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Abstract: Nicotine and serotonin modulate the innate and adaptive immune responses and the inflammatory states. Several nicotinic cholinergic
and serotonergic receptor subtypes have been
characterized in B and T lymphocytes, monocytes,
macrophages, and dendritic cells. The use of
knockout mice has allowed a better characterization of nicotinic receptors and their role in antiinflammatory processes in these cells. Cytokines
play a crucial role in controlling inflammatory reactions. Nicotine and serotonin have been reported
to regulate cytokine release. Cholinergic mechanisms also play an important role in inflammation
through endogenous acetylcholine. Nicotine mimics this effect by activating the cholinergic antiinflammatory pathways. New concepts of reciprocal interactions between nicotine and serotonin are
emerging. The role of nicotine as an anti-inflammatory agent has been established, whereas that of
serotonin remains more controversial. J. Leukoc.
Biol. 81: 599 – 606; 2007.

immunological functions including innate and adaptive immune responses.
As compared with the CNS, the existence of reciprocal
interactions between extraneuronal 5-HT and ACh in peripheral systems has not yet been clearly demonstrated. With
regard to 5-HT and nicotine, such interactions are likely, at
least in smokers, as 5-HT is released in the vicinity of blood
cells [4] and might interfere with nicotine’s effects in these
cells.
All of the recent published observations reinforce the view
that activated blood cells—lymphocytes, in particular—may
be exposed to endogenous ACh and 5-HT, as well as to
nicotine in smokers. The consequences of tobacco smoke and
nicotine on some aspects of immune responses such as proliferation and calcium signaling in lymphocytes have been reviewed [5]. New concepts for immune regulation and control of
inflammatory processes have also emerged. By focusing mainly
on nicotine and 5-HT, we present recent data about their
occurrence and roles in blood cells and on cytokine release.
The possible mechanisms of reciprocal actions between nicotine and 5-HT are also discussed.
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AVAILABILITY OF NICOTINE AND 5-HT FOR
BLOOD CELLS
INTRODUCTION
Neurotransmitters such as acetylcholine (ACh) and serotonin
[5-hydroxytryptamine (5-HT)] play crucial roles in brain homeostasis and functioning. Several studies confirm the existence of in vivo reciprocal interactions between cholinergic and
5-HT axon terminals in specific brain regions such as hippocampus and cortex, which occur through the activation of
muscarinic ACh receptors (mAChRs), nicotinic cholinergic
AChRs (nAChRs), and 5-HT receptors. These interactions
underlie the effects of nicotine on anxiety states observed in
smokers [1] and exposed animal models [2, 3].
The mAChRs, nAChRs, and 5-HT receptors have been
identified recently in various blood cell populations as well as
in peripheral organs and tissues with reported modulatory
functions. Among cholinergic receptors, only the nAChR subtypes are activated directly by nicotine, which is their exogenous ligand present in tobacco smoke. Activation of 5-HT
receptors by 5-HT and that of nAChRs by endogenous ACh or
exogenous nicotine result in modulation of a broad range of
0741-5400/07/0081-599 © Society for Leukocyte Biology

Nicotine
During cigarette smoking and transdermal nicotine treatment,
nicotine reaches the brain rapidly (less than 20 s) and triggers
addiction in smokers. It also accumulates in the blood, where
its concentration can increase to several hundred nanomolar
levels [6, 7]. Nicotine mimics some of the ACh effects that are
mediated by nAChRs. The origin and the function of ACh in
blood have been reviewed extensively [8]. One of the important
aspects is that blood lymphocytes possess all the required
enzymatic components to constitute an independent, extraneuronal cholinergic system involved in the regulation of immune
functions. Recent observations suggest that ACh is released by
the vagus nerve and diffuses through the parenchyma of organs
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of the reticuloendothelial system, in proximity of tissue macrophages [9, 10]. The existence of a functional relationship
between vagus nerve, released ACh, and the reticuloendothelial system was confirmed by lesioning approaches [11]. In
smokers, nicotine may activate the same targets as those activated by endogenous ACh and control the blood cell activities
directly.

5-HT
5-HT is synthesized by enterochromaffin cells (EC) of the
gastrointestinal (GI) tract, released under stimulation and
taken up by circulating platelets. At inflammatory sites, activation of platelets by factors such as platelet-activating factor,
complements anaphylatoxin C5a and IgE-containing immune
complexes leads to their aggregation and a rapid release of
micromolar concentrations of 5-HT in proximity of blood cells
[12]. The C5a also triggers mast cells to release 5-HT, and this
aspect is particularly important, as it is believed to favor an
immune resistance to primary tumors and metastases [13]. The
autonomic innervations of lymphoid tissues represent a local
source of 5-HT: 5-HT colocalizes with noradrenaline in nerve
terminals, and it can be released under nerve stimulation [12].
Accordingly, activation of parasympathetic neurons has been
shown to enhance plasmatic concentrations of free 5-HT [14].
Finally, 5-HT concentrations can also be regulated by its
transport into monocytes, macrophages, dendritic cells (DC),
and lymphocytes through activation of 5-HT uptake systems
{5-HT transporter (5-HTT)} [12, 15].

PERIPHERAL, RECIPROCAL INTERACTIONS
BETWEEN NICOTINE AND 5-HT
Nicotine is shown to partly control the 5-HT transport and
content within platelets by distinct cellular mechanisms. One
example of such mechanisms is the activation of nAChRs in
EC, which leads to an increase in 5-HT concentrations in
human platelets [16]. Nicotine also stimulates 5-HT release
from human blood platelets [17]. Finally, decreased densities
of platelet vesicular monoamine transporters have been reported
in habitual smokers [18], which is likely due to nicotine’s effects.
These observations provide clear evidence with regard to nicotine5-HT interactions including nicotine’s interference with 5-HT
effects on immune cells by controlling its availability.
Activation of mAChRs and nAChRs has also been reported
to increase 5-HT release from guinea-pig EC [19, 20]. Therefore, reciprocal interactions among nicotine, ACh, and 5-HT
may also occur at the GI level and contribute to the molecular
mechanisms involved in peripheral inflammatory diseases. It
has been reported that smokers have a lower incidence of GI
disorders such as inflammatory bowel disease as compared
with nonsmokers [21]. It is interesting that nicotine appears to
be beneficial for clinical treatment of ulcerative colitis [22].
5-HT plays an important role in the regulation of GI functions.
5-HT concentrations have been shown to decrease in colonic
mucosa of individuals suffering from ulcerative colitis and
irritable bowel syndrome [23]. In addition to its anti-inflammatory properties, nicotine may therefore prevent the develop600
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ment of such GI disorders by increasing the local concentrations of 5-HT.
The GI receives vagus afferent nerves. As a consequence,
5-HT released from EC in the intestinal mucosa is expected to
activate 5-HT receptors expressed on the adjacent vagus afferent nerves [20]. As mentioned above, 5-HT release from EC
is controlled by cholinergic mechanisms. Therefore, reciprocal
interactions between nicotine/ACh and 5-HT might occur at
vagus nerve and GI levels. The consequences of vagus nerve
stimulation on EC activity and 5-HT release in control and
experimental models of ulcerative colitis have not been investigated yet.
The maintenance of 5-HT availability also depends on the
levels of the amino acid tryptophan (Trp), which is the precursor for its synthesis. Under various pathological conditions, Trp
may become less available. For example, severe trauma, sepsis, adult respiratory distress syndrome, and autoimmune diseases can lead to production of IFN-␥ [24], which will lead to
the activation of indoleamine 2, 3-dioxygenase (IDO), which
will in turn lead to Trp degradation with concomitant accumulation of kynurenine metabolites [25, 26]. Among the kynurenine metabolites, kynurenic acid is an antagonist drug at
central and peripheral nAChRs [27]. Therefore, depletion of
Trp through IDO activation may simultaneously decrease 5-HT
content and antagonize cellular functions, which are mediated
by nAChRs. In accordance with such hypothesis, recent observations indicate that in vivo concentrations of kynurenic
acid are sufficient to lower the activity of nicotinic monomeric
␣7 receptors in mice brain [27]. This new concept might
represent another important mechanism of reciprocal interactions between 5-HT and nicotine in blood cells, which may in
turn control the inflammatory response.

NICOTINE AND 5-HT TARGETS IN BLOOD
CELLS
The presence of mAChRs and nAChRs in blood cells has been
evidenced and confirmed in genetically engineered knockout
(KO) mice. For the purpose of this review, we will only focus on
nAChRs, which are ligand-gated ion channels, mainly expressed in the brain and at the neuromuscular junction. Their
pharmacological, physiological, and kinetic properties have
been studied extensively and reviewed in our laboratory [28 –
31]. nAChRs have a pentameric structure organized around an
axis, which delineates the pore of the channel with at least two
ligand-binding sites (Fig. 1A). Seventeen different nAChR
subunits (␣1–␣10, ␤1–␤4, ␥, ␦, and ε) encoding nAChR
subunits have been identified and cloned in mammals. Depending on their site of expression, subunits assemble with
diverse stoichiometries to form homo- and heteropentameric
receptor subtypes, which are found in blood cells (Fig. 1B).
The nAChRs are expressed in macrophages [33], T lymphocytes [34], B lymphocyte-derived cell lines [35], and mouse B
lymphocytes [36, 37].
In blood cells, nicotine might exert its effects independently
without the activation of nAChRs, by diffusing into the cells
and direct modulation of intracellular components and signaling pathways [38, 39].
http://www.jleukbio.org

Fig. 1. Subclasses of nAChRs are formed by the assembly of five subunits. (A) Three-dimensional, computerized model of the pentameric ␣7 nAChR (published
in refs. [30, 32]). (B) Pentameric organization of homomeric and heteromeric pentamers with respective locations in blood cell subpopulations. Pharmacological
studies have identified two main classes of nicotinic receptors. One class consists of low-affinity binding sites labeled by [125I]␣-bungarotoxin formed by ␣7
homomers. The other consists of a high-affinity nAChR composed mainly of different classes of heteromeric receptors, which are labeled with [125I]epibatidine.

Long-term exposure to nicotine up-regulates nAChRs in
many neuronal cells [40 – 42]. This effect may be due to the
fact that nAChRs undergo rapid desensitization and subsequent inactivation, which follow prolonged exposure to nicotine
or nicotine agonists. We recently showed that nAChR upregulation was not a result of alterations in transcriptional
processes but resulted from the facilitating effect of nicotine on
nAChR maturation [39, 43]. Up-regulation of nAChRs occurs
in leukocytes of smokers and in mice exposed to nicotine [44].
Nicotine also up-regulates ␣4 and ␣7 subunits in B lymphocyte-derived cell lines [35]. In smokers, changes in the number
and/or functionality of neuronal nAChRs under nicotine exposure may underlie, at least in part, the development of addiction. However, the functional consequences of up-regulation
are not well understood, and the presence of multiple receptor
subtypes may complicate the interpretation of such mechanisms in neural and peripheral cells. Moreover, nicotine concentrations in the blood of smokers may increase or decrease
transiently depending on the frequency of nicotine intake.
Consequently, the nAChRs may also transiently resensitize
after their initial desensitization and inactivation. Therefore,
nicotine response may differ depending on the state of
nAChRs. This aspect should be considered when interpreting
data from experiments with continuous chronic nicotine expo-

TABLE 1.

sure, which are significantly different from the conditions generally observed in smokers.
5-HT receptors comprise at least 15 subtypes and display
overlapping pharmacological properties, amino acid sequences, and second messenger-coupling pathways [45, 46].
These receptors are classified into seven groups, 5-HT1–7.
Each group is divided in subgroups, which contain receptors
that are homologous but encoded by discrete genes. With the
exception of the 5-HT3 receptor, which is a cation channel, all
the other 5-HT receptors are G protein-coupled receptors that
may activate or inhibit a large number of signaling pathways
[47].
KO mouse models for 5-HT receptors have been produced
for diverse 5-HT receptor subtypes and should represent valuable tools for studying the role of selective 5-HT receptors in
immune cell functions. However, by contrast to nAChR receptors, the KO mouse model has not yet been used to study the
precise role of selective 5-HT receptor subtypes in immune
cells. The distribution of 5-HT receptors in blood cells is
presented in Table 1. So far, nine 5-HT receptor subtypes,
namely 5-HT1A, 5-HT1B, 5-HT1E, 5-HT2A, 5-HT2B, 5-HT2C,
5-HT3A, 5-HT4, and 5-HT7, have been identified on these
cells.

Current Knowledge of the Distribution of 5-HT Receptor Subtypes and 5-HTT in Blood Cells
Cell type

5-HT1
5-HT2
5-HT3
5-HT4
5-HT7
5-HTT

B cell

T cell

Monocyte/macrophage

Dendritic cell

⫹ (1A)
⫹ (2A)
⫹
?
⫹
⫹

⫹ (1A)
⫹ (2A, 2C)
⫹ (3A)
?
?
⫹

⫹ (1A)
⫹ (2A, monocyte)
⫹ (3A)
⫹
?
⫹

⫹ (1B, 1E)
⫹ (2A, 2B)
?
⫹
⫹
⫹

Refs.
[12,
[12,
[12,
[48,
[12,
[12,

48,
48,
50,
50,
48,
15]

49]
50, 51]
52]
51]
50, 51]
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The diverse molecular properties of cholinergic and serotonergic receptors together with their distinct signaling pathways
may account for the numerous regulatory roles that ACh and
nicotine together and 5-HT may play on the activities of blood
cells. These include regulation of proliferation, phagocytosis,
apoptosis, and cytokine production. We focus this review on
the effects of nicotine and 5-HT on cytokine production, which
has not been fully reviewed yet, and their impacts in inflammatory processes, in particular, those that are observable in
smokers.

MODULATION OF CYTOKINE RELEASE
The equilibrium between the secretion levels of pro- and
anti-inflammatory cytokines and their sequential release may
be one of the key determinant factors that accounts for the
severity of inflammatory responses. Any alteration in this equilibrium may convert a beneficial inflammatory response into a
severe pathological, inflammatory outcome. For example, overproduction of proinflammatory cytokines such as TNF and IL-1
leads to severe sepsis and lethal multiple organ failure. Consequently, a great attention is currently devoted to cellular
mechanisms, which control cytokine levels under normal conditions. Among these, the roles of ACh and 5-HT as neuroactive substances as well as nicotine, which may use pathways
similar to ACh, have been studied extensively.
The concept of a “cholinergic anti-inflammatory pathway”,
by which brain modulates the systemic inflammatory response
to endotoxin (LPS), was introduced recently [53]. Vagus nerve
stimulation attenuates TNF release from macrophages within
the reticuloendothelial system. This effect is abolished in ␣7
KO mice and is believed to be the result of a post-transcriptional inhibition of cytokine synthesis [33]. Activation of the
vagus nerve cholinergic pathway blocks the recruitment of
leukocytes during inflammation [54]. Anti-inflammatory effects
of cholinergic activities have also been evidenced experimentally by using acetylcholinesterase inhibitors, which prevent
ACh degradation with resulting inhibition of TNF and IL-1␤
production [55]. In LPS-stimulated macrophages, ACh inhibits
the release of IL-1␤, IL-6, and IL-18 but does not modify IL-10
production [56]. Recent studies have shown that central
mAChRs activate the cholinergic anti-inflammatory pathway
and inhibit systemic TNF in endotoxemic rats [57].
Nicotine has also been reported to modulate cytokine secretion. It inhibits TNF release from macrophages through the
activation of ␣7 receptors, even more strongly than ACh itself
[56]. These findings raise two questions: Are other nAChR
subtypes, distinct from the ␣7 subtype, involved in the regulation of cytokine release by macrophages? Does regulation of
cytokine release by nicotine take place in other cells such as
monocytes, DC, lymphocytes, and NK cells?
The involvement of nAChRs, distinct from the ␣7 subtype,
is strongly suggested by the study of Matsunaga et al. [58].
These authors propose the participation of ␣4 and ␤2 subunits
in down-regulation by nicotine of IL-6, IL-12, and TNF but not
that of IL-10 production from murine alveolar macrophages.
Any variations in proinflammatory cytokine secretion may alter
the recruitment and activation of circulating leukocytes such as
602
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neutrophils, which are involved in bacterial killing. Nicotine
has been reported to lower endocytosis and phagocytosis activities in human DC and decrease the levels of IL-12, which
is a key cytokine for the recruitment of T cells in response to
LPS stimulation [59]. Finally, nicotine may exert indirect effects on DC activities by regulating their local cytokine environment, thereby modifying their function as the initiators of a
primary specific immune response [60]. It is interesting that
down-regulation of key proinflammatory cytokines is believed
to contribute to the mechanisms that are involved in increased
susceptibility of smokers to respiratory infections [61]. The
impairment of DC functions by nicotine may also be related to
the increased occurrence of infections in smokers.
Down-regulation of TNF release and cytokine mRNA expression (i.e., TNF, IL-10, IFN-␥) by nicotine has been observed experimentally using a murine alveolar macrophage cell
line [62]. Nicotine was also found to inhibit the production of
IL-2, TNF, and IFN-␥ in response to anti-CD3 stimulation in
human PBMC [63] and that of IL-6, TNF, and IFN-␥ in
LPS-induced murine splenocyte [64]. The modulatory effects of
nicotine, which were demonstrated for TNF, can be extended to
other key cytokines such as IL-1 and IFN-␥ in the inflammatory cascades and may involve different cell populations.
5-HT effects on cytokine release in blood cells are more
complex than those observed with nicotine. In particular, 5-HT
displays opposite effects on the production of cytokines, which
present similar cellular functions. This is true for TNF and
IL-1␤, which are, respectively, decreased and increased by
5-HT in human DC [48], human PBMC [50], and human
monocytes [65]. Other cytokines, such as IL-1␣, IL-6, IL-10,
and IL-1 receptor antagonist, are not affected by 5-HT in
human PBMC [50]. By contrast, 5-HT has been reported to
facilitate the release of IFN-␥ in human NK cells and the
chemokine IL-16 in peripheral blood leukocytes and in CD-8⫹
T cells [51]. Therefore, based on current knowledge, 5-HT
appears to strongly control the development of inflammatory
processes by regulating different patterns of cytokine secretion.
Distinct 5-HT receptors mediating 5-HT effects on cytokine
release have been identified in human blood cell populations.
Activation of 5-HT2A receptors and that of 5-HT4 and 5-HT7
receptors inhibit TNF production in PBMC [50] and monocytes
[65], respectively. In DC, activation of 5-HT4 and 5-HT7
receptors increases the production of IL-1␤ and IL-8 and
reduces that of IL-12 and TNF [48]. In monocytes, 5-HT3
receptors have been shown to increase the production of IL-1␤
and IL-6 [65]. Overall, nicotine and 5-HT act as potent inhibitors of TNF release but display opposite effects on IL-1␤ and
IFN-␥ productions. The increase in IL-1␤ secretion by 5-HT
may partly counteract the inhibitory effects of TNF with possible consequences on neutrophil activation and protective
responses against infection. IFN-␥ and IL-12 play key roles in
T cell differentiation and modulation of Th1/Th2 responses
[66, 67]. With regard to IFN-␥ production, the opposite effects
of nicotine and 5-HT strongly suggest the involvement of these
mediators in regulation of T cell differentiation and Th1 and
Th2 cell responses in different manners. IFN-␥ production
stimulates Th1 cell responses. Therefore, the inhibitory effect
of nicotine on IFN-␥ production favors a positive action toward
http://www.jleukbio.org

Th2 cell responses. However, such action has not been established clearly, as ulcerative colitis (a Th2 disease) is less
prevalent in smokers than Crohn’s disease (a Th1 disease) [68,
69]. In addition, chronic exposure to nicotine leads to the
inhibition of the T-dependent antibody response [70]. Nicotine
has also been shown to decrease IL-12 production in DC [58].
The effect of 5-HT on this cytokine has not been investigated
yet; however, this would be of great interest in understanding
its role(s) in maintaining a Th1:Th2 ratio and response. The
major effects of nicotine and 5-HT on cytokine release are
presented schematically in Figure 2. Nicotine and 5-HT are
potent inhibitors of TNF release but display opposite effects on
IL-1␤ and IFN-␥ production. Nicotine also inhibits the release
of other cytokines such as IL-12 and IL-18, which may interfere with NK cell and T cell activities. These data suggest that
nicotine and 5-HT regulate T cell differentiation and Th1 and
Th2 responses in different manners. However, the precise
mechanisms involved have not been investigated.

PRO- AND/OR ANTI-INFLAMMATORY?
TNF is the prototype cytokine, released in the early phases of
inflammatory processes, which initiates signaling cascades and

Fig. 2. Proposed schematic representation of the effects of nicotine and 5-HT
on cytokine release in different blood cell populations. Nicotine and 5-HT are
potent inhibitors of TNF release but display opposite effects on IL-1␤ and
IFN-␥ production. The opposite effects of nicotine and 5-HT on IFN-␥ production suggest that these mediators regulate T cell differentiation and Th1
and Th2 responses in different manners. 5-HT, Serotonin; NIC, nicotine;
symbols of effects: 2, inhibitory; 1, stimulatory.

controls innate responses. One of the common features of
nicotine, ACh, and 5-HT is their capacity to inhibit TNF
production from monocytes and monocyte-derived cells and
their activity as anti-inflammatory agents. Indeed, nicotine has
been shown to display anti-inflammatory properties with suppressive effects on various cell types, which participate in
inflammatory processes. These effects include the inhibition of
proinflammatory cytokine release, as discussed above, phagocytosis and proliferation [35, 36, 71], alteration in Th cell:T
suppressor cell ratios [72], decrease in number and the activity
of NK cells, and serum IgG levels [37]. Nicotine has been
shown to reduce mortality and improve survival in experimental models of sepsis such as polymicrobial peritonitis through
activation of the anti-inflammatory pathway [73]. However, the
mechanisms by which nicotine controls inflammation are not
all clearly defined and probably occur through complex interactions with inflammatory pathways. Inflammation is associated with dysregulated apoptosis, and there are controversial
reports about nicotine’s effect and its pro- and antiapoptotic
actions [74, 75]. Nicotine’s involvement in apoptosis has been
highlighted particularly based on its control through elimination of damaged cells and restoration of homeostasis at inflammatory loci.
Despite its reported anti-inflammatory properties, nicotine is
associated with the development of specific diseases such as
respiratory tract infections, chronic airway disease, asthma,
allergies, and lung cancers. This is most likely the result of
nicotine’s inhibitory effect on TNF, IL-1␤, and IFN-␥ production. Defects in the production of these cytokines are thought to
increase smokers’ susceptibility to infections.
With regard to 5-HT, previous studies have documented its
involvement in diverse inflammatory responses despite its controversial effects on cytokine release. A clear inverse relationship between 5-HT levels and inflammation has been reported
in depressed patients [76]. However, paradoxical effects of
5-HT in inflammation with biphasic responses have been reported at the central and peripheral systems [77] and in blood
cells [78]. The presence of multiple subtypes of 5-HT receptors, which mediate the inhibitory and stimulatory effects, may
be responsible for its complex activities in inflammation. 5-HT
effects on cytokine production are dependent on its concentrations in the vicinity of immune cells. For example, at 1 M,
5-HT inhibits TNF production without displaying any increasing effect on IL-1␤ production [50]. Therefore, nicotine, by
controlling 5-HT availability in smokers, may modify its concentrations and consequently, its effects on cytokine production. In nonsmokers, 5-HT levels may also be controlled by the
activation of mAChR by endogenous ACh as discussed above.
The possibility that the anti-inflammatory properties of nicotine in sepsis would be counteracted through IDO activation
and Trp degradation cannot be excluded. The consequent
accumulation of kynerunic acid would antagonize ␣7 nAChRmediated effects and nicotine’s anti-inflammatory properties.
The fact that nicotine treatment may be beneficial in experimental models of sepsis does not comfort this hypothesis.
Additional studies are therefore needed to evaluate the importance of the IDO activation pathway in diverse inflammatory
diseases through its inhibition of ␣7 nAChR-mediated effects.
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Finally, a few recent studies have reported the effects of
nicotine and 5-HT on intracellular signaling cascades, which
are activated in inflammatory processes. Nicotinic stimulation
prevents the activation of the NK-B pathway and inhibits high
mobility group box 1 protein secretion, a late mediator of
sepsis, from human macrophages [73]. The anti-inflammatory
properties of nicotine are confirmed by its stimulatory action on
the anti-inflammatory cascade STAT3-suppressor of cytokine
signaling (SOCS) 3 in macrophages [79]. In addition, stimulation of the cholinergic anti-inflammatory pathway has been
proposed to ameliorate enteric inflammation during postoperative ileus via ␣7 nAChR-Jak2 interactions [79].
5-HT has also been reported to activate the intracellular
signaling pathways and stimulate NF-B transcription in
splenocytes [80]. This is believed to be related to stimulation
by 5-HT of lymphocyte proliferation. It has been shown that the
5-HT3 receptor antagonist, tropisetron, inhibits PMA plus
ionomycin-induced NF-B activation in Jurkat cells, whereas
no effect was observed on TNF-mediated NF-B activation
[81]. Opposing effects on NF-B activation by 5-HT or by
nicotine may be a result of the involvement of different cell
types involved.
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16.

CONCLUSION

17.

Increasing data clearly confirm the role of nicotine and 5-HT in
regulation of immune response and inflammatory cascades
through the control of cytokine levels. More research should
provide further evidence and better understanding of molecular
and cellular pathways, which characterize nicotine and 5-HT
interactions and their reciprocal effects in inflammatory processes. It should also help in understanding the links between
nicotine intake by smokers and serotonin function in relation to
psychological disorders such as suicidal behavior and depression. New insights into the mechanisms underlying these interactions may constitute the basis for novel therapies.
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Cloëz-Tayarani and Changeux Nicotine, serotonin, and immune cells

605

77. Maleki, N., Nayebi, A. M., Garjani, A. (2005) Effects of central and
peripheral depletion of serotonergic system on carrageenan-induced paw
oedema. Int. Immunopharmacol. 5, 1723–1730.
78. Schuff-Werner, P., Splettstoesser, W. (1999) Antioxidative properties of
serotonin and the bactericidal function of polymorphonuclear phagocytes.
Adv. Exp. Med. Biol. 467, 321–325.
79. Metz, C. N., Tracey, K. J. (2005) It takes nerve to dampen inflammation.
Nat. Immunol. 6, 756 –767.

606

Journal of Leukocyte Biology Volume 81, March 2007

80. Abdouh, M., Storring, J. M., Riad, M., Paquette, Y., Albert, P. R.,
Drobetsky, E., Kouassi, E. (2001) Transcriptional mechanisms for induction of 5-HT1A receptor mRNA and protein in activated B and T lymphocytes. J. Biol. Chem. 276, 4382– 4388.
81. Vega L de, L., Munoz, E., Calzado, M. A., Lieb, K., Candelario-jalil, E.,
Gschaidmeir, H., Färber, L., Mueller, W., Stratz, T., Fiebich, B. L. (2005)
The 5-HT3 receptor antagonist tropisetron inhibits T cell activation by
targeting the calcineurin pathway. Biochem. Pharmacol. 70, 369 –380.

http://www.jleukbio.org

