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ABSTRACT

Background: Multiple sclerosis is
an autoimmune, neurodegenerative
disease of the central nervous
system. The cause of multiple
sclerosis is still unknown, and there
is no cure for multiple sclerosis.
Experimental autoimmune
encephalomyelitis is considered as an
animal model for multiple sclerosis.
The therapeutic role of nicotine has
been proven to be effective in both
Alzheimer’s and Parkinson’s disease,
thus we examined, for the first time,
the role of nicotine in the
experimental autoimmune
encephalomyelitis model.

Methods: Experimental
autoimmune encephalomyelitis
induction was performed according
to Guang-Xian Zhang et al.
Treatment with nicotine was started
on Day 7 post-immunization.
Prevention with nicotine was started
on Day 7 pre-immunization. Also for
n-vitro analysis, we used U-87 MG
cell line to evaluate the inhibitory
effect of nicotine in cell proliferation,
pro-inflammatory cytokines (TNF-
alpha, IL-1beta, IL-6) and MMP-2
activity by MTT, ELISA, and
zymoanalysis methods, respectively.
Moreover, the brains of mice were
removed for histological analysis.
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Results: Our findings showed
that treatment with nicotine caused
a significant reduction in the severity
and onset of the experimental
autoimmune encephalomyelitis.
Histological analysis indicated that
there was very mild and mild plaque
in the brain sections of nicotine
prevention and treatment groups,
respectively.

Conclusion: Our data indicate
that nicotine can significantly
improve the clinical score and
attenuate the demyelinating
pathology typically found in
experimental autoimmune
encephalomyelitis, indicating that
nicotine has protective effects in
experimental model of multiple
sclerosis.

INTRODUCTION

Multiple sclerosis (MS) is an
autoimmune, inflammatory disease
that is characterized by the
breakdown of the blood-brain barrier
(BBB) and accumulation of
inflammatory cytokines infiltrate in
the central nervous system (CNS).!
Experimental autoimmune
encephalomyelitis (EAE) is
considered one of the best animal
models for human autoimmune
diseases, which gives insight into a



variety of immunological and
histopathological mechanisms of the
CNS and for studying the therapeutic
principles for preventing or curing
the disease.? CD4+ T cells modulate
the immune pathology by producing
cytokines that activate cells of the
innate immune system, such as
macrophages.? Activated
macrophages and microglia can
secrete a broad amount of toxic
mediators, including neuroactive
cytokines, reactive oxygen species
(ROS), and matrix
metalloproteinases (MMPs).
Furthermore, IL-17 is proven to
disrupt the integrity of the BBB via
the production of ROS within
endothelial cells, ultimately leading
to down-regulation of tight junction
molecules.*

Nicotine is a known agonist of
nicotinic acetylcholine receptors
(nAChRs), members of the Cys-loop
ligand-gated ion channel (LGIC)
family that can respond to ACh as
their endogenous ligand.?
Acetylcholine (ACh) is known as the
neurotransmitter in the cholinergic
nervous system; however, it has been
indicated that ACh is also produced
by choline acetyltransferase (ChAT)
in T lymphocytes. Moreover, it has
been demonstrated that both T- and
B-lymphocytes can express
muscarinic and neuron type nicotinic
ACh receptors (mAChRs and
nAChRs, respectively).® It has been
proven that nicotine exposure
partially can decrease lymphocyte
infiltration into the CNS, inhibit auto-
reactive T cell proliferation and
helper T cell cytokine production,
down-regulate costimulatory protein
expression on myeloid cells, and
increase both the differentiation and
recruitment of regulatory T cells,
even in the absence or alpha7-
nAChRs.” Recent studies indicate
that nicotine does not restore
integrity or function once
dopaminergic neurons have been
damaged, but it can attenuate
ongoing neurodegenerative
processes. Parkinson’s disease (PD)
is a progressive neurodegenerative
disease. The results from

experimental animal models prove
that nicotine may decrease PD
progression.® Nicotinic receptor
stimulation has a major role in
several CNS functions, such as
locomotor activity and cognition.
Nicotine controls activity under
physiological conditions as well as
ameliorates locomotor deficits
reported after nigrostriatal
degeneration in both animals and
humans.’ The non-neuronal alpha’7-
nicotinic cholinergic receptors can
be a primary target for nicotine
through the JAK2 and STATS3/NF'-
kappaB pathways, which ultimately
modulate the inhibition of pro-
inflammatory gene transcription.'
Although alpha7-receptors are
considered major targets for
neuroprotection, some data indicate
the role of other receptor subtypes,
including alpha4beta2 or
alpha3beta4 in the neuroprotection
process. Nicotine can increase
Treg-mediated immune suppression
of lymphocytes through alpha7
nAChR. The effect is connected to
the up-regulation of cytotoxic T-
lymphocyte-associated antigen
(CTLA-4) and Foxp3 expression and
decreased IL-2 production in
CD4+CD25+Tregs/ CD4+CD25- T-
cell coculture supernatants. The
alpha”nAChR can be identified as a
key regulator for
immunosuppressive function of
CD4+CD25+Tregs."

MATERIALS AND METHODS

Animal selection and grouping.
Six to 8 week old female wild-type
(WT) C57BL/6 mice (n=/10 each
group) weighing 16g were purchased
from Pasteur Institute and
maintained at the animal facilities of
Tehran University, Iran. The animals
were housed in standard conditions:
constant temperature (22°C),
humidity (relative, 256%), a 12-hour
light/12-hour dark cycle, and were
allowed free access to food and
water. All animal experiments
complied with the institutional
guidelines.”" There were three
groups: control (patient), prevention,
treatment.

Induction of EAE. MOG,, .,/CFA
Emulsion PTX 5X was purchased
from Hooke Laboratories (USA).
C57BL/6 mice developed chronic
paralysis after immunization with
MOG,; ; emulsified in Complete
Freund’s Adjuvant (CFA). Mice
developed EAE 15 days after
immunization and stayed chronically
paralyzed within the experiment
(typically, mice were observed for
30-40 days).The kit consisted of two
components, each delivered in
separate pre-filled syringes—antigen
(MOG,; 5;) in CFA emulsion and
pertussis toxin (PTX) in PBS.”

Nicotine and therapeutic
protocol. The 200pg/mL nicotine
hydrogen tartrate salt (Sigma
Aldrich, St. Louis, Missouri) and 2%
saccharin (w/v) (Sigma Aldrich, St.
Louis, Missouri) or pH-matched 2%
saccharin (w/v) and 0.2% (v/v)
tartaric acid (Sigma Aldrich, St.
Louis, Missouri) were given to mice
in drinking water as their sole source
of fluid. Drinking solutions were
changed twice weekly." Prevention
with nicotine was started on Day 7
pre-immunization and continued two
weeks post-immunization.'
Treatment with nicotine was started
on Day 7 post-immunization and
continued for three weeks."”

Clinical assessment of EAE.
Clinically, animals were scored as
follows: 1, limp tail; 2, partial hind leg
paralysis; 3, complete hind leg
paralysis or partial hind and front leg
paralysis; 4, complete hind and
partial front leg paralysis; 5, complete
hind and partial front leg paralysis
and reduced responsiveness to
external stimuli. Mice were
euthanized immediately if they
scored b5 or if they scored 4 two days
in a row."

Histopathology. Brain, spinal
cords, and cerebellum from
treatment, prevention, and control
mice were dissected 35 days after
immunization with MOG,; ;, fixed in
10% buffered formalin, and
embedded in paraffin. For each
animal, four equidistant coronal
sections through the brain, four
equidistant coronal sections through
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determined by the 3-
(4,5-dimethylthiazol-2-
yD)-2,5-diphenyl
tetrazolium bromide
(MTT) assay (Sigma,
St. Louis, Missouri):
200p1 of MTT
(0.5mg/mL in tissue
culture medium without
phenol red) were added
and the plates were
incubated for 2 to 4
hours. The medium was

group
control
treatment
prevension

LI W I [, T NI P50 . 0 P 0 T IP, O
TOMIMSIGIT 819200 D MUBXBTX NN

days post immunization

removed and 200l of
DMSO was added to

FIGURE 1. Mean clinical scores of EAE induced by MOG,s_s; in
control, prevention, and treatment groups with nicotine. All
mice were immunized with MOG;;_s; emulsified in CFA and
screened every day for the assessment of clinical signs of
EAE. Nicotine can decrease the severity and onset of EAE

(P<0.05).
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FIGURE 2. The onset of clinical signs in EAE.
There is a significant difference between
control and prevention groups and a
significant difference between prevention and
treatment groups (P<0.05).

PREVENTION TREATMENT

the spinal cord, and four equidistant
coronal sections through the
brainstem/cerebellum were selected
and stained with Hematoxylin and
Eosin (H&E) and Luxol Fast Blue
(LFB). These methods were used to
assess myelin loss.™

Cell culture and cell growth
assessment. Human glioblastoma
(U8TMG@G) cell was purchased from
Pasteur Institute and seeded at 5x10?
cells per well on a 96-well plate.
Nicotine was diluted in PBS and
added at various concentrations (1, 5,
10, 50, 100, 500, and 10001g/well)
after four-hour cell attachment. Cells
were incubated for 48 hours at 37°C
and then removed from the medium.
The number of viable cells was

each well to solubilize
the formazan dye. The
plates were read on an
ELISA reader using the
following settings: test
wavelength 570nm,
reference wavelength
630nm."

Evaluation of MMP-2 activity
by zymoanalysis. The method of
Kleiner and Stetler-Stevenson (1994)
with slight modifications was used
for evaluating the gelatinase
(collagenase type IV or MMP-2)
activity in conditioned media. Briefly,
aliquots of human glioblastoma
(U8TMG) cells supernatant were
subjected to electrophoresis in
2mg/mL gelatin type A- and sodium
dodecyl sulfate (SDS)-containing
polyacrylamide gels, under
denaturing but nonreducing
conditions, at a constant voltage of
80V. After electrophoresis, gels were
gently washed three times in 2.5%
Triton X-100 solution to remove SDS.
They were then incubated at 37°C
overnight in gelatinase activation
buffer (0.1M Tris-HCI, pH 7.4, 10mM
CaCl,) and subsequently stained with
0.5% Coomassie Brilliant Blue. After
intensive destaining, proteolysis
areas appeared as clear bands
against a blue background.
Quantitative evaluation of band
intensity, on the basis of gray levels,
was performed using the Molecular
Analyst Software (BioRad, Hercules,
California). Gelatinolytic activity was
expressed in arbitrary units, relative
to control samples. In all cases, data
were normalized per the number of
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cells in each experimental condition,
as determined by MTT assay
performed after medium removal.*

C6 rat astrocyte treatment.
The C6 rat astrocyte cell lines were
seeded at a density of 1x10* cells per
well in 96-well plates with 1jg/well of
LPS (Sigma, USA), in the presence
(10,100,500nM/well) or absence of
nicotine. Cells were incubated for 48
hours, and culture supernatants were
then collected and, after particulates
were removed by centrifugation,
stored in aliquots at 20°C until use.*

Quantification of TNF-alpha,
IL-1beta, and IL-6. The levels of
pro-inflammatory cytokines were
determined in the supernatants of C6
cell cultures by a sandwich enzyme-
linked immunosorbent assay (ELISA)
technique. To evaluate TNF-alpha,
we used ID Labs Kit (ID Labs inc.
London, Canada). The amount of IL-
1-beta and IL-6 was determined
using kits from Boster (Boster
Biological Technology, Ltd, USA). All
assays were performed according to
the manufacturers’ instructions.
Absorbance was read at 450nm in a
96-well microplate ELISA reader.*

Statistical analysis. Statistical
analysis was performed with Mann-
Whitney U-test for nonparametric
data and the differences in the
clinical severity of EAE following
MOG,, ;;-induction between the
control and treatment and
prevention mice groups were
evaluated daily using the
Kruskal-Wallis test. A p-value of 0.05
or less was considered statistically
significant.*

RESULTS

Clinical findings. The control
group developed severe clinical
manifestations, starting on Day 15,
increasing in severity by Days 20 to
29, and maintained until sacrifice on
Day 35. All animals were affected,
and complete hind limb paralysis was
observed in most animals. In
contrast, the treatment group
indicated mild and delayed clinical
signs and the prevention group
showed very mild clinical scores
(Figure 1). Nicotine also delayed the
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FIGURE 3. Status of neuroinflammatory reactions in different groups.
A, B, and C as normal group (A=brain, B and C=cerebellum); D, E, F, G
as patient group (D=spongious in cerebellum, E=hypercellularity and
cell infiltration in cerebellum, F=perivascular cuffing and cell
margination in the brain, G=spinal cord); H, I, J, K as prevention
group (H=cerebellum hypercellularity, I=spongiou and cell margination
in spinal cord, J= cerebellum, K=brain); L, M, N as treatment group
(L=brain hypercellularity, M=mild cell margination in cerebellum,

N=spongious in spinal cord)
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FIGURE 4. Status of demyelination in different groups. A, B, C as
normal group (spinal cord, brain, cerebellum, respectively); D, E as
patient group (D=brain, E=spinal cord); F, G as prevention group
(F=cerebellum, G=spinal cord); H, | as treatment group (H=spinal
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FIGURE 5. Assessment of MMP-2 activity by gelatin zymography in
human glioblastoma (U87MG) cells. High dose of nicotine (500 and
1,000ugr/well) could suppress cell proliferation while low
concentration of nicotine (1, 5, 10, 50, 100ugr/well) had proliferative

effect on these cells. Untreated=0pg, treated=1-1,000pg.

onset of EAE in the prevention
group (Figure 2).

Histology findings. To evaluate
the effects of nicotine treatment on
inflammation and demyelination,
brain, spinal cord, and cerebellum
were analyzed by histological
methods using light microscopy, 35
days after immunization. H&E and
LFB staining showed marked
multifocal and lymphohistiocytic
inflammation (with perivascular and
diffuse form) and myelin loss in the
white matter of control group,

especially around the inflamed areas.

In contrast, in most sections from
nicotine treatment group, there was
less inflammation, and myelin sheets
were preserved. Moreover, in most
sections from prevention group,
there was less inflammation than

treatment group (p value <0.05)
(Figures 3 and 4).

Effect of nicotine on human
glioblastoma (USTMG) cell. Human
glioblastoma (USTMG) cells were
exposed to a gradient of various
concentrations of nicotine (1, 5, 10,
50, 100, 500, and 1000ng/well). High
dose of nicotine (500 and
1000ngr/well could suppress cell
proliferation while a low
concentration of nicotine (1, 5, 10,
50, 100pg/well) could show
proliferative effect on cell numbers.

Effect of nicotine on MMP-2
activity. Dose-response analysis of
nicotine on MMP-2 activity is
presented in Figure 5. High dose of
nicotine (500 and 1000pgr/well) can
suppress cell proliferation while low
concentration of nicotine (1, 5, 10,

50, 100 ng/well) had proliferative
effect on these cells.

MTT finding. MTT assay was
used to evaluate the cell
proliferation and neuronal
cytotoxicity. The number of cells
was analyzed by the MTT method.
Following the treatment with
nicotine, a decline of MTT reduction
in USTMG cells was indicated with a
dose-dependent manner, but the
significant decrease can be only
detected in the treatments with
concentrations of 500 and 1000png
nicotine (data not shown).

The effect of nicotine on pro-
inflammatory cytokines. We
found that the 500ng/well of nicotine
could decrease TNF-alpha
production and the 100pg/well of
nicotine suppressed IL-6 production.
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IL-1-beta level did not differ
significantly.

DISCUSSION

The neuroprotective effect of
nicotine is proved by both the up-
regulation of nicotinic receptors and
the disruption of preformed beta-
amyloid fibril (fA-beta) in AD.”
Nicotine modulates some of its
therapeutic actions in PD and AD
through antioxidant mechanisms,
whereas the animal experiments
showed that nonantioxidant
mechanisms are primarily
responsible for nicotine's multiplicity
of motor/cognitive actions.** PD is a
progressive neurodegenerative
disorder, and the results from
experimental animal models indicate
that nicotine can decrease PD
progression. Recent studies
demonstrate that nicotine is not
neurorestorative against nigrostriatal
damage but it can attenuate ongoing
neurodegenerative processes.® In
addition, epidemiological evidence
indicated that nicotine has beneficial
and protective property in some
neurodegenerative diseases such as
AD. The complex I respiratory chain
generates superoxide anion, and
nicotine could inhibit ROS generation
on rat brain mitochondria. Nicotine
can bind to complex I of the
respiratory chain and inhibit the
NADH-ubiquinone reductase
activity.® Moreover, nicotine prevents
activation of NF-kappa-B (nuclear
factor kappa-light-chain-enhancer of
activated B cells) and c¢-Myc by
inhibiting the activation of MAP
kinases. In fact, nicotine decreases
A-beta by the activation of a’TnAChRs
via MAPK, NF-kappa-B, and c-myc
pathways. Nicotinic cholinergic
receptor stimulation also induces
neuroprotection against glutamate
cytotoxicity by its inhibitory action
on NO-formation and consequently,
the activity of iNOS and the
production of NO are down-
regulated.” Due to the proven
therapeutic effect of nicotine on AD
and PD, we decided to study the role
of nicotine in EAE as an animal
model of MS. Our treatment group

showed less inflammation in
histopathological evaluation along
with myelin sheet protection.
Moreover, prevention group showed
less inflammation compared with
treatment group. Thus, nicotine
might be recommended as a
promising drug for MS therapy.
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