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Neurodegeneration is the irremediable pathological event occurring during chronic inflammatory diseases of the CNS. Here we show
that, in experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis, inflammation is capable in enhancing
glutamate transmission in the striatum and in promoting synaptic degeneration and dendritic spine loss. These alterations occur early in
the disease course, are independent of demyelination, and are strongly associated with massive release of tumor necrosis factor-� from
activated microglia. CNS invasion by myelin-specific blood-borne immune cells is the triggering event, and the downregulation of the
early gene Arc/Arg3.1, leading to the abnormal expression and phosphorylation of AMPA receptors, represents a culminating step in this
cascade of neurodegenerative events. Accordingly, EAE-induced synaptopathy subsided during pharmacological blockade of AMPA
receptors. Our data establish a link between neuroinflammation and synaptic degeneration and calls for early neuroprotective therapies
in chronic inflammatory diseases of the CNS.

Introduction
Glutamate-mediated excitotoxicity is emerging as a crucial deter-
minant of neuronal injury in multiple sclerosis (MS). Accord-
ingly, glutamate levels have been found to be significantly higher
in the CSF (Stover et al., 1997; Sarchielli et al., 2003) and in the
brains of MS patients (Srinivasan et al., 2005). Furthermore, glu-
tamate clearance and receptor expression are impaired in MS
brains (Pitt et al., 2000; Geurts et al., 2003, 2005; Vallejo-
Illarramendi et al., 2006) and in animal models of the disease
(Hardin-Pouzet et al., 1997; Pitt et al., 2000; Smith et al., 2000;
Ohgoh et al., 2002), whereas glutamate receptor antagonists exert
beneficial effects in experimental autoimmune encephalomyeli-
tis (EAE) (Wallstrom et al., 1996; Bolton and Paul, 1997; Pitt et
al., 2000; Smith et al., 2000) and in MS (Plaut, 1987) by limiting
not only oligodendrocyte but also neuronal damage (Pitt et al.,
2000; Smith et al., 2000). These findings, therefore, suggest that

glutamate-mediated excitotoxicity may play a role in the patho-
genesis of MS, as proposed in primarily neurodegenerative dis-
orders (Choi, 1988).

Despite the critical importance attributed to synaptic changes
in the pathophysiology of MS, to date no study investigated in a
straightforward manner the effects of the immuno-mediated at-
tack of myelin antigens on synaptic properties of central neurons.
In the present work, therefore, we wanted to study synaptic func-
tioning in the brains of mice with myelin oligodendrocyte glyco-
protein (MOG)-induced EAE, a well established animal model of
MS. We selected the striatum for our investigation because this
subcortical brain area is particularly prone to develop neurode-
generative damage in the course of MS (Bakshi et al., 2002; Ber-
mel et al., 2003).

Materials and Methods
EAE induction and clinical score. As described previously (Pluchino et al.,
2003), chronic-progressive EAE was induced in 6- to 8-week-old
C57BL/6 female mice by subcutaneous immunization with MOG 35–55
peptide. Body weight and clinical score (0, healthy; 1, limp tail; 2, ataxia
and/or paresis of hindlimbs; 3, paralysis of hindlimbs and/or paresis of
forelimbs; 4, tetraparalysis; 5, moribund or death) were recorded daily.
In some experiments, EAE mice received twice daily intraperitoneal in-
jections of NBQX (30 mg/kg, dissolved in saline, 0.9% NaCl) or of vehicle
(n � 8 mice per group) for 10 consecutive days starting from 10 d post-
immunization (dpi). Additional information is provided in supplemen-
tal Methods (available at www.jneurosci.org as supplemental material).

Electrophysiology. Mice were killed by cervical dislocation under halo-
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thane anesthesia, and corticostriatal coronal slices (200 �m) were pre-
pared from fresh tissue blocks of the brain using a vibratome (Centonze
et al., 2005, 2007). A single slice was then transferred to a recording
chamber and submerged in a continuously flowing artificial CSF (34°C,
2–3 ml/min) gassed with 95% O2–5% CO2. The composition of the
control solution contained the following (in mM): 126 NaCl, 2.5 KCl, 1.2
MgCl2, 1.2 NaH2PO4, 2.4 CaCl2, 11 glucose, and 25 NaHCO3.

Whole-cell patch-clamp recordings were made with borosilicate glass
pipettes (1.8 mm outer diameter; 2– 4 M�), in voltage-clamp mode, at
the holding potential of �80 mV. The recording pipettes were filled with
internal solution of the following composition (in mM): 125 K �-
gluconate, 10 NaCl, 1.0 CaCl2, 2.0 MgCl2, 0.5 BAPTA, 19 HEPES, 0.3
GTP, and 1.0 Mg-ATP, adjusted to pH 7.3 with KOH. Bicuculline (10
�M) was added to the perfusing solution to block GABAA-mediated
transmission.

To study the effects of microglia on striatal excitatory and inhibitory
transmission, microglia was gently placed onto the surface of a striatal
slice, submerged in a continuously oxygenated recording chamber for
30 – 60 min before the electrophysiological recordings. In the case of BV2
microglia cell line, the presence of microglial cells over the slices was
monitored with a 40� water-immersion objective combined with an
infrared filter and, in some instances at the end of the experiment, by
using a fluorescent microscope. Additional information is provided in
supplemental Methods (available at www.jneurosci.org as supplemental
material).

GluR1 and GluR1 pSer845 detection in postsynaptic membranes. For
postsynaptic density (PSD) isolation, a previously described method was
slightly modified (Gardoni et al., 2006). Brains were removed within 30 s
after decapitation, and hippocampus and striatum were dissected and
separately homogenized in homogenization buffer (in mM: 320 sucrose, 1
HEPES, pH 7.4, 1 MgCl2, 1 EDTA, 1 NaHCO3, 1 PMSF, 1 Na3VO4, 20
�-glycerophosphate, 5 NaF, and protease inhibitor cocktail; Sigma) with
10 strokes of a tight-fitting glass Dounce tissue grinder (7 ml; Wheaton).
Cell debris and nuclei were removed by centrifugation at 1000 � g. The
resulting supernatant was centrifuged at 3000 � g for 15 min to obtain a
crude membrane fraction. The pellet was resuspended in 1 mM HEPES
containing proteases inhibitors in a tight-fitting glass Dounce tissue
grinder (7 ml; Wheaton) and centrifuged at 100,000 � g for 1 h. The
resultant pellet was resuspended in buffer containing 75 mM KCl, 1%
Triton X-100, and proteases inhibitors and centrifuged at 100,000 � g for
1 h. The supernatant was stored and referred to as Triton X-100-soluble
fraction (TSF). The final pellet was resuspended in a glass– glass potter in
20 mM HEPES and proteases inhibitors. This last fraction was referred as
Triton X-100-insoluble fraction. Additional information is provided in
supplemental Methods (available at www.jneurosci.org as supplemental
material).

Crude synaptosomal pellet (P-2) preparation. Mice were killed by cer-
vical dislocation, and the brains were rapidly removed to prepare the P-2
fraction. The striata were pooled (two mice for each experimental con-
dition) and homogenized in 3.6 ml of homogenization buffer (0.32 M

sucrose, 4 mM HEPES, pH 7.4, 1 mM EGTA, and 1 mM PMSF with
protease inhibitors). The homogenate was spun at 1000 � g at 4°C for 10
min to remove nuclei and cell debris. The resulting supernatant was
centrifuged at 12,000 � g at 4°C for 15 min. The pellet was resuspended
in 2.5 ml of homogenization buffer and centrifuged (15 min, 13,000 � g,
4°C) to obtain the final P-2 fraction.

Flow cytometry in crude synaptosomal preparation (P-2 fraction). The
distribution of phospholipids in the plasma membrane changes during
early steps of apoptosis, and this involves the translocation of the mem-
brane phospholipid phosphatidylserine (PS) from the internal layer to
the external layer of cell membrane. In presence of Ca 2�, Annexin V has
a high specificity and affinity for PS. Thus, the binding of Annexin V to
membrane with exposed PS provides a highly sensitive method for de-
tecting early cellular apoptosis. Emerging data from neurological studies
indicate that, in neuron, sublethal apoptotic activity can lead to a limited
form of apoptosis in synapses, thus causing a synaptic failure without
neuronal cell death.

With this preamble, we have applied a flow cytometry method on P-2
fraction preparation, and we have used the Annexin-V to detect synap-

tosomal particles with exposed PS and viability marker calcein AM to
analyze only “viable synaptosomes.”

The P-2 fraction was resuspended in binding buffer (in mM: 10
HEPES, pH 7.4, 150 NaCl, 5 KCl, 5 MgCl2, and 1.8 CaCl2). For dye
labeling, dye diluted in binding buffer was added to 0.1 ml aliquots of
P-2, incubated for 10 min at room temperature, and then diluted in PBS
(final volume, 0.5 ml) for immediate flow cytometry analysis. For calcein
AM, final dye concentration was 100 nM, and, for Annexin
V-phycoerythrin (PE), final concentration was 1 mg/ml.

P-2 particle fluorescence was acquired on a fluorescence-activated cell
sorter, and analyzed with logarithmic amplification. Polystyrene beads
(1.4 and 4.5 �m) were run on the instrument to standardize forward
scatter measurements. Particles whose sizes were 1.4 and 4.5 �m were
analyzed according to previous studies (Gylys et al., 2004a,b). Analysis
was performed using Flowjo software, version 8.4.

Annexin-V-PE was purchased from BD Pharmingen(catalog #TM
556421), and calcein AM was obtained from Invitrogen (catalog
#C3100MP).

Preparation of CD3� cells from EAE mice. After aseptically removing
spleens from donor EAE mice (25 dpi), splenocyte suspensions were
prepared by mechanically teasing the spleen with the blunt end of a 10 ml
plastic syringe plunger in a Petri dish, then passing suspensions through
a BD Falcon 70 �m cell strainer (BD Biosciences-Discovery Labware) to
remove debris, and finally suspending the cells in 1% fetal bovine serum,
Roswell Park Memorial Institute 1640. From unfractionated splenocytes,
CD3� T-cell lymphocytes were obtained by magnetic-activated cell sort-
ing (Miltenyi Biotec; mCD3 isolation kit). Pure T cells, 5 � 10 3, were
then placed onto a single slice and incubated for 30 – 60 min before the
electrophysiological experiments.

Preparation and activation of BV2 microglia cell line. The BV2 immor-
talized murine microglial cell line was provided by Dr. F. Aloisi (Depart-
ment of Cell Biology and Neuroscience, Istituto Superiore di Sanità,
Rome, Italy). BV2 cells were infected with a retrovirus codifying the green
fluorescent protein gene (supplemental Methods, available at
www.jneurosci.org as supplemental material) and treated for 24 h with
Th1-specific proinflammatory cytokines [100 U/ml IL1-� (Euroclone),
200 U/ml tumor necrosis factor � (TNF�) (Peprotech), and 500 U/ml
interferon � (IFN�) (Becton Dickinson) (Th1 mix)] known to peak dur-
ing the acute phase of EAE (Furlan et al., 1999). Then, cells were placed
onto a single slice (30 – 60 min), and whole-cell patch-clamp recordings
were made as above. Additional information is provided in supplemental
Methods (available at www.jneurosci.org as supplemental material).

Preparation and activation of primary microglia cell line. Primary mi-
croglia cultures were obtained from C57BL/6 mice (postnatal days 0 –2)
(supplemental Methods, available at www.jneurosci.org as supplemental
material). Cells were tested for purity by flow cytometry in each experi-
ment. Briefly, primary microglial cells were stained for CD11b (BD Bio-
sciences) detection. Then, cells were analyzed on a FacsCanto (BD Bio-
sciences), and 50,000 events were acquired. For quantitative real-time
experiments (n � 3 independent preparations), cells were plated on 35
mm dishes and treated with cytokines for 24 h. Cells were activated with
the Th1 mix (see above). Cells treated with anti-inflammatory cytokines
(in ng/ml: 10 IL4, 10 IL5, and 10 IL13; all R & D Systems) (Th2 mix) and
saline were used as additional controls. Then, total mRNA was extracted
as described, and the TNF� and Iba1 mRNA levels were evaluated by
using the LightCycler 480 System (Roche) as described. Histogram
showed the mean � SEM of three independent preparations.

In situ hybridization. In situ hybridization was performed according to
standard method as described previously (Muzio et al., 2002). Briefly,
10-�m-thick brain sections were postfixed 15 min in 4% paraformalde-
hyde and then washed three times in PBS. Slides were incubated in 0.5
mg/ml Proteinase K in 100 mM Tris-HCl, pH 8, 50 mM EDTA for 10 min
at 30°C. This was followed by 15 min in 4% paraformaldehyde. Slices
were then washed three times in PBS and then washed in H2O. Sections
were incubated in 0.1 M triethanolamine, pH 8, for 5 min. Finally, 400 �l
of acetic anhydride was added two times for 5 min each. Then, sections
were rinsed in H2O for 2 min and air dried. Hybridization was performed
overnight at 60°C with �-UTP 33-labeled riboprobe at a concentration of
10 6 cpm/slide. The following day, sections were rinsed in 5� SSC for 5
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min and then washed in 50% formamide, 2� SSC for 30 min at 60°C.
Then slides were incubated in 20 mg/ml ribonuclease-A (Roche) in 0.5 M

NaCl, 10 mM Tris-HCl, pH 8, 5 mM EDTA for 30 min at 37°C. Sections
were washed in 50% formamide, 2� SSC for 30 min at 60°C, and then
slides were rinsed two times in 2� SSC. Finally, slides were dried by using
ethanol series. LM1 (GE Healthcare) emulsion was applied in a dark
room, according to the instructions of the manufacturer. After 3 weeks,
sections were developed in a dark room, counterstained with 4�,6�-
diamidino-2-phenylindole (DAPI), and mounted with DPX (BDH).
Arc/Arg3.1 riboprobe was kindly provided by Dr. Mucke (Gladstone In-
stitute of Neurological Disease, San Fransisco, CA) (Palop et al., 2005).
EAE and healthy control (HC) brains (n � 3 per each group) were used
for the in situ hybridization study. Microphotographs of one section
every 280 �m, ranging from bregma �1.2 to bregma �0.4, were digi-
talized in dark-field light microscopy (Olympus BX51 and 4� objective)
by using a CCD camera (Leica). To confirm the specificity of the different
RNA probes, sense strand RNA probes (showing no signal) were used as
negative controls.

Laser microdissection and real-time PCR. Laser microdissection of the
striatum was performed on three EAE 20 dpi and three control brains by
using the laser-capture microdissector (AS LMD; Leica). Briefly, 25 �m
coronal cryosections were generated starting from bregma �1.4 to
bregma �0.4 of the brain. Sections were dehydrated after the ethanol
series. Then, four rectangular sections (200 � 300 �m) of the caudate–
putamen were microdissected from each slice. Finally, we collected a
mean of 107 � 10 dissections from each EAE 20 dpi brain and 117 � 12
dissections from each control brain. Total RNA was extracted by using
RNeasy Mini kit (Qiagen) according to the recommendations of the
manufacturer, including DNase digestion. cDNA synthesis were per-
formed using ThermoScript RT-PCR System (Invitrogen) and Random
Hexamer (Invitrogen) according the instructions of the manufacturer in
a volume of 20 �l. The LightCycler 480 System (Roche) and SYBR Green
JumpStart Taq ReadyMix for High Throughput QPCR (Sigma) were
used for the quantification of Arc/Arg3.1 gene by using the following
primers: Arc/Arg3.1 forward, 5�GGCAGCGGCTGGAGCCTACA-
GAG3�; Arc/Arg3.1 reverse, 5�GCTCTTGGGCTGAGCTGGGGTG
CT3�; CD45 forward, 5�CTCTCCTTGATTTCCAATGTGCTGTGTC3�
CD45 reverse, 5�GCTAAGGCGACAGA GGTGTCTGATGG3�; Iba1 for-
ward, 5�GCAGGAAGAGAGGCTGGAGGGGATC3� Iba1 reverse,
5�CTCT TAGCTCTAGGTGGGTCTTGGG3�; Tnf� forward, 5�GC-
CTCTTCTCATTCCTGCTTGTGGCAG3�; Tnf� reverse, 5�GACGT-
GGGCTACA GGCTTGTCACTCG3�. The following were used as house-
keeping gene: Histone H3 gene H3 forward, 5�GGTGA
AGAAACCTCATCGTTACAGGCCTGGTAC3�; H3 reverse, 5�CTG-
CAAAGCACCAATAGC TGCACTCTGGAAGC3�. Histogram showed
the mean � SEM of two independent experiments. The ABI prism 7700
Sequence detection system and TaqMan gene expression assay (Applied
Biosystems) were used for the quantification of the following genes: IL13
(Applied Biosystems: Mm00434204_m1), IL4 (Applied Biosystems:
Mm004452259_m1), and IL10 (Applied Biosystems: Mm00439616_m1)
on laser-captured microdissections and TNF� (Applied Biosystems:
Mm00443258_m1) on BV2 cells treated with cytokines. In these experi-
ments, we used glyceraldehyde-3-phosphate dehydrogenase (Applied
Biosystems: 4352339E) as housekeeping gene. Statistical analysis was
performed using unpaired Student’s t test.

Preparation of primary neuronal cell line. Primary neuronal cultures
were obtained from embryonic day 16.5 (E16.5) CD1 forebrains. Exper-
imental details about the Western blot analysis, the PSD95 staining, and
the real-time PCR experiments are provided in supplemental Methods
(available at www.jneurosci.org as supplemental material).

5�-Lodo-2�-deoxyuridine administration and detection. During DNA
replication, in the S-phase of the cell cycle, proliferating cells are easily
traceable by injecting mice with the thymidine analog 5�-lodo-2�-
deoxyuridine (IddU) (Muzio et al., 2005). By varying the pulsing para-
digm and the examination time points after pulsing, it is possible to
quantify the percentage of proliferating cells located within the tissue
(Takahashi et al., 1992, 1993). Indeed, for an asynchronously proliferat-
ing population of cells, the number of cells distributed along equivalent
intervals of the cell cycle will be the same. Thus, a short pulse of IddU

labels cells that are in the S-phase, but, with prolonged IddU administra-
tion, it is possible to label all the proliferating cells that enter the S-phase.
The first intraperitoneal injection was done at the concentration of 100
mg/kg (IddU stock solution was done by diluting IddU in 0.007N NaOH
at the concentration of 50 mg/ml) in 0.9% saline, and the following
injections were done at the concentration of 70 mg/kg in 0.9% saline and
then every 2 h. Animals were divided in three groups: the first one re-
ceived IddU for 1 h, the second group for 10 h, and the last one for 12 h.
A total of at least three EAE and three HC females per group were killed
at each time point by anesthetic overdose and transcardially perfused
with 4% paraformaldehyde in PBS, pH 7.2. Dissected brains were post-
fixed in the same solution for 12 h at �4°C and then cryoprotected for at
least 24 h in 30% sucrose in PBS at �4°C. Serial 10 �m coronal cryosec-
tions were mounted directly onto Superfrost plus (Menzel-Glaser) slides.
Then, sections were postfixed in 4% paraformaldehyde in PBS, pH 7.2,
and washed three times with PBS. Samples were boiled in 10 mM sodium
citrate, pH 6, for 5 min and allowed to cool down slowly. The sections
were incubated in 2 M HCl for 20 min at room temperature to denature
the DNA. This was followed by 10 min washing in buffer borate, pH 8.5,
to equilibrate the pH. Then, sections were washed three times in PBS and
blocked in PBS, 1 mg/ml BSA, 10% FBS, and 0.1% Triton X-100. Single
and double immunofluorescence experiments were performed accord-
ing the standard protocol. Briefly, we used the anti-pan halogen antibody
(mouse clone B44; BD Biosciences) at 1:75 for IddU detection and the
following antibodies for the double immunofluorescence experiments:
anti-Iba1 (rabbit; Wako Bioproducts) at 1:400, anti-GFAP (rabbit;
Dako) at 1:1000, and anti-neuronal-specific nuclear protein (NeuN)
(mouse; Millipore Bioscience Research Reagents) at 1:1000. Antibodies
were applied overnight at �4°C. Sections were rinsed three times in PBS,
and anti-mouse Alexa fluor 488 or anti-rabbit Alexa fluor 546 were in-
cubated for 2 h at room temperature. Finally, sections were washed three
times with PBS, counterstained with DAPI at 1:15000, and coverslipped
with Fluorsave (Calbiochem) before imaging. For the NeuN/IddU dou-
ble immunofluorescence experiments, IddU was coupled with Alexa
flour 488 fluorochrome by using the Invitrogen zenon labeling kit ac-
cording to the recommendations of the manufacturer. One section every
280 �m of a brain region ranging from the anterior bregma �1.3 to the
posterior bregma �0.3 was used to count single IddU and double-
positive cells located within the caudate–putamen. Confocal (SP2; Leica)
and light (BX51; Olympus) microscopy were used to analyze tissue stain-
ing. IddU-positive (IddU �) cells were counted within the caudate–pu-
tamen, and histograms showed the mean � SEM value. IddU/Iba1,
IddU/GFAP-double positive cells were counted on parallel sections, and
histograms showed their percentage. Statistical analysis was performed
using unpaired Student’s t test.

Immunohistochemistry and immunofluorescence. For immunohisto-
chemistry experiments, sections were postfixed 5 min in 4% paraformal-
dehyde, followed by three washes in PBS. Antigen retrieval, when appro-
priate, was performed as indicated previously (Muzio et al., 2002).
Endogenous peroxidase blocking reaction was obtained by incubating
sections 20 min in the 3% methanol/H2O2 solution. Then, sections were
washed for 5 min for three times in PBS and incubated in the blocking
mix (1� PBS, 10% FBS, 1 mg/ml BSA, and 0.1% Triton X-100), for 1 h at
room temperature. Anti-phospho-hystone3 (pH3) (rabbit; Millipore) at
1:200 was diluted in blocking mix and incubated at �4°C overnight. The
following day, sections were washed in PBS for 5 min for three times.
Anti-rabbit biotinylated (Vector Laboratories) at 1:200 was diluted in
blocking mix and applied. Slides were washed three times in 1� PBS for
5 min and incubated in ABC (Vector Laboratories) for 2 h. Then the
slides washed three times in 1� PBS and developed in 0.1 M Na-acetate
buffer containing 0.25% of 3-amino-9ethyl-carbazole (Sigma). Sections
were mounted, and light microscopy (BX51; Olympus) were used to
analyze tissue staining. pH3 � cells were analyzed on three independent
EAE 20 dpi brains. Double and single immunofluorescence experiments
were done according to standard laboratory protocols, and the following
antibodies were used on three independent EAE and three independent
HC: �-CD3 (rat; Serotec) at 1:100, �-Iba1 (rabbit; Wako Bioproducts) at
1:400, and �-NeuN (mouse; Millipore Bioscience Research Reagents) at
1:1000. Primary antibodies were incubated overnight at �4°C. Then,
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sections were washed three times in PBS and incubated with appropriate
secondary antibodies conjugated with Alexa fluor fluorochrome for 2 h
at room temperature. Sections were rinsed three times in PBS, counter-
stained with DAPI, and coverslipped. One section every 280 �m of a
brain region ranging from the anterior bregma �1.3 to the posterior
bregma �0.3 was digitalized by using the confocal microscopy (SP2;
Leica) and used for our analysis.

Golgi staining. The single-section Golgi technique (Izzo et al., 1987)
was performed on coronal sections (100 �m) containing striata from HC
(n � 5), EAE (30 dpi; n � 5), and EAE mice chronically treated with
NBQX (n � 5). Additional information is provided in supplemental
Methods (available at www.jneurosci.org as supplemental material).

Results
Glutamate transmission in EAE mice
To address excitatory transmission in experimental MS, we re-
corded synaptic activity from EAE mice. The duration of
glutamate-mediated spontaneous (sEPSCs) and miniature
(mEPSCs) EPSCs was increased in striatal neurons of EAE mice.
This alteration was evident both in the presymptomatic (7–10
dpi; n � 6 mice) and clinical phase of the disease (20 –30 dpi;
mean clinical score, 2.8; n � l4 mice) (n � at least 20 neurons for
each electrophysiological parameter and experimental group). A
slower decay phase accounted for increased sEPSC duration (Fig.
1a– d), whereas sEPSC rise time and amplitude were unchanged
in EAE (n � at least 20 neurons for each time point and experi-
mental group; p � 0.05) (Fig. 1e,f). Statistical analysis showed a
direct correlation between sEPSC duration and sEPSC decay time
(10 dpi, n � 20, r � 0.53, p � 0.01; 25 dpi, n � 21, r � 0.69, p �
0.0004). Also, the frequency of sEPSC increased at 10 and 25 dpi
in EAE mice (n � at least 20 neurons for each time point and
experimental group; p 	 0.01) (Fig. 1g,h).

To see whether NMDA receptors mediated the observed
changes of sEPSCs, we incubated striatal slices with MK-801
[(�)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-
5,10-imine maleate]. This NMDA receptor antagonist failed to
affect sEPSCs in neurons from control mice (n � 8, p � 0.05
compared with pre-drug values for each sEPSC parameters), and
to normalize sEPSC duration (n � 11, 96.4 � 3%, p � 0.05
compared with pre-drug values and p 	 0.01 compared with the
healthy control (HC) group) and frequency (n � 11, 73.3 �
3.1%, p 	 0.05 compared with pre-drug values and to HC) in
EAE mice at 25 dpi (Fig. 1i). In contrast, application of the AMPA
receptor antagonists NBQX (n � 5) or CNQX (n � 7) fully
suppressed sEPSCs in both EAE and control mice (data not
shown).

The changes in the shape of sEPSCs indicate a change in the
number or in the kinetic properties of AMPA receptor channel
complex. Of note, the activity of AMPA receptors is regulated by
both expression and phosphorylation state of specific receptor
subunits (Banke et al., 2000). Thus, we measured expression of
GluR1 subunit of AMPA receptors and its phosphorylation at the
Ser845 residue in isolated striatal postsynaptic densities of pre-
symptomatic (10 dpi) and symptomatic (25 dpi) EAE mice (n �
3 mice for each time point). Western blot analysis showed that
both total GluR1 and GluR1-p-Ser845 expression were up-
regulated at 10 dpi and at 25 dpi in the striatum, whereas no
difference was detectable for both GluR1 and GluR1-p-Ser845
expression in the hippocampus at both time points (Fig. 1j). Sim-
ilar findings were obtained when analyzing whole dissected stri-
ata at the following time points: 10 dpi, 25 dpi and 50 dpi (n � 3
mice for each time point) (supplemental Fig. 1 and Methods,
available at www.jneurosci.org as supplemental material). We
next asked whether the presynaptic compartment may be af-

fected during EAE. To investigate presynaptic vesicles, we mea-
sured the synaptophysin expression levels on striatal micro-
dissected tissue by Western blot. Synaptophysin expression levels
were unchanged in 10 dpi and 25 dpi striatal extracts (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material).

To better characterize the synaptic degeneration in HC and
EAE mice (25 dpi) we applied a cytofluorimetry-based method
for analyzing in vitro nerve terminals to synaptosome prepara-
tion. By labeling crude striatal synaptosome preparations with
Annexin V and with calcein AM before flow cytometry, we found
a significant ( p 	 0.05) increase of synaptosomes positive for
both markers in EAE (58 � 9 vs 38 � 8%; n � 4 mice), consistent
with the occurrence of synaptic degeneration in these mice (Fig.
1k). To rule out the possibility that PS exposure was a phenome-
non related to neuronal death, we quantified the total number of
striatal neurons. No significant difference was observed in EAE
mice compared with HC (25 and 60 dpi; n � 3 for each time
point) (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material).

Role of infiltrating lymphocytes in striatal
synaptic alterations
The evidence that striatal glutamate transmission was altered
since the presymptomatic stage of EAE was surprising, because
peripheral immunization with MOG is reported to cause limited
inflammatory involvement of the striatum (Politi et al., 2007).
However, in the presymptomatic (10 dpi) and symptomatic
phase of EAE, we found sparse inflammatory infiltrates in the
striatum, mainly composed by CD3� cells (Fig. 2a). Of note, at
20 –30 dpi, their number was higher within the striatum than
within the cortex (20 dpi striatal infiltrates 11.4 � 2.3 vs 5.1 � 1.2
within the cortex; p 	 0.05; n � 4 mice). In contrast, few or any
infiltrating CD3� cells were present during the chronic phase of
EAE (60 and 90 dpi) (data not shown). Thus, we first investigated
the potential involvement of CD3� cells in the synaptic alter-
ations of EAE. To this end, we preincubated striatal slices from
control animals in the presence of CD3� cells extracted from the
lymph nodes of EAE (20 –30 dpi) and HC mice. In slices incu-
bated in the presence of CD3� cells from EAE mice, we observed
a dramatic alteration of sEPSCs (n � 13 for both groups), remi-
niscent of the defects seen in EAE. However, in EAE CD3�-
treated slices, not only increased decay time but also increased
rise time contributed to alter the kinetic of sEPSCs ( p 	 0.01 for
both parameters). These data, therefore, suggest that these in-
flammatory cells induce changes of glutamate receptor function
that are different from those observed in EAE brains, possibly
involving both AMPA and NMDA receptors (Fig. 2b).

Activated microglia reproduces the synaptic defects of
EAE mice
Because sEPSCs alterations by activated CD3� only partially re-
sembled those induced by EAE mice, we investigated the effect of
activated microglia on glutamate transmission. Indeed, activated
microglia (BV2 microglia or primary microglia; 30 – 60 min be-
fore the electrophysiological recordings) deposited on striatal
slices from control mice mimicked the alterations of glutamate
transmission seen in EAE. Accordingly, activated microglia sig-
nificantly ( p 	 0.01) increased the duration of sEPSCs (BV2
microglia, n � 16; primary microglia, n � 10) and of mEPSCs
(BV2 microglia, n � 12, 5.8 � 0.3 ms; primary microglia, n � 8,
6.2 � 0.4 ms) by slowing their decay phases (Fig. 3a– d). As also
seen in EAE mice, MK-801 failed to normalize the duration of
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Figure 1. EAE alters glutamatergic transmission in the striatum. a, b, Half-width and decay time of glutamatergic sEPSCs recorded from striatal neurons increased in the presymptomatic (10 dpi) and in the
acute (25 dpi) phase of EAE. **p	0.01. c, Cumulative distributions of sEPSC decay time recorded in HC and in the acute stage of EAE. The electrophysiological traces are examples of sEPSC mean peak obtained
by group analysis. d, Scatter plot of sEPSC half-width and sEPSC decay time recorded from neurons of EAE mice at 25 dpi. Pearson’s test revealed a significant positive correlation. e, f, The graphs show that the
sEPSC rise time and amplitude were unchanged in EAE at 10 and 25 dpi. g, The frequency of sEPSCs was increased at both preclinical and clinical stages of EAE. **p	0.01. h, The electrophysiological traces are
examples of sEPSCs (downward deflections) recorded from striatal neurons in control conditions and 10 and 25 dpi with MOG. i, The graph shows that pharmacological inhibition of NMDA receptors with MK-801
failed to normalize sEPSC half-width in EAE mice. j, EAE pathological process causes changes in GluR1 protein composition of PSD preparations. Left, Immunoblot of PSD proteins obtained from hippocampus and
striatumofEAEmiceat10and25dpiandcontrolgroupanimals(n�3foreachexperiment).Right,DensitometricquantificationchangesingrayvaluesandSEM(EAEgroup/controlgroupvalues).Thehistogram
shows that the expression of GluR1 subunit of AMPA receptors and its phosphorylation at the Ser845 in isolated striatal postsynaptic densities of presymptomatic (10 dpi) and symptomatic (25 dpi) EAE mice was
increased. *p	0.01. k, Representative density plot showing calcein AM fluorescence versus Annexin V fluorescence for large synaptosomal particles (data were collected for 20,000 particles from each sample;
10,000 events are plotted). Percentage of total particles is shown for each quadrant. Particles positive for both markers are in the top right quadrant. Increase in Annexin V labeling was observed in striatum
synaptosomes taken from EAE mice (25 dpi). Background, Untreated P-2 double labeled for Annexin V and calcein AM.
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Figure 2. T lymphocytes alter synaptic transmission and cause microglia/macrophage activation in EAE. a, Inflammatory lesions in the striatum of EAE mice (20 dpi) were evaluated by double
staining for CD3 (green in the box) or Iba1 (red in the box). b, The histogram shows that both rise and decay time of sEPSCs recorded from neurons in the presence of CD3 � cells were altered. The
electrophysiological traces on the right are examples of sEPSC mean peak obtained by group analysis in control conditions (CD3 � cells from healthy controls) and in the presence of CD3 � cells
extracted from EAE mice. **p 	 0.01. c, Primary microglial cell cultures were generated starting from P2 C57BL/6 newborn. Primary microglia cells were shaken off and treated with either the Th1
or the Th2 mix for 24 h (n � 3 independent cell cultures). Then, total mRNA was extracted and used for the real-time PCR analysis. The histogram shows that Th1 mix treatment resulted in a dramatic
upregulation of either Iba1 (4.3 � 0.6; ***p 	 0.001) or TNF� (3.15 � 1.7; *p 	 0.05) mRNA levels, markers of microglia/macrophage cell activation. Data represent the log2 of the fold changes
(�SEM) with respect to the vehicle-treated cells. d, Striatal sections from HC and EAE mice (20, 30, and 60 dpi) were probed for IddU detection during 10 h of IddU administration. IddU � cells (green)
were distributed within either the dorsolateral or ventrolateral SVZ in both HC and EAE 60 dpi (arrows in first and fourth panels). However, EAE 20 dpi showed many IddU � cells located within the
striatal parenchyma (second panel). This phenotype was reduced at later time points as shown at either EAE 30 or 60 dpi. Scale bar, 150 �m. e, The mean�SEM number of IddU � cells were counted
at each time point and plotted on histogram. ***p 	 0.001. f, g, Cell counts revealed a mean number per section of 20 � 2 ( p 	 0.0001) IddU � cells at 8 dpi, 47 � 2 ( p 	 0.0001) IddU � cells
at 14 dpi, 73 � 16 ( p 	 0.01) IddU � cells at 18 dpi, 280 � 45 ( p 	 0.001) IddU � cells at 20 dpi, 30 � 14 (NS) IddU � cells at 30 dpi, and 7 � 2 (NS) IddU � cells at 60 dpi. f, Confocal optical
sections of parallel sections probed for Iba1 (red) and IddU (green) detection revealed that 45 � 8% of the proliferating cells were Iba1 � at 8 dpi, 65 � 8% of the proliferating cells were Iba1 �

at either 12 or 14 dpi, 91�3% of the proliferating cells were Iba1 � at either at 18 or 20 dpi, and 68�11% of the proliferating cells were Iba1 � at either 25 or 30 dpi. Scale bar, 10 �m. h, Histogram
showed mRNA fold changes � SEM for Iba1 (4.3 � 0.7; p 	 0.01), CD45 (8.3 � 2.7; p 	 0.05), and TNF� (10.22 � 0.9; p 	 0.01). Total RNA was extracted from laser-captured microdissection
of striatum, respectively, from HC and EAE 20 dpi brains and then used for quantitative real-time PCR. *p 	 0.05; **p 	 0.01.
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sEPSCs and mEPSCs recorded in the pres-
ence of activated microglia, implying
changes of AMPA receptor function at the
basis of this synaptic alteration (BV2 mi-
croglia, n � 8; primary microglia, n � 4;
p � 0.05 compared with predrug values)
(data not shown). Notably, non-activated
BV2 or primary microglia produced no ef-
fect on the physiological properties of stri-
atal sEPSCs recorded from control slices
(n � at least 10 and p � 0.05 for each mea-
sure) (Fig. 3a– d), whereas activated BV2
microglia applied on slices from EAE mice
(25 dpi) failed to further increase sEPSC
decay phase, indicating that EAE occluded
the effects of activated microglia on this
parameter (n � 8; p � 0.05) (Fig. 3e).

Early and selective
microglia/macrophage proliferation and
activation in the striatum of EAE mice
Activated microglial/macrophage cells
have been implicated recently in the
pathophysiology of classical neurodegen-
erative diseases (Schwartz et al., 2006; Mu-
zio et al., 2007). We hypothesized that in-
filtrating CD3� T cells or macrophages
may activate, through the release of cyto-
kines, endogenous microglia cells, in turn
contributing to synaptic alterations of EAE
mice. Indeed, stimulation of microglia primary cultures with a
proinflammatory Th1 cytokine mix (IL-1�, IFN�, and TNF�),
typical of EAE, but not with a Th2 cytokine mix (IL-4, IL-10, and
IL-13), virtually absent in the striatum of EAE mice at the peak of
inflammation (data not shown), resulted in a dramatic upregu-
lation of both Iba1 (ionized calcium-binding adaptor
molecule-1) and TNF� mRNA levels, markers of microglia/mac-
rophage activation (Fig. 2c). We then studied microglia/macro-
phage cell activation during ongoing EAE (starting from 8 to 60
dpi), by assaying cell proliferation within the striatum after ad-
ministration of the S-phase tracer IddU. Because we cannot dis-
tinguish endogenous microglia from infiltrating macrophages,
our cell counts are referred to the microglia/macrophage cell
population. IddU was intraperitoneally administered (n � 3 mice
for each group at each time point), and mice were killed 1, 10, or
12 h later (Fig. 2d) (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). Cell proliferation was
assayed on coronal sections in a region spanning from the ante-
rior bregma �1.3 to the bregma �0.3. As described previously,
control brains showed IddU� proliferating cells mainly confined
to the striatal ventricular lining in which adult neural precursors
cells normally reside (Doetsch et al., 1999, 2002a,b). However,
EAE brains revealed many IddU� cells located throughout the
entire striatal parenchyma (Fig. 2d) and septum (data not
shown). The mean number of IddU� cells per sections showed
that striatal cell proliferation greatly enhanced at 20 dpi ( p 	
0.001) (Fig. 2d,e). Nevertheless, a significant number of prolifer-
ating striatal cells was detected also during the presymptomatic
phase of the disease (8 dpi; p 	 0.001) (Fig. 2e). IddU incorpora-
tion reflects DNA duplication, but it is not a marker for cell
division (Rakic, 2002). Thus, control and EAE mice at 20 dpi were
injected for either 1 or 12 h, and the numbers of total labeled cells
per section were compared with those obtained from 10 h exper-

iments. Increased IddU� cells per sections in the 10 and 12 h
experiments indeed suggest that striatal cells underwent effective
proliferation. Moreover, striatal cell proliferation was confirmed
by the presence of the mitotic marker pH3 within the striatal
parenchyma (supplemental Fig. 4, available at www.jneurosci.
org as supplemental material).

The phenotype of proliferating cells was detected at each
time point by double probing parallel sections with, respec-
tively, Iba1 (a microglia/macrophage marker)/IddU, GFAP
(an astrocyte marker)/IddU, and NeuN (a neuronal marker)/
IddU. Double immunofluorescence revealed that the vast ma-
jority of striatal proliferating cells belonged to the microglia/
macrophage lineage (Fig. 2f,g). EAE 20 dpi brains showed few
striatal GFAP/IddU double-positive cells (supplemental Fig.
5, available at www.jneurosci.org as supplemental material),
whereas NeuN/IddU double-positive cells were never detected
(data not shown).

Activation of microglial/macrophage cells is associated with
the upregulation of surface receptors such as CD45, the major
histocompatibility complex II, CD68, Iba1, and CD11c (Pono-
marev et al., 2005). Activated microglia/macrophage cells are also
able to release potentially cytotoxic molecules such as oxygen
radicals and proinflammatory cytokines (Colton and Gilbert,
1987). Laser-captured microdissections of the striatum from EAE
mice (20 dpi; n � 3 for each group) showed a statistically signif-
icant increase of Iba1, CD45, and TNF� mRNA levels ( p 	 0.01,
p 	 0.05, and p 	 0.01 respectively) (Fig. 2h) compared with
control mice.

Together, these results suggest an early and transient micro-
glia/macrophage cell activation/proliferation within striatal pa-
renchyma after MOG immunization, whose onset precedes the
appearance of clinical deficits and peaking during the clinical
phase of the disease.

Figure 3. Activated microglia reproduces the synaptic defects of EAE mice. a, b, The histograms show that both sEPSC half-
width and decay time increased in the presence of activated microglia (BV2 microglia and primary microglia) but not in the
presence of nonactivated microglia. **p 	 0.01. c, The electrophysiological traces are examples of sEPSC mean peak obtained by
group analysis in the presence of activated and nonactivated BV2 microglia. d, Microglia failed to alter sEPSC rise time. e, Activated
BV2 microglia failed to further increase sEPSC half-width and decay time in EAE mice.
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Role of TNF� in the synaptic defects of EAE mice
The effects of proliferating microglia/macrophage cells on striatal
glutamate transmission might be mediated by a number of solu-
ble factors released during activation, including inflammatory
cytokines. Among these factors, TNF� has been shown recently
to induce significant changes of glutamate transmission in the
hippocampus, by altering the composition of glutamate AMPA
receptor subunit (Stellwagen et al., 2005; Stellwagen and
Malenka, 2006; Leonoudakis et al., 2008). TNF� mRNA content
increased in coincidence with immunization-dependent micro-
glia/macrophage cell activation (Fig. 2h), suggesting that this cy-
tokine may play a role in the synaptic defects induced by EAE and
activated microglia/macrophage. Thus, we investigated whether
TNF� could replicate in control slices these alterations. TNF� (3
h incubation) mimicked the effects of EAE and of activated mi-
croglia on sEPSC kinetic properties, by increasing decay time and
duration of these synaptic events (n � 16; p 	 0.01) (Fig. 4a,b). As
with activated primary microglia, TNF� failed to alter other pa-
rameters of glutamate transmission (data not shown) and did not
increase further sEPSC duration in slices from acute EAE mice
(n � 6; p � 0.05) (Fig. 4c). Finally, to confirm the role of TNF� in
the synaptic effects of activated microglia, we performed record-
ings in slices incubated with both activated primary microglia
and TNF receptor (TNFR)–Ig (courtesy of Dr. Angelo Corti, San
Raffaele Scientific Institute, Milan, Italy), to block the activity of

endogenous TNF�. In this set of experiments, sEPSC frequency
(HC, 2.4 � 0.3 Hz; TNF�, 2.6 � 0.4 Hz), amplitude (HC, 12.3 �
1.1 pA; TNF�, 11.4 � 1.4 pA), and kinetic properties (Fig. 4d)
were indistinguishable from those recorded in control conditions
(n � 8; p � 0.05 for each parameter).

Role of Arc/Arg3.1 gene in striatal synaptic defects of
EAE mice
We next tried to understand how inflammation could induce
such a rapid change in synaptic transmission. We focused our
attention on the group of the immediate early genes, because they
are rapidly regulated during stimulation (Lyford et al., 1995).
Among them, Arc/Arg3.1 gene has been shown to be regulated in
the brain by neuroinflammation (Bonow et al., 2008) and to be
implicated in the regulation of the AMPA receptor subunit
GluR1 and in AMPA receptor-mediated synaptic transmission.
Accordingly, downregulation of Arc/Arg3.1 gene expression has
been convincingly associated with increased AMPA receptor-
mediated synaptic transmission (Chowdhury et al., 2006; Shep-
herd et al., 2006).

To study whether inflammation could affect the Arc/Arg3.1
gene expression, primary neuronal cell cultures were generated
from embryonic E16.5 cortical domains. Arc/Arg3.1 expression is
relatively low in young neurons but increases markedly in older
neurons (Shepherd et al., 2006). Twelve days after plating, neu-
rons were treated with either a Th1 cytokine mix or saline for
3–24 h. After the removal of the stimulus, treated neurons did not
show any morphological alteration when compared with sham-
treated ones (data not shown) and maintained IFN� and TNF�
receptor expression (Fig. 5a). Moreover, total protein extracts
from Th1-treated neurons significantly showed the upregulation
of GluR1, GluR1 Ser 845, and the postsynaptic scaffolding pro-
tein PSD95 (Fig. 5b). Consistent with this result, acute Th1 treat-
ments (n � 2 independent cultures) substantially increased
PSD-95 surface expression (Fig. 5c,e). Noticeably, Arc/Arg3.1
mRNA levels were significantly downregulated by the Th1 cyto-
kine mix (Fig. 5d). To confirm this result, Arc/Arg3.1 mRNA
levels were also analyzed in the course of EAE. Coronal sections
obtained from EAE (20 –30 dpi) and matched HC groups were
probed for Arc/Arg3.1 detection by in situ hybridization (n � 3
for each group). Sections from control animals showed Arc/
Arg3.1 mRNA distributed within the cortical plate, hippocam-
pus, and striatum (Fig. 5f, left, and data not shown) as described
previously (Chowdhury et al., 2006). However, Arc/Arg3.1
mRNA striatal expression levels were dramatically downregu-
lated within EAE 20 –30 dpi striata (Fig. 5f, middle, right),
whereas Arc/Arg3.1 cortical expression remained unchanged.
Consistent with the previous results, coronal sections obtained
from both HC and EAE 20 dpi brains were microdissected to
obtain striatal RNA extracts (n � 3 for each group). Using real-
time reverse transcription (RT)-PCR, we found significant
downregulation of Arc/Arg3.1 mRNA levels, accounting for only
48.3 � 14.4% of the levels found in healthy control striata (n � 3
per group; p 	 0.001).

Role of AMPA receptors in synaptic pathology of EAE mice
TNF�-induced AMPA receptor upregulation has been convinc-
ingly associated with excitotoxic neuronal damage (Ferguson et
al., 2008; Leonoudakis et al., 2008). Thus, we next investigated the
role of increased AMPA receptor-mediated transmission in EAE-
induced clinical deficits and synaptic pathology. In vivo blockade
of AMPA receptors with NBQX (30 mg/kg; n � 8 mice) greatly
ameliorated the clinical score of EAE mice ( p 	 0.05) (Fig. 6a).

Figure 4. TNF� reproduces the synaptic defects of EAE mice. a, The electrophysiological
traces are examples of sEPSC mean peak obtained by group analysis in control conditions and in
the presence of TNF�. b, The histogram shows that both sEPSC half-width and decay time were
increased in the presence of TNF�. **p 	 0.01. c, TNF� failed to further increase sEPSC half-
width and decay time in EAE mice. d, Activated microglia failed to alter sEPSC kinetic properties
after the blockade of endogenous TNF� activity with TNFR–Ig.
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Furthermore, single-section Golgi preparations showed that sec-
ond dendritic branches of striatal neurons had a marked reduc-
tion of spine density along the whole extent of the dendrites in
EAE (25 dpi, n � 5) compared with HC mice, although cell
somata and primary dendrites were similar in the two groups.
EAE mice receiving chronic intraperitoneal administration of
NBQX (25 dpi, n � 5) exhibited the same unaltered morpholog-
ical features of the somata of striatal neurons but presented in-
creased spine density compared with EAE receiving vehicle (F �
79.06; p 	 0.0001) (Fig. 6b,c). These results strongly support the
involvement of AMPA receptors in EAE-induced dendritic spine
degeneration, although it should be remembered that kainate
receptors are also blocked by NBQX.

Discussion
The present study is the first thorough investigation of synaptic
transmission in an experimental model of MS. Our data demon-
strated an early alteration of excitatory transmission in the stria-

tum of EAE mice. This alteration was responsible for synaptic
degeneration in this model and support the emerging notion that
the neuronal compartment of the CNS suffers in parallel and even
independently of white matter damage in MS. Abnormal gluta-
mate transmission involved AMPA receptors and were likely sec-
ondary to the downregulation of Arc/Arg3.1 gene in striatal neu-
rons. Evidence has already been provided that Arc/Arg3.1 gene is
downregulated also in a lipopolysaccharide model of neuroin-
flammation (Bonow et al., 2008).

Arc/Arg3.1 early gene has been heavily implicated in the regu-
lation of glutamate transmission mediated by AMPA receptors,
because it controls AMPA receptor trafficking via its interaction
with components of the endocytic machinery (Chowdhury et al.,
2006). Furthermore, Arc/Arg3.1 overexpression results in a cell-
wide decrease in the surface expression of GluR1-containing
AMPA receptors (Shepherd et al., 2006), whereas Arc/Arg3.1 null
primary neurons show an increased surface expression of AMPA

Figure 5. Arc/Arg3x.1 mRNA levels were downregulated in Th1-treated primary neuronal cell cultures and in EAE. a, Primary neurons obtained from CD1 E16.5 embryos were treated with a Th1
mix or saline [control (C)] for, respectively, 3, 6, and 24 h (n � 5 independent cell cultures). After the removal of the stimulus, neurons did not show any morphological changes with respect to
untreated ones (data not shown). RT-PCR analysis showed that CD119 and p55 expression was maintained in Th1-treated neurons. b, Then, total extracts from Th1 at 3, 6, and 24 h and vehicle were
applied on 10% SDS-PAGE, followed by Western analysis with, respectively, �-GluR1, �-pSer845 GluR1, �-PSD95, and �-TuJ1 as housekeeping gene. Histograms to the right of blots show fold
induction (FI) over vehicle (�SD). GluR1 was significantly upregulated during either 6 or 24 h of Th1 treatment: 3 h, 1.6 � 1.7, NS; 6 h, 1.7 � 0.4, *p 	 0.05; 24 h, 2.6 � 0.6, *p 	 0.05. GluR1
Ser845 was significantly upregulated after either 6 or 24 h of Th1 treatment: 3 h, 0.1 � 0.01, NS; 6 h, 3.3 � 0.3, *p 	 0.05; 24 h, 3.5 � 0.2, *p 	 0.05. PSD95 was significantly upregulated during
either 6 or 24 h of Th1 treatment: 3 h,1.0 � 0.07, NS; 6 h, 3.1 � 0.2, *p 	 0.05; 24 h, 2.7 � 0.5, *p 	 0.05. c, Representative micrograph of vehicle-treated neurons stained for PSD95 (green).
Application of Th1 treatment increases the number of PSD95-expressing synaptic boutons in cultured neurons. d, Arc/Arg3.1 mRNA levels were measured in neuronal cultures at 3, 6, 12, and 24 h
after Th1 treatment by using a real-time RT-PCR assay and the mRNA levels, expressed as percentages � SEM. *p 	 0.05. Histogram in e shows bouton fold change over controls (3 h, 2.0 � 1.1,
*p 	 0.05; 6 h, 2.5 � 1.6, *p 	 0.05; 24 h, 2.45 � 1.1, *p 	 0.05). f, HC and EAE brain coronal sections probed by in situ hybridization for Arc/Arg3.1 mRNA detection display Arc/Arg3.1 mRNA
expression within the cortex and within the striatum. Right panels show Arc/Arg3.1 mRNA expression, respectively, in EAE 20 and 30 dpi brains. EAE basal neocortical Arc/Arg3.1 mRNA levels are
conserved but were strongly downregulated within EAE striatum. Scale bars: c, 10 �m; f, 150 �m.
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receptors (Shepherd et al., 2006). In line with these findings, we
have observed that Arc/Arg3.1 was downregulated during inflam-
matory cues and in the striatum of EAE mice, in coincidence with
increased expression, phosphorylation, and activity of AMPA re-
ceptors. Increase of surface expression of GluR1-containing
AMPA receptors by Arc/Arg3.1 downregulation does not explain
the increase of total GluR1 observed by Western blot on whole
striatal extracts, pointing to additional regulatory mechanisms,
including altered trafficking (Ferguson et al., 2008; Leonoudakis
et al., 2008), not explored in the present study.

Microglia/macrophages can be activated by different means to
display protective or detrimental effects (Butovsky et al., 2006;
Schwartz et al., 2006). In the striatum, at the peak of EAE, we
found the presence of high levels of proinflammatory Th1 but not
Th2 cytokines. We also found that microglial activation by Th1
cytokines and the resulting release of TNF� are early events in
EAE, occurring even before the appearance of the clinical deficits.
TNF� released from activated microglia is a likely candidate for
the induction of the synaptic deficits in EAE, because both acti-
vated microglia and TNF� mimicked the effects of EAE induc-
tion on the sensitivity of AMPA receptors to synaptically released
glutamate. The role of activated microglia and TNF� in EAE-
triggered glutamate transmission changes was further confirmed
by the occlusion experiments showing that incubation with either
microglia or TNF� did not potentiate the effects of EAE induc-
tion on sEPSC kinetic properties. Notably, microglia activation
and changes in the expression and physiological properties of
glutamate AMPA receptors preceded motor disturbances in EAE
mice, strengthening the conclusion that these phenomena do not
reflect secondary adaptive processes to the disease.

We proved an increase of apoptotic-like events at the synapse
level, as revealed by an increase of Annexin V labeling in synap-
tosomes obtained from EAE mice compared with HC. This last
finding suggests that synaptic PS exposure might be involved in
the synapse– glia interaction in which the glial cells might play a
critical role in controlling of synaptic loss (Barres, 2008).

Finally, we also observed that the effects
of activated microglia were prevented by
blocking TNF� signaling, and evidence
exists that this cytokine is involved in spe-
cific forms of AMPA receptor-mediated
synaptic plasticity and neuronal damage in
other brain areas. Previous experiments,
in fact, showed that TNF� was able to
modulate AMPA receptor-mediated syn-
aptic transmission (Beattie et al., 2002;
Stellwagen et al., 2005; Stellwagen and
Malenka, 2006) and excitotoxicity (Ber-
nardino et al., 2005) by inducing the up-
regulation of the GluR1 subunit in vitro.

The involvement of AMPA receptors in
the neurodegenerative damage of EAE has
been suggested in previous works (Kanwar
et al., 2004) and further demonstrated in
the present study, showing that clinical
deficits and dendritic spine loss triggered
by neuroinflammation are prevented by
NBQX, a selective inhibitor of AMPA
receptors.

Activated microglia, TNF�, and gluta-
mate AMPA receptors might represent
valuable targets to contrast synaptic alter-
ations and neurodegeneration in MS.
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