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Summary

 

Serotonin (5-hydroxytryptamine, 5-HT) is one of the most extensively stud-
ied neurotransmitters of the central nervous system. It also has been identi-
fied in constituents of the immune system. Therefore serotonin has been
suggested to serve as a mediator of bidirectional interactions between the ner-
vous system and the immune system. We investigated this interaction in
experimental autoimmune encephalomyelitis (EAE), a well-defined animal
model of autoimmune disease of the central nervous system (CNS) mimicking
features of the human disease multiple sclerosis. EAE was induced by immu-
nization with the autoantigens myelin basic protein (MBP) or the immun-
odominant peptide of myelin oligodendrocyte glycoprotein (MOG) spanning
amino acids 35–55 (MOGp 35–55). We studied EAE in knockout (KO) mice
lacking the 5-HT transporter (5-HTT) on a C57.BL/6 background, in com-
parison with wild-type C57.BL/6 animals. After immunization with MOGp
35–55, or with rat MBP, the disease courses of the 5-HTT knockout mice were
attenuated as compared to wildtype control mice. This difference was more
pronounced in female animals. To dissect potential immune mechanisms
underlying this phenomenon, histological studies of the CNS and cytokine
measurements in mononuclear cells from the spleens of 5-HTT KO mice and
wild-type controls were performed. We found a reduction of the inflamma-
tory infiltrate in the CNS and of the neuroantigen-specific production of IFN-
gggg

 

 in splenocytes, again accompanied by a gender difference. These findings
suggest a potential role of extracellular 5-HT homeostasis in the fine-tuning of
neuroantigen-specific immune responses.
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Introduction

 

Antigen-specific cytokine production is one of the primary
effector functions by which autoreactive CD4 T cells are
thought to mediate autoimmune diseases such as experi-
mental autoimmune encephalomyelitis (EAE), which serves
as a model for the human disease multiple sclerosis. Effector
T cells specific for myelin autoantigens can produce either
pro-inflammatory cytokines, e.g. IFN-

 

g

 

, or anti-inflamma-
tory mediators, e.g. interleukin 5. However, other, not
primarily immune-related factors are also involved in
modulating the initiation of an autoimmune T cell response
and regulating course and severity of clinical autoimmune

disease. These include neurotrophic factors like brain-
derived neurotrophic factor (BDNF [1]), or ciliary neu-
rotrophic factor (CNTF [2]), as well as hormones [3,4] or
neurotransmitters in the peripheral and central nervous sys-
tem (for review see [5]). Two decades ago, it was shown that
5-HT receptors are existent on leucocytes [6] and also the 5-
HT transporter (5-HTT) was found to be present on both
macrophages [7], mononuclear leucocytes [8] and B cells
[9]. Due to these experiments, 5-HT together with its trans-
porter and receptors has since then been regarded as a crit-
ical player at the interface between the nervous system and
the immune system (for review [10]). By means of removing
5-HT from the extracellular space, the 5-HTT has a central
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position in determining duration of action of 5-HT. Its
expression and modulation of function are therefore crucial
parameters in 5-HT-mediated effects on the immune system
and its cellular constituents. It has been shown that inflam-
matory mediators like IL-1

 

b

 

 or TNF-

 

a

 

 can influence 5-HTT
activity [10,11]. Therefore, the 5-HTT seems to influence 5-
HT homeostasis not only in physiological conditions, but
also under inflammatory circumstances like an ongoing
immune reaction.

Concerning autoimmunity, it has been reported that
blockade of 5-HT receptors can suppress the development of
EAE [12,13]. On the other hand, blockage of the 5-HTT by a
selective 5-HT reuptake inhibitor (SSRI), which is expected
to yield increased extracellular levels of 5-HT, has been
shown to suppress experimental autoimmune neuritis (EAN
[14]). Therefore, only limited (and partially conflicting)
information has been accumulated so far about the involve-
ment of 5-HT and the 5-HTT in T-cell mediated neurolog-
ical autoimmune disease.

In the present study we investigated MOG- and rat-MBP-
induced EAE in mice in which the 5-HTT is genetically inac-
tivated (5-HTT KO mice) in comparison with wild-type
control animals. EAE is the best studied and most
commonly used model of experimentally induced T-cell
mediated autoimmune disease (for review see [15]) and in
contrast to other autoimmune disease models, it permits the
study of T-cell autoimmunity directed towards an immune-
privileged organ, the central nervous system (CNS). Here
the potential influence of 5-HT and its homeostasis-
regulating transporter, the 5-HTT, on clinical symptoms,
neuroantigen-specific T cell activity in general and the type
1/type 2 cytokine signature of the disease-driving T cells
were examined.

 

Materials and methods

 

Animals, antigens, and treatments

 

Breeding of 5-HTT KO mice and wildtype control mice on a
C57.BL/6 background was performed at the local animal
facilities under specific pathogen-free conditions. Animals
were injected at 2–5 months of age with 200 

 

m

 

g MOG pep-
tide amino acids 35–55 (MOGp 35–55, Biotrend, Cologne,
Germany) or 200 

 

m

 

g rat MBP (prepared as described in [16])
in complete Freund’s adjuvant (CFA). Pertussis toxin
(400 ng, Sigma, Deisenhofen, Germany) was injected twice
i.p., in 500 

 

m

 

l saline, 24 and 72 h after the immunization. IFA
was purchased from Gibco BRL (Grand Island, NY, USA)
and CFA was made by mixing 

 

M. tuberculosis

 

 H37RA (Difco
Laboratories, Detroit, MI, USA) at 2 mg/ml into IFA. Anti-
gens were mixed with the adjuvant to yield a 1 mg/ml emul-
sion of both antigen and CFA, of which 2 

 

¥

 

 100 

 

m

 

l were
injected subcutaneously at two different sites of the trunk.
Animal experiments were approved by the Bavarian state
authorities for animal experimentation.

 

Evaluation of disease

 

Mice were monitored daily for signs of clinical disease. The
severity of disease was recorded according to the following
scale: grade 0, no abnormality; grade 1, limp tail; grade 2,
moderate hind limb weakness; grade 3, complete hind limb
paralysis; grade 4, quadriplegia or premoribund state; grade
5, death. If necessary, food was provided on the cage floor.

 

Cell preparations from the organs tested

 

Single cell suspensions from the spleen were prepared as pre-
viously described [17]. The cells were counted by trypan blue
exclusion and plated with antigen at the concentrations indi-
cated in presence or absence of antigen.

 

Tritium-thymidine proliferation assay

 

For spleen-cell proliferation assays, single cell suspensions of
spleens from MOGp 35–55 immunized 5-HTT KO and wild
type control mice were prepared at day 15–17 after immu-
nization of the animals. 2 

 

¥

 

 10

 

5

 

 cells were seeded in 96-well
microtiter plates (Nunc, Wiesbaden, Germany) in 100 

 

m

 

l
medium with or without addition of MOGp 35–55 in a final
concentration of 20 

 

m

 

g/ml. Triplicate cultures were main-
tained at 37 

 

∞

 

C and 5% CO

 

2

 

 in a humidified atmosphere for
56 h and harvested following a 16 h pulse with 0·2 

 

m

 

Ci/well

 

3

 

H-dT (tritiated thymidine, Amersham-Buchler, Braunsch-
weig, Germany). The cells were collected on fibreglass filter
paper with a 96-well harvester (Pharmacia, Freiburg, Ger-
many) and radioactivity was quantified with a 96-well Beta-
plate liquid scintillation counter (Pharmacia).

 

Cytokine measurements by ELISPOT and computer-
assisted ELISPOT image analysis

 

ELISPOT assays were performed as described [17]. Briefly,
ImmunoSpot M200 plates (Cellular Technology, Cleveland
OH, USA) were coated overnight with the capture antibodies
in sterile PBS. R46A2, at 4 

 

m

 

g/ml (Pharmingen, San Diego,
CA, USA) was used for IFN-

 

g

 

, JES6–1A12, 4 

 

m

 

g/ml
(Pharmingen) for IL-2, 11B11, at 4 

 

m

 

g/ml (Pharmingen) was
used for IL-4, and TRFK5, at 2 

 

m

 

g/ml (Pharmingen) was
used for IL-5. The plates were blocked for 1 h with sterile
PBS 1% BSA and washed 3

 

¥

 

 with sterile PBS. Spleen cells
(5 

 

¥

 

 10

 

5

 

 per well) were plated in HL-1 medium (BioWhit-
taker, Walkersville, MD, USA) together with and without
MOGp 35–55 in triplicate cultures each. Subsequently plates
were incubated at 37 

 

∞

 

C, 5% CO

 

2

 

 for 20 h (IFN-

 

g

 

 and IL-2)
or for 48 h (IL-4, IL-5). After washing with PBS followed by
PBS 0·025% Tween, detection antibodies were added
overnight. XMG1·2-biotin (Pharmingen) at 2 

 

m

 

g/ml was
used for IFN-

 

g

 

, rat anti-mouse IL-4-biotin (BVD6–24G2,
Pharmingen) at 2 

 

m

 

g/ml was used for IL-4, and rat anti-
mouse IL-2-biotin (JES6–5H4, Pharmingen) at 2 

 

m

 

g/ml was
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used for IL-2, and biotinylated TRFK4 (Pharmingen) at
2 

 

m

 

g/ml was used for IL-5. The plate bound second antibody
was then visualized by adding streptavidin-alkaline phos-
phatase (SAV-AP, DAKO, Hamburg, Germany) and NBT/
BCIP substrate (Bio-Rad, München, Germany). Image anal-
ysis of ELISPOT assays was performed with the Immuno-
Spot™ Analysis Software after scanning the plates with an
ImmunoSpot™ Analyser (Cellular Technologies, Cleveland,
OH, USA). In brief, digitized images of individual wells of
the ELISPOT plates were analysed for cytokine spots, based
on the comparison of experimental wells (containing T cells
and APC with antigen) and control wells (T cells and APC,
no antigen). After separation of spots that touched or par-
tially overlapped, nonspecific noise was gated out by apply-
ing spot size and circularity analysis as additional criteria.
Spots that fell within the accepted criteria were highlighted
and counted. Single wells which could not be enumerated
because of confluence phenomena due to the large number
of cytokine-producing cells were assessed by using the high-
est numbers of cytokine-producing cells which could be
regularly counted in other wells in the same assay for
estimation.

 

Immunohistochemistry

 

Animals were anaesthesized with pentobarbital and tran-
scardially perfused with saline followed by fixation in 4% of
paraformaldehyde. Spinal cord and brain were carefully
removed and further processed for routine paraffin embed-
ding. These were subjected to haematoxylin/eosin staining to
assess inflammation using the inflammatory index described
in [18]. Immunohistochemistry was performed on 5 

 

m

 

m
paraffin sections. If necessary, antigen unmasking was
achieved by heat pretreatment of sections for 30 min in
1 mM EDTA buffer (CD3 staining) or 10 mM citric acid
buffer (Mac-3H staining) in a microwave oven (850 W).
After inhibition of unspecific binding with 10% BSA, sec-
tions were incubated overnight at 4 

 

∞

 

C with the appropriate
primary antibody in 1% BSA. Secondary antibodies were
used as indicated below. After blocking of endogenous
peroxidase with H

 

2

 

O

 

2

 

, the peroxidase-based ABC detection

system (DAKO, Hamburg, Germany) was employed with
DAB as the chromogenic substrate. Specificity of staining
was confirmed by omitting the primary antibody as a nega-
tive control. Inflammation was immunohistochemically
detected using a monoclonal rat anti-human CD3 antibody
crossreacting with mouse CD3 (1 : 200, Serotec, via Biozol,
Eching, Germany) for T-cells and a monoclonal rat anti-
mouse Mac-3 antibody for macrophages (1 : 50, Pharmin-
gen, Heidelberg, Germany) with an anti-rat IgG secondary
antibody. Quantitative evaluation was essentially performed
as described in [18]. Briefly, studies were done on cross-
sections from 7 animals per experimental groups.

Coded sections were counted by an observer who was
masked as to the experimental groups by means of overlay-
ing a stereological grid onto the sections. The inflammatory
reaction 

 

in situ

 

 was grossly assessed using the inflammatory
index, where the number of perivascular or intraparenchy-
mal inflammatory infiltrates per mm

 

2

 

 cross section was
assessed on haematoxylin/eosin stained sections over several
levels of spinal cord. Furthermore inflammatory infiltrates
(by the identifiable cells), CD3-positive cells or Mac-3 posi-
tive cells were counted per mm

 

2

 

 white matter.

 

Statistical analysis

 

For statistical analysis, ‘Graph Pad Prism’ 3·0 (Graph Pad
Software, San Diego, USA) was used.

 

Results

 

5-HTT KO mice display EAE with reduced clinical 
severity compared to wild-type control animals

 

Clinical disease was induced as described in materials and
methods. As shown in Table 1, disease tended to be reduced
in 5-HTT KO mice both after immunization with MOGp
35–55 in CFA and MBP in CFA (disease courses for the latter
group are not shown). Figure 1 demonstrates that 5-HTT
KO animals display a reduced severity of clinical symptoms
of EAE. This difference was significant in female animals
(

 

P

 

 

 

=

 

 0·0055, two-way 

 

anova

 

).

 

Table 1.

 

Summary of clinical characteristics of EAE in 5-HTT KO and wild-type mice. Note that in 

mean maximum severity only those mice who developed EAE are included.

5-HTT KO Wild-type  

Total  Male Female Total  Male Female

MOGp 35–55/CFA 21/29 13/18 8/11 22/28 13/16 9/12

Incidence 72 72 73 79 81 75

Mean maximum severity 2.1 2.2 1.9 2.2 2.0 2.5

Mean day of onset 11.6 11.6 11.6 10.5 10.1 10.9

MBP/CFA 3/5 5/5

Incidence 60 100

Mean maximum severity 1.2 2.4

Mean day of onset 14.0 12.0
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5-HTT KO mice show differences in CNS infiltration 
compared to wild-type control mice during acute EAE

 

For assessment of the effects of extracellular 5-HT homeo-
stasis on cellular infiltration 

 

in situ

 

, histological staining for

cellular infiltrates as well as immunohistochemistry for
CD3-positive cells were performed on spinal cord sections
(Fig. 2a,b). Strong T cell infiltration was seen in clinically
affected female control animals as compared to female 5-
HTT ko mice (Fig. 2c). Female 5-HTT KO mice displayed
lower degree of inflammatory infiltrates (

 

P

 

 

 

<

 

 0·005) and
CD3-positive cells as compared to wild-type control ani-
mals. (

 

P

 

 

 

<

 

 0·001).

 

Proliferative capacity of MOGp-specific T cells is 
identical in 5-HTT KO mice and wild-type control 
C57.BL/6 mice

 

Average proliferative capacity as measured by 

 

3

 

H-dT prolif-
eration assay was nearly identical in both male and female 5-
HTT KO animals and wild-type C57.BL/6 as shown in
Table 2. Therefore, T-cells of 5-HTT KO mice do not seem to
be restricted in their capacity to expand and to mount a T-
cell-mediated immune response after initial priming.

 

Reduction of MOGp 35–55-specific IFN-gggg

 

 
production in 5-HTT KO mice.

 

Fourteen or 15 days after injection with MOGp 35–55 in
CFA, single-spleen-cell suspensions were prepared as
described in Materials and methods. ELISPOT cytokine

 

Fig. 1.

 

Clinical disease courses of male and female 5-HTT KO mice and 

wild type control mice after immunization with MOGp 35–55 in CFA. 

All animals were included in this graph, also the mice which did not 

develop clinical symptoms of EAE. 5-HTT KO mice display an attenu-

ated clinical EAE course with a more pronounced difference in female 

than in male mice. The graphs shown summarize the data of 11–18 mice 

for each of the four different groups tested in altogether five indepen-

dent experiments. Error bars indicate standard error of the mean (SEM) 

for the female mice.
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Fig. 2.

 

Histological analysis of infiltration (a) and of CD3-positive cells (b) by immunohistochemistry in the CNS during acute EAE at day 14 after 

immunization with MOGp 35–55 in CFA. Female 5-HTT KO mice show a tendency towards reduction of general infiltration and presence of CD3 

positive cells. The difference in CD3 staining is significant at 

 

P

 

 

 

<

 

 0·001. Shown are the cumulative histological data of 3–4 individual animals per group. 

Error bars indicate the standard error of the mean. (c) shows a representative CD3 staining of EAE spinal cord from a female 5-HTT KO mouse (left) 

in comparison with a female WT mouse (right).Bar represents 50 
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measurements are summarized in Table 2. High frequencies
of antigen-specific IFN-

 

g

 

- and IL-2-producing cells were
seen in both 5-HTT KO and wild-type control animals, cor-
responding to a Th1-like phenotype of the overall T cell
response. Only negligible frequencies of MOGp-specific IL-
5-producing cells were seen, and the high numbers of IL-4
producing cells detected did not differ as well. Therefore,
injection of MOGp 35–55 in CFA into mice with genetically
changed 5-HT metabolism did not result in any form of
tolerance, splenic anergy or Th2-like immune deviation
explaining the observed clinical disease amelioration. Con-
cerning the frequencies of cytokine-producing cells, female
5-HTT KO mice showed in average a reduction of the pre-
cursor frequency of MOGp 35–55-specific IFN-

 

g

 

-producing
cells. There was no pronounced difference between KO and
WT animals regarding the average number of IL-2- and IL-4-
producing cells. Frequencies of MOGp 35–55-specific IL-5-
producing cells were very low in both groups.

 

Discussion

 

The aim of this study was to investigate if changes in 5-HT
homeostasis can influence the organism’s disposition for the
induction of an encephalitogen-specific type-1-autoimmune
response in EAE. We show that there is a difference in sus-
ceptibility to MOGp 35–55-induced EAE in 5-HTT KO mice
in comparison to wild-type animals: female but not male 5-
HTT KO mice were significantly less severely affected than
female wild-type mice. Reduced immune cell infiltration in
the inflamed CNS and a reduced number of MOGp 35–55
specific  IFN-

 

g

 

-producing cells in female 5-HTT KO mice
were detected.

Assessment of neuroantigen-specific T cell proliferative
capacity and T cell cytokine production revealed a strong
MOGp 35–55-specific response with type-1 cytokine pro-
duction in mononuclear cells isolated from the spleen of
both KO and WT mice. However, production of the inflam-
matory cytokine IFN-

 

g

 

 was on average 50% higher in wild

type mice than in 5-HTT KO mice. This difference of the fre-
quency of cells producing one particular type-1 cytokine is a
striking observation. IFN-

 

g

 

 has been classically regarded as
the paradigmatic pro-inflammatory cytokine indicating
destructive autoimmune T cell activity including activation
of the innate compartment of the immune system [19]. The
reduction of this cytokine therefore could explain the atten-
uation in clinical disease observed in 5-HTT KO mice, in
particular, since the gender difference in clinical disease was
also paralleled by a gender difference in MOGp 35–55-spe-
cific IFN-

 

g

 

-production. On the histological level, female 5-
HTT KO mice exhibited a significant reduction of inflam-
matory infiltrates and of CD3-positive cells. This could
reflect the reduced effector cell recruiting capability of the
less IFN-

 

g

 

-biased MOGp 35–55-specific T cell repertoire in
5-HTT KO mice. Since the lack of reuptake of 5-HT in the
absence of the 5-HTT leads to increased extracellular levels
of 5-HT, the observed effects on EAE severity and IFN-

 

g

 

-
production are potentially a consequence of the increased
extracellular 5-HT levels, with subsequent changes in signal-
ling via the 5-HT receptors known to be located on immu-
nocompetent cells.

It is commonly accepted that men are less susceptible to
MS than women (for review see [20]). Testosterone and the
pregnancy hormone oestriol are implicated as protective fac-
tors responsible for the clinical differences observed. Gender
differences in EAE parallel those seen in MS and develop
during the induction of the immune response to encephali-
togenic antigens [21]. Both androgens and oestrogens have
been shown to be able to down-regulate neuroantigen-spe-
cific inflammatory cytokine production [22]. In our work, a
gender difference was demonstrated in C57.BL/6 mice,
which is in contrast to work by others [23,24]. This might be
caused by individual genetic properties of the background
on which the 5-HTT KO mice and their wild-type counter-
parts are generated.

Our results suggest that 5-HT and its homeostasis-regu-
lating system, the 5-HTT, may play a similar gender-specific
role in autoimmune T cell regulation. The results of this

 

Table 2.

 

Proliferation of spleen cells of 5-HTT KO and wild type control animals in response to 

MOGp 35–55 measured by 

 

3

 

H-dT-proliferation assay 15–17 days after immunization and MOGp 

35–55 specific cytokine production in spleen cells during acute EAE at day 14 or 15 after immuni-

zation as measured by ELISPOT.

KO males KO females WT males WT females

SI (prolif.) 6.31 

 

± 

 

1.15 6.11 

 

± 

 

1.62 4.99 

 

± 

 

1.58 6.74 

 

± 

 

1.15

IFN-

 

g

 

137 

 

± 

 

24 100 

 

± 

 

27* 130 

 

± 

 

28 165 

 

± 

 

33

IL-2 117 

 

± 

 

16 126 

 

± 

 

36 122 

 

± 

 

34 119 

 

± 

 

35

IL-4 73 

 

± 

 

4 84 

 

± 

 

22 64 

 

± 

 

24 81 

 

± 

 

20

IL-5 7 

 

± 

 

1 11 

 

± 

 

4 6 

 

± 

 

2 16 

 

± 

 

5

The numbers represent the MOGp 35–55-specific response of 7–14 animals tested individually.

For cytokine assays, the background of the negative control was subtracted. Each single mouse was

tested in triplicate cultures. Numbers indicate the mean 

 

±

 

 standard error of the mean (SEM).
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study therefore indicate a novel mechanism operating neu-
rological autoimmune disease regulation and modulation of
inflammatory cytokine production in vivo. These observa-
tions may lead to a better understanding of the influence of
primarily nonimmunological factors on the development of
neurological autoimmune diseases like multiple sclerosis and
may ultimately help to develop suitable therapeutic interven-
tion strategies.
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