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1. ABSTRACT

Lymphocytes express most components of the
cholinergic system including acetylcholine (ACh),
muscarinic and nicotinic ACh receptors (mAChRs and
nAChRs, respectively), choline acetyltransferase (ChAT),
high affinity choline transporter and acetylcholinesterase.
ACh and mAChR agonists elicit intracellular Ca*
signaling, up-regulation of c-fos expression and nitric oxide
synthesis within T and B cells probably via M; and M;
mAChRs. Stimulation of nAChRs with ACh or nicotine
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causes a rapid and transient Ca®" signaling in T and B cells,
probably via alpha7 nAChR subunit-mediated pathways.
Phytohemagglutinin- or antigen-induced T cell activation
via cell surface molecules (e.g., T cell receptor/CD3
complexes) enhances lymphocytic cholinergic transmission
by up-regulating ChAT and M5 mAChR expression. It is
thus likely that a local lymphocytic cholinergic system is
involved in regulating immune function. This idea is
supported by the findings that lymphocytic cholinergic activity
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Table 1. Functional and biochemical effects induced by
mAChR and nAChR agonists in lymphocytes (12)
Enhancement of cytotoxicity
Increase of cGMP synthesis
Activation of DNA synthesis
Activation of proliferation
Increase of spontaneous motility
Activation of RNA synthesis
Increase in membrane fluidity
Inhibition of cAMP synthesis
9. Activation of selective nonadherent cell proliferation
10. | Inhibition of PHA-induced DNA synthesis
11. | Inhibition of PHA-induced INF-gamma synthesis
12. | Inhibition of IgM secretion
13. | Activation of IP; synthesis
14. | Increase of [Ca”");
15. | Activation of PHA-induced IL-2 production
16. | Enhancement of IL-2 receptor mRNA expression
17. | Enhancement of c-fos gene expression
IP;, inositol trisphosphate; PHA, phytohemagglutinin; IL-2,
interleukin-2; IgM, immunoglobulin M; INF-gamma, interferon-
gamma;, [Ca*'] intracellular free calcium ion concentration

RPN —

is altered in animal models exhibiting immunological
abnormalities. In addition, it appears likely that during
interactions mediated by cell surface molecules T cells
communicate via ACh with thymic epithelial cells and
vascular endothelial cells, which also express ChAT and
nAChRs or mAChRs. This interaction leads to T cell
selection and maturation in the thymus and local vascular
smooth muscle relaxation. Collectively, these data provide
a compelling picture in which lymphocytes constitute a
cholinergic system that is independent of cholinergic
nerves, and which is involved in the regulation of immune
function and local circulation.

2. INTRODUCTION

Acetylcholine (ACh) is familiar to most of us as
an important neurotransmitter found in the central and
peripheral cholinergic nervous systems; indeed, it was the
first compound ever recognized as a neurotransmitter. It is
now known, however, that ACh and ACh-synthesizing
activity are expressed ubiquitously among widely diverse
organisms that include eubacteria, fungi, various kinds of
plants, and lower animals such as sponges and nematodes,
and higher animals such as insects and vertebrates (1-3).
Moreover, Yamada et al. (4) recently found that several
strains of archaea also express certain levels of ACh and
ACh-synthesizing activity. One notable finding is that the
tips of bamboo shoot (Phyllostachys bambusoides), which
grow very rapidly and express ACh at a level of about 440
microg/g wet weight, which is about 80 to 100 times higher
than the level in rat striatum, the region containing the
highest amount of ACh in the brain (1, 5). Taken together,
these findings support the notion that ACh has been
expressed by organisms since origin of life and that it is
locally involved in the regulation of cellular function.

Knowledge about the synthesis, storage,
metabolism and actions of ACh has been derived mostly
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from studies of the mammalian nervous system. ACh is
synthesized by choline acetyltransferase (ChAT, EC
2.3.1.6) from acetyl coenzyme A (AcCoA) and choline
taken up by the high affinity choline transporter
(CHT1) (6) in the central cholinergic nerves, and by
ChAT and, to a lesser extent, carnitine
acetyltransferase (CarAT, EC 2.3.1.7) in the periphery
(7, 8). The synthesized ACh is transported from the
cytosol into synaptic vesicles by the vesicular ACh
transporter (VAChT) (9). After which stored ACh is
released by exocytosis mediated by a rise in the
intracellular free Ca®* concentration ([Ca®'];) (10).
Upon release, ACh acts on either muscarinic or

nicotinic ACh receptors (mAChR and nAChR,
respectively) on the targets and is then rapidly
hydrolyzed by acetylcholinesterase (AChE, EC

3.1.1.7) or butyrylcholinesterase, also known as
cholinesterase (ChE) into choline and acetate.

It is now clear that ACh, ChAT, and various
mAChRs and nAChRs subtypes are all expressed in non-
neuronal mammalian tissues and organs, including
lymphocytes (see reviews by Fujii and Kawashima (11) and
Kawashima and Fujii (12-14)); mucocutaneous epithelia
(see reviews by Grando (15, 16)); gastrointestinal,
respiratory and urogenital epithelial cells (see reviews by
Wessler et al. (2, 3, 17, 18); placenta (see a review by
Sastry (19); amniotic epithelial cells (20-22) and vascular
endothelial cells (23-26). This wide distribution makes it
apparent that ACh is a ubiquitous cell signaling molecule
regulating the homeostasis of a variety of cell functions
27).

The data indicating that AChRs are expressed
in lymphocytes have been accumulating since the early
1970s (for review, see Kawashima & Fujii (12)). ACh
and both mAChR and nAChR agonists elicit a variety of
functional and biochemical effects in lymphocytes
(Table 1) (12). On the basis of these findings, the notion
of cross-talk between the cholinergic nervous system
and the immune system was postulated and accepted
widely. However, considering the enzymatic and
physicochemical fragility of ACh, as well as the
absence of histochemical and anatomical evidence of
cholinergic innervations of the immune system, one
would have to conclude that it is highly unlikely that
ACh released from cholinergic nerve endings interacts
directly with AChRs expressed on lymphoid cells. In
this review, we will discuss the evidence for the
expression of a non-neuronal cholinergic system in
lymphocytes, its regulatory mechanisms, possible
physiological functions, and the relationship between
lymphocytic cholinergic activity and immune function
in immune deficiency models.

3. EXPRESSION OF CHOLINERGIC COMPONENTS IN
LYMPHOCYTES

Lymphocytes  express  most  cholinergic
components found in the nervous system: 1. AChRs
(mAChRs and nAChRs); 2. ACh; 3. ChAT; 4. VAChT; 5.
CHT1 and 6. AChE.
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Table 2. Receptor binding analyses supporting the presence of mAChR on lymphocytes and thymocytes (12)

Species Cell Types Ligand
Mouse Lymph node lymphocytes ["H]QNB
Splenic lymphocytes ["H]QNB
Thymocytes [PH]JQNB
Rat Blood lymphocytes "H]QNB
Lymph node lymphocytes [’HJQNB
Splenic lymphocytes ["H]QNB
Thymocytes [PH]QNB, ["TH]NMPB, [°"H]NMS, [°’H]JACh
Human Blood lymphocytes ["H]JQNB, ["HINMS
Thymocytes "HJQNB

NMS, N-methylscopolamine; NMPB, 4-N-methylpiperidinyl benzilate; QNB, quinuclidinyl benzilate

Table 3. Expression of mAChR subtypes in human MNLs, lymphocytes, and leukemic cell lines

Cell source and references Cell type M; M, M; My M;
MNLs and T cells
Costa et al. (32) MNLs - - + + +
Hellstrom-Lindahl & Nordberg (33) MNLs - - + + +
Sato et al. (34) (3M, 4F) MNLs +a +a +a + +
Ricci et al. (35) MNLs - + + + +
Purified T cells
Hellstrom-Lindahl & Nordberg (33) T - - + + +
Peripheral blood lymphocytes
Fujino et al. (36) T,B + +
Tayebati et al. (37) - + + +
Cell lines
Kaneda et al. (38) Jurkat: T - - +
Hellstrom-Lindahl & Nordberg (33) Peer: T - - + - +
Sato et al. (34) HL-60: Pro - - - + +
CEM*: T + + + +
MOLT-3: T - - + + +
HPB-ALL: T - - + + +
HUT-78: T + + + + +
Jurkat: T - - - + +
Daudi: B - + + + +
BALL-1: B + - - + +
NALM-6: B - - - + +

M, male; F, female; Mo, monocytes; MNLs, mononuclear leukocytes; Pro, promyelocytic leukemic cells;-, negative;+, positive.

CEM*, CCRF-CEM; +a, 5 out of 10 samples

3.1. AChRs

Both mAChRs and nAChRs are expressed in
lymphocytes, and expression of nAChRs has recently been
detected in the thymus.

3.1.1. mAChRs in lymphocytes

Expression of mAChRs has been confirmed in
lymphocytes prepared from blood, lymph node, spleen and
thymus of mouse, rat and human using ligand binding
techniques (Table 2) (for review, see Kawashima & Fujii
(12)). In addition, five distinct mAChR subtypes (M;-Ms),
acting via two different second messenger signaling
systems, have been identified by molecular cloning (28-
30). The M;, M; and Ms mAChR subtypes are coupled to
Gg11, which, upon stimulation, mediates activation of
phospholipase C (PLC), leading to increases in [Ca?'];. The
M, and My mAChR subtypes are coupled to Gj,, which,
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upon stimulation, mediates inhibition of adenylyl cyclase,
leading to declines in cAMP production (31).

Reverse transcription-polymerase chain reaction
(RT-PCR), Northern blot analyses and immunocytochemical
techniques using monoclonal antibodies (mAb) against
specific mAChR subtypes have all been used to detect the
expression of specific mAChR subtypes in lymphocytes (Table
3) (32-38). M3, M, and M5 mAChRs have been identified in
almost all human peripheral blood lymphocytes tested,
whereas expression of M; and M, mAChRs varies among
individual subjects (34). Immunohistochemical studies have
shown that the M3 subtype is the most strongly expressed
mAChR, followed in order by the M5, M4 and M2
subtypes (37). Which is in line with binding experiments in
human mononuclear leukocytes (MNLs), showing the
relative density of  the mAChR subtypes
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Table 4. Expression of nAChRs subtypes in human thymocytes, MNLs and lymphocytes

Cell source Alpha subunit Beta subunit
References Cell type 2 3 4 5 6 7 9 10 2 3 4
MNLs & thymocytes
Mihovilovic & Roses (49) MNLs - - -
Thymocytes + -
Mihovilovic et al. (50, 51) MNLs - + -
Thymocytes + + +
Hiemke ef al. (44) CD4" T +a | +
Navaneetham (52) T -
Sato et al. (34) 3M, 4F) MNLs + - - + +b |+ +c |- |-
Benhammou (53) MNLs + + + + +
Lustig et al. (48) MNLs + | + -
Villiger et al. (54) MNLs + -
Kuo et al. (55) MNLs + - + + - -
Cell lines
Battaglioli et al. (56) Jurkat: T +
MOLT-4: T +
Sato et al. (34) CEM*: T - + - + + + - - |+
MOLT-3: T - + - + + - - - |+
HPB-ALL: T | + - - + + + - - |+
HUT-78: T + - - + + - - - ] -
Jurkat: T - - - - - - - - |+
Daudi: B + - - + + + - - |-
BALL-1: B - - - + + - + - |+
NALM-6: B - - - + - - + - |+

F, female; M, male; MNLs, mononuclear leukocytes; T, T cells; B, B cells; -, negative; +, positive; CEM*, CCRF-CEM; +a, 8
out of 10 samples; +b, 2 out of 7 samples; +b, 3 out of 7 samples

to be M;>Ms>M>M, in healthy subjects (35). That
expression of M, and, to a lesser extent, Ms was more
strongly expressed in MNLs from asthmatic patients than
from healthy subjects, while expression of My was unchanged
(35), suggests the pattern of expression of mAChR subtypes
may vary with the physiological conditions of the subject.
Costa et al. (39) detected mRNAs encoding the M; and M,
mAChR subtypes in rat lymphocytes. Whether the pattern of
expression of mMAChR subtypes in lymphocytes differs among
mammalian species is not yet known.

3.1.2. nAChRs in lymphocytes

The expression of nAChRs in human, rabbit and rat
lymphocytes and thymocytes has been demonstrated in the
binding studies using labeled nicotine and a/pha-bungarotoxin
(alpha-BTX), and in immunocytochemical studies (40-46).

nAChRs are located on the plasma membranes of
skeletal muscle cells and neurons. They exist as pentamers
comprised of one to four distinct subunits (from among the
alpha, beta, gamma, delta and epsilon subunits) forming a
ligand-gated ion channels. Upon activation by ACh or other
agonists, membrane depolarization and excitation are
mediated by a rapid increase in the membrane permeability
to Na*, K" and Ca®'. From among these subunits, at least
two copies of the alpha subunit are always present;
multiple binding sites for ACh are formed at the interfaces
of each alpha subunit and a neighboring subunit.

The heterogeneity among nAChRs was revealed
by molecular cloning (30). In skeletal muscle, the so called
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muscle type nAChRs contain four distinct subunits within
the pentameric complex: (alphal),/betal/delta/gamma or
(alphal)y/betal/delta/epsilon. nAChRs in embryonic or
denervated muscle contain a gamma subunit, whereas an
epsilon subunit replaces the gamma in innervated, adult
muscle. By contrast, nAChRs in the central nervous
system, the so called neuron type nAChRs, are comprised
of only alpha and beta subunits; six alpha (alpha2-alphaT)
and three beta (beta2-beta4) subtypes have been identified
in the mammalian nervous system. In addition, the alpha8
subtype is expressed in the visual areas of the avian brain
(47), and the alpha9 and alphalQ subtypes have been
detected in the hair cells of the mammalian inner ear (48).
The alpha subunits also can be subdivided according to
their sensitivity to alpha-BTX: alphal and alpha7, perhaps
also alpha8 and alpha9, are alpha-BTX-sensitive, while
alpha2- alpha6 are alpha-BTX-insensitive.

Recent molecular biological and
immunochemical studies have confirmed the expression of
various nAChR subunits in human thymocytes, MNLs,
lymphocytes and leukemic cell lines (Table 4) (49-56). So
far, only neuron type nAChR subunits have been detected
in human lymphoid cells. Expression of mRNAs encoding
the alpha2, alpha$S and alpha7 subunits in human MNLs
has been confirmed in most studies. While expression of
the alpha3, alphad, beta2 and beta4 subunits was variable
among the studies, and the beta3 subunit was undetectable
in MNLs and cell lines. Using co-immunoprecipitation
assays and Western blotting, Benhammou et al. (53) found
that nAChRs in human circulating lymphocytes are likely
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Table 5. Blood ACh contents in several mammalian species

Species ACh content (pmol/ml) | No of samples
Cattle 360.5 +/- 59.7 7
Chimpanzee 21.5+/- 2.60 6
Dog 1.37+/- 0.23 10
Goat 4.05 +/- 0.93 5
Horse 93.8+/-16.3 5
Human 8.66 +/- 1.02 30
Pig 11.74+/- 1.58 5
Rat 1.43 +/- 0.20 10
Rabbit 24.5 +/- 6.14 7
Sheep 2.04 +/- 0.20 5

Values are means +/- SEM. Arranged from the data
presented in Kawashima et al. (64, 65), Fujii et al. (66,
67) and Yamada et al. (68)

to be composed in part from alpha2/betad, alpha4/beta2
and alpha subunits, and Lustig et al. (48) recently
reported expression of the alpha9 and alphal0 subunits in
human peripheral blood lymphocytes. Further studies will
be necessary to determine whether the expression pattern of
nAChR subunits varies within subjects depending on
physiological conditions or genetic predisposition.

Mihovilovic et al. (50) detected expression of the
alpha3, alpha5 and beta4 subunits in human thymocytes.
Moreover, they found that the levels of expression of the
alpha3 and beta4 transcripts differed between immature
(CD4'CD8") and mature (CD4'CD8 and CD4CDS")
thymocytes, and that there was no expression of alpha3 and
beta4 transcripts in peripheral blood MNLs. Kuo et al. (55)
detected expression of the alpha2, alpha3, alpha4, alphas,
alpha7, beta2 and beta4 subunits in murine fetal and
neonatal thymus, and the alpha3, alpha5, alpha’l, beta2 and
beta4 subunits in immature T cells. It is thus likely that the
pattern of expression of nAChR subunits changes during
the course of T cell maturation. Although no expression of
muscle type nAChR subunits has been detected in human
thymocytes or lymphocytes, Toyabe et al. (46) found the
muscle-type alphal subunit to be expressed in murine
lymphocytes. Whether the patterns of lymphocytic
expression of nAChR subunits differ among mammalian
species remains unknown.

3.1.3. nAChRs in the thymus

Thymus tissue consists of thymocytes (lymphoid
cells) and thymic stromal cells (non-lymphoid cells), which
include both myoid cells and thymic epithelial cells. All
three cell types express various nAChRs. Expression of
mRNAs encoding the neuron type alpha3, alpha5 and
beta4 nAChR subunits (49-51, 57, 58), as well as the
muscle type alphal subunit (59), has been detected in
human thymus tissues and in cultured thymic epithelial
cells. In addition, Kuo ef al. (55) detected the expression of
the alpha2, alpha3, alphad, alphal, alpha7, beta2 and
beta4 subunits in cultured murine fetal thymic organ, and
Navaneetham et al. (60) found expression of mRNAs
encoding the muscle type alphal, epsilon, betal and
gamma nAChR subunits in all or most thymus tissue
samples from 20 healthy subjects and 13 myasthenia gravis
patients. The delta subunit mRNA was detectable in only 2
of the healthy subjects. Apparently, thymic stromal cells
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express not only neuron type but also muscle type nAChR
subunits. One must therefore be cautious when interpreting
data obtained from experiments using whole thymus tissue;
under those conditions it is not presently possible to
identify which thymic cell type expresses a given subunit.

3.2. ACh

The presence of ACh in blood has been a matter
of controversy since the 1920s (for review, see Kawashima
& Fujii (12)). However, the development of a highly
sensitive, specific and simple radioimmunoassay (RIA) for
ACh by Kawashima et al. (61) has done much to resolve
that question. Because this RIA can accommodate sample
sizes of up to 400 microL and has a sensitivity of 3 pg
(about 20 fmol)/tube, it can determine ACh concentrations
as low as 7.5 pg/mL (62). Using this RIA, considerable
amounts of ACh has been detected in the blood and plasma
of various mammalian species (Table 5) (63-68): cattle
have the highest blood ACh content; the ACh content of
human blood is comparable to that of chimpanzee, pig and
rabbit. It is noteworthy that there is considerable variation
in blood ACh among human subjects, but it does not vary
within a given subject (65). The physiological significance
of high blood ACh content is not yet known.

Because of the high AChE and ChE activities in
blood, the presence of ACh in lymphocytes had, until
recently, been beyond imagination for most of us. Using
the aforementioned RIA, Kajiyama et al. (69, 70) and
Kawashima ef al. (65) detected, for the first time, the
localization of ACh in rabbit buffy coat cells and in human
circulating MNLs. In humans, about 60% of blood ACh is
localized in MNLs, suggesting that blood ACh originates
mainly from lymphocytes. A considerable amount of ACh
has also been detected in cells from human leukemic T cell
lines, but not in cells from human leukemic B cell lines (71,
72) (Table 6), though Rinner et al. (73) detected ACh in
both T and B cells from rats, with a greater amount in T
cells. It thus appears that lymphocytic ACh is localized
mainly in T cells, at least in mammals. The presence of
ACh demonstrated by RIA in human MNLs (65) and
human leukemic T cell lines (71) was subsequently
confirmed by HPLC-ECD (74, 75).

3.3. ChAT

Using the Fonnum method (76), Kajiyama et al.
(69, 70) demonstrated the presence of both ACh-
synthesizing activity and ACh in rabbit buffy coat cells and
in human peripheral blood MNLs, which consisted mainly
of lymphocytes. Rinner et al. (77) also detected ACh-
synthesizing activity in lymphocytes from rat thymus,
spleen and blood, and in mouse and human lymphoid cell
lines.

3.3.1. ChAT expression in human lymphocytes

Fujii et al. (78) used RT-PCR and Western blot
analyses to demonstrate the expression of ChAT mRNA
and protein in the MOLT-3 human leukemic T cell line
used as a model of lymphocytes (Figure 1) (78, 79).
Notably, the sequence of the RT-PCR product was
completely identical to nucleotide positions 322-973
of human brain ChAT cDNA. Subsequently, expression of
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(a) RT-PCR

MOLT3 MNL

_ Control
RT - + +

(b) Western blot

PHA
+

- i :
Figure 1. Expression of ChAT mRNA and protein in the MOLT-3 human leukemic T cell line and in human blood MNLs (78,
79). (a) RT-PCR analysis of ChAT mRNA expression in MOLT-3 cells and MNLs. The expected size of the ChAT mRNA RT-

PCR product was 652 bp. (b) Detection of ChAT protein in MOLT-3 cells by Western blot analysis; placenta served as a positive

control.

Placenta MOLT-3

Table 6. ACh content, ChAT and CarAT activities, and ChAT mRNA expression in human MNLs and leukemic cell lines, and

rat lymphocytes
Species and cells Cell type ACh content ChAT Activity pmol/mg CarAT activity ChAT
pmol/10° cells protein/min pmol/mg protein/min | mRNA

Human
MNLs T, B, Mo 0.3 27.5 NT +
CEM T 12.6 +/-0.6 (4 29 +-02(7) 228 +/- 46(7) +
HSB-2 T 36.2 +/-3.5() 1.4 +/-0.1(11) 58.3 +/- 153 (3) +
Jurkat T 82 +/-044) 43 +/-0.8(3) 17.2 +/- 1.9 (6) +
MOLT-3 T 251.5 +/-349(7) 224 +/-3.04) 533 +/-5.6(0) +
MOLT-4 T 38.8 +/-59(8) 8.0 +/-1.0(5) NT +
BALL-1 B ND (4) 0.4 +/-0.2(3) NT -
Daudi B 1.2 +/-0.1 (4 1.2 +-0.1(4) 125.6 +/-44.2 (3) -
NALM-6 B 0.04+/- 0.01 (9) 0.1 +/-0.02(4) NT -
U937 Mo 0.02+/- 0.01 (4) 0.2 +/-0.03 (8) NT -

Rat
Lymphocytes T 9.94 +

B 3.24

Values are means +/- SEM. Number of experiments is shown in parenthesis. ND, not detectable. NT, not tested. Mo, monocytes.
Rearranged from the data presented in Fujii ez al. (71, 72) and Rinner et al. (73)

ChAT mRNA was confirmed in human MNLs (79), rat
lymphocytes (73) and other human leukemic T cell lines
(72) (see Table 6).

Rinner et al. (73) reported that rat peripheral
CD4" (helper) T cells contain about twice as much ACh as
CD8" (cytotoxic) T cells. While there is no doubt that T
cells are a major source of ACh in the lymphocytic
cholinergic system (72), which subpopulations of T cells
have the ability to produce ACh is not yet clear in humans.
To address that issue, Fujii et al. (80) analyzed human
CD4" and CD8" T cells separated from human peripheral
blood MNLs, and detected expression of ChAT mRNA in
unstimulated CD4" T cells, but not in unstimulated CD8" T
cells (Figure 2). Furthermore, phytohemagglutinin (PHA),
a T cell activator, up-regulated expression of ChAT mRNA
only in CD4" T cells. It appears, therefore, that CD4" T
cells synthesize ACh using ChAT, at least in humans, and
that this ACh synthesis is regulated, at least in part, by
immunological stimulation.

When ACh-synthesizing activity was determined
by the Fonnum method (76), both CarAT and ChAT were
found to contribute to the synthesis of ACh from choline
and AcCoA. With that method, therefore, it is advisable to
use specific inhibitors of ChAT and CarAT (e.g.,
bromoACh and bromoacetylcarnitine, respectively) to
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ascribe the ACh-synthesizing activity to either of the two
enzymes (7, 8, 81). In human T and B cell lines, Fujii et al.
(72) detected varying levels of CarAT activity, but no
correlation was observed between ACh content and CarAT
activity (see Table 6). No expression of ChAT mRNA was
detected in B cell lines. Using immunohistochemical
analysis, however, Tayebati et al. (37) detected expression
of ChAT in human peripheral B cells, and Rinner ef al. (72,
77) detected ACh-synthesizing activity and some ACh in B
cells. It therefore remains unclear whether, in addition to T
cells, B cells also have the capacity to synthesize ACh via
ChAT, and whether CarAT contributes to the synthesis of
ACh in T and/or B cells.

3.3.2. ChAT mRNA molecular species expressed in
lymphocytes

Expression of five distinct ChAT mRNA species
(R-, NO-, N1-, N2- and M-type), which likely differ with
respect to translation efficiency and stability, has been
detected in human cholinergic neurons (82). MOLT-3
human leukemic T cells express only N2-type mRNA,
while CEM cells express N2-, M- and, to a lesser extent,
Nl-type mRNA (83). PHA significantly increases
expression of N2-type mRNA in MOLT-3 cells and
induces low levels of NO-type mRNA expression in CEM
cells (83). The PHA stimulation increases cellular ACh
content and release in MOLT-3 cells, but not CEM cells (71)
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Control PHA

RT - + - +

Figure 2. Expression of ChAT mRNA in human
peripheral blood CD4" cells. The expected sizes of the
ChAT mRNA RT-PCR product was 652 bp (arrow)
(80). No expression of ChAT mRNA was observed in
CD8" T cells. PHA, phytohemagglutinin, a T cell
activator.

suggests that the level of N2-type mRNA is a key
determinant of lymphocytic ChAT activity and ACh
content (see Table 6). No R-type mRNA is expressed in
either MOLT-3 or CEM cells. The relation between the
inability of lymphocytes to express R-type mRNA and their
low capacity to synthesize ACh, as compared to cholinergic
neurons, remains to be clarified.

3.3.3. Expression of ChAT mRNA in thymic epithelial
cells

The presence of ACh-synthesizing activity in
thymocytes was first reported by Rinner et al. (77), and
Mihovilovic and Butterworth-Robinette (58) recently
detected expression of ChAT mRNA in the TE750 thymic
epithelial cell line. Together, these findings suggest the
possibility that ACh is synthesized not only by thymocytes
but also by thymic epithelial cells, and that ACh released
from these cells plays a role in the regulation of maturation,
selection and differentiation of T cells during the
interaction of immature T cells with thymic epithelial cells
(see section 5.2).

3.4. VAChT

In the cholinergic neurons, the VAChT gene is
located within the first intron of the ChAT gene (9, 84-
87), and expression of VACHT is co-regulated with that
of ChAT (10, 88-91). Using human MNLs, Fujii et al
(79) attempted to determine whether VAChT gene
expression is induced along with ChAT when T cells are
immunologically stimulated with PHA. They found that
whereas PHA up-regulated expression of ChAT mRNA
and potentiated ACh-synthesizing activity and ACh
synthesis, there was no expression of VAChT mRNA in
PHA-stimulated MNLs. On the other hand, Tayebati et
al. (37) detected VAChT immunoreactivity in human
peripheral blood T and B cells. Although no structures
resembling synaptic vesicles have ever been observed
histologically in lymphocytes, the possibility that ACh in
T cells is localized within a storage apparatus cannot be
ruled out; that nicotine causes an increase in plasma ACh
and a decrease of the ACh content of blood cells in
rabbits suggests release of ACh from blood cells to
plasma via a depolarization-dependent pathways (64). On
the other hand, it may be that ACh in T cells is
synthesized when necessary and then directly released
without storage. Further studies will be needed to
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confirm the role, if any, of VAChT and ACh storage
vesicles in lymphocytes.

3.5.CHT1

It is generally accepted that choline taken up by
the CHT1 is utilized exclusively for ACh synthesis, and
that choline uptake by the CHT1 is the rate-limiting step in
ACh synthesis catalyzed by ChAT in cholinergic neurons
(8). Okuda et al. (6, 92) recently cloned cDNAs encoding
rat and human CHT1. When Fujii ef al. (93) investigated
the expression of CHTI in lymphocytes using human
leukemic T cell lines as models, they detected expression of
CHT1 mRNA in MOLT-3 cells, but not in CEM and Jurkat
cells, where levels of ACh synthesis and release are lower
than in MOLT-3 cells (72) (Table 6). Consistent with the
expression  of  CHTI, specific binding of
[*H]hemicholinium-3 (HC-3), an inhibitor of CHT1, and
HC-3-sensitive [H]choline uptake were also detected in
MOLT-3 cells. Moreover, expression of CHT1 protein in
MOLT-3 cells has now been confirmed
immunocytochemically using a specific antibody (Fujii et
al., in preparation). Collectively, these results provide
molecular biological, pharmacological and
immunocytochemical evidence that MOLT-3 cells express
CHTI1, and suggest that CHT1 plays a key role in
mediating uptake of choline into T cells for ACh synthesis.
Still, we cannot rule out the possibility that choline from
other sources is also used for ACh synthesis in T cells.

3.6. AChE

The mechanisms involved in the termination of
ACh action are quite different from those of other
neurotransmitters. Whereas, catecholamines and serotonin
are removed from their target sites mainly by a reuptake
mechanism via respective transporters, the action of ACh is
terminated exclusively by rapid hydrolysis into choline and
acetate by AChE at neuromuscular and neuroeffector
junctions, and by ChE in plasma, liver and neuronal
elements. It is now generally accepted that AChE is
expressed not only in cholinergic neurons, but also in other
neurons and in non-neural tissues, irrespective of direct
cholinergic innervations (e.g., Bellinger et al. (94); Nance
et al. (95)). While AChE is not an essential constituent of
cholinergic system, its expression certainly indicates the
presence of ACh nearby the cells or tissues. Szelenyi et al.
(96) detected AChE activity in human peripheral blood T
cells, where the activity was augmented by PHA, but not in
B cells. However, Ando et al. (97) detected expression of
mRNAs encoding three different types of AChE (98) in
human MNLs and in the CEM human leukemic T cell and
Daudi B cell lines (Figure 3). In addition, Tayebati et al.
(37) found expression of AChE in both T and B cells using
Western blot and immunocytochemical techniques. It thus
appears that both T and B cell express AChE, but that the
level of expression is higher in T cells.

4. ROLES OF AChRs IN THE REGULATION OF
LYMPHOCYTE FUNCTION

The lymphocytic cholinergic system operates
through ACh released from T cells acting as an autocrine
and/or paracrine factor on either mAChRs or nAChRs on
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Figure 3. Expression of AChE mRNA in the Daudi
human leukemic B cell line, the CEM T cell line, human
blood MNLs, human brain and skeletal muscle (97).
Expression of (a) hydrophilic, (b) hydrophobic and (c)
readthrough types of AChE mRNA (98) was detected by
RT-PCR analysis.
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Figure 4. Ca* concentration ([Ca®'];)-dependent

changes in fluo-3 fluorescence and up-regulation of c-
fos gene expression by mAChR stimulation with Oxo-M
in the CEM human leukemic T cell and Daudi B cell
lines (99, 100). (a) Time course of the [Ca®*];-dependent
changes in fluo-3 fluorescence in CEM (upper panel)
and Daudi cells (lower panel). Data points were
obtained every 2 s. Application of Oxo-M (100 microM)
is indicated by the arrow. (b) Effects of atropine, a
nonspecific mAChR antagonist, on Oxo-M-induced up-
regulation of c-fos gene expression in CEM and Daudi
cells. The cells were exposed to 100 microM Oxo-M for
1 h in the presence or absence of atropine. Expression of
c-fos mRNA was analyzed by RT-PCR. M, DNA size
standards (expressed in bp); RT, reverse transcriptase.
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target cells — e.g., T and B cells and antigen presenting
cells, such as macrophages and dendritic cells. Stimulation
of mAChRs and/or nAChRs on lymphocytes by ACh or
other agonist causes such biochemical and functional
changes as enhancement of lymphocyte cytotoxicity,
increased ¢GMP and inositol-1,4,5-triphosphate  (IP3)
content, inhibition of cAMP synthesis, and increased
[Ca*]; (see Table 1). Most of these responses support the
idea that the lymphocytic cholinergic system is involved in
the regulation of lymphocyte function, acting via mAChRs
coupled to PLC or adenylyl cyclase and nAChRs forming
ligand-gated ion channels.

Fujii and Kawashima (11, 99-101), Kaneda et al.
(38) and Kimura et al. (102, 103) have all studied the
mechanisms involved in mAChR- and nAChR-mediated
functional and metabolic changes in lymphocytes in
relation to evoked changes in [Ca®'],.

4.1. mAChRs
4.1.1. Effects of mAChR agonists on [Caz+]i and c-fos
gene expression in lymphocytes

Both ACh and oxotremorine-M (Ox0-M), a non-
selective mAChR agonist, induce rapid increases of [Ca®'];
that are followed by more prolonged Ca** oscillations in
both CEM T cells and Daudi B cells (99, 100) (Figure 4a).
In the absence of external Ca®*, no changes were observed
in the number of cells exhibiting the initial rise in [Ca]; in
response to Oxo-M, but the subsequent Ca>* oscillations
were almost completely blocked. Depletion of the Oxo-M-
releasable intracellular Ca®" stores using thapsigargin
blocked all changes in [Ca’'];, suggesting that mAChR-
mediated increases of [Ca’']; and the subsequent Ca**
oscillations are transduced in lymphocytes via IP;-mediated
signaling pathways.

RT-PCR analysis showed that Oxo-M also up-
regulates the intranuclear transcription regulator c-fos gene
expression in both CEM and Daudi cells (Figure 4b). Both
the Oxo-M-induced up-regulation of c-fos gene expression
and the intracellular Ca®" signaling were reversed by 4-
DAMP, an M;, M3, My and Ms mAChR antagonist;
YMO905, an M; and M; mAChR antagonist; and atropine, a
non-selective mAChR antagonist (99-101). On the other
hand, neither pirenzepine, an M; mAChR antagonist, nor
AF-DX 116, an M, and My; mAChR antagonist, had any
effect. Taken together, these findings suggest that ACh and
mAChR agonists induce intracellular Ca®>" signaling in
lymphocytes via M3 and/or Ms mAChRs, leading to IP;-
mediated up-regulation of c-fos expression, and that
activation of DNA and RNA synthesis, as well as the cell
proliferation observed after mAChR stimulation in
lymphocytes (see Table 1), are in some way related to that
up-regulation of c-fos expression.

4.1.2. Stimulation of lymphocytic nitric oxide (NO)
synthesis by mAChR agonists

NO synthase (NOS) catalyzes the synthesis of
NO from L-arginine. Human lymphocytes and leukemic
cell lines express the endothelial, neuronal and inducible
(ecNOS, nNOS and iNOS, respectively) forms of NOS
mRNA and protein, and exhibit NOS activity (for review
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see Kawashima and Fujii (12)). Using quantitative
fluorescence microscopy and a novel NO-sensitive
fluorescent indicator, DAF-2 (104), Kamimura et al. (105)
demonstrated that Oxo-M enhances NO production in CEM
cells expressing mRNAs encoding iNOS and nNOS and the
M, M3, My and Ms mAChRs (Table 3). The effect of Oxo-
M on NO production was inhibited by N°-nitro-L-arginine
methyl ester, a NOS inhibitor, and by the mAChR
antagonists 4-DAMP, pirenzepine and atropine, which
suggests that ACh stimulates NO synthesis by nNOS and/or
iNOS in lymphocytes via PLC-coupled M;, M; and/or M;
mAChR-mediated pathways. This means that the enhanced
cytotoxicity and increased cGMP synthesis observed in
lymphocytes after mAChR stimulation (see Table 1) are
likely related, at least in part, to increased NO production.

4.1.3. Enhancement of interleukin (IL)-2-mediated
signal transduction

Fujino et al. (36) found PHA to enhance IL-2
production and to up-regulate expression of IL-2 receptor
mRNA in human lymphocytes following stimulation with
Oxo-M. This suggests that IL-2-mediated signal
transduction in lymphocytes is enhanced by mAChR
stimulation during immunological reactions. On the basis
of that idea, Okuma and Nomura (106) and Nomura et al.
(107) speculated that ACh acts as an autocrine factor via
mAChRs to positively modulate IL-2 signaling and cell
growth in human lymphocytes.

Most available data on the effects of mAChR
stimulation in lymphocytes and its targets have been derived
from acute in vitro studies (see reviews by Kawashima and
Fujii (12-14); Fujii and Kawashima (11); Maslinski (108)).
However, observations of the in vivo effects of long-term
stimulation or inhibition of mAChRs on lymphocytes will be
needed if we are to relate lymphocytic cholinergic activity to
the regulation of immune function.

4.2. nAChRs

With a special emphasis on the effects of
smoking on immune function, the roles of nAChRs in the
regulation of lymphocyte activity has been investigated
both in vitro and in vivo (12, 13).

4.2.1. Effects of nAChR agonists on [Ca®™]; and
suppression of nAChR subunit expression by nicotine

Acute nicotine stimulation in human circulating
MNLs and human leukemic T and B cell lines elicits rapid
and transient increases of [Ca2+]i that are dependent on the
presence of extracellular Ca®* (102, 103, 109). Kimura et
al. (102) observed that [Ca*']; transients elicited by either
nicotine or epibatidine, an alpha3 alpha4, and alpha7
subunit agonist, in CEM cells expressing mRNAs for the
alpha3, alpha5, alpha6 and alpha7 nAChR subunits were
effectively suppressed by alpha-BTX, which indicates that
the alpha7 nAChR is at least partly responsible for
nicotine-induced Ca*" signaling in lymphocytes. The
physiological significance of such Ca®’ signaling in
lymphocytes is not known, however.

Middlebrook et al. (110) suggested that
nAChRs were involved in the regulation of thymocyte
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development based on their observation that
continuously exposing isolated fetal murine thymus to
nicotine increased the numbers of immature T cells while
diminishing numbers of mature T cells. Using RT-PCR
techniques, Kimura et al. (103) found that long-term (1-8
weeks) exposure to nicotine (0.01-10 microM) in CEM
cells down-regulates expression of alpha7 and other
nAChR alpha subunits. Moreover, Ca* signaling evoked
by nicotine declined significantly as the duration of
nicotine exposure became more prolonged. These
findings suggest that nicotine, and most likely smoking,
affects immune function by suppressing expression of
nAChR subunits involved in Ca®* signaling in
lymphocytes.

4.2.2. Effects of systemic nicotine administration on
lymphocyte function

Singh et al. (111) suggested that T cell
proliferation is regulated via nAChR-mediated pathways
based on their observations that acute or chronic
administration of nicotine inhibited concanavalin A-
induced MNL proliferation in rats, and that the effect was
reversed by mecamylamine, a nAChR antagonist. Most
other data obtained in vivo also suggest that continuously
exposing T cells to nicotine suppresses immune function by
inhibiting proliferative responses (111, 112), or by causing
anergy through constitutive activation of protein kinases
and depletion of IPs-sensitive Ca®* stores (113-115).
However, these investigators also found that acute nicotine
administration increased plasma cortisone levels; that the
effect on plasma cortisone was inhibited by
mecamylamine; and that the acute effects of nicotine on T
cell  proliferative  responses were abolished in
adrenalectomized animals. These findings highlight the
importance of bearing in mind the hormonal effects of
acutely administered nicotine. Still, they clearly support the
idea that ACh and nicotine, perhaps incorporated through

smoking, modulate immune function by affecting
lymphocyte proliferation.
5. REGULATION OF LYMPHOCYTIC
CHOLINERGIC ACTIVITY

Through various cell surface molecules,

including cell adhesion molecules (CAMs), lymphocytes
can interact directly with targets expressing the
respective counter molecules. So far, several cell surface
molecules have been shown to be involved in regulating
lymphocytic cholinergic activity (13, 14, 80, 116, 117).
For example, stimulating T or B cells with their
respective activators via cell surface molecules — e.g., T
cell receptor (TCR)/CD3 complexes, CD2, CD7 and
CDl11la on T cells and surface immunoglobulin on B cells
— up-regulates ChAT and Ms mAChR gene expression
(71, 73, 79, 80, 116, 117). And activation of Gy protein-
coupled EP, receptor with prostaglandin E, (PGE,)
enhances ACh synthesis (118), while apelin acts via the
G; protein-coupled orphan receptor APJ to suppress ACh
synthesis in MOLT-3 cells (119). It thus appears that
both immunological and inflammatory processes, and a
variety of biologically active substances, are involved in
regulating lymphocytic cholinergic activity. The effects
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of cytokines and chemokines on lymphocytic cholinergic
activity remain to be investigated.

5.1. Cell surface molecules
5.1.1. TCR/CD3 complexes on T cells

PHA activates T cells by binding to TCR/CD3
complexes, which leads to activation of the PLC-IP; system
(120) and, in turn, activation of protein kinase C (PKC)
and/or mitogen-activated protein kinase (MAPK) cascades.
Fujii et al. (71, 79) and Rinner et al. (73) demonstrated that
PHA up-regulates ChAT mRNA expression and stimulates
ChAT activity, thereby enhancing ACh synthesis and
release in the MOLT-3 human T cell line, human MNLs
and rat lymphocytes. In analogous fashion, activation of
human MNLs using phorbol 12-myristate 13-acetate
(PMA), a PKC activator, or A23187 or ionomycin, Ca**
ionophores, up-regulates expression of ChAT mRNA.
Notably, the effect is inhibited by FK506, an
immunosuppressant calcineurin inhibitor (Watanabe et al.,
unpublished data), suggesting the involvement of
calcineurin-mediated pathways in the regulation of ChAT
mRNA transcription in MNLSs. In addition, Fujii ez al. (80)
found that PHA specifically up-regulates expression of M;
mAChR mRNA in T cell lines without affecting M3 or My
mAChR mRNA  expression, though non-specific
stimulation of lymphocytes using PMA plus ionomycin up-
regulated expression of both M3 and Ms mAChR mRNAs.
Collectively, these findings represent the first
demonstration that immunological stimulation leads to
activation of lymphocytic cholinergic activity via specific
up-regulation of Ms mAChR and ChAT gene expression, at
least in part via PKC and MAPK pathways, perhaps by
modulating the activity of transcription factor AP-1.

5.1.2. CD2, CD7 and CD11a on T cells

Antithymocyte  globulin-Fresenius  (ATG-F),
which is comprised of rabbit globulin against human
thymocytes, is used as an immunosuppressive after renal
allograft (121) and after hematopoietic stem cell
transplantation (122) carried out in the treatment of aplastic
anemia (123, 124). ATG-F acts via the CD2, CD7 and
CDl11a cell surface molecules (122), also known as
lymphocyte function-associated antigen 2 (LFA-2), an
immunoglobulin superfamily member and LFA-1 alpha-
chain, respectively. Stimulation of these molecules with
respective mAbs activates intracellular signaling pathways
leading to increases in [Ca®]; and modulation of
lymphocyte function (125, 126).

Fujii et al. (116) found that incubating CEM cells
with ATG-F enhances ACh release from the cells within 6
h, which initially led to declines in intracellular ACh
content. However, the ACh content of the cells recovered
within 48 h as a result of up-regulation of ChAT
expression. ATG-F also induced rapid, transient increases
in [Ca®);, and similar effects were elicited by anti-CD7
mAb, which is consistent with observations made by
Ledbetter et al. (125) and Leta et al. (126) in other cell
types and suggests that the increase in ACh release
observed during the early stages of the experiments was
due to increases in [Ca’’]; induced by ATG-F via its
interaction with CD7. On the other hand, incubation for 48
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h with anti-CD1la mAb up-regulated the expression of
ChAT mRNA in CEM cells, suggesting ATG-F stimulates
ACh synthesis via its interaction with CD11a. ATG-F also
up-regulated expression of Ms mAChR mRNA (116). It
thus appears that in T cells surface molecules involved in
cell-to-cell adhesion and/or aggregation are involved in
regulating lymphocytic cholinergic activity by enhancing
synthesis and release of ACh and expression of M;s
mAChR.

5.1.3. Surface immunoglobulin on B cells

Staphylococcus aureus Cowan 1 (SAC), a B cell
activator, initiates a signal transduction cascade involving
tyrosine kinase-mediated activation of PLC, which in turn
activates PKC and promotes B cell proliferation by binding
to surface immunoglobulin. SAC up-regulates Ms mAChR
mRNA expression in Daudi human leukemic B cells, but
has no effect on M3 or My mAChR mRNA expression
(117). PMA together with ionomycin also up-regulates M
mAChR expression in Daudi cells, suggesting that, as in T
cells, PKC is involved in stimulus-evoked up-regulation of
M; mAChR expression in B cells.

Fujii et al. (117) tested whether B cells are
involved in the regulation of lymphocytic cholinergic
activity using a human circulating MNL fraction consisting
mainly of T and B cells and a small number of monocytes.
They found that incubating MNLs with SAC for 48 h
significantly increased their ACh content and up-regulated
ChAT expression. Given that IL-12, a cytokine produced
by B cells, is thought to provide help for T cells, these data
collectively suggest that cytokines released from activated
B cells act on T cells to stimulate ChAT expression and
ACh synthesis, which in turn activates lymphocytic
cholinergic transmission via Ms; mAChR-mediated
pathways in both T and B cells. Since lymphocytic
cholinergic stimulation accelerates antibody production by
B cells (108), induction of Ms mAChR expression by
immunological stimulation of B cells may lead to enhanced
antibody production.

5.2. Biologically active substances

So far, among the vast number of biologically
active substances known, only PGE, and apelin have been
investigated with respect to their capacity to affect
lymphocytic cholinergic activity.

5.2.1. PGE,

Within the immune system, PGE, is synthesized
mainly by antigen presenting cells, such as macrophages
and monocytes (127-129). PGE, inhibits T cell
proliferation induced by activators, such as PHA,
concanavalin A and antibodies against CD3 (130-132),
suggesting it contributes to the regulation of immune
function by modulating the activities of T cells.

Suenaga et al. (118) tested whether ONO-4819, a
selective EP, receptor agonist, has any ability to modulate
lymphocytic cholinergic activity in MOLT-3 cells, which
express all four EP receptors (EP; - EP,). They found that
PHA significantly enhanced expression of EP, receptor
mRNA during the first 3-6 h of exposure. ONO-4819 added
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to cultures after 3 h of PHA stimulation significantly
increased cellular ACh content and release, and up-
regulated expression of ChAT mRNA and ChAT activity,
but inhibited MOLT-3 cell proliferation. This suggests that
PGE, released from antigen presenting cells during their
interaction with T cells facilitates lymphocytic cholinergic
transmission, at least in part through EP, receptor-mediated
pathways. At present, however, it remains unclear whether
the inhibitory effect of PGE, on T cell proliferation is
mediated directly or indirectly through the enhanced
lymphocytic cholinergic transmission.

5.2.2. Apelin

The orphan receptor APJ is coupled to G; protein,
which inhibits adenylyl cyclase activity (133). Its
endogenous ligand is apelin, whose cDNA has been
isolated from human, bovine, rat and mouse (133-135). In
vivo, apelin is synthesized as a 77-amino acid preprotein
and then cleaved to yield the mature protein comprised of
the 36 C-terminal amino acids (apelin-36) (134). Apelin
mRNA has been identified in a number of rat tissues, in
particular mammary gland during pregnancy and lactation
(134). Large amounts of apelin are secreted in bovine
colostrum, and it even remains detectable in commercial
bovine milk. In mouse spleen cells, apelin partially
suppresses cytokine production induced via TCR/CD3-
mediated pathways, suggesting apelin modulates immune
function in neonates (134).

Horiuchi et al. (119) investigated whether apelin
is involved in the regulation of lymphocytic cholinergic
activity using various human leukemic T and B cell lines as
models. APJ mRNA was constitutively expressed in T and
B cell lines, among which MOLT-3 and Daudi cells
respectively expressed the highest levels of APJ mRNA.
Apelin-13, a 13-amino acid synthetic C-terminal peptide
that is more active than native apelin-36 (133), up-
regulated expression of APJ mRNA in PHA-stimulated
MOLT-3 cells, whereas it down-regulated expression of
ChAT and interleukin-2 mRNAs (Figure 5). This suggests
that apelin down-regulates lymphocytic cholinergic activity
during immunological responses by inhibiting cAMP
production via activation of the Gj-coupled orphan receptor
APJ, which is consistent with the finding that cAMP up-
regulates ChAT induction (136).

6. POSSIBLE PHYSIOLOGICAL FUNCTIONS OF
THE LYMPHOCYTIC CHOLINERGIC SYSTEM

6.1. Antigen presentation

T cells interact with antigen presenting cells
expressing major histocompatibility complex (MHC) class
IT or MHC class I via the TCR/CD3 complex plus CD4 or
CDB8, respectively. On the basis of the findings discussed
above, it seems likely that antigen presentation activates
lymphocytic cholinergic activity by enhancing synthesis
and release of ACh and expression of Ms mAChR. To test
this idea, Watanabe et al. (137) first isolated splenic MNLs,
consisting of mainly T and B cells and a small number of
monocytes (macrophages and dendritic cells) from mice
one week after immunizing them with incomplete or
complete Freund’s adjuvant containing dead
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Mpycobacterium tuberculosis (IFA and CFA, respectively).
The cells were then cultured for 48 h with or without
Mpycobacterium tuberculosis purified protein derivatives
(MTPPD). The cellular ACh content and the release of
ACh into the conditioned media were significantly greater
in MNLs from mice immunized with CFA and cultured in
the presence of MTPPD than in the cells cultured in the
absence of MTPPD, or in MNLs from mice immunized
with IFA and cultured in the presence or absence of
MTPPD. These findings support the notion that the
interaction of CD4" or CD8" T cells via TCR/CD3 with
macrophages or dendritic cells respectively presenting
MTPPD antigen on their MHC class II or MHC class I up-
regulates lymphocytic cholinergic activity by enhancing
synthesis and release of ACh by the T cells (Figure 6).
Furthermore, because of the close proximity of T cells and
antigen presenting cells under these conditions, even a
small amount of ACh released from an activated T cell into
the microenvironment should be able to interact with
AChRs on the target cells before hydrolysis by AChE.

6.2. Interaction of T cells with thymic stromal cells

As mentioned above, the thymus is comprised of
thymocytes (lymphoid cells) and myoid and epithelial cells
(non-lymphoid cells). Interactions between developing
thymocytes and thymic epithelial cells are necessary for
maturation of thymocytes into mature T cells, and these
interactions are all mediated by CAMs on immature T cells
that bind to various molecules expressed on the surface of
thymic epithelial cells. Patel et al. (138, 139) demonstrated
that thymic epithelial cells express various CAMs, cytokine
receptors, Apo-1, and MHC-encoded molecules. Activation
of thymic epithelial cells by IFN-gamma induces marked
increases of the expression of surface molecules such as
CD54 (intercellular adhesion molecule-1 (ICAM-1)), which
interacts with LFA-1, and MHC class I and MHC class 1I,
which interact with CD8 and CD4, respectively. Since both
thymic epithelial cells (58) and thymocytes (73) not only
synthesize ACh but also express various nAChR subunits
(see sections 3.1.2 and 3.1.3), it seems likely that ACh
released from thymic epithelial cells and/or thymocytes
plays a role in regulating differentiation, maturation and
selection of T cells, acting in autocrine and/or paracrine
fashion via nAChRs (58, 140) (Figure 7). While
observations on the effects of nicotine on T cell maturation
support this hypothesis (110), it is yet to be confirmed.

Several lines of evidence support the idea of
postsynaptic sympathetic innervations of the thymus (95,
141-145). On the other hand, it is controversial whether
there is direct cholinergic innervations of thymic epithelial
cells or thymocytes. On the basis of histochemical staining
and immunocytochemical labeling with anti-ChAT mAb,
Fatani et al. (146) reported that there is cholinergic
innervations along the blood vessels within the thymic
traveculae and the parenchyma, while others have also
detected AChE-positive fibers and cells (144, 147-149).
Nevertheless, microscopic dissection of the terminal
branches of the vagus nerve by Nance et al. (95) failed to
identify any major branches leading to the thymus, making
direct vagal innervations of the thymus unlikely. Moreover,
unilateral vagotomy did not alter ChE activity in the
thymus.
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Figure 5. Effects of apelin-13 on APJ, ChAT, IL-2 and beta-actin mRNA expression in MOLT-3 cells (119). Cells were exposed
to apelin-13 (1 microM) or vehicle (control) for the indicated times. Data representing three independent experiments are shown.
The expected sizes of the APJ (a), ChAT (b), IL-2 (c) and beta-actin (d) RT-PCR products were 481, 652, 305 and 1128 bp,
respectively. (e) The bars represent means +/- SEM (n=3) of ChAT (or IL-2, APJ)/beta-actin ratios normalized to pre-treatment

values; *P<0.05 vs. control (3 h of vehicle).

At present, no conclusive evidence for or against direct
cholinergic innervations of thymic epithelial cells and
thymocytes is available. However, considering the extreme
susceptibility of ACh to hydrolysis by AChE and ChE, as well
as its physicochemical instability in physiological fluids (see
reviews by Kawashima and Fujii (12, 13)), it seems highly
unlikely that ACh released from cholinergic nerve endings
would interact with receptors expressed on thymocytes.

Electrical stimulation of the vagal fibers running
in the recurrent laryngeal nerve has a tonic and phasic
facilitatory effect on the mechanism responsible for
lymphocytic release from the thymus, which is modulated
via nAChRs (150). Since thymus tissue expresses both
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muscle type (59, 60) and neuron type nAChR subunits (51,
55), it may be that ACh released from vagal fibers directly
innervating myoid cells induces contraction of the thymus
by acting on muscle type nAChRs, thereby facilitating
release of lymphocytes.

Autonomic innervations of the spleen appear to
be relatively sparse. Nevertheless, direct contacts between
noradrenergic sympathetic fibers and lymphocytes, as well
as with other cells of the immune system, have been
reported in the rat spleen (151). Cholinergic innervations of
the rat spleen is less likely, as AChE-positive staining
colocalized with norepinephrine in noradrenergic nerves
and persisted even after vagal denervation (94).
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high-affinity choline transporter; DAG, diacylglycerol; ER, endoplasmic reticulum; ICAM-1, intercellular adhesion molecule-1;
1P, inositol-1,4,5-trisphosphate; LFA-1, leukocyte function-associated antigen-1; mAChR, muscarinic ACh receptor; MAPK,
mitogen activated protein kinase; MAPKK, MAP kinase kinase; MHC 11, major histocompatibility complex class II; TCR, T cell

receptor.

6.3. Interaction of T cells with vascular endothelial cells

T cells express various CAMs through which
they interact with vascular endothelial cells; these include
very late antigen-4 (VLA-4), a major adhesion receptor that
interacts with vascular CAM-1 (VCAM-1); CD4, which
interacts with MHC class II; LFA-1, which interacts with
ICAM-1; and CD2, which interacts with LFA-3 (152, 153).
Kokura et al. (153) found that interactions between T cells
and postanoxic endothelial cells via VLA-4-/'VCAM-1
potentiated the synthesis of tumor necrosis factor-alpha
(TNF-alpha), leading to enhanced endothelial CAM
expression.

Both T cells and vascular endothelial cells have
the ability to synthesize ACh (see sections 3.2 and 3.3) (23-
26) and to express mAChRs (see Table 3; Kan et al. (154)
and Elhusseiny et al. (155)); expression of nAChRs has
been confirmed in T cells (see Table 4), and is suggested in
vascular endothelial cells (156). This suggests that CAM-
mediated interactions between T cells and endothelial cells
facilitate ACh synthesis and release in both cell types
(Figure 8). During CAM-mediated interactions, T cells and
vascular endothelial cells may therefore communicate
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reciprocally via ACh, which stimulates mAChRs on both T
cells and vascular endothelial cells, and possibly nAChRs
on T cells. The fact that mAChR stimulation potentiates
NO synthesis in both T cells and vascular endothelial cells
(105, 157) suggests the possibility that potentiation of NO
synthesis during the interaction evokes local vascular
smooth muscle relaxation, thereby facilitating extravascular
migration of T cells. We further suggest that ACh released
from T cells, and possibly from vascular endothelial cells,
plays a role in regulating production of TNF-alpha, which
in turn acts on nAChRs in T cells.

Synthesis of TNF in inflammatory cells (e.g.,
macrophages) appears to be regulated, at least in part, via
nAChR-mediated pathways (158, 159). TNF concentrations
in the conditioned medium of lipopolysaccharide (LPS)-
stimulated macrophages were suppressed in the presence of
either ACh or nicotine, and that suppression was reversed
by addition of alpha-conotoxin, an inhibitor of alpha-BTX-
sensitive nAChRs. On the basis of their observation that
electrical stimulation of the efferent vagus nerve
suppressed serum TNF concentrations, which protected rats
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from endotoxin-induced shock, Borovikova et al.
(158) and Tracey (159) postulated the existence of
cholinergic  anti-inflammatory pathways. Since
activation of TCR/CD3, CD2, CD7 or CDlla up-
regulates lymphocytic cholinergic activity (see
section 5.1) (71, 73, 79, 116), the interaction of T
cells and vascular endothelial cells via VLA-4-
/VCAM-1 should also either facilitate or suppress
ACh synthesis in the T cells. This suggests that ACh
released from T cells, and possibly from vascular
endothelial cells, plays a role in regulating TNF-
alpha synthesis by acting on T cell nAChRs.
Consistent with that idea, Kokura et al. (153)
reported TNF-alpha synthesis to be enhanced by the
interaction of T cells with vascular endothelial cells.
At present, however, there is little direct information
as to whether ACh released from T cells during their
interaction with vascular endothelial cells facilitates
or suppresses TNF-alpha synthesis. But, again, given
that there is no cholinergic innervation of the
vascular endothelial cells and given ACh’s lability in
physiological solution and susceptibility to
hydrolysis by AChE, it seems highly unlikely that
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ACh originating from cholinergic nerves acts directly
on either T cells or vascular endothelial cells.

7. LYMPHOCYTIC CHOLINERGIC ACTIVITY IN
ANIMAL MODELS WITH IMMUNE
ABNORMALITIES

Using the spontaneously hypertensive rat (SHR),
an immune deficiency model (for review see Takeichi
(160)), and the MRL/MplJ-lpr/lpr (MRL-Ipr) mouse, an
immune accelerated model (161, 162), Fujimoto et al. (163,
164) obtained evidence to suggest that changes in
lymphocytic cholinergic activity are related to immune
dysfunction.

7.1. SHR

The SHR is a well-established hypertension
model derived from the Wistar Kyoto rat (WKY) (165) and
is also known to exhibit immune deficiencies resulting
from the emergence of a natural thymocytotoxic
autoantibody, an age-related decline of T cell function to
various stimuli, and morphological changes in the thymus
and spleen (160). Fujimoto et al. (163) discovered that the
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ACh contents of the blood, MNLs, thymus and spleen in 5-
to 20-week-old SHRs are all significantly lower than in
age-matched WKYs, as is expression of ChAT mRNA in
circulating MNLs, making it likely that the suppressed
lymphocytic cholinergic activity reflects an immune
deficiency related to T cell dysfunction.

7.2. MRL-Ipr mice

The MRL-lpr mouse spontaneously develops a
lupus-like autoimmune syndrome, the symptoms of which
include nephritis due to production of antinuclear antibodies
associated with massive lymphadenopathy related to
expansion of a unique T cell subset expressing Thy-1, CD3
and B220 (161, 162). Fujimoto et al. (164) found
that the ACh contents of the blood, thymus and spleen of 20-
week-old MRL-Ipr mice were significantly greater than in
age-matched MPL/MpJ-+/+ (wild type) and BALB/c
(control) mice, although no changes in lymphocytic
cholinergic activity were detected at 5 and 10 weeks, when
an autoimmune syndrome was yet not evident.

8. CONCLUSIONS AND PERSPECTIVES
It is now evident that lymphocytes express the

components needed to constitute an independent, non-
neuronal cholinergic system, and that lymphocytic cholinergic
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activity is regulated, at least in part, by immunological
responses and is therefore a reflection of immune function.
Still, the precise function and physiological significance of the
lymphocytic cholinergic system remain unknown. Particularly
important in the future will be in vivo studies of the roles of
lymphocytic cholinergic system in the regulation of cytokine,
chemokine and antibody production. The results of those
studies should provide us with important clues about immune
regulatory mechanisms and contribute to the development of
new drugs with novel mechanisms of action with which to
modulate immune function.

9. AKNOWLEDGMENTS

The authors wish to thank the faculty and
graduate students of the Department of Pharmacology,
Kyoritsu College of Pharmacy for their technical
assistance. Our research is supported in part by a Grant-in-
Aid for Scientific Research from the Ministry of Education,
Science, Sports and Culture, Japan (No. 14370037) and by
a Grant from the Smoking Research Foundation.

10. REFERENCES

1. Horiuchi, Y., R. Kimura, N. Kato, T. Fujii, M. Seki, T
Endo, T. Kato and K. Kawashima: Evolutional study on



Lymphocytic Cholinergic System

acetylcholine expression. Life Sci 72, 1745-1756 (2003)

2. Wessler, 1., C.J. Kirkpatrick and K. Racke: Non-neuronal
acetylcholine, a locally acting molecule widely distributed
in biological system: expression and function in humans.
Pharmacol Ther 77, 59-79 (1998)

3. Wessler, I, H. Kilbinger, F. Bittinger and C. J.
Kirkpatrick: The biological role of non-neuronal
acetylcholine in plants and humans. Japan J Pharmacol 85,
2-10 (2001)

4. Yamada, T., T. Fujii, T. Kanai, T. Amo, T. Imanaka, H.
Nishimasu, H. Shoun, M. Kamekura and K. Kawashima:
Expression of acetylcholine in archaea. J Pharmacol Sci
94, (Suppl. I) 78 (2004)

5. Kawashima, K., K. Fujimoto, Y. Miwa and H. Oohata:
Radioimmunoassay determination of acetylcholine in
various brain regions of spontaneously hypertensive rats
following sacrifice by microwave irradiation. In:
Microwave Irradiation for Histological and Neurochemical
Investigations. Eds: Blank, CL, Howard, S, Maruyama, Y,
Soft Science Publications, Tokyo, pp. 77-81 (1988)

6. Okuda, T., T. Haga, Y. Kanai, H. Endou, T. Ishihara and
I. Katsura: Identification and characterization of the high-
affinity choline transporter. Nature-Neurosci 3, 120-125
(2000)

7. Tucek, S: The synthesis of acetylcholine in skeletal
muscles of the rat. J Physiol (London) 322, 53-69 (1982)

8. Tucek, S: Choline acetyltransferase and the synthesis of
acetylcholine.  In:  Handbook  of  Experimental
Pharmacology, The Cholinergic Synapse (Vol. 86). Ed:
Whittaker V.P., Springer, Verlag, Berlin, pp. 125-165
(1988)

9. Erickson, J. D., H. Varoqui, M. K.-H. Schéfer, W. Modi,
M-F. Diebler, E. Weihe, J. Rand, L. E. Eiden, T.I. Bonner
and T.B. Usdin: Functional identification of a vesicular
acetylcholine transporter and its expression from a
“Cholinergic” gene locus. J Biol Chem 269, 21929-21932
(1994)

10. Usdin, T.B., L.E. Eiden, T.I. Bonner and J.D. Erickson:
Molecular biology of the vesicular ACh transporter. Trends
Neurosci 18, 218-224 (1995)

11. Fujii, T. and K. Kawashima: An independent non-
neuronal cholinergic system in lymphocytes. Japan J
Pharmacol 85, 11-15 (2001)

12. Kawashima, K. and T. Fujii: Extraneuronal cholinergic
system in lymphocytes. Pharmacol Ther 86, 29-48 (2000)

13. Kawashima, K. and T. Fujii: Minireview: The
lymphocytic cholinergic system and its contribution to the
regulation of immune activity. Life Sci 74, 675-696 (2003)

14. Kawashima, K.

and T. Fujii: The lymphocytic

2078

cholinergic system and its biological function. Life Sci 72,
2101-2110 (2003)

15. Grando, S. A.: Biological functions of keratinocyte
cholinergic receptors. J Invest Dermatol Symp Proc 2, 41-
48 (1997)

16. Grando, S. A.: Mucocutaneous cholinergic system is
targeted in mustard-induced vesication. Life Sci 72, 2135-
2139 (2003)

17. Wessler, 1., C. J. Kirkpatrick and K. Racke: The
cholinergic ‘pitfall’: acetylcholine, a universal cell
molecule in biological systems including humans. Clin Exp
Pharmacol Physiol 26, 198-205 (1999)

18. Wessler, 1., H. Kilbinger, F. Bittinger, R. Unger, C.J.
Kirkpatrick: The non-neuronal cholinergic system in
humans: Expression, function and pathophysiology. Life
Sci 72, 2055-2062 (2003)

19. Sastry, B. V.: Human placental cholinergic system.
Biochem Pharmacol 53, 1577-1586 (1997)

20. Sakuragawa, N., A.E. Mohamed, T. Fujii and K.
Kawashima: Possible dynamic neurotransmitter
metabolism surrounding the fetus. J Child Neurol 14, 265-
266 (1999)

21. Sakuragawa, N., M. A. Elwan, S. Uchida, T. Fujii and
K. Kawashima: Non-neuronal neurotransmitter and
neurotrophic factors in amniotic epithelial cells: expression
and function in humans and monkey. Japan J Pharmacol
85,20-23 (2001)

22. Horikoshi, T., T.Fujii, K.Kawashima and N.
Sakuragawa: Acetylcholine increase in amniotic fluid of
experimental rats for intrauterine growth retardation. Life
Sci 72, 2145-2150 (2003)

23. Kawashima, K., N. Watanabe, H. Oohata, K. Fujimoto,
T. Suzuki, Y. Ishizaki, I. Morita and S. Murota: Synthesis
and release of acetylcholine by cultured bovine arterial
endothelial cells. Neurosci Lett 119, 156-158 (1990)

24. Tkeda, C., I. Morita, A. Mori, K. Fujimoto, T. Suzuki,
K. Kawashima and S. Murota: Phorbol ester stimulates
acetylcholine synthesis in cultured endothelial cells isolated
from porcine cerebral microvessels. Brain Res 655, 147-
152 (1994)

25. Kirkpatrick, C. J., F. Bittinger, R. E. Unger, J.
Kriegsmann, H. Kilbinger and I. Wessler: The non-
neuronal cholinergic system in the endothelium: evidence
and possible pathological significance. Japan J Pharmacol
85, 24-28 (2001)

26. Kirkpatrick, C. J., F. Bittinger, K. Nozadze and I.
Wessler: Expression and function of the non-neuronal
cholinergic system in endothelial cells. Life Sci 72, 2111-
2116 (2003)

27. Grando, S. A., K. Kawashima and I. Wessler: Editorial:



Lymphocytic Cholinergic System

The non-neuronal cholinergic system in humans. Life Sci
72,2009-2012 (2003)

28. Bonner, T. 1., N. J. Buckley, A. C. Young and M. R.
Brann: Identification of a family of muscarinic
acetylcholine receptor genes. Science 237, 527-532 (1987)

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

30. Alexander, S. P. H. and J. A. Peters: Tips receptor and
ion channel nomenclature (10th ed.). Trend Pharmacol Sci
20, (Suppl.) 6-8 (1999)

31. Hulme, E. C., N. J. M. Birdsall and N. J. Buckley:
Muscarinic receptor subtypes. Ann Rev Pharmacol Toxicol
30, 633-673 (1990)

32. Costa, P., C. B. Auger, D. J. Traver and L. G. Costa:
Identification of m3, m4 and m5 subtypes of muscarinic
receptor mRNA in human blood mononuclear cells. J
Neuroimmunol 60, 45-51 (1995)

33. Hellstrom-Lindahl, E. and A. Nordberg: Muscarinic
receptor subtypes in subpopulations of human blood
mononuclear cells as analyzed by RT-PCR technique. J
Neuroimmunol 68, 139-144 (1996)

34. Sato, K. Z., T. Fujii, Y. Watanabe, S. Yamada, T.
Ando, K. Fujimoto and K. Kawashima: Diversity of mRNA
expression for muscarinic acetylcholine receptor subtypes
and neuronal nicotinic acetylcholine receptor subunits in
human mononuclear leukocytes and leukemic cell lines.
Neurosci Lett 266, 17-20 (1999)

35. Ricci, A., F. Amenta, E. Bronzetti, F. Mannino, S.
Mariotta and S. K. Tayebati: Expression of peripheral
blood lymphocytes muscarinic cholinergic receptor
subtypes in airway hyperresponsiveness. J Neuroimmunol
129, 178-185 (2002)

36. Fujino, H., Y. Kitamura, T. Yada, T. Uchara and Y.
Nomura: Stimulatory roles of muscarinic acetylcholine
receptors on T cell antigen receptor/CD3 complex-
mediated interleukin-2 production in human peripheral
blood lymphocytes. Mol Pharmacol 51, 1007-1014
(1997)

37. Tayebati, S. K., D. El-Assouad, A. Ricci and F.
Amenta: Immunochemical and immunocytochemical
characterization of cholinergic markers in human peripheral
blood lymphocytes. J Neuroimmunol 132, 147-155 (2002)

38. Kaneda, T., Y. Kitamura and Y. Nomura: Presence of
m3 subtype muscarinic acetylcholine receptors and
receptor-mediated  increases in  the  cytoplasmic
concentration of Ca®" in Jurkat, a human leukemic helper T
lymphocyte line. Mol Pharmacol 43, 356-364 (1993)

39. Costa, P., D. J. Traver, C. B. Auger and L. G. Costa:
Expression of cholinergic muscarinic receptor subtypes

2079

mRNA in rat blood mononuclear cells.

Immunopharmacology 28, 113-123 (1994)

40. Ueno, S., K. Wada, M. Takahashi and S. Tarui:
Acetylcholine receptor in rabbit thymus: antigenic
similarity between acetylcholine receptors of muscle and
thymus. Clin Exp Immunol 42, 463-469 (1980)

41. Raimond, F., E. Morel and J. F. Bach: Evidence for
the presence of immunoreactive acetylcholine receptors
on human thymus cells. J Neuroimmunol 6, 31-40
(1984)

42. Adem, A., A. Nordoberg, G. Bucht and P. Slanina:
Extraneural cholinergic markers in Alzheimer's and
Parkinson's disease. Prog Neuro-Psychopharmacol Biol
Psychiat 10, 247-257 (1986)

43. Paldi-Haris, P., J. G. Szelenyi, T. H. Nguyen and S. R.
Hollan: Changes in the expression of the cholinergic
structures of human T lymphocytes due to maturation and
stimulation. Thymus 16, 119-122 (1990)

44. Hiemke, C., M. Stolp, S. Reuss, A. Wevers, S.
Reinhardt, A. Maelicke, S. Schlegel and H. Schroder:
Expression of alpha subunit genes of nicotinic
acetylcholine receptors in human lymphocytes. Neurosci
Lett 214, 171-174 (1996)

45. Tominaga, K., F. Hato, Y. Kinoshita, M. Tominaga and
M. Yamada: Enhancement of DNA synthesis in rat
thymocytes by stimulating their muscarinic acetylcholine
receptors. Cell Mole Biol 38, 815-822 (1992)

46. Toyabe, S., T. liai, M. Fukuda, T. Kawamura, S.
Suzuki, M. Uchiyama and T. Abo: Identification of
nicotinic acetylcholine receptors on lymphocytes in the
periphery as well as thymus in mice. Immunology 92, 201-
205 (1997)

47. Lohmann, T. H., A. S. Torrao, L. R. Britto, J.
Lindstrom and B. D. E. Hamassaki: A comparative non-
radioactive in situ hybridization and
immunohistomechemical study of the distribution of
alpha7 and alpha8 subunits of the nicotinic acetylcholine
receptors in visual area of the chick brain. Brain Res 852,
463-469 (2000)

48. Lustig, L. R., H. Peng, H. Hiel, T. Yamamoto and P. A.
Fuchs: Molecular cloning and mapping of the human
nicotinic acetylcholine receptor alphal0 (CHRNA10).
Genomics 73,272-283 (2001)

49. Mihovilovic, M. and A. D. Roses: Expression of alpha-
3, alpha-5, and beta-4 neuronal acetylcholine receptor
subunit transcripts in normal and myasthenia gravis
thymus. J Immunol 151, 6517-6524 (1993)

50. Mihovilovic, M., S. Denning, Y. Mai, L. P.
Whichard, D. D. Patel and A. D. Roses: Thymocytes and
cultured thymic epithelial cells express transcripts
encoding alpha-3, alpha-5 and beta-4 subunits of



Lymphocytic Cholinergic System

acetylcholine receptors: preferential transcription of
alpha-3 and beta-4 genes by immature CD4'8"
thymocytes. J Neuroimmunol 79, 176-185 (1997)

51. Mihovilovie, M., S. Denning, Y. Mai, C. M. Fisher, L.
P. Whichard, D. D. Patel and A. D. Roses: Thymocytes and
cultured thymic epithelial cells express transcripts encoding
alpha-3, alpha-5 and beta-4 subunits of neuronal nicotinic
acetylcholine receptors: Preferential transcription of the
alpha-3 and beta-4 genes by immature CD4'8" thymocytes
and evidence for response to nicotine in thymocytes. Ann
New York Acad Sci 841, 388-392 (1998)

52. Navaneetham, D., A. Penn, J. Howard and B. M. Conti-
Fine: Expression of the alpha7 subunit of the nicotine
acetylcholine receptor in normal and myasthenic human
thymuses. Cell Mol Biol 43, 433-442 (1997)

53. Benhammou, K., M. Lee M. A. Strook, B. Sullivan, J.
Logel, K. Raschen, C. Gotti and S. Leonard: [3H]Nic0tine
binding in peripheral blood cells of smokers is correlated
with the number of cigarettes smoked per day.
Neuropharmacology 39, 2818-2829 (2000)

54. Villiger, Y., 1. Szanto, S. Jaconi, C. Blanchet, B.
Buisson, K.-H. Krause, D. Bertrand and J.-A. Romand:
Expression of an alpha7 duplicate nicotinic acetylcholine
receptor-related  protein in  human leukocytes. J
Neuroimmunol 126, 86-98 (2002)

55. Kuo, Y.-P., L. Lucero, J. Michaels, D. DeLuca and R. J.
Lukas: Differential expression of nicotinic acetylcholine
receptor subunits in fetal and neonatal mouse thymus. J
Neuroimmunol 130, 140-154 (2002)

56. Battaglioli, E., C. Gotti, S. Terzano, A. Flora, F.
Clementi and D. Fornasari: Expression and transcriptional
regulation of the human alpha3 neuronal nicotinic receptor
subunit in T lymphocyte cell lines. J Neurochem 71, 1261-
1270 (1998)

57. Mihovilovic, M. and A. D. Roses: Expression of
mRNASs in human thymus coding for the alpha3 subunit of
a neuronal acetylcholine receptor. Exp Neurol 111, 175-180
(1991)

58. Mihovilovic, M. and J. Butterworth-Robinette: Thymic
epithelial cell line expresses transcripts encoding alpha-3,
alpha-5 and beta-4 subunits of acetylcholine receptors,
responds to cholinergic agents and expresses choline acetyl
transferase. An in vitro system to investigate thymic
cholinergic mechanisms. J Neuroimmunol 117, 58-67
(2001)

59. Wakkach, A., T. Guyon, C. Bruand, S. Tzartos, S.
Cohen-Kaminsky and S. Berrih-Aknin: Expression of
acetylcholine receptor genes in human thymic epithelial
cells: implications for myasthenia gravis. J Immunol 157,
3752-3760 (1996)

60. Navaneetham, D., A. S. Penn, J. F. Howard and B. M.
Conti-Fine: Human thymuses express incomplete sets of
muscle acetylcholine receptor subunit transcripts that

2080

seldom include the delta subunit. Musc Nerve 24, 203-210
(2001)

61. Kawashima, K., H. Ishikawa and M. Mochizuki:
Radioimmunoassay for acetylcholine in the rat brain. J
Pharmacol Method 3, 115-123 (1980)

62. Kawashima, K., A. Sato, M. Yoshizawa, T. Fujii, K.
Fujimoto and T. Suzuki: Effects of the centrally acting
cholinesterase inhibitors tetrahydroaminoacridine and E2020
on the basal concentration of extracellular acetylcholine in
the hippocampus of freely moving rats. Naunyn-
Schmiedeberg’s Arch Pharmacol 350, 523-528 (1994)

63. Kawashima, K., H. Oohata, K. Fujimoto and T. Suzuki:
Plasma concentration of acetylcholine in young women.
Neurosci Lett 80, 339-342 (1987)

64. Kawashima, K., H. Oohata, T. Suzuki and K. Fujimoto:
Extraneuronal localization of acetylcholine and its release
upon nicotine stimulation. Neurosci Lett 104, 336-339
(1989)

65. Kawashima, K., K. Kajiyama, T. Suzuki and K.
Fujimoto: Presence of acetylcholine in blood and its
localization in circulating mononuclear leukocytes of
humans. Biog Amine 9, 251-258 (1993)

66. Fujii, T., S. Yamada, N. Yamaguchi, K. Fujimoto, T.
Suzuki and K. Kawashima: Species differences in the
concentration of acetylcholine, a neurotransmitter, in whole
blood and plasma. Neurosci Lett 201, 207-210 (1995)

67. Fujii, T., Y. Mori, H. Tominaga, I. Hayasaka and K.
Kawashima: Maintenance of constant acetylcholine content
before and after feeding in young chimpanzees. Neurosci
Lett 227,21-24 (1997)

68. Yamada, S., T. Fujii and K. Kawashima: oral
administration of KW-5092, a novel gastroprokinetic agent
with acetylcholinesterase inhibitory and acetylcholine
release enhancing activities, causes a dose-dependent
increase in the blood acetylcholine content of beagle dogs.
Neurosci Lett 225, 25-28 (1997)

69. Kajiyama, K., T. Suzuki, K. Fujimoto and K.
Kawashima: Determination of acetylcholine content and
choline acetyltransferase activity in rabbit blood cells
obtained from buffy coat layer. Japan J Pharmacol 55
(Suppl. 1), 194 (1991)

70. Kajiyama, K., T. Suzuki, K. Fujimoto, Y. Takada and
K. Kawashima: Localization of acetylcholine and choline
acetyltransferase  activity in  human mononuclear
leukocytes. Japan J Pharmacol 58, (Suppl. I) 59 (1992)

71. Fuyjii, T., T. Tsuchiya, S. Yamada, K. Fujimoto, T.
Suzuki, T. Kasahara and K. Kawashima: Localization and
synthesis of acetylcholine in human leukemic T-cell lines. J
Neurosci Res 44, 66-72 (1996)

72. Fujii, T., S. Tajima, S. Yamada, Y. Watanabe, K. Z.



Lymphocytic Cholinergic System

Sato, M. Matsui, H. Misawa, T. Kasahara and K.
Kawashima: Constitutive expression of mRNA for the
same choline acetyltransferase as that in the nervous
system, an acetylcholine-synthesizing enzyme, in human
leukemic T-cell lines. Neurosci Lett 259, 71-74 (1999)

73. Rinner, 1., K. Kawashima and K. Schauenstein: Rat
lymphocytes produce and secrete acetylcholine in
dependence of differentiation and activation. J
Neuroimmunol 81, 31-37 (1998)

74. Potter, P. E., J. L. Meek and N. H. Neff: Acetylcholine
and choline in neuronal tissue measured by HPLC with
electrochemical detection. J Neurochem 41, 188-194
(1983)

75. Asano, M., T. Miyauchi, T. Kato, K. Fujimori and K.
Yamamoto: Determination of acetylcholine and choline in
rat brain tissue by liquid chromatography/electrochemistry
using an immobilized enzyme post column reactor. J Lig
Chromatogr 9, 199-215 (1986)

76. Fonnum, F.: A rapid radiochemical methods for the
determination of choline acetyltransferase. J Neurochem
24, 407-409 (1975)

77. Rinner, I. and K. Shauenstein: Detection of choline-
acetyltransferase activity in lymphocytes. J Neurosci Res
35, 188-191 (1993)

78. Fujii, T., S. Yamada, H. Misawa, S. Tajima, K.
Fujimoto, T. Suzuki and K. Kawashima: Expression of
choline acetyltransferase mRNA and protein in T-
lymphocytes. Proc Japan Acad 71B, 231-235 (1995)

79. Fujii, T., S. Yamada, Y. Watanabe, H. Misawa, S.
Tajima, K. Fujimoto, T. Kasahara and K. Kawashima:
Induction of choline acetyltransferase mRNA in human
mononuclear leukocytes stimulated by phytohemagglutinin,
a T-cell activator. J Neuroimmunol 82, 101-107 (1998)

80. Fujii, T., Y. Watanabe, K. Fujimoto and K.
Kawashima: Expression of acetylcholine in lymphocytes
and modulation of an independent lymphocytic cholinergic
activity by immunological stimulation. Biog Amine 17,
373-386 (2003)

81. Chase, J. F. A. and P. K. Tubbs: Specific alkylation of a
histidine residue in carnitine acetyltransferase by
bromoacetyl-L-carnitine. Biochem J 116, 713-720, (1970)

82. Misawa, H., J. Matsuura, Y. Oda, R. Takahashi and T.
Deguchi: Human choline acetyltransferase mRNAs with
different 5'-region produce a 69-kDa major translation
product. Mol Brain Res 44, 323-333 (1997)

83. Ogawa, H., T. Fujii, T. Watanabe and K. Kawashima:
Expression of multiple mRNA species for choline
acetyltransferase in human T-lymphocytes. Life Sci 72,
2127-2130 (2003)

84. Alfonso, A., K. Grundahl, J. R. McManus, J. M.

2081

Asbury and J. B. Rand: Alternative splicing leads to two
cholinergic proteins in Caenorhabditis elegans. J Mol Biol
241, 627-630 (1994)

85. Bejanin, S., R. Cervini, J. Mallet and S. Berrard: A
unique gene organization for two cholinergic markers,
choline acetyltransferase and a putative vesicular
transporter of acetylcholine. J Biol Chem 269, 21944-
21947 (1994)

86. Roghani, A., J. Feldman, S. A. Kohan, A. Shirzadi, C.
B. Gundersen, N. Brecha, and R. H. Edwards: Molecular
cloning of a putative vesicular transporter for acetylcholine.
Proc Natl Acad Sci USA 91, 10620-10624 (1994)

87. Varoqui, H., M.-F. Diebler, F.-M. Meunier, J.B. Rand,
T.B. Usdin, T.I. Bonner, L.E. Eiden and J.D. Erickson:
Cloning and expression of the vesamicol binding protein
from the marine ray Torpedo: Homology with the putative
vesicular  acetylcholine  transporter UNC-17  from
Caenorhabditis elegans. FEBS Lett 342, 97-102 (1994)

88. Berrard, S., H. Varoqui, R. Cervini, M. Israel, J. Mallet
and M.-F. Diebler: Coregulation of two embedded gene
products, choline acetyltransferase and the vesicular
acetylcholine transporter. J Neurochem 65, 939-942 (1995)

89. Berse, B. and J.K. Blusztajn: Coordinated up-regulation
of choline acetyltransferase and vesicular acetylcholine
transporter gene expression by the retinoic acid receptor,
cAMP, and leukemic inhibitory factor/ciliary neurotrophic
factor signaling pathways in a murine septal cell line. J Biol
Chem 270, 22101-22104 (1995)

90. Misawa, H., R. Takahashi, and T. Deguchi: Coordinate
expression of vesicular acetylcholine transporter and
choline acetyltransferase in sympathetic superior cervical
neurons. NeuroReport 6, 965-968 (1995)

91. Tian, X., X. Sun and J. B. Suszkiw: Developmental
age-dependent upregulation of choline acetyltransferase
and vesicular acetylcholine transporter mRNA expression
in neonatal rat septum by nerve growth factor. Neurosci
Lett 209, 134-146 (1996)

92. Okuda, T. and T. Haga: Functional characterization of
the human high-affinity choline transporter. FEBS Lett 484,
92-97 (2000)

93. Fujii, T., T. Okuda, T. Haga and K. Kawashima:
Detection of the high-affinity choline transporter in the
MOLT-3 human leukemic T-cell line. Life Sci 72, 2131-
2134 (2003)

94. Bellinger, D. L., D. Lorton, R. W. Hamill, S. Y. Felten
and D. L. Felten: Acetylcholinesterase staining and choline
acetyltransferase activity in the young adult rat spleen:
Lack of evidence for cholinergic innervation. Brain Behav
Immunol 7, 191-204 (1993)

95. Nance, D. M., D. A. Hopkins and D. Bieger: Re-
evaluation of the innervation of the thymus gland in mice



Lymphocytic Cholinergic System

and rats. Brain Behav Immun 1, 134-147 (1987)

96. Szelenyi, J.,, E. Baratha and S. Hollan:
Acetylcholinesterase activity of lymphocytes: an enzyme
characteristic of T-cells. Br J Haemat 50, 241-245 (1982)

97. Ando, T., T. Fujii and K. Kawashima: Expression of
three acetylcholinesterase mRNAs in human lymphocytes.
Japan J Pharmacol 79, (Suppl. I) 289 (1999)

98. Karpel, R., R. B. Aziz-Aloya, M. Sternfeld, G. Ehrlich,
D. Ginzberg, P. Tarroni, F. Clementi, H. Zakut and H.
Soreq: Expression of three alternative acetylcholinesterase
messenger RNAs in human tumor cell lines of different
tissue origins. Exp Cell Res 210, 268-277 (1994)

99. Fujii, T. and K. Kawashima: Ca”" oscillation is induced
by muscarinic acetylcholine receptor stimulation in human
leukemic T- and B-cell lines. Naunyn-Schmiedeberg's Arch
Pharmacol 362, 14-21 (2000)

100. Fujii, T. and K. Kawashima: Calcium signaling and c-
fos gene expression via M; muscarinic acetylcholine
receptors in human T- and B-cells. Japan J Pharmacol 84,
124-132 (2000)

101. Fujii, T. and K. Kawashima: YM905, a novel M;
antagonist, inhibits Ca®' signaling and c-fos gene
expression mediated via muscarinic receptors in human T
cells. Gen Pharmacol 35, 71-75 (2000)

102. Kimura, R., N. Ushiyama, T. Fujii and K. Kawashima:
Nicotine-induced Ca®" signaling and down-regulation
of nicotinic acetylcholine receptor subunit expression in the
CEM human leukemic T-cell line. Life Sci 72, 2155-2159
(2003)

103. Kimura, R., T. Fujii and K. Kawashima: Ca*"
signaling via o7 nicotinic acetylcholine receptor in the
CEM human leukemic T cell line. J Pharmacol Sci 91,
(Supple I) 230 (2003)

104. Kojima, H., K. Sakurai, K. Kikuchi, S. Kawahara, Y.
Kirino, H. Nagoshi, Y. Hirata and T. Nagano: Development
of a fluorescent indicator for nitric oxide based on the
fluorescein chromophore. Chem Pharm Bull 46, 373-375
(1998)

105. Kamimura, Y., T. Fujii, H. Kojima, T. Nagano and
K. Kawashima: Nitric oxide (NO) synthase mRNA
expression and NO production via muscarinic
acetylcholine receptor-mediated pathways in the CEM,
human leukemic T-cell line. Life Sci 72, 2151-2154
(2003)

106. Okuma, Y. and Y. Nomura: Roles of muscarinic
acetylcholine receptors in interleukin-2 synthesis in
lymphocytes. Japan J Pharmacol 85, 16-19 (2001)

107. Nomura, J., T. Hosoi, Y. Okuma and Y. Nomura: The
presence and function of muscarinic receptors in human T
cells: The involvement in IL-2 and IL-2 receptor system.

2082

Life Sci 72, 2121-2126 (2003)
108. Maslinski, W.: Cholinergic receptors of lymphocytes.
Brain Behav Immunol 3, 1-14 (1989)

109. Fujii, T., K. Sato, T. Ando and K. Kawashima:
Nicotine induces intracellular calcium signaling in T- and
B-lymphocytes via neuronal-type nicotinic receptors
dependently on extracellular calcium jon. 10"
Neuropharmacology Conference on Neuronal Nicotinic
Receptors. The Official Satellite Symposium of 30"
Annual Meeting of Society for Neuroscience, New Orleans,
Louisiana, USA Abstract 129 (2001)

110. Middlebrook, A. J., C. Martina, Y. Chang, R. Lukas
and D. DeLuca: Effects of nicotine exposure on T cell
development in fetal thymus organ culture: arrest of T cell
maturation. J Immunol 169, 2915-2924 (2002)

111. Singh, S. P., R. Kalra, P. Puttfarcken, A. Kozak, J.
Tesfaigzi and M.L. Sopori: Acute and chronic nicotine
exposures modulate the immune system through different
pathways. Toxicol Appl Pharmacol 164, 65-72 (2000)

112. Basta, P. V., K. B. Basham, W. P. Ross, M. E. Brust
and H. A. Navarro: Gestational nicotine exposure alone or
in combination with ethanol down-modulates offspring
immune function. /nt J Immunopharmacol 22, 159-169
(2000)

113. Geng, Y., S. M. Savage, L. J. Johnson, J. C. Seagrave
and M. L. Sopori: Effects of nicotine on the immune
response. I. Chronic exposure to nicotine impairs antigen
receptor-mediated signal transduction in lymphocytes.
Toxicol Appl Pharmacol 135, 268-278 (1995)

114. Geng, Y., S. M. Savage, S. Razani-Boroujeridi and M.
L. Sopori: Effects of nicotine on the immune response. II.
Chronic nicotine induces T cell anergy. J Immunol 156,
2384-2390 (1996)

115. Kalra, R., S. P. Singh, S. M. Savage, G. L. Finch and
M. L. Sopori: Effects of cigarette smoke on immune
response: Exposure to cigarette smoke impairs antigen-
mediated signaling in T cells and depletes IP;-sensitive
Ca®" stores. J Pharmacol Exp Ther 293, 166-171 (2000)

116. Fujii, T., N. Ushiyama, K. Hosonuma, A. Suenaga and
K. Kawashima: Effects of human antithymocyte globulin
on acetylcholine synthesis, its release and choline
acetyltransferase transcription in a human leukemic T-cell
line. J Neuroimmunol 128, 1-8 (2002)

117. Fujii, T., Y. Watanabe, T. Inoue and K. Kawashima:
Up-regulation of mRNA encoding the Ms muscarinic
acetylcholine receptor in human T- and B-lymphocytes
during immunological responses. Neurochem Res 28, 423-
429 (2003)

118. Suenaga, A., T. Fujii, H. Ogawa, T. Maruyama, S.
Ohuchida, N. Katsube, T. Obata and K. Kawashima: Up-
regulation of lymphocytic cholinergic activity by ONO-
4819, a selective prostaglandin EP4 receptor agonist, in
MOLT-3 human leukemic T cells. Vasc Pharmacol (in



Lymphocytic Cholinergic System

press) (2004)

119. Horiuchi, Y., T. Fuyjii, Y. Kamimura and K.
Kawashima: The endogenous, immunologically active
peptide apelin inhibits lymphocytic cholinergic activity
during immunological responses. J Neuroimmunol 144, 46-
52 (2003)

120. Imboden, B. J., M. D. Shoback, G. Pattison and D. J.
Stobo: Cholera toxin inhibits the T-cell antigen receptor-
mediated increases in inositol trisphosphate and
cytoplasmic free calcium. Proc Natl Acad Sci USA 83,
5673-5677 (1986)

121. Bock, H. A., H. Gallati, R. M. Zurcher, M. Bachofen,
M. J. Mihatsch, J. Landmann and G. Thiel: A randomized
prospective trial of prophylactic immunosuppression with
ATG-Fresenius versus OKT-3 after renal transplantation.
Transplanation 59, 830-840 (1995)

122. Remberger, M., B. M. Svahn, P. Heutschke, C.
Lofgren and O. Ringden: Effect on cytokine release and
graft-versus-host disease of different anti-T cell antibodies
during conditioning for unrelated haematopoietic stem cell
transplantation. Bone Marrow Transplant 24, 823-830
(1999)

123. Fouldi, M., R. Herman, M. Rolland-Grinton, D. Jones-
Wallence, V. Blanchette, S. Calderwood, J. Doyle, D.
Halperin, M. Leaker, E.F. Sauders, A. Zipursky and M.H.
Freedman: Improved survival in severe acquired aplastic
anemia of childhood. Bone Marrow Transplant 26, 1149-
1156 (2000)

124. Kojima, S., K. Horibe, J. Inaba, A. Yoshimi, Y.
Takahashi, K. Kudo, K. Kato and T. Matsuyama: Long-
term outcome of acquired aplastic anemia in children:
comparison between immunosuppressive therapy and bone
marrow transplantation. Br J Haematol 111, 321-328
(2000)

125. Ledbetter, J. A., C. H. June, L. S. Grosmaire and P. S.
Rabinnovitch: Crosslinking of surface antigens causes
mobilization of intracellular ionized calcium in T
lymphocytes. Proc Natl Acad Sci USA 84, 1384-1388
(1987)

126. Leta, E., A. K. Roy, Z. Hou and L. K. Jung:
Production and characterization of the extracellular domain
of human CD7 antigen: Further evidence that CD7 has a
role in T cell signaling. Cell Immunol 165, 101-109 (1995)

127. Endo, T., F. Ogushi, T. Kawano and S. Sone:
Comparison of the regulations by Th2-type cytokines of the
arachidonic-acid metabolic pathways in human alveolar
macrophages and monocytes. Am J Respir Cell Mol Biol
19, 300-307 (1998)

128. Hempel, S. L., M. M. Monick and G. W.
Hunninghake: Lipopolysaccharide induces prostaglandin H
synthase-2 protein and mRNA in human alveolar
macrophage and blood monocytes. J Clin Invest 93, 391-

2083

396 (1994)

129. James, M. J., P. S. Penglis, G. E. Caughey, M. Demasi
and L. G. Cleland: Eicosanoid production by human
monocytes: does COX-2 contribute to a self-limiting
inflammatory response? Inflamm Res 50, 249-253 (2001)

130. Minakuchi, R., M. C. Wacholtz, L. S. Davis and P. E.
Lipsky: Delineation of the mechanism of inhibition of
human T cell activation by PGE,. J Immunol 145, 2616-
2625 (1990)

131. Vercammen, C. and J. L. Ceuppens: Prostaglandin E,
inhibits human T-cell proliferation after crosslinking of the
CD3-Ti complex by directly affecting T cells at an early
step of the activation process. Cell Immunol 104, 24-36
(1987)

132. Watanabe, S., H. Yssel, Y. Harada and K. Arai:
Effects of prostaglandin E2 on ThO-type human T cell
clones: modulation of functions of nuclear proteins
involved in cytokine production. Int Immunol 6, 523-532
(1994)

133. Tatemoto, K., H. Hosoya, Y. Habata, R. Fujii, T.
Kakegawa, M. X. Zou, Y. Kawamata, S. Fukusumi, S.
Hinuma, C. Kitada, T. Kurokawa, H. Onda and M. Fujino:
Isolation and characterization of a novel endogenous
peptide ligand for the human APJ receptor. Biochem
Biophys Res Commum 251, 471-476 (1998)

134. Habata, Y., R. Fujii, M. Hosoya, S. Fukusumi,Y.
Kawamata, S. Hinuma, C. Kitada, N. Nishizawa, S.
Murosaki, T. Kurokawa, H. Onda, K. Tatemoto and M.
Fujino: Apelin, the natural ligand of the orphan receptor
APJ, is abundantly secreted in the colostrum. Biochim
Biophys Acta 1452, 25-35 (1999)

135. Lee, D. K., R. Cheng, T. Nguyen, T Fan, A. P.
Kariyawasam, Y. Liu, D. H. Osmond, S. R. George and B.
F. O'Dowd: Characterization of apelin, the natural ligand
for the APJ receptor. J Neurochem 74, 34-41 (2000)

136. Hersh, L. B.: Induction of choline acetyltransferase in
the neuroblastoma x glioma cell line NG 108-15.
Neurochem Res 17, 1063-1067 (1992)

137. Watanabe, J., T. Fujii, T. Kasahara and K.
Kawashima: Facilitation of lymphocytic cholinergic
activity by interaction of T cells with antigen-presenting
cells (APCs). J Pharmacol Sci 94, (Suppl. I) 203 (2004)

138. Patel, D. D. and B. F. Haynes: Cell surface molecules
involved in intrathymic T cell development. Semin
Immunol 5,282-292 (1993)

139. Patel, D. D., L. P. Whichard, G. Radcliff, S. M.
Denning and B. F. Haynes: Characterization of human
thymic cell surface antigens: phenotypic similarity of
thymic epithelial cells to epidermal keratinocytes. J Clin
Immunol 15, 80-92 (1995)

140. Rinner, 1., A. Globerson, K. Kawashima, W. Korsatko



Lymphocytic Cholinergic System

and K. Schauenstein: A possible role for acetylcholine in
the dialogue between thymocytes and thymic stroma.
Neuroimmunomodulation 6, 51-55 (1999)

141. Bulloch, K. and R. Y. Moore: Innervation of the
thymus gland by brain stem and spinal cord in mouse and
rat. Am J Anat 162, 157-162 (1981)

142. Felton, D. L.: Direct innervation of lymphoid
organs: Substrate for neurotransmitter signaling of cells
of the immune system. Neuropsychobiology 28, 110-112
(1993)

143. Felton, D. L.: Neural influence on immune responses:
underlying suppositions and basic principles of neural-
immune signaling. Adv Brain Res 122, 381-389 (2000)

144. Kendall, M. D. and A. Al-Shawaf: Innervation of the
rat thymus gland. Brain Behav Immun 5, 9-28 (1991)

145. Williams, J. M., R. G. Peterson, P. A. Shea, J. F.
Schmedtje, D. C. Bauer and D. L. Felton: Sympathetic
innervation of murine thymus and spleen: evidence for a
functional link between the nervous and immune system.
Brain Res Bull 6, 83-94 (1981)

146. Fatani, J. A., M. A. Qayyum, L. Mehta and U. Singh:
Parasympathetic innervation of the thymus: a histochemical
and immunocytochemical study. J Anat 147, 115-119
(1986)

147. Bulloch, K. and W. Pomerantz: Autonomic nervous
system innervation of thymic-related lymphoid tissue in
wildtype and nude mice. J Comp Neurol 228, 57-68
(1984)

148. Kendall, M. D., A. Al-Shawaf, A. A. Zaidi: The
cholinergic and adrenergic innervation of the rat thymus.
Adv Exp Med Biol 237, 255-261 (1988)

149. Micic, M., Leposavic G. and Ugresic N: Relationships
between monoaminergic and cholinergic innervation of the
rat thymus during aging. J Neuroimmunol 49, 205-212
(1994)

150. Antonica, A., F. Magni, L. Mearini and N. Paolocci:
Vagal control of lymphocyte release from rat thymus. J
Auton Nerv Syst 48, 187-197 (1994)

151. Felton, S. Y. and J. Olschowka: Noradrenergic
sympathetic innervation of the spleen: II. Tyrosine
hydroxylase (TH)-positive nerve terminal form synaptic
like contacts on lymphocytes in the splenic white pulp. J
Neurosci Res 18, 37-48 (1987)

152. Matsuyama, T., A. Yamada, J. Kay, K. M. Yamada, S.
K. Akiyama, S. F. Schlossman and C. Morimoto:
Activation of CD4 cells by fibronectin and anti-CD3
antibody: asynergistic effect mediated by the VLA-5
fibronectin receptor complex. J Exp Med 170, 1133-1148
(1989)

153. Kokura, S., R. E. Wolf, T. Yoshikawa, D. N. Granger

2084

and T. Y. Aw: Postanoxic T lymphocyte-endothelial cell
interactions induce tumor necrosis factor-alpha production
and neutrophil adhesion: Role of very late antigen-
4/vascular cell adhesion molecule-1. Circ Res 86, 1237-
1244 (2000)

154. Kan, H., Y. Ruan and K. U. Malik: Localization and
characterization of the subtypes of muscarinic receptor
involved in prostacyclin synthesis in rabbit heart. J
Pharmacol Exp Ther 276, 934-941 (1996)

155. Elhusseiny, A., Z. Cohen, A. Olivier, D. B.
Stanimirovic and E. Hamel: Functional acetylcholine
muscarinic  receptor  subtypes in  human  brain
microcirculation: identification and cellular localization. J
Cereb Blood Flow Metab 19, 794-802 (1999)

156. Bruggmann, D., K. S. Lips, U. Pfeil, R. V. Haberger
and W. Kummer: Multiple nicotinic acetylcholine rceptor
alpha-subunits are expressed in the arterial system of the
rat. Histochem Cell Biol 118, 441-447 (2002)

157. Kontos, H.A.: Nitric oxide and nitrosothiols in
cerebrovascular and neuronal regulation. Stroke 24, (Suppl.
I) I151-1158 (1993)

158. Borovikova, L. V., S. Ivanova, M. Zhang, H. Yang, G.
I. Botchkina, L. R. Watkins, H. Wang, N. Abumrad, J. W.
Eaton and K. J. Tracey: Vagus nerve stimulation attenuates
the systemic inflammatory response to endotoxin. Nature
405, 458-462 (2000)

159. Tracey, K. J.: The inflammatory reflex. Nature 420,
853-859 (2002)

160. Takeichi, N.: Age-related immunological disorders in
an animal model for hypertension, SHR rats. In: Progress in
Hypertension: New Advances in SHR Research: Pathology
and Pharmacology (Vol. 3). Eds:Saito H., Yamori Y.,
Minami M., Parvez S. H., VSP, Utrecht, pp. 33-43 (1995)

161. Morse, H. C. III, W. F. Davidson, R. A. Yetter, E. D.
Murphy, J. B. Roth and R. L. Coffman: Abnormalities
induced by the mutant gene lpr: expansion of a unique
lymphocyte subset. J Immunol 129, 2612-2615 (1982)

162. Fossati, L., S. Takahashi, R. Merino, M. Iwamoto, J.-
P. Aubry, M. Nose, C. Spach, R. Motta and S. Izui: An
MRL/Mpl-lpr/lpr substrain with a limited expansion of lpr
double-negative T cells and a reduced autoimmune
syndrome. Int Immunol 5, 525-532 (1993)

163. Fujimoto, K., M. Matsui, T. Fujii and K. Kawashima:
Decreased acetylcholine content and choline acetyltransferase
mRNA expression in circulating mononuclear leukocytes and
lymphoid organs of the spontaneously hypertensive rat. Life
Sci 69, 1629-1638 (2001)

164. Fujimoto, K., T. Fujii and K. Kawashima: Increased
acetylcholine contents in blood and lymphoid organs of
MRL/Mpl-lpr/lpr (MRL-Ipr) mice, an immune accelerated



Lymphocytic Cholinergic System

model. J Pharmacol Sci 91, (Suppl. I) 286 (2003)

165. Okamoto, K. and K. Aoki: Development of a strain of
spontaneously hypertensive rats. Japan Circ J 27, 282-293
(1963)

Abbreviations: AcCoA: acetyl coenzyme A, ACh:
acetylcholine, AChE: acetylcholinesterase, AChRs: ACh
receptors, APC, antigen presenting cell, ATG-F:
antithymocyte globulin-Fresenius, alpha-BTX: alpha-
bungarotoxin, [Ca®'];: intracellular free Ca®>* concentration,
CAM: cell adhesion molecule, CarAT: carnitine
acetyltransferase, CFA: complete Freund’s adjuvant,
ChAT: choline acetyltransferase, ChE: cholinesterase,
CHT1: high affinity choline transporter, DAG:
diacylglycerol, ER: endoplasmic reticulum, ICAM:
intercellular adhesion molecule, IFA: incomplete Freund’s
adjuvant, IL-2: interleukin-2, IP;: inositol-1,4,5-
triphosphate, L-Arg: L-arginine, LFA: lymphocyte
function-associated antigen, mAb: monoclonal antibody,
MAPK: mitogen-activated protein kinase, MAPKK:
MAPK kinase, MHC: major histocompatibility complex,
mAChRs: muscarinic ACh receptors, MNLs: mononuclear
leukocytes, MTPPD: Mycobacterium tuberculosis purified
protein derivatives, nAChRs: nicotinic ACh receptors, NO:
nitric oxide, NOS: NO synthase, ecNOS: endothelial NOS,
iNOS: inducible NOS, nNOS: neuronal NOS, Oxo-M:
oxotremorine M, PHA: phytohemagglutinin, PLC:
phospholipase C, PKC: protein kinase C, PMA: phorbol
12-myristate 13-acetate, RIA: radioimmunoassay, RT:
reverse transcriptase, RT-PCR: reverse transcription-
polymerase chain reaction, SAC: Staphylococcus aureus
Cowan I, SHR: spontaneously hypertensive rat, TCR: T cell
receptor, TEC: thymic epithelial cells, TNF: tumor necrosis
factor, VACHT: vesicular ACh transporter, VCAM-1,
vascular CAM-1, VLA-4: very late antigen-4, WKY: Wistar
Kyoto rat.

Key Words: Acetylcholine, Acetylcholinesterase, Apelin,
Antigen presentation, B cell, Calcium, C-fos, Choline,
Choline  Acetyltransferase, High affinity  choline
transporter, Lymphocyte, Muscarinic receptor, Nicotinic
receptor, Nitric oxide, PGE,, Phytohemagglutinin,
Radioimmunoassay, Spontaneously hypertensive rat, T cell,
Thymic epithelial cell, Thymocytes, Vascular endothelial
cell, Review

Send correspondence to: Dr Koichiro Kawashima,
Department of Pharmacology, Kyoritsu College of Pharmacy,
1-5-30 Shibakoen, Minato-ku, Tokyo 105-8512, Japan, Tel:
81-3-5400-2674, Fax: 81-3-5400-2698, E-mail: kawashima-
ki@kyoritsu-ph.ac.jp

2085



