molecular cloning and expression of cDNAs for the human inter-
leukin-2 receptor. Nature (Lond.) 311:626–631 (1984).

20. Nikaido, T., A. Shimizu, N. Ishida, H. Sabe, K. Teshigawara, M. Maeda, T.
Uchiyama, J. Yodoi, and T. Honjo. Molecular cloning of cDNA encoding
human interleukin-2 receptor. Nature (Lond.) 311:631–635 (1984).

21. Kitamura, Y., T. Arima, Y. Kitayama, and Y. Nomura Regulation of
[Ca21]i rise activated by doxepin-sensitive H1-histamine receptors in Ju-
rkat cells, cloned human T lymphocytes. Gen. Pharmacol. 27:285–291
(1996)

22. Shapiro, H. M., P. J. Natale, and L. A. Kamentsky. Estimation of mem-

brane potentials of individual lymphocytes by flow cytometry. Proc. Natl.
Acad. Sci. USA 76:5728–5730 (1979).

23. Shapiro, H. M., and T. B. Strom. Electrophysiology of T lymphocyte cho-
linergic receptors. Proc. Natl. Acad. Sci. USA 77:4317–4321 (1980).

24. Taniguchi, T., and Y. Minami. The IL-2/IL-2 receptor system: a current
overview. Cell 73:5–8 (1993).

25. Jhon, D.-Y., H.-H. Lee, D. Park, C.-W. Lee, K.-H. Lee, O. J. Yoo, and S. G.
Rhee. Cloning, sequencing, purification, and Gq-dependent activation of
phospholipase C-b3. J. Biol. Chem. 268:6654–6661 (1993).

26. Asaoka, Y., S. Nakamura, K. Yoshida, and Y. Nishizuka. Protein kinase C,
calcium and phospholipid degradation. Trends Biochem. Sci. 17:414–417
(1992).

27. Novak, T. J., and E. V. Rothenberg. cAMP inhibits induction of interleukin
2 but not of interleukin 4 in T cells. Proc. Natl. Acad. Sci. USA 87:9353–
9357 (1990).

28. Tamir, A., and N. Isakov. Cyclic AMP inhibits phosphatidylinositol-
coupled and -uncoupled mitogenic signals in T lymphocytes. J. Immunol.
152:3391–3399 (1994).

29. Tsuruta, L., H. J. Lee, E. S. Masuda, N. K. Nakagawa, N. Arai, K. Arai,
and T. Yokota. Cyclic AMP inhibits expression of the IL-2 gene through the
nuclear factor of activated T cells (NF-AT) site, and transfection of NF-AT
cDNAs abrogates the sensitivity of EL-4 cells to cyclic AMP. J. Immunol.
154:5255–5264 (1995).

30. Rabey, J. M., L. Shaenkman, and G. M. Gilad. Cholinergic muscarinic
binding by human lymphocytes: changes with aging, antagonist treat-
ment, and senile dementia of the Alzheimer type. Ann. Neurol. 20:628–631
(1986).

31. Arnaiz-Villena, A., M. Timo, C. Rodriguez-Gallego, M. Perez-Blas, A.
Corell, J. M. Martin-Villa, and J. R. Regueiro. Human T-cell activation
deficiencies. Immunol. Today 13:259–265 (1992).

Send reprint requests to: Yasuyuki Nomura, Ph.D., Department of Phar-
macology, Faculty of Pharmaceutical Sciences, Hokkaido University, Sapporo
060, Japan. E-mail: nomura@pharm.hokudai.ac.jp

1014 Fujino et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

