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Mood disturbances are frequent in patients with multiple sclerosis (MS), even in non-disabled patients and in
the remitting stages of the disease. It is still largely unknown how the pathophysiological process on MS causes
anxiety and depression, but the dopaminergic system is likely involved.
Aim of the present studywas to investigate depressive-like behavior inmicewith experimental autoimmune en-
cephalomyelitis (EAE), a model of MS, and its possible link to dopaminergic neurotransmission. Behavioral, am-
perometric and biochemical experimentswere performed to determine the role of inflammation inmood control
in EAE. First, we assessed the independence of mood alterations frommotor disability during the acute phase of
the disease, by showing a depressive-like behavior inEAEmicewithmild clinical score andpreservedmotor skills
(mild-EAE). Second, we linked such behavioral changes to the selective increased striatal expression of
interleukin-1beta (IL-1β) in a context of mild inflammation and to dopaminergic system alterations. Indeed, in
the striatum of EAE mice, we observed an impairment of dopamine (DA) neurotransmission, since DA release
was reduced and signaling through DA D1- and D2-like receptors was unbalanced.
In conclusion, the present study provides first evidence of the link between the depressive-like behavior and the
alteration of dopaminergic system in EAE mice, raising the possibility that IL-1β driven dysfunction of dopami-
nergic signaling might play a role in mood disturbances also in MS patients.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Multiple sclerosis (MS) is a frequent inflammatory and demyelinat-
ing disease of the central nervous system (CNS), and the main cause of
non-traumatic disability in young adults (Compston and Coles, 2008).
Clinical assessment ofMS patients is generally directed to the identifica-
tion of physical symptoms likemotor and sensory deficits, and their pre-
vention is the main objective of treatment with the currently approved
disease-modifying pharmacological agents.

It is now clear that MS is a diffuse disease of the CNS, involving since
its early phases both white and cortical and subcortical gray matter
(Geurts and Barkhof, 2008). In this respect, the discovery that cognition
is affected by the disease even in otherwise stable patients was a first
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clinical indication that MS causes not only white matter demyelinating
lesions but also widespread neuronal dysfunction.

Also anxiety and depression are frequent in MS, even in non-
disabled patients and in the remitting stages of the disease (Feinstein,
2007), and they are generally undervalued and undertreated in clinical
practice (Marrie et al., 2009). Poor knowledge of the pathophysiological
mechanisms ofmood alteration inMS could explain the scarce attention
paid to this potentially serious comorbid condition. Mood disorders
are in fact commonly viewed as reasonable reactions to physical limita-
tions or to worries of disease progression in MS patients (Brown et al.,
2009), but recent data suggest that immune molecules, such as IL-1β
and TNF-α, can alter mood in neuroinflammatory diseases even inde-
pendently of their destructive effects on brain tissue and therefore
motor disability (Haji et al., 2012; Peruga et al., 2011; Pollak et al., 2002).

The dopaminergic system is recognized as an important regulator
of mood and several data suggest the impairment of dopaminergic
neurotransmission during neuroinflammatory conditions (Felger and
Miller, 2012). Dopaminergic dysfunction has been described also in
MS (Markianos et al., 2009) and in EAE (Benson et al., 2013). The
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basal ganglia are key subcortical structures that regulatemotivation and
motor activity and dopamine plays an essential modulatory role in its
function. Of note, the striatum, which is part of the basal ganglia, is in-
volved in both EAE (Centonze et al., 2009; Rossi et al., 2010) and MS
(Bermel et al., 2003; Tao et al., 2009).

Moving from this evidence, aim of the present investigation was to
uncover the molecular and synaptic bases of mood alterations in EAE,
and the possible involvement of the dopaminergic system. In an at-
tempt to differentiate the mechanisms of behavioral alterations from
those leading to neurological dysfunction, depression-like symptoms
were explored in EAE independently of motor impairment during the
acute phase of the disease.

Material and methods

Animals

C57BL/6mice (Charles-River, Italy) were randomly assigned to stan-
dard cages (4–5 animals per cage) and kept at standard housing condi-
tions, including a Techniplast Mouse House®, with a light/dark cycle of
12 h and free access to food andwater. Minipump-implantedmicewere
housed in isolated cages endowed with special bedding (TEK-FRESCH,
Harlan). Beginning one week before the immunization, all animals
were daily kindly handled to reduce the stress induced by operator ma-
nipulation during behavioral experiments.

All experiments were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals and the European Communities
Council Directive of 24 November, 1986 (86/609/EEC).

EAE induction and clinical evaluation

EAEwas induced in 7–8 weeks female C57BL/6 animals as previous-
ly described (Centonze et al., 2009; Mandolesi et al., 2013). Control an-
imals received the same treatment as EAEmicewithout the immunogen
MOG peptide (referred to as ‘CFA’). The animals were daily scored for
clinical symptoms of EAE, according to the following scale: 0=healthy;
1 = flaccid tail; 2 = ataxia and/or paresis of hindlimbs; 3 = paralysis
of hindlimbs and/or paresis of forelimbs; 4 = tetraparalysis; 5 =
moribund or death due to EAE. Intermediate clinical signs were scored
adding 0.5 value (Aktas and Zipp, 2003; Centonze et al., 2009;
Mandolesi et al., 2013). Also CFA mice were daily manipulated, to
avoid the influence of different handling on behavioral outcomes
among experimental groups. In EAE mice, first clinical symptoms ap-
pear about 10–12 days post immunization (dpi) with a peak of severity
at about 20–25 dpi: this stage is referred to as symptomatic or
acute phase of the disease (Centonze et al., 2009). The average number
of MOG-immunized animals was 45 ± 5. At 20–25 dpi, MOG-
immunized animals were divided into two groups, according to clinical
score: mice with score b 1 (herein referred to as mild-EAE) and EAE
mice with score ≥ 1. The percent of mild-EAE mice was about 20 for
each immunization.

Minipump implantation and continuous intracranial infusion

One week before immunization, mice were implanted with a
minipump in order to allow continuous intracerebroventricular (icv) in-
fusion of either vehicle or interleukin 1 receptor antagonist (IL-1ra)
(150 ng/day; R&D Systems) for 4 weeks (3 sets of immunization)
(Mandolesi et al., 2013).

Behavioral assessment

The animals were tested during the light period (9:00–12:00 am) in
a dedicated room with a constant temperature (26 ± 1 °C). All tests
were performed in different days with distinct groups of animals. Each
session was preceded by at least 1 h habituation in the behavioral
room. Animals' behavior was analyzed by trained observers blind to
treatment and experimental group.

Rotarod (RR)
RR analysis is one of the most widely used tests to assess motor co-

ordination in rodents. The latency to fall wasmeasured on a rotating rod
at an accelerating speed from 4 to 40 rotations/min in 300 s (Harvard
Apparatus, UK). After a training phase, the time and speed at which
the mouse fell off the rod was recorded. Each mouse from the three ex-
perimental groups (EAE mean score 2.5 at 21 dpi n = 5; mild-EAE
score b 1 n = 10; CFA n = 11) had three trials and the mean latency
to fall per trial was calculated. Since mice with a score N 2.0 were fre-
quently unable to brace their fall from the rod, cushioning material
was placed so that the height of the fall was decreased from 45 to ap-
proximately 20 cm.

Grip strength test
Immunized mice were tested for grip strength performance using

the Grip Strength Meter (Ugo Basile, Italy). The apparatus for this test
consisted of a steel wire grid (8 × 8 cm) connected to an isometric
force transducer. Mice were lifted by their tail so that they grasped
the grid with their paws. Mice from the three experimental groups
(EAE mean score 2.5 at 21 dpi n = 5; mild-EAE score b 1 n = 10; CFA
n = 11) were then gently pulled backward until they released the
grid and themaximal force in newtons (N) exerted by themouse before
losing the grip was measured. The mean of three consecutive measure-
ments for each animal was calculated.

CatWalk gait analysis
Mice from the three experimental groups (EAE mean score 2.5 at

21 dpi n = 5; mild-EAE score b 1 n = 10; CFA n = 11) were subjected
to gait assessment with the CatWalk automated gait analysis system
(Noldus Information Technology, Wageningen, The Netherlands)
(Hamers et al., 2006). The apparatus comprises a long glass plate with
a fluorescent light beamed into the glass walkway floor from one side.
In a dim environment, the light is reflected downward and the foot-
prints of the mouse are recorded by a camera mounted under the
glass, as the mouse walks along the walkway. Contact areas are auto-
matically indexed and interactively assigned colored tags (e.g., left/
right fore-/hindpaw, nose, abdomen and tail), which allow quantitative
analysis of gait: step (stride length), swing (amount of time between
one step and the next on a particular paw), stance (the amount of
time a particular paw is on the walkway), base of support (the distance
between the two forepaws and the two hindpaws), paw contact area,
and intensity (the intensity of light of a particular paw print). Some
paw parameters could be in part influenced by the body weight of the
mice; of note, a 15–20% loss of body weight, which is typical for EAE
mice, was not observed in mild-EAE mice. The animals were trained to
make runs on the walkway with a stable crossing time: EAE mice due
to their motor disability were slower in comparison to both CFA and
mild-EAEmice. This could in part affect velocity-dependent parameters,
like the regularity index and the duty cycle, in EAE mice. At least three
uninterrupted runs per animal were used for testing the mice. The fol-
lowing parameters were analyzed:

- Regularity index (RI), which expresses the number of normal step
sequence patterns relative to the total number of paw placements.
It is a percent index and is used as a measure of the degree of
inter-limb coordination during the gait cycle.

- Base of support (BOS), which is an indication of double-limb sup-
port. It is derived by measuring the distance (mm) between the
mass midpoints of the two forelimb prints or the two hindlimb
prints at maximum contact.

- Max contact max intensity, that is the maximum intensity at max
contact of a paw. Intensity ranges from 0 to 255. The intensity of a
print depends on the degree of contact between a paw and the
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glass plate and increases with increasing pressure. Therefore, Inten-
sity is a measure of pressure exerted on the glass plate.

- Print length, that is the length (horizontal direction) of the complete
print.

- Stride length, which is the distance (in distance units) between suc-
cessive placements of the same paw.

- Print area,which is the surface area (in thedistance unit) of the com-
plete print.

- Duty cycle, which expresses stance duration as a percentage of the
duration of the step cycle. It is calculated as follows: duty cycle:
stance/stance + swing ∗ 100%.

Nest building (NB)
To evaluate the quality of nest construction, acute-phase mice (n=

7 per group) were individually housed 1 h before the onset of dark
phase in a clean cage overnight with no enrichment aside a pre-
weighted roll of cotton in the cage-top food hopper. When EAE mice
were tested during the acute phase, we lowered the distance between
the cotton in the cage-top food hopper and theflat of the cage by adding
the same amount of sawdust in each cage. Themorning after the quality
of the nest was evaluated using the following scoring system: (1) no
nest, (2) platform-type nest consisting of a pallet on the floor of the
cage, (3) bowl- or cup-shaped nest with sides, or (4) bowl- or cup-
shaped nest with sides and a cover (Bulloch et al., 1982).

Forced swimming test (FST)
FST was performed only in animals with mild EAE phenotype (n N 7

for all experimental groups). Each mouse was placed into a 5-l glass
beaker (height 23.5 cm; diameter 16.5 cm) containing water up to a
height of 15 cm at 25 ± 1 °C for 6 min. The water was exchanged
after each trial. Floating (immobility) and struggling time were scored
over the entire 6 min exposure by pressing pre-set keys on a computer
keyboard, using customized freeware software (ODLOG). Immobility
was estimated during the last 4 min of the test, because mobility of an-
imals is increased during first minutes of water immersion. A mouse
was judged floating when it stopped any movements except those
that are necessary to keep its head above water.

Tail suspension test (TST)
TST was performed only in animals with mild EAE phenotype (n N 7

for all experimental groups). Micewere secured to a piece of suspended
tubing by adhesive tape placed approximately 1 cm from the tip of the
tail andwere suspended 50 cm from the benchtopwithin a visually iso-
lated area for 6-min test session. Since little immobility is observed dur-
ing first two minutes, the duration of immobility was estimated during
the last 4 min of the test, using customize freeware software (ODLOG).
An animal was rated as immobile when there was nomovement of the
head, extremities or the torso.

Constant potential amperometry (CPA)

Preparation andmaintenance of corticostriatal slices have been pre-
viously described (Mercuri et al., 1995). Amperometric detection of DA
was obtained by using carbon fiber electrodes (World Precision Instru-
ments GmbH, Germany) positioned to a depth of 50–150 μm near the
bipolar Ni/Cr stimulating electrode into the corticostriatal slices of mice.

Constant potential amperometry was obtained with a World Preci-
sion Instruments MicroC, holding the electrodes at an oxidation poten-
tial of 0.55 to 0.60 V versus a reference electrode Ag/AgCl (Kawagoe and
Wightman, 1994). Currents sampled at this oxidation peak potential
were measured to provide profiles of DA concentration versus time.
Electrode calibration was performed at the end of each experiment by
bath perfusing DA (0.3–10 μM). For stimulation protocol, we applied a
single rectangular electrical pulse using a Digitimer DS3 Stimulator
every 3 min along the range of stimulation intensity (20–1000 μA, 20–
40 μs duration). Signals were digitalized using a Digidata acquisition
system (Digidata 1440A) coupled to a PC running the Clampex 10.

RNA extraction and quantitative real-time PCR (qRT-PCR)

Twenty-one dpi striata and hippocampi of EAE, mild-EAE and CFA
mice (at least 5 for each group) were dissected (see western blot sec-
tion). Amygdalae were dissected from fresh brain sections (900 μm)
by means of the tip of a Pasteur pipette in cold artificial cerebro-spinal
fluid (ACSF) solution (the same condition of CPA experiments). All the
procedures were performed in RNAse-free conditions. Total RNA was
extracted according to the standard miRNeasy Mini kit protocol
(Qiagen). The RNA quantity and purity were analyzed with the
Multiskan Go microdrop Plate spectrophotometer (Thermo Scientific).
The quality of RNA was assessed by visual inspection of the agarose
gel electrophoresis images. Next, 200–500 ng of total RNA was
reverse-transcribed using miScript II RT Kit (Qiagen) according to the
manufacturer's instructions; 10–50 ng of cDNA was amplified with
SensiMix SYBR Hi-Rox Kit (Bioline; Meridian Life Science) in triplicate
using the Applied Biosystem 7900HT Fast Real Time PCR system. Rela-
tive quantification was performed using the ddCT method. β-actin
was used as internal controls. The following primer sequences were
used.

IL-1β (NM_008361): 5′-GGACCTTCCAGGATGAGGACAT-3′ (sense); 5′-
GCTCATGGAGAATATCACTTGTTGG-3′ (antisense); TNF-α (NM_013693):
5′-CCTCTTCTCATTCCTGCTTGTGG-3′ (sense); 5′-ACTTGGTGGTTTGCTA
CGACG-3′ (antisense); β-actin (NM_007393): 5′-CCTAGCACCATGAAGA
TCAAGATCA-3′ (sense); 5′-AAGCCATGCCAATGTTGTCTCT-3′ (antisense).

Immunohistochemistry and confocal microscopy

The immunofluorescence experiments were performed similarly to
a method described previously (Mandolesi et al., 2013). Mice at least
from 2 to 3 different immunization experiments were killed at 21 dpi.
The following primary antibodies were used: goat anti-IL-1β (1:200;
R&D Systems), rabbit anti-Iba1 (1:750; Wako Chemicals, USA).
These antibodies were used in combination with the following
secondary antibodies: Alexa Fluor-488 (1:200; Life Technologies) and
Cy3-conjugated donkey anti-rabbit or anti-goat (1:200; Jackson
ImmunoResearch). DAPI (0.01 mg/ml) was used to visualize nuclei.
For the specificity of the antibodies see Mandolesi et al. (2013).

Images were acquired using a LSM7 Zeiss confocal laser-scannermi-
croscope with 10× (zoom 0.5×) or 63× oil objective (NA: 1.4; zoom:
0.5×). The images had a pixel resolution of 1024 × 1024. The confocal
pinholewas kept at 1.0, the gain and the offset were lowered to prevent
saturation in the brightest signals, and sequential scanning for each
channel was performed. Z-stack images were acquired, z-projected
(63 × 0.5×; z-step: 2 μm; 10 × 0.5×; z-step: 10 μm), and exported in
TIFF file format and adjusted for brightness and contrast as needed,
using ImageJ software. Smooth filter was used to reduce noise. All qual-
itative analyseswere performed on at least four images acquired fromat
least four serial sections (for each brain area) per animal (n = 4 each
group) from at least two independent experiments.

Striatal total protein extracts preparation and western blot (WB)

At least 4 animals per group were included in all WB experiments.
Twenty-one dpi mice were sacrificed through cervical dislocation and
both left and right striata were quickly removed and frozen until use.
Tissues were homogenized in RIPA buffer plus protease and phospha-
tase inhibitors cocktail (SIGMA) as previously described (Mandolesi
et al., 2013).

Primary antibodies were used as following: mouse anti-β-actin
(1:20,000, 1 h RT; Sigma-Aldrich), rabbit anti-tyrosine hydroxylase
(TH: 1:2000, overnight +4 °C; Abcam), rabbit anti-DA D2R (1:1000
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diluted in 5%BSA, overnight+4 °C;Millipore), rat anti-DAD1R (1:2000,
2 h RT; Sigma-Aldrich), rabbit anti-DARPP32 (1:50,000, 1 h RT; Abcam),
rabbit anti-p-Th34-DARPP32 (1:1000, overnight+4 °C;Merck), anti-p-
Th75-DARPP32 (1:1000, overnight +4 °C; Merck). Membranes were
incubated with the following secondary antibodies: anti-mouse IgG
HRP (1:10,000; GE Healthcare, formerly Amersham Biosciences), anti-
rabbit IgG HRP (1:2000; GE Healthcare, formerly Amersham Biosci-
ences), anti-rat IgG HRP (1:2000; GE Healthcare, formerly Amersham
Biosciences), diluted in 1% milk for 1 h at RT. After detection of
phospho-sites, blots were stripped with RestoreWestern Blot Stripping
Buffer (Thermo Scientific); complete stripping was assessed by incuba-
tion with proper secondary antibody immunodetection was performed
by ECL reagent (Amersham) and membrane was exposed to film
(Amersham). Densitometric analysis of protein levels was performed
by NIH ImageJ software (http://rsb.info.nih.gov/ij/). WB results are pre-
sented as data normalized to control CFA values.

Statistical analysis

For each type of experiment and time-point, at least four mice per
group were employed. For behavioral tests at least seven mice per
group were analyzed. Throughout the text “n” refers to the number of
animals, except for CPA experiments, where it means the number of
the recorded corticostriatal slices. Data were presented as the
mean± S.E.M. The significance level was established at p b 0.05. Statis-
tical analysis was performed using unpaired Student's T-test for com-
parisons between two groups and non-parametric Mann–Whitney
test. Multiple comparisons were analyzed by one-way ANOVA for inde-
pendent measures followed by Tukey's HSD or by Kruskal–Wallis test
followed by Dunn's post hoc analysis for non-parametric values.

Results

EAE causes depressive-like behavior independently of motor deficits

To investigate the molecular link between depressive-like behavior
and inflammation in the EAE model in the acute phase of the disease,
we first wanted to exclude the effects of substantial motor impairment
on behavioral tests. To this aim, when immunized mice reached the
peak of the disease, we classified EAE mice according to their clinical
score (mild-EAE with score b 1 and EAE with score ≥ 1, Fig. 1A) and
we assessed neuromuscular (grip-strength test; Murphy et al., 2012)
and motor performances (rotarod, and CatWalk gait analysis) on these
mice and their relative controls. Mild-EAE mice occur with a frequency
of 20% throughout the present study. As expected, rotarod performance
mirrored the EAE score: EAE mice were almost unable to perform this
test and fell off the rod immediately after it began turning, while mild-
EAE mice showed latency values similar to CFA group (Fig. 1B; CFA
n = 11, EAE n = 5, mild-EAE n = 10; one-way ANOVA: CFA vs EAE
p b 0.001; EAE vs mild-EAE p b 0.001). Similar results were obtained
for the grip strength test, suggesting that the neuromuscular function
of mild-EAE was not affected (Fig. 1C; CFA n = 11, EAE n = 5, mild-
EAE n = 10; one-way ANOVA: CFA vs EAE p b 0.001; EAE vs mild-EAE
p b 0.001). Finally, we tested the locomotor performance through the
CatWalk gait analysis, which has been used especially in research of spi-
nal cord injury (Hamers et al., 2006), but never to assess impaired gait
function in EAE. By means of this automated analysis, we provided
quantitative assessment of inter-limb coordination (regularity index),
different static (base of support and stride length) and dynamic (duty
cycle) gait parameters for individual paws. The degree of inter-limb co-
ordination during the gait cycle, measured by the regulatory index, was
significantly affected in EAE mice (63%), while it was almost 100% in
fully motor coordinated animals, CFA and mild-EAE groups (Fig. 1D;
CFA n = 11, EAE n = 5, mild-EAE n = 10; one-way ANOVA: CFA vs
EAE p b 0.001; EAE vs mild-EAE p b 0.001). Regarding the paw analysis,
the automated CatWalk system detected differences between CFA and
EAE only for the hind prints (max contact area and print length),
reflecting the less impairment of the front paws, as expected from the
clinical score (Table 1). However, someparameters such asmax contact,
max intensity and stride length were significantly different for both the
hind and the front paws between CFA and EAE (Table 1 and Fig. 1E),
highlighting subtle abnormalities not detectable by the clinical scoring.
Of note, mild-EAE mice showed paw statistics values similar to CFA
group.

As an indicator of trunk stability of the animal, wemeasured the dis-
tance between the hind paws and between the front paws (BOS). As
shown in Fig. 1F, only EAE group showed BOS values altered for both
the hind and the front paws; the former were reduced and the latter in-
creased (hind paws, one-way ANOVA: CFA vs EAE p b 0.01, EAE vsmild-
EAE p b 0.001; front paws, one-way ANOVA: CFA vs EAE p b 0.001, EAE
vs mild-EAE p b 0.001).

Duty cycle is the percent of the total step cycle duringwhich a paw is
on the ground. In EAE mice the time that the hind paws (LH and RH)
were in contact with the floor was significantly reduced in comparison
to CFA and mild-EAE mice, while the same parameter was found to
be increased in the front paws (Fig. 1G; hind paws, one-way ANOVA:
CFA vs EAE p b 0.001, EAE vs mild-EAE p b 0.001; front paws, one-way
ANOVA: CFA vs EAE p b 0.05, EAE vs mild-EAE p b 0.05). These data
mean that EAE hind paws fall to the ground slowly, as a result of a re-
duced stand and increased swing phase, while EAE front paws fall to
the ground quickly, as consequence of increased stand and reduced
swing phase. As observed for the other CatWalk parameters, mild-EAE
behaved similarly to control CFA mice.

Overall, CatWalk results indicate that EAE mice show an instable
gait, mainly caused by a pronounced disability of the hind paws and
by an adaptation of the front paws. Of note, in mild-EAE we could not
detect any signs of gait instability in terms of both static and dynamic
parameters. Furthermore, the time mice spent to cross the walkway
was analyzed in order to elucidate spontaneous voluntary activity:
runs' duration resulted similar between CFA (1.762 ± 0.247 s) and
mild-EAE mice (2.116 ± 0.089 s), while EAE mice spent more time to
cross the runway (3.3 ± 0.253 s; CFA n = 11, EAE n = 5, mild-EAE
n = 10; one-way ANOVA: CFA vs EAE p b 0.001; EAE vs mild-EAE
p b 0.01; CFA vs mild-EAE p N 0.05, data not shown). In conclusion, all
together the results obtained from rotarod, grip strength test and Cat-
Walk, highlight the absence of motor impairment and motor fatigue in
mild-EAE mice.

Based on this EAE classification,we performed the NB test, which as-
sesses nesting ability that is a natural and instinctive behavior in
rodents. Notably the NB ability was correlated to sickness behavior
(Filali et al., 2009) and to psychiatric disorders mediated by inflamma-
tory activity (Takao et al., 2013). We observed that both 20 dpi
EAE groups had significantly reduced nesting scores compared to con-
trols (Figs. 1H–H′; n = 7 for all groups; non parametric ANOVA
Kruskal–Wallis test: CFA vs EAE p b 0.05; CFA vs mild-EAE p b 0.01). In-
terestingly, nesting performance of the two EAE groupswas very similar
despite their different degree of motor disability. This result strongly
suggested that EAE causes aworse social interaction and lessmotivation
for daily living activity independently of motor deficits in the acute
phase of the disease.

Starting from these results, we decided to perform TST and FST only
onmicewithoutmotor impairment (mild-EAE) since these are very de-
manding tests and require a regular tail tone. As highlighted by the FST
in Fig. 1I, 21 dpimild-EAEmice showed increased immobility compared
to CFA mice (n= 7 per group; unpaired Student's T-test: p b 0.05). The
performance of 22 dpimild-EAEmice at TST compared to CFAmice con-
firmed the depressive-like behavior observed at FST (Fig. 1J; unpaired
Student's T-test: p b 0.05, n = 7 per group), suggesting increased de-
pressive phenotype in mild-EAE mice. Moreover, to further exclude
any effect caused by motor fatigue on FST and TST, we performed the
same tests during the preclinical phase of the disease (before the
onset of motor deficit, 9 dpi). Accordingly, EAE mice compared to CFA

http://rsb.info.nih.gov/ij/


Fig. 1. EAEmice developmooddisorders independently ofmotor deficit.Motor assessmentwas performedonEAEmice at the peak of the acute phase of the disease (20 dpi). A. Clinical score of
EAE andCFAmice. EAEmiceweredivided into twogroups on thebasis ofmaximumclinical deficit developedduring the course of thedisease: scoreb 1 formild-EAE and score≥1 for EAE.Data
were obtained by pulling together three different immunizations. Numbers on the horizontal axis are days post-immunization (dpi). B. Rotarod performance expressed as time (seconds) to fall
off the rod (latency) of mild-EAE was similar to control CFAmice, while EAEmice fell off immediately as the rod began rotating, as a consequence of highly compromisedmotor coordination.
C. Cumulative fore- and hind-limb grip strength analysis revealed no differences between CFA and mild-EAE mice and the impairment of the neuromuscular function in EAE mice. D–G. Gait
parameters assessed byCatWalk analysis showed thatmild-EAEmicehadpreservedover ground locomotion.D. Inter-limb coordination,measuredby the regularity index,was impaired in EAE
mice and almost normal in mild-EAE mice. The static parameters stride length (E) and BOS (F) of the hind paws were significantly reduced in EAE mice compared to both CFA and mild-EAE
mice, aswell as the dynamic parameter duty cycle (G). Conversely, both BOS and duty cyclewere significantly increased in the front paws of EAEmice (F, G). H. Nest buildingwas performed on
EAE, mild-EAE and CFAmice at 20 dpi. The nest building ability of EAE andmild-EAEmice is significantly impaired compared to CFAmice. H′. Representative photographs of nest built by CFA,
EAE andmild-EAEmice. I–J. Depressive-like behaviorwas investigatedonly inmild-EAE (scoreb 1). Bar graphs in I and J represent the immobility at FST (21dpi) andTST (22dpi) respectively of
mild-EAE vs CFA. The statistical differences for three group comparisons were analyzed by one-way ANOVA followed by Tukey's HSD, except for nesting score for which the non-parametric
Kruskal–Wallis test followed by Dunn's comparisons was applied; Unpaired T-test was used for two-group analysis. Values are means ± SEM, ***p b 0.001, **p b 0.01, *p b 0.05.
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Table 1
Quantitative automated CatWalk analysis of 20 dpi EAE, mild-EAE and CFA mice.

CatWalk parameters CFA EAE Mild-EAE

Print length RF (mm) 8.617 ± 0.362 7.819 ± 0.960 8.348 ± 0.350
Print length LF (mm) 8.944 ± 0.386 7.210 ± 1.002 8.209 ± 0.208
Print length RH (mm) 8.610 ± 0.325 6.998 ± 1.590 8.482 ± 0.125
Print length LH (mm) 8.642 ± 0.213 4.025 ± 0.599⁎⁎⁎ 8.317 ± 0.262###

Max contact area RF (mm2) 27.290 ± 2.504 23.745 ± 6.029 26.601 ± 3.080
Max contact area LF (mm2) 26.464 ± 2.497 21.139 ± 5.158 24.245 ± 2.525
Max contact area RH (mm2) 26.035 ± 1.750 12.988 ± 3.636⁎⁎⁎ 23.759 ± 1.147##

Max contact area LH (mm2) 24.091 ± 1.689 6.218 ± 0.705⁎⁎⁎ 20.766 ± 1.413###

Stride length RF (mm) 82.700 ± 5.539 51.545 ± 1.495⁎⁎⁎ 75.636 ± 2.404##

Stride length LF (mm) 82.000 ± 5.244 50.590 ± 3.384⁎⁎⁎ 76.140 ± 2.753##

Max contact max intensity RF 188.802 ± 2.033 159.940 ± 16.363⁎⁎ 191.341 ± 2.315##

Max contact max intensity LF 191.672 ± 1.745 157.631 ± 18.166⁎⁎ 191.254 ± 2.003##

Max contact max intensity RH 203.609 ± 0.913 130.563 ± 16.099⁎⁎⁎ 201.204 ± 1.974###

Max contact max intensity LH 113.608 ± 3.246 70.869 ± 1.153⁎⁎⁎ 115.421 ± 3.778###

Values are mean ± sem. Statistical analysis: EAE vs CFA ⁎⁎p b 0.01, ⁎⁎⁎p b 0.001; mild-EAE vs CFA ##p b 0.01, ###p b 0.001
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mice were significantly different in terms of immobility in both tests
(Fig. 1S A, B; n = 9 for all groups; unpaired Student's T-test: CFA vs
EAE p b 0.05 for both tests). These results strongly suggested that EAE
causes depressive-like behaviors independently of motor deficits.

IL-1β is involved in mood alterations in EAE mice

IL-1β is one of themain pro-inflammatory cytokines responsible for
behavioral alterations (Dantzer et al., 2008). Notably, IL-1β expression
is increased in EAE (Mandolesi et al., 2013) and MS brains (Rossi et al.,
2012). Therefore, we focused our attention on the putative role of IL-
1β in goal-directed behavior in EAE mice. First, we assessed the expres-
sion of IL-1β in three different brain areas, involved in mood control,
such as the striatum, the hippocampus and the amygdala (Dantzer
et al., 2008). We previously observed that besides a strong microgliosis,
EAE hippocampus, striatum and cerebellum showed a prominent
astroglial activation and CD3+ lymphocyte infiltration as potential
sources of IL-1β (Grasselli et al., 2013; Mandolesi et al., 2013; Mori
et al., 2014). Since microglia is the main source of cytokines during the
course of neuroinflammation (Mandolesi et al., 2013; Nisticò et al.,
2013), we performed double immunofluorescence for IL-1β and Iba-1,
marker of microglia.

We found that EAE group showed high expression levels of IL-1β
(red staining) in the presence of prominent microglia activation (Iba-1
staining in green) in comparison with CFA group in both the striatum
(Fig. 2A) and the hippocampus (Fig. 2B). Conversely, the extent of
microgliosis was less marked in the amygdala of EAE mice and IL-1β la-
beling could not be detected (Fig. 2C). In accordance with the immuno-
histochemistry, qRT-PCR experiments revealed a significant induction
of IL-1β mRNA in both the striatum (CFA n = 9, EAE n = 7; unpaired
Student's T-test: p b 0.01) and hippocampus (CFA n=5, EAE n=5; un-
paired Student's T-test: p b 0.05) of EAE mice. Conversely, we could
not detect significant differences between EAE and CFA amygdala
(CFA n = 5, EAE n = 7; unpaired Student's T-test: p N 0.05), although
a recent study described increased IL-1β mRNA in such area (Acharjee
et al., 2013) (Fig. 2D). Taken together data from immunohistochemistry
and q-RT-PCR suggested that IL-1β might modulate behavioral re-
sponses during the course of EAE, by acting mainly on the striatum
and the hippocampus.

To further search a link between emotional brain area, inflammation
and depressive-like behavior we next assessed the expression of IL-1β
in the striatum and the hippocampus of mild-EAE mice. The expression
of IL-1βwas still present in both structures, in a context ofmild microg-
lia activation (Figs. 3A, B; IL-1β red staining, Iba-1 green staining). Ar-
rows in the figures indicate the presence of lesions in both tissues,
where there are IL-1β positivemicroglial cells. By qRT-PCRwe could de-
tect significant levels of IL-1β expression only in the striatum of mild-
EAE mice compared to their relative controls (Fig. 3C; striatum: CFA
n = 7, EAE n = 6; unpaired Student's T-test: p b 0.05; hippocampus:
CFAn=8, EAE n=11; unpaired Student's T-test: p N 0.05). Interesting-
ly, the expression of TNF-α, another important cytokine involved in
mood abnormalities (Haji et al., 2012),was not changed in both the stri-
atum (CFA, n= 7mRNA fold change: 1.11± 0.2; EAE, n= 6mRNA fold
change: 1.26±0.37; unpaired Student's T-test: p N 0.05) and the hippo-
campus (CFA, n= 6mRNA fold change: 1.02± 0.079; EAE n=8mRNA
fold change: 0.77 ± 0.200; unpaired Student's T-test: p N 0.05) of mild-
EAE mice compared to CFA (not shown).

Altogether these experiments might correlate the presence of IL-1β
in the striatumof EAEmicewith their depressive-like behavior, suggest-
ing that even a little amount of IL-1β, could induce mood alterations in
these mice.

Central blockade of IL-1β corrects mood disturbances of EAE mice

To investigate the role of IL-1β in EAE mood abnormalities, we next
performed a chronic inhibition of the IL-1β signaling in EAE mice by icv
delivery of IL-1ra and we analyzed behavior during the acute phase of
the disease. As previously shown, this preventive treatment reduced
motor disability in EAE mice and the inflammatory reaction in acute
phase EAE cerebellum and hippocampus (Mandolesi et al., 2013; Mori
et al., 2014). Accordingly, here we observed a milder microglia activa-
tion in the striatum of EAE-IL-1ra treated mice relative to EAE-vehicle
group (Fig. 4A).

As for experiments in Fig. 1, FST and TST tests were performed only
on EAE animalswithoutmotor dysfunctions at 21 and22 dpi respective-
ly. IL-1ra corrected the behavioral alterations induced by EAE since the
immobility of EAE at FST was similar to CFA-vehicle group (Fig. 4B:
CFA-vehicle n = 7; EAE-vehicle n = 7; EAE-IL-1ra n = 8; one-way
ANOVA: CFA-vehicle vs EAE-vehicle p b 0.05; EAE-vehicle vs EAE-IL-
1ra p b 0.05). However, we could not appreciate the beneficial effect
of IL1-ra treatment observed in FST when mice were exposed to TST
paradigm (CFA-vehicle n = 7; EAE-vehicle n = 7; EAE-IL-1ra n = 8;
Fig. 4C; p N 0.05 for all comparisons, one-way ANOVA analysis p =
0.053), probably due to a different sensitivity of the two tests in reveal-
ing the anti-depressive property of IL-1ra treatment (Cryan et al., 2005).

Altogether, our results suggest that IL-1ra treatment can improve
not only motor symptoms but also EAE-associated mood disturbances
through IL-1β signaling inhibition.

Defective dopaminergic neurotransmission in striatum of EAE mice

We hypothesized that the depressive symptoms of EAE mice could
be mediated, at least in part, by altered dopaminergic transmission,
since pharmacological blockade of DA receptors is known to alter TST



Fig. 2. IL-1β is up-regulated in the striatumand hippocampus of EAEmice. A–C. Double immunostaining of brain coronal sections (in grayDAPI nuclei) showing expression of Iba1-positive
microglia/macrophage cells (green) and of IL-1β (red) in EAE and CFAmice (21 dpi). A, B. In both the striatum (A) and the hippocampus (B), Iba1 and IL-1β expression were strongly up-
regulated in EAE mice (left panels) in comparison with their relative CFA groups (A, B right panels). The white boxes in each panel represent area selected for acquisition at high magni-
fication and showed on the right; IL-1β was abundantly expressed in active inflammatory lesions in EAE groups and in the presence of strong microglia activation. C. Conversely, both
inflammatory lesions and IL-1β staining were undetectable in the basolateral amygdala of EAEmice. Accordingly, a less prominent microglia activation seemed to characterize the amyg-
dala of EAEmice in comparison with the other brain areas. Scale bars in EAE and CFA panels: 200 μm in the left and 20 μm in the right. D. The levels of IL-1βmRNAwere quantified in the
striatum, hippocampus and amygdala by qRT-PCR, using β-actin as internal control. No statistical differenceswere detectable in the amygdala between CFA and EAEmice during the acute
phase of the disease (21 dpi). Conversely, in both striatum and hippocampus of EAE mice an up-regulation of the mRNA levels was evident. Statistical test used for comparison was the
unpaired T-test. Values are means ± SEM, **p b 0.01, *p b 0.05, versus CFA control mice.
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and FST performance inmice (David et al., 2003; Ripoll et al., 2003) and
nest building abilities are impaired in MPTP-induced dopamine defi-
ciency (Sager et al., 2010).

We measured therefore DA release in striatal brain slices of EAE
(20–25 dpi) and control mice through CPA experiments. Measure-
ments from EAE (number of animals = 5) and mild-EAE (number of
animals = 4) were pooled together because their values were similar
(unpaired Student's T-test: p N 0.05), supporting the hypothesis that
the mechanisms related to mood disturbances were independent
from motor deficits.

In response to an increasing stimulation protocol, at the maximal
stimulation intensity (1000 μA; 20–40 μs) a plateau of DA release was
reached. The maximum striatal extracellular DA release evoked in the
EAE group was significantly lower (n = 27 EAE and n = 23 mild EAE)



Fig. 3. IL-1β is up-regulated in the striatum of mild-EAE. A, B. Double immunostaining of brain coronal sections (in gray DAPI nuclei) showing expression of Iba1-positive microglia/
macrophage cells (green) and of IL-1β (red) inmild-EAE and CFAmice (21 dpi). In both striatum (A) and hippocampus (B), a more pronounced expression of Iba1 and IL-1βwas clearly
detectable inmild-EAEmice (upper panels) in comparisonwith their relative CFA groups (A, B bottompanels). Thewhite boxes in eachpanel (A, B) represent areas selected for acquisition
at highmagnification and showed on the right; although the inflammatory reaction in thesemicewas less prominent relative to EAE groups, IL-1βwas still detectable in both brain areas
in the presence of a moderatemicroglia activation (arrowheads). The dashedwhite boxes show IL-1β staining in the area indicated by the big arrows. Scale bars in A and B: 200 μm in the
left and 20 μm in right. C. Histogram showed the IL-1βmRNA fold change (±SEM), detected by qRT-PCR, in the striatum and the hippocampus ofmild-EAE versus CFAmice. β-actin was
used as internal control. Statistical significance was evaluated by unpaired T-test: *p b 0.05.
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compared with that evoked in the CFA group (number of animals:
5; n = 35; unpaired Student's T-test: p b 0.001) (Figs. 5A, A′). Further-
more, we examined the pharmacological induction of DA release
produced by the perfusion of amphetamine (30 μM, ~10 min) on
corticostriatal slices, to explore a possible deficit of DA vesicle content.
The amperometric data revealed no significant difference between
CFA (n = 10) and EAE mice (n = 4 EAE and n = 6 mild EAE) under
forced DA synaptic release (unpaired Student's T-test: p N 0.05)
(Fig. 5B).

We further investigated the effects of EAE on striatal DA system, by
WB measurements of a number of pre- and postsynaptic parameters
of DA transmission. Biochemical results here shown are representative
of WB in which mild-EAE mice were compared to relative controls:
the same results were obtained comparing EAE to CFA in different
blots. EAE failed to alter tyrosine hydroxylase (TH) expression, the en-
zyme rate limiting in the synthesis of DA (unpaired Student's T-test:
p N 0.05; n = 4 each group) (Figs. 5C, C′). The levels of both DA D1-
and D2-like receptors (D1R and D2R), themain DA receptors expressed
within the striatum, were unchanged in total striatal extracts (unpaired
Student's T-test: p N 0.05 for both comparisons; n = 4 each group)
(Figs. 5C, C″, C‴). The expression levels of the DA- and cAMP-regulated
phosphoprotein 32 kDa (DARPP32), found in a great majority of the
MSNs, were unaffected by EAE (unpaired Student's T-test: p N 0.05;
n = 4 each group) (Figs. 5C, C″).

Due to the strong effect exerted by IL1-ra treatment on EAE
depressive-like behavior, we next examined the effects of icv IL1-ra in-
fusion on the evoked DA outflow in EAEmice (n= 10). There was not a
significant difference (unpaired Student's T-test: p N 0.05) between
EAE-IL1-ra and CFA control group, thus showing a complete rescue in
the release of DA in treated mice (Figs. 6A, A′).

Tobetter understand the biochemical basis of DA releasemodulation
in EAE striatum, we evaluated the phosphorylation state of DARPP32.
Indeed, DARPP32 undergoes phosphorylation mainly on threonine 34
(Th34) and threonine 75 (Th75) and DA regulates the state of phos-
phorylation of DARPP32 at these sites in a bidirectional manner
(Svenningsson et al., 2004). In total striatal extracts the phosphorylation
at Th75 was unchanged between EAE-vehicle (n = 4) and CFA-vehicle
(n = 4) and therefore not modulated by IL-1ra treatment (n= 5; one-
way ANOVA: p N 0.05 for all comparisons) (Figs. 6B, B′). Conversely,
the phosphorylation on Th34 site was up-regulated in EAE extracts
and entirely recovered by IL-1ra treatment (one-way ANOVA: CFA-
vehicle vs EAE-vehicle p b 0.05; EAE-vehicle vs EAE-IL-1ra p b 0.001)
(Figs. 6C, C′), without changes in the expression of total DARPP32
among groups (one-way ANOVA: p N 0.05 for all comparisons)
(Figs. 6C, C″). Th34-DARPP32 phosphorylation is PKA-dependent upon
D1 and adenosine A2A receptors (A2AR) stimulation: A2ARs negatively
control D2Rs activity (Svenningsson et al., 2004). Considering the ob-
served reduction of DA release in EAE striatum, we hypothesize that
such over-phosphorylation at Th34 site was likely due to over-
sensitization of D1R and reduced signaling through D2R.

Discussion

The present study provides first evidence of the link between
depressive-like behavior and alteration of striatal dopaminergic trans-
mission in EAE mice. We showed the independence of mood changes
in EAE mice from motor disability, demonstrating the occurrence of
depressive-like behavior in acute phase EAE mice without motor im-
pairment. Moreover, we linked EAE behavioral phenotype to increased
expression of IL-1β in the striatum and to altered dopaminergic trans-
mission in the striatum of acute EAE. Finally, we found that central
blockade of IL-1β signaling reversed both mood and striatal DA neuro-
transmission alterations associated with EAE.

Depression is often diagnosed in MS patients (Feinstein, 2007) even
in the absence of neurological disability (Suh et al., 2010), suggesting a
difference between an “intrinsic” depression from a “reactive” one. In
this respect, despite the limitations of behavioral studies in rodents, re-
search on the EAEmodel can highlight the pathophysiology of mood al-
terations in MS. Previous observations revealed both anxious- and
depressive-like behaviors in association with brain inflammation
(Acharjee et al., 2013; Haji et al., 2012) in a very precocious phase of
the disease, before the appearance of motor deficits. On the other
hand, the characterization of a depressive-like behavior in the presence
of motor disability during the acute phase of the disease has always



Fig. 4. Central blockade of IL-1β corrects emotional disturbances of EAE mice. A. Immunostaining of cortico-striatal sections showing expression of Iba1-positive microglia/macrophage
cells (green) and DAPI staining of the cell nuclei (gray). In EAE-IL-1ra slices (central panels) microglia activation was less prominent compared with EAE mice (upper panels) but more
pronounced relative to CFAmice (bottom panels). The insets are highmagnifications showing the morphology of Iba-1 positive cells, which seemmildly activated in EAE-IL-1ra striatum.
Scale bars: 200 μmfor lowmagnification images and in20 μmfor highmagnification images. B, C. Depressive-like behaviorwas investigated in acute phase of the disease inmild-EAEmice:
the histogram in B shows the reduction of immobility of 21 dpi EAE-IL-1ramice in comparison to vehicle group at FST. As shown by the bar graph in C the performance of EAE-IL-1ra at TST
did not replicate the recovery of immobility observed at FST (22 dpi). Values are means ± SEM. Statistical differences were analyzed by one-way ANOVA followed by Tukey's HSD.
*p b 0.05.
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been a challenging issue. Former study by Pollak and colleagues showed
sickness behavior in EAE mice during the acute phase of the disease by
performing behavioral tests (sucrose preference and food intake tests)
that are not influenced by motor disability (Pollak et al., 2000). In the
present work, by taking advantages of mice with mild EAE phenotype
(mild-EAE), which represent the 20% of MOG-immunized animals in
our experimental conditions, we could address a role for inflammation
in mood alterations during the acute phase of the disease and dissect
in part the cellular and molecular mechanisms involved. First, in order
to overcome limitations linked to testing behavior in mice with motor
disabilities, we characterized the motor skills of mice with mild EAE
phenotype at the peak of the acute phase of the disease (20–22 dpi) in
comparison to EAE and CFA mice. In this regard, it is noteworthy the
novel and complete picture of severely diseased EAE mice gait depicted
by CatWalk analysis. Data from CatWalk highlighted a typical EAE gait,
characterized by increased double-limb support in the front paws, as
a consequence of trunk instability, due to strong impairment of the
hind paws. Such posture seems to be specific to EAE, if compared to
gait observed in rats after spinal cord injury (Hamers et al., 2006;
Garcia-Ovejero et al., 2014), and likely due to inflammatory demyelin-
ation occurring in EAE. Bymeans ofwell-established tests for evaluating
motor fatigue such as grip test and rotarod (Murphy et al., 2012;Norden
et al., 2014), we verified that mild-EAE mice showed preserved coordi-
nation and neuromuscular functions. Also, the detailed CatWalk gait
analysis confirmed normal gait in these mice. Despite of the lack of
motor disability, mild-EAEmice showed the sameNB skills ofmotor im-
paired EAEmice. The NB test, which is not stressful and driven by a nat-
ural predisposition, has been used to test changes in emotional states,
such as apathy and social withdrawal. Nest building abilities in mice
can be interpreted as a measure of their interests in surroundings and
motivation (Aubert, 1999) and can be perturbed in consequence of cor-
tical pathology (Boissonneault et al., 2009) and dopamine deficiency
(Sager et al., 2010). Considering that the cortex undergoes atrophy
and inflammatory reaction in EAE (Mackenzie-Graham et al., 2012), a
contribution of cortical deficits to reduced nest abilities cannot be fully
excluded. Of note, the NB test has been proven a good tool in revealing
social behavior alterations in another autoimmune model (Blossom
et al., 2008). Here, the NB test allowed not only to reveal motivation-
based behavior changes in severely impaired EAE mice, but also to un-
mask such behavioral disturbances in mild-EAE mice during the acute
phase of the disease. Furthermore, immobility in both FST and TST in-
creased in mild-EAE mice, suggesting reduced active coping response
to stress, which has been linked to depressive-like behavior (Cryan
et al., 2005; Petit-Demouliere et al., 2005). Nevertheless, immobility in
FST and the other behavioral changes observed in the present study
could be secondary to other mechanisms. In this respect, other tests,
like sucrose preference and social interaction, could be useful to exam-
ine in depth EAE behavioral phenotype. In addition, to exclude the
contribution of motor deficits on behavioral tests, FST and TST were
performed before the onset of clinical symptoms (preclinical phase),



Fig. 5. Dopaminergic neurotransmission is altered in EAE striatum. A. Amperometric measurement of stimulus- and amphetamine-evoked changes of striatal extracellular DA levels
(expressed in μM) in CFA and EAE mice. The graph illustrates striatal extracellular DA levels in response to maximal stimulation (1 mA/ 40 μs). Note that in EAE mice, the DA release is
significantly lower than that in CFA mice. A′. Representative amperometric signals recorded in the dorsal striatum in brain slices obtained from CFA and EAEmice showing different am-
plitude at maximal stimulation. Vertical bar indicates 50 mV (amplitude), horizontal bar indicates 500 ms (duration); the arrow indicates stimulation start point. B. The graph shows the
amphetamine-induced DA overflow (expressed in nM) in CFA and EAE mice. Note that the difference between the two groups of mice is not statistically significant. C–C‴. Biochemical
study of the main dopaminergic markers was carried out on striatal protein extracts from acute phase EAE and CFA groups. The panels in C show representative blots comparing the
two experimental groups, for each protein detected. WB analysis revealed no substantial changes in the expression of TH (C′), D2R (C″), D1R (C‴) and DARPP32 (C″) relative to β-actin
between EAE and CFA striata. WB data are normalized to CFA values. Values are means ± SEM. Unpaired T-test was used for two-group analysis. Values are means ± SEM, ***p b 0.001.
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highlighting a depressive-like behavior independent of motor im-
pairment. These results support previous observationsmade in a subop-
timal immunizationmodel of EAE (Peruga et al., 2011). Altogether these
results strongly corroborate the hypothesis of the presence of ‘intrinsic’
mood disturbances in acute EAE mice which are independent from
motor impairments, as likely occurs in MS.

IL-1β and TNF-α have been convincingly associated with mood dis-
orders (Dantzer et al., 2008) and their levels have been found higher in
serum and CSF of MS patients (Imitola et al., 2005), and in EAE brains
(Haji et al., 2012; Mandolesi et al., 2013). Of note icv injection of IL-1β
causes sickness behavior, anxiety and depression in mice (Bluthé
et al., 1995; Koo andDuman, 2008). Here, we linked EAE behavioral syn-
drome with inflammation in the striatum, brain area involved in both
motor and mood regulation in humans and rodents (Báez-Mendoza
and Schultz, 2013; Chesselet and Delfs, 1996) and affected by EAE
(Centonze et al., 2009). We found that IL-1β was selectively increased
with respect to TNF-α in the striatum of mild-EAE mice, together with
reduced microglia activation. Hippocampus of mild-EAE brains showed
variable and not significant levels of both IL-1β and TNF-α expression.
Althoughwe cannot exclude a role for IL-1β expressed in the hippocam-
pus in inducing EAE depressive-like behavior, our data suggest a major
role of IL-1β in the striatum. Additionally, we corrected EAE behavioral
abnormalities by blocking IL-1β signaling through central delivery of IL-
1ra, thus indicating the involvement of IL-1β in EAE-linked depression.
In this respect, a previous report showed the effectiveness of IL-1ra pe-
ripheral treatment in attenuating EAE-associated decrease in food and
sucrose intake (Pollak et al., 2003).
Many symptoms of depression are consistent with dysfunction of
the basal ganglia and of the DA system (Felger andMiller, 2012), in con-
junction with detrimental effects of cytokines (Zhu et al., 2006). Nota-
bly, changes in striatal connectivity have been claimed to be predictive
for episode relapse risk in major depression (Meng et al., 2014). Also,
evidence exists for the involvement of the dopaminergic system in
both motor and behavioral outcomes in MS and EAE.

In MS, the “dopaminergic machinery” of lymphocytes (Cosentino
et al., 2002), and also DA neuronal metabolism (Markianos et al.,
2009) are compromised, a finding that is in line with reduced mono-
amine concentrations in EAE brain and spinal cord (Musgrave et al.,
2011a, 2011b). Indeed, not only dopamine but also serotonin and nor-
epinephrine concentrations are reduced in EAE brains, and increasing
their levels by using the MAO inhibitor phenelzine improves both
motor and behavioral outcomes of EAEmice (Benson et al., 2013). Nota-
bly, D1R antagonists but not D2R antagonists ameliorate the clinical
score of PLP-immunized SJL mice (Nakano et al., 2008).

Since the role of serotoninergic and noradrenergic systems in ro-
dents behavior is well established (Krishnan and Nestler, 2008), we
cannot exclude a contribution of these neurotransmitters to EAE
depressive-like behavior. However, in the present study we uncov-
ered an impairment of the dopaminergic system in the striatum of
EAE mice still unknown, and we correlated it to EAE behavioral disor-
ders (both motivational and depressive-like behavior) and striatal ex-
pression of IL-1β. CPA measurements revealed a reduced stimulus-
induced DA outflow in EAE mice not due to a deficit of DA content
in the synaptic terminals. It might be possible that the activation of



Fig. 6. IL-1ra icv treatment recovers defective dopaminergic neurotransmission in EAE striatum. A. Normalized amperometric measurements of the stimulus-evoked striatal DA outflow
in EAE-IL-1ra mice (109.14 ± 4.69%). Note the non-significant increase of DA release respect to CFA control, but the significant increase in release respect to EAE mice (63.71 ±
3.96%). A′. Representative traces showing DA release in EAE-IL-1ra mice and EAE mice. Vertical bar indicates 50 mV (amplitude), horizontal bar indicates 500 ms (duration); the arrow
indicates stimulation start point. B. WB performed on striatal homogenates from acute CFA-vehicle, EAE-vehicle and EAE-IL-1ra mice depicts the bands relative to p-Th75-DARPP32,
DARPP32 andβ-actin. The quantitative analysis reported in the graph B′ shows no significant changes among groups in the phosphorylation status of DARPP32 at Th75 residue. C.Western
blot panel showing phosphorylation status of DARPP32 at Th34 site, the total substrate DARPP32 and β-actin. The bar graph in C′ reveals increased expression of p-Th34-DARPP32
relative to total DARPP32 content in EAE-vehicle compared to CFA-vehicle striata: IL-1ra in vivo treatment caused full rescue of the phosphorylation extent at Th34 of DARPP32. Neither
EAE nor IL-1ra treatment affected the basal level of DARPP32, as illustrated in the histogram in C″. WB data are normalized to CFA values. Statistical differences were analyzed by one-way
ANOVA followed by Tukey's HSD. ***p b 0.001, *p b 0.05.
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synaptic machinery consequent to membrane depolarization is al-
tered in EAE mice to reduce DA release, while the DA overflow
caused by amphetamine does not require the same mechanism of ac-
tion (Scarponi et al., 1999). By WB analysis of striatal total extracts
we could not detect major differences in the expression of TH be-
tween EAE and CFA, indicating no changes in the synthesis of DA
and corroborating the amperometric results. Neither D1R nor D2R
levels were affected by EAE. Nevertheless, we observed an increase
in the phosphorylation at Th34 of DARPP32, a well-studied molecular
target for the actions of DA and Adenosine systems and highly
enriched in virtually all MSNs in the striatum (Surmeier et al.,
2007). Activation of D1Rs and/or A2ARs, via stimulation of PKA,
leads to phosphorylation of DARPP32 at Thr34: A2ARs in turn nega-
tively control D2R (Svenningsson et al., 2004). Since DA release was
reduced in EAE striatum, we concluded that stimulation through
D2R was reduced in these mice, leading to potentiation of D1- and/
or A2A–PKA pathway. Interestingly, D1R–D2R unbalanced signaling
may account for the EAE striatal glutamatergic potentiation
(Centonze et al., 2009; Surmeier et al., 2007). Finally, IL-1ra treatment
was able to increase DA striatal levels in EAE striatum and to restore
normal phosphorylation levels of Th34-DARPP32, supporting the hy-
pothesis of IL-1β-dependency of dopaminergic system alteration.

In conclusion, our data depict a scenario in which IL-1β impairs
the dopaminergic signaling in the striatum, contributing to alter mood
in EAE mice. Moreover, they clearly demonstrate that mood alterations
are independent of motor disability in this neuroinflammatory condi-
tion, thus underlying the importance of screening and treating also MS
patients without disability for anxious and depressive symptoms.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2014.11.022.
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