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a b s t r a c t

Interleukin-1b (IL-1b) is considered to be one of the most important mediators in the pathogenesis of
inflammatory diseases, particularly in neurodegenerative diseases such as multiple sclerosis (MS). MS
is a chronic inflammatory disease characterized by demyelination and remyelination events, with unpre-
dictable relapsing and remitting episodes that seldom worsen MS lesions. We proposed to study the
effect of a unique component of the inflammatory process, IL-1b, and evaluate its effect in repeated epi-
sodes, similar to the relapsing-remitting MS pathology. Using adenoviral vectors, we developed a model
of focal demyelination/remyelination triggered by the chronic expression of IL-1b. The long-term expres-
sion of IL-1b in the striatum produced blood–brain barrier (BBB) breakdown, demyelination, microglial/
macrophage activation, and neutrophil infiltration but no overt neuronal degeneration. This demyelinat-
ing process was followed by complete remyelination of the area. This simple model allows us to study
demyelination and remyelination independently of the autoimmune and adaptive immune components.
Re-exposure to this cytokine when the first inflammatory response was still unresolved generated a
lesion with decreased neuroinflammation, demyelination, axonal injury and glial response. However, a
second long-term expression of IL-1b when the first lesion was resolved could not be differentiated from
the first event. In this study, we demonstrated that the response to a second inflammatory stimulus var-
ies depending on whether the initial lesion is still active or has been resolved. Considering that anti-
inflammatory treatments have shown little improvement in MS patients, studies about the behavior of
specific components of the inflammatory process should be taken into account to develop new therapeu-
tic tools.

� 2012 Elsevier Inc. All rights reserved.
1. Background

Neuroinflammation is a hallmark of most neurodegenerative
diseases. Central nervous system (CNS) inflammation has different
features than peripheral inflammation: cytokines are involved in
distinct leukocyte recruitment patterns in the brain compared to
the periphery (Blond et al., 2002; Holman et al., 2011). Inflamma-
tory cytokines such as interleukin-1b (IL-b), interferon gamma
(IFN-c) and tumor necrosis factor alpha (TNF-a) are usually
described as noxious molecules to the CNS (Codarri et al., 2010;
Merson et al., 2010; Perry et al., 2007). These and other cytokines
could contribute to exacerbating the progression of neurodegener-
ative diseases or even be involved in their etiology. Although some
pieces of the puzzle have been uncovered, some of the mechanisms
and specific components of inflammation that have an impact on
neurodegenerative diseases are still poorly understood.
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In particular, IL-1b is considered to be one of the most
important mediators in the pathogenesis of inflammatory diseases
(Dinarello, 2009; Simi et al., 2007). This cytokine has been shown
to play a pivotal role in the exacerbation of acute neurodegenera-
tion caused by ischemia, head trauma, and stroke; it has also been
implicated in the pathology of multiple sclerosis (MS), Alzheimer’s
disease, and other chronic diseases of the CNS. The IL-1b cytotoxic
action may be related either to a direct effect on the CNS cells or to
a secondary effect via recruitment of leukocytes (Simi et al., 2007).
A single-bolus injection of IL-1 into the CNS parenchyma gave rise
to delayed and localized polymorphonuclear neutrophil (PMN)
recruitment but no overt damage to CNS integrity (Andersson
et al., 1992; Anthony et al., 1997; Depino et al., 2003). However,
the long-term expression of IL-1b induced neutrophil recruitment,
reversible demyelination and blood–brain barrier (BBB) break-
down with no neurodegeneration (Ferrari et al., 2004; Shaftel
et al., 2007). However, a dual role has been described for this cyto-
kine because a protective effect can be exerted when it is adminis-
tered prior to an injury (Saura et al., 2003), and it was reported to
induce growth factors (e.g., Insulin growth factor 1) during the
remyelination process both in vitro and in vivo (Mason et al.,
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2001; Watzlawik et al., 2010). Moreover, IL-1 priming markedly re-
duced the symptoms of experimental autoimmune encephalomy-
elitis (EAE) in an MS animal model (Huitinga et al., 2000).

IL-1b has been described in neurodegenerative diseases such as
in MS demyelinated lesions (Argaw et al., 2006; Howe et al., 2006;
Zeis et al., 2008). MS is a chronic inflammatory disease character-
ized by demyelination/remyelination events and axonal damage,
which lead to a variable clinical course, including motor, sensory
and cognitive deficits (Hagemeier et al., 2012; Lindquist et al.,
2011; Lucchinetti et al., 2004; Popescu and Lucchinetti, 2012;
Zivadinov and Pirko, 2012). Despite the heterogeneity of the dis-
ease, most patients present relapsing and remitting (RR) episodes
from the onset. Its etiology is still unclear, and therapeutic inter-
ventions only reduce the frequency of new relapsing episodes
and they do not influence the progressive phase of the disease.
In particular, elevated IL-1b levels have been found in lesions,
cerebrospinal fluid (CSF) and serum of MS patients, especially dur-
ing relapses (Brosnan et al., 1995; Dujmovic et al., 2009; Hauser
et al., 1990; Tsukada et al., 1991). Moreover, certain IL-1b geno-
types and the balance between IL-1b and interleukin 1 receptor
antagonist (IL-1ra) have been associated with disease severity,
susceptibility, and/or progression (Aggelakis et al., 2010; Borzani
et al., 2010; Dincic et al., 2006; Sarial et al., 2008). In MS animal
models, it has been demonstrated that IL-1 is associated with an
increase in the severity of the symptoms, and the administration
of IL-1ra ameliorates the disease (Furlan et al., 2007; Moreno
et al., 2011). In addition, interleukin 1 receptor type I (IL-1RI) is
a mediator in EAE pathogenesis (Li et al., 2011; Matsuki et al.,
2006; Ruggiero, 2011; Schiffenbauer et al., 2000; Sutton et al.,
2006).

As noted previously, MS is characterized by relapsing and
remitting episodes. These episodes are unpredictable and could
potentially worsen MS lesions, leading to incomplete recovery
and resulting in a progressive deterioration. The number of IL-1b,
IL-6 and TNF-a secreting cells is higher in RRMS patients only dur-
ing exacerbations (Ysrraelit et al., 2008). The CSF cytokine profile
can change from remission to relapse stage, with up-regulation
of IL-1b, TNF-a and transforming growth factor beta (TGF-b)
(Edwards et al., 2011; Hauser et al., 1990).

The role of inflammation in MS is more complex than previ-
ously described because there is evidence that demonstrates a
protective function of both the inflammatory environment and
immune cells in demyelinating diseases (Hohlfeld et al., 2005;
Watzlawik et al., 2010). However, most therapies include immu-
nosuppressive and anti-inflammatory treatments (Comi and Filip-
pi, 2005; Hartung et al., 2005; Kanwar, 2005; Kieseier et al.,
2005). In particular, interferons, used as anti-inflammatories in
MS treatment (Loma and Heyman, 2011), exert their action by
reducing IL-1b production (Ludigs et al., 2012). However, it has
not been demonstrated that anti-IL-1 treatments are effective in
treating MS patients (Warabi, 2007). Even though immunomodu-
lation may provide temporary relief, some patients have shown
long-term adverse secondary effects or even worsening of the
pathology (Watzlawik et al., 2010). To achieve more effective
MS treatment, more information about the pathological process
underlying the disease is needed. The development of appropriate
experimental models is crucial in obtaining this knowledge.

Our laboratory has developed a model of focal demyelination/
remyelination based on long-term IL-1b expression in the stria-
tum according to Ferrari et al., 2004. To achieve the long-term
expression of IL-1b, we injected a recombinant adenovirus
expressing this cytokine. The chronic expression of IL-1b induced
neutrophil recruitment, microglia/macrophage activation, revers-
ible demyelination, and BBB breakdown with no neurodegenera-
tion (Ferrari et al., 2004). This simple model allows us to study
demyelination and remyelination independently of the autoim-
mune and adaptive immune components. The aim of this work
was to study the response of the striatum to repeated challenges
of long-lasting IL-1b expression. Special attention was given to
the relapse event and the evaluation of its effect on CNS tissue
in a RR episode similar to MS pathology. Analysis of inflamma-
tion, demyelination, axon integrity and glial behavior after the
secondary event was emphasized. Interestingly, we found that
the magnitude of the second lesion was milder if the relapse oc-
curred while the first event was still in the recovery phase. On
the other hand, if the second stimulus was applied once the le-
sion had completely recovered, there was no difference in the
response of the CNS to the second insult. We believe that under-
standing the mechanisms behind this differential response to re-
lapses in our model will provide valuable information to
improve understanding of the role of inflammation in demyelin-
ation and relapses.
2. Methods

2.1. Adenoviral vectors

Adenoviral vectors expressing the reporter gene b-galactosidase
(Ad-bgal) or the human interleukin 1b gene (AdIL-1b) were gener-
ated as described previously (Ferrari et al., 2004). Stocks were ob-
tained by large-scale amplification in HEK293 cells, purified in
double cesium chloride gradients and quantified by plaque assay
(final titers: Ad-bgal = 8.41 � 1011 infective particles/ml.; AdIL-
1b = 8.41 � 1011 infective particles/ml.). Stocks had less than
1 ng/ml of endotoxin assayed with E-TOXATE reagents (Sigma, St.
Louis, MO). Viral stocks were free of autoreplicative particles as as-
sessed by PCR. Ad-bgal was kindly provided by Dr. J. Mallet (Hos-
pital Pitié Salpetrière, Paris, France).
2.2. Animals and injections

Adult male Wistar rats (Jackson Laboratory, Bar Harbor, Maine,
USA, bred for several generations in the Instituto Leloir’s animal
facility) aged 8–10 weeks were used in all experiments. Animals
were housed under standard conditions in groups of four in venti-
lated racks under controlled temperature conditions (22 �C ± 2 �C)
with food and water ad libitum and a 12:12 dark:light cycle with
lights on at 08:00 h. All surgical procedures and euthanasia were
performed in full compliance with NIH and internal Institute Foun-
dation Leloir guidelines.

For stereotaxic injections, animals were anesthetized with ket-
amine chlorhydrate (80 mg/kg) and xylazine (8 mg/kg). Adenoviral
vectors were delivered in the left striatum (bregma, +1 mm; lat-
eral, +2.5 mm; ventral, – 4 mm) (Paxinos and Watson, 1986) with
a finely drawn graduated capillary. The volume of the intrastriatal
injection was 1 ll, infused over a 4-min time period, with the cap-
illary left in place for another minute to minimize reflux. Human
IL-1b and b-galactosidase (bGal)-expressing vectors were diluted
in sterile Tris–Cl buffer (Tris–Cl 10 mM, MgCl2 1 mM, pH 7.8) to a
concentration of 1 � 106 infective particles/ll. Previous work
published by the lab (Ferrari et al., 2004) and pilot studies demon-
strated that this was the minimum dose of both AdIL-1b and Ad-
bgal that provided long-term expression of the transgenes with
minimum inflammatory response to the control vector (Ad-bGal).
Animals from the single-injection groups were sacrificed 21, 30
or 51 days after a single stereotaxic injection, double injection ani-
mals were sacrificed 21 days after the second injection, and their
brains were processed for histological or molecular analysis. All
surgical procedures were performed in the morning to avoid possi-
ble circadian variation in cytokine expression.
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2.3. Experimental groups

All animals were first injected with AdIL-1b or Ad-bGal in the
striatum and then re-injected at a time when the lesion was unre-
solved (30 days) or resolved (50 days). According to the first or sec-
ond stimulus received four experimental groups were generated:
IL-1b /IL-1b; IL-1b/bGal; bGal/IL-1b; and bGal/bGal. These four
groups were present in each experiment (depending on the charac-
teristics of the lesion at the time of adenovector re-administration).
Finally, because different time points were studied, we generated
several single-injection groups to fully understand the response
of the striatum at any studied time point (see timeline in
Fig. 1A). Single-injection groups 21, 30 and 50 days post injection
(dpi), showed the tissue response to a single injection of AdIL-1b
at those time points after treatment. We will refer to these exper-
imental groups as single-injection group 21, 30 or 50 dpi.

2.4. Histology

Animals were deeply anesthetized and transcardially perfused
with heparinized saline followed by ice cold 4% paraformaldehyde
in 0.1 M phosphate buffer (PB), pH 7.2. Brains were dissected and
placed in the same fixative overnight at 4 �C. After cryoprotection
in a 30% sucrose, 0.1 M PB solution, brains were frozen in isopen-
tane, and 40 lm serial coronal sections throughout the striatum
were cut in a cryostat. Serial sections were mounted on gelatin-
coated slides and stained with Cresyl-Violet for general nervous
tissue integrity and inflammation assessment or Red Oil-O for
myelin evaluation. For immunohistochemistry, sections were
stored in a cryoprotective solution at �20 �C until needed.

2.5. Volume quantification

For the calculation of lesion volume, every sixth 40-lm-thick
serial section of the entire ipsilateral striatum was used, based
on anatomical landmarks defined in Paxinos and Watson
(1986). All of the sections were photographed using a Nikon
Eclipse E600 microscope and a CX900 camera (MicrobrightField
Inc., USA) with 2x magnification, and Image J software (Media
Cybernetics, Silver Spring, MD) was used to measure the inflam-
matory/demyelinated area in each section. The area of each ob-
served inflammatory infiltrate or demyelinated tissue was
delineated. One set of serial sections stained with Cresyl-Violet
was used for inflammation analysis, and the adjacent group of se-
rial sections stained with Red Oil-O was used for demyelinating
volume. All of the measurements were performed in a blind man-
ner. An inflammatory/demyelinating average (IA and DA) was cal-
culated for each animal, and the average volume (IV and DV) was
estimated by multiplying each average area by the section’s
width (0.04 mm) and the total number of sections obtained for
the whole striatum. IV and DV are expressed as the percentage
of the entire ipsilateral striatum.

2.6. Immunohistochemistry

For immunofluorescence, free-floating sections were incubated
in blocking buffer (1% donkey serum, 0.1% Triton in 0.1 mol/L PB)
for 45 min, rinsed in 0.1% Triton in 0.1 mol/L PB and incubated
overnight at 4 �C with primary antibodies diluted in blocking
solution. The antibodies used were anti-glial fibrillary acidic pro-
tein (GFAP) (1:700; Dako, Carpinteria, CA) and anti- major histo-
compatibility complex class II (MHC II) (1:200, Serotec, Oxford,
UK). After three 5-min washes with 0.1 mol/L PB, the sections
were incubated with indocarbocyanine Cy3 (Cy3)-conjugated
donkey anti-mouse antibody (1:250; Jackson ImmunoResearch
Laboratories Inc., West Grove, PA) for 2 h at room temperature,
rinsed in 0.1 mol/L PB, and mounted in Mowiol (Calbiochem,
San Diego, CA). Digital images were collected on a Zeiss LSM
510 laser scanning confocal microscope equipped with a kryp-
ton-argon laser.

MHC II-positive cells were quantified using a 20x objective, and
one picture of the ipsilateral striatum was taken from each section.
Laser power, gain and offset conditions were kept constant for the
acquisition of all images. Approximately 12 fields were quantified
for each animal using the Zeiss LSM Image Browser. The total num-
ber of positive cells was normalized to the total area counted for
each animal.

For the immunohistochemical identification of injured axons,
the sections received acid citric antigen retrieval treatment and
were incubated with anti b-amyloid precursor protein (APP) pri-
mary antibody (1:100, Zymed, San Francisco, CA). After rinsing,
the sections were incubated with donkey anti-rabbit biotin conju-
gated antibody (Jackson, ImmunoResearch Laboratories Inc., West
Grove, PA), followed by the Vectastain standard ABC kit (Vector
Laboratories, Burlingame, CA), and developed with 3,30-diamino-
benzidine (Sigma, Saint Louis, Missouri). We used a 40� objective
to quantify APP-positive axons. The total number of APP-positive
axons was counted in one out of every sixth 40 lm serial section
of the entire striatum (6–8 sections per animal).

2.7. RNA isolation, reverse transcription and real-time PCR

Animals were decapitated, and their brains were quickly re-
moved. The ipsi- and contralateral striatum were dissected, snap
frozen in liquid nitrogen, and stored at �80 �C. For total RNA
extraction, tissues were homogenized in 1 ml. of Tri Reagent (Sig-
ma Aldrich Co., St. Louis, MO, USA), incubated 5 min at room tem-
perature and then stored in ice. After adding 200 ll of chloroform,
each sample was mixed by inversion and stored in ice for 15 min.
Following a 15-min centrifugation at 12000 rpm and 4 �C, the
aqueous phase was carefully removed and mixed with 500 ll of
cold isopropanol. After precipitation for 45 min at �20 �C, samples
were centrifuged at 12000 rpm and 4 �C for 10 min. After desalting
with 70% alcohol, RNA was resuspended in 20 ll of RNAse free
water. RNA was quantified with nanodrop (Nanodrop Technolo-
gies, Wilmington, Delaware, USA), and 10 lg of total RNA were re-
verse transcribed according to the manufacturer’s protocol
(Superscript II, Invitrogen, Life Technologies, Carlsbad, CA, USA)
using oligo-dT primers. As a control for genomic contamination,
a sample without reverse transcriptase was added to each PCR
analysis.

Comparative quantification was performed by real-time PCR
using the SYBR-green I fluorescence method and ROX as a passive
reference dye. Stratagene MxPro TM QPCR Software and Stratagene
Mx3005P equipment were used (Agilent Technologies, Santa Clara,
CA, USA). For each molecule, samples were run in parallel to a stan-
dard curve that was used to transform Ct values to cDNA dilution
values. TATA Box binding protein (TBP) and Cyclophilin A (Cyc A)
were used as housekeeping genes because their expression was
not altered by the treatment. When possible, primers were de-
signed to anneal with two different exons to avoid genomic ampli-
fication; their sequences and amplification product sizes are
specified in supplemental online digital content (Suppl. Fig. S1).
All samples were run in triplicate. Melting curves controlled
specificity.

2.8. Measurement of IL-1b

Animals were decapitated, and the injected and non-injected
striatum were quickly dissected, snap frozen in liquid nitrogen,
and stored in �80 �C until needed. Tissues were homogenized on
ice in 400 ll of Tris–HCl buffer (pH 7.3) containing protease



Fig. 1. Characterization of the single-injection groups: 21, 30 and 50 dpi. (A) Timeline indicating the injection day (AdIL-1b Striatum) and corresponding sacrifice day (SAC)
for each of the single-injection groups. (B) Inflammation volume for each of the groups. One-way ANOVA with Bonferroni’s multiple comparisons post hoc test. (C)
Demyelination volume of the-single injection groups. One-way ANOVA of transformed values (squared root of proportions) with Bonferroni’s multiple comparisons post hoc
test. (D) Interleukin-1b (IL-1b) relative mRNA expression in the ipsilateral striatum of single-injection groups measured by real-time PCR. One-way ANOVA of Ln transformed
values. (E) IL-1b protein quantification in the ipsilateral striatum of the single-injection groups. One-way ANOVA of Ln transformed values. (F) Representative photograph of
MHC II immunofluorescence from the ipsilateral striatum of an animal from the single-injection 30 dpi group: MHC-II-positive cells indicate an active lesion. (G) The tissue
fully recovered in the single-injection 50 dpi group, where no MHC-II signal was observed in the lesion. ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001. N = 8–10/group for histology; N = 5–6/group
for real-time PCR and ELISA.
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inhibitors (10 lg/ml aproteinin, 5 lg/ml peptastin, 5 lg/ml leu-
peptin, 1 mmol/L PMSF, Sigma). Homogenates were centrifuged
at 10000g at 4 �C for 10 min, and the supernatants were then ul-
tra-centrifuged at 40,000 rpm for 2 h. The supernatants were
stored at �80 �C. The Bradford method was used to determine
the total protein in each sample, and a commercial rat IL-1b ELISA
kit (R&D, Minneapolis, MN) was used according to the manufac-
turer’s instructions.
2.9. Statistical analysis

Each experiment was conducted in at least two replicates on
two independent occasions. Results are expressed as means ± SEM
in the different treatment groups. Comparisons between single-
injection groups were performed with one-way analysis of vari-
ance (ANOVA), followed by Bonferroni’s multiple comparison test.
For comparisons between double-injection groups, two-way ANO-
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VA was used, followed by post hoc Bonferroni’s multiple compari-
sons test. Finally, the unpaired Student’s t-test was used to make
comparisons in two grouped experimental designs. Variables were
tested for normality (Kolmogorov–Smirnov) and variance homoge-
neity (Bartlett’s test) and transformed when necessary. The mini-
mum level of statistical significance was set at p < 0.05. For
clarity, the number of animals (N) and the statistical analyses used
in each case are addressed in the corresponding figure legend.
Statistical tests were performed using Graph Pad Prism 5.00 for
Windows (Graph Pad Software, San Diego California USA).
3. Results

3.1. Long-term expression of IL-1b induces reversible neutrophil
recruitment and demyelination

We previously demonstrated that the long-term expression of
IL-1b in the striatum induces neuroinflammation characterized
by PMN neutrophil recruitment and reversible demyelination (Fer-
rari et al., 2004). The peak of neuroinflammation, demyelination
and rat IL-1b expression detected by qRT-PCR and ELISA occurs
21 days after the adenovector injection (Fig. 1A–E). According to
these data, IL-1b mRNA decreases as the lesion recovers, and IL-
1b protein synthesis follows mRNA expression (Fig. 1D–E). A re-
duced but active lesion was observed in the single-injection group
30 dpi, where inflammation was lower than in the single-injection
group 21 dpi (Fig. 1B), but MHC-II-positive cells could still be ob-
served within the lesion (Fig. 1F). The tissue had completely recov-
ered in the single-injection 50 dpi group, where inflammation was
reduced to a small scar (Fig. 1B), and no MHC-II signal was ob-
served in the lesion (Fig. 1G). The animals did not demonstrate
signs of ongoing disease (normal fur, normal activity and move-
ment, normal food consumption) at any time point studied. No
inflammatory response was observed in animals injected once
with the Ad-bGal after 21 days (see Suppl. Fig. S2A).
3.2. Re-injection of AdIL-1b when the first lesion is unresolved has a
diminished effect

3.2.1. Inflammatory and demyelinating response to the long-term re-
exposure to IL-1b

To study the effect of a second IL-1b stimulus on a previously
injured region, we injected the AdIL-1b in the striatum 30 days
after the first stimulus and analyzed the tissue 21 days after the
second stimulus (see timeline in Fig. 2A). In this case, the tissue
had not fully recovered from the earlier injury at the time of the
second injection. The inflammatory volume showed that the re-
sponse to the second IL-1b event was diminished when the first
stimulus had also been IL-1b (IV = 11.51 ± 2.09), compared to the
group that had been injected first with the control vector Ad-b
Gal and then with the AdIL-1b (IV = 47.67 ± 3.64) (p < 0.001 for
bGal/IL-1b vs. IL-1b /IL-1b) (Fig. 2B). The inflammatory volume of
the bGal/IL-1b group was similar to that observed for the animals
from the single-injection 21 dpi group (IV = 44.81 ± 4.01; Fig. 1B).
A similar inflammatory response was also observed when the ani-
mals were injected with the dilution buffer as the first stimulus
and AdIL-1b as the second one (see Suppl. Fig. S2B). No inflamma-
tory response was observed when the second stimulus was Ad-
bGal (Fig. 2B). None of the animals presented signs of ongoing dis-
ease (normal fur, normal activity and movement, normal food
consumption).

The inflammatory response of animals injected with IL-1b/IL-1b
was characterized by an inflammatory infiltrate mostly composed
of microglia/macrophages and scarce neutrophils located in the
blood vessels. Very few inflammatory cells were observed in the
parenchyma (see inset Fig. 2G). This response is completely differ-
ent from that observed for bGal/IL-1b and single-injection 21 dpi
groups. The inflammatory response in animals injected with b
gal/IL-1b was characterized by dilated blood vessels with a large
amount of marginated PMN neutrophils and scarce microglia/mac-
rophages. Cuffed and recruited neutrophils to the brain paren-
chyma were widespread throughout the entire striatum. The
lesion exhibited an extensive edematous area with neutrophils
and microglia/macrophages (see inset Fig 2E and F). A pattern sim-
ilar to that described for bGal/IL-1b animals could be observed in
the single-injection 21 dpi group.

Similar results were observed when analyzing demyelination;
again, the demyelinating volume was higher in animals injected
with bgal/IL-1b. Indeed, a decreased demyelination volume was
observed in IL-1b/IL-1b animals compared to bGal/IL-1b
(p < 0.001 for bgal/IL-1b vs. IL-1b/IL-1b) (Fig. 2C). Taking into con-
sideration the differences between these two groups, we next
investigated whether remyelination was similar. For that, we sac-
rificed the animals 50 days after the second adenovector injection
and looked at semi-thin sections. Representative pictures (Suppl.
Fig. S2) showed that both bGal//IL-1b and IL-1b/IL-1b animals
had remyelinated axon bundles.

In accordance with what we observed for inflammation, IL-1b
mRNA was highly expressed in bGal/IL-1b animals, and almost
no detectable IL-1b levels were observed in the IL-1b/IL-1b group
by qRT-PCR (p < 0.001 for bgal/IL-1b vs. IL-1b/IL-1b) (Fig. 2D).
3.2.2. Axonal damage as response to a second chronic exposure to IL-
1b when the first lesion is still active

We analyzed the presence of axonal pathology using the APP
antibody as a marker of axonal injury. We identified axonal dam-
age in the lesions demonstrated by the appearance of APP positive
axons either inside or in the edges of the lesions of bGal//IL-1b and
IL-1b/IL-1b animals. The morphology of APP-positive axons varied
from small swellings to large spheroid end bulbs and varicose fi-
bers (Fig. 3A–B). The number of APP-positive axons correlated with
inflammation and demyelination. APP-positive degenerative axons
were statistically lower in IL-1b/IL-1b compared to bGal/IL-1b
(Fig. 3C) (p < 0.01). Hence, a higher inflammatory and demyelina-
tion volume correlates with an increased number of degenerative
axons. No APP-positive axons or spheroids were found in the
normal white matter of either ipsi or contralateral hemispheres,
confirming that APP stained only damaged axons.
3.2.3. Glial response to a second exposure to IL-1b
In an attempt to comprehend the cellular components involved

in the diminished response to the second IL-1b stimulus, we used
the GFAP molecular marker to analyze astrocyte reactivity and
MHC II expression for microglia/macrophage response.

Astroglia and microglia response followed the course of inflam-
mation and demyelination.

Qualitative assessment indicated that more activated astroglia
were seen in bGal/IL-1b animals compared to IL-1b/IL-1b (Fig. 4B
and C). The astroglial response in the bGal/IL-1b group is similar
to that observed at the single-injection 21 dpi group (Fig. 4A).

Microglial response also exhibited the same pattern described
for astrocytes, inflammation and demyelination response. MHC-
II-positive cells were statistically higher in bGal/IL-1b compared
to IL-1b/IL-1b (p < 0.001 for bGal/IL-1b vs. IL-1b/IL-1b) (Fig. 4E–
G), demonstrating a decreased microglial response to the second
stimulus. There was no difference in MHC-II-positive cells between
the IL-1b/IL-1b and IL-1b/bGal groups. Animals in the bGal/IL-1b
had significantly more MHC II-positive cells than the ones in the
bGal/bGal group (p < 0.001 for bGal/IL-1b vs. bGal/bGal) (Fig. 4G).



Fig. 3. Axonal damage in the first experiment. Axonal injury was identified as APP-positive axons in both bGal/IL-1b (A), and IL-1b/IL-1b groups. The morphology of APP-
positive axons varied from small swellings (white arrowheads) to large spheroids end bulbs (black arrowheads) and varicose fibers (black arrows). (C) APP-positive
degenerative axons were statistically lower in IL-1b/IL-1b compared to bGal/IL-1b. Unpaired t test with Welch’s correction, ⁄⁄p < 0.01. N = 4–5/group. Scale bars: (A and B)
50 lm; insets 25 lm.

Fig. 2. A second injection of interleukin-1b (IL-1b) decreases neuroinflammation in the first experiment. (A) Experimental animals were re-injected in the striatum when the
first inflammatory event was still unresolved (30 days) and sacrificed 21 days after the second stimulus was administered. (B) Rats in the IL-1b/IL-1b group had less
inflammation volume than animals from the bGal/IL-1b group. Two-way ANOVA with Bonferroni’s multiple comparisons post hoc test. (C) The same result was observed for
demyelination volume. Two-way ANOVA of transformed values (squared root of proportions), with Bonferroni’s multiple comparison post hoc test. (D) IL-1b mRNA levels: the
IL-1b/IL-1b group had a diminished response to the second inflammatory stimulus. Two-way ANOVA with Bonferroni’s multiple comparison post hoc test. Representative
pictures of the inflammatory lesion in the single- injection 21 dpi. group (E), bGal/IL-1b (F), and IL-1b/IL-1b groups (G). Insets in each photograph are higher magnifications
(100x) where the relative amount of polymorphonuclear neutrophils (PMN) (black arrowheads) and macrophages (white arrows) can be observed. Red Oil-O stained sections
of representative animals in the single-injection 21 dpi. (H), bGal/IL-1b (I), and IL-1b/IL-1b groups (J). ⁄⁄⁄p < 0.001. N = 6–8/group for histology; N = 6/group for real-time PCR.
Scale bars: (E–J) 1 mm.
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Fig. 4. Glial response to a second IL-1b stimulus. (A–C) Glial fibrillary acidic protein (GFAP) immunofluorescence shows that rats injected with AdIL-1b 30 days after the first
lesion (C) have less astrocytic activation than the single-injection 21 dpi group (A) and bGal/IL-1b (B) groups. (D–F) Immunofluorescence against the macrophage/microglia
marker MHC II (major histocompatibility complex class II). Representative micrographs show less MHC II-positive cells in the IL-1b/IL-1b group. (G) Quantification of MHC II-
positive cells. Two-way ANOVA of transformed values (squared root of proportions), with Bonferroni’s multiple comparisons post hoc test, ⁄⁄⁄p < 0.001. N = 5–8/group. Scale
bars: (A–F) 50 lm.
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3.3. Re-injection of AdIL-1b when the first inflammatory response is
resolved has no differential effect

3.3.1. Inflammatory and demyelinating response to the second chronic
IL-1b stimulus

Taking into consideration the results from the first set of exper-
iments, we wondered if the diminished response to the second
AdIL-1b was related to the fact that it was administered when
the first lesion was only partially recovered. Therefore, as a second
approach to relapsing events in the injured brain, we injected the
second stimulus once the induced damage by the first stimulus
in the striatum was completely restored, that is, 50 days after the
first injection. The tissue was analyzed 21 days after the second
stimulus, as in the first experimental paradigm (see timeline
Fig. 5A). No statistical differences in the volume of inflammation
were observed between bGal/IL-1b compared to IL-1b/IL-1b ani-
mals (p = 0.47 for interaction, p > 0.05 for bGal/IL-1b vs. IL-1b/IL-
1b) (Fig. 5B). None of the animals presented signs of ongoing
disease (normal fur, normal activity and movement, normal food
consumption). Moreover, the inflammatory response was similar
in both studied groups (Fig. 5E and F), characterized by the pres-
ence of dilated vessels filled with marginated neutrophils and
scarce macrophages (insets Fig. 5E and F). Cuffed and recruited
PMN neutrophils were widespread throughout the striatal paren-
chyma. In addition, a large edematous area could also be observed
in animals of both groups. Qualitatively, the inflammatory re-
sponse is similar to that observed in the single-injection 21 dpi
group (Fig. 5D), indicating that the tissue reaction is different when
the stimulus is still active or if the first inflammatory event is fully
restored. Taken together, these results suggest that when a second
chronic IL-1b stimulus is applied 50 days after the first one, the
dynamics and features of the tissue response are similar to those
after the first injection. However, re-stimulation when the first le-
sion has recovered only partially (30 days) induces a diminished
and qualitatively different response.

A similar response was observed when demyelination was ana-
lyzed (Fig. 5C). In this case, bGal/IL-1b animals were statistically dif-
ferent from IL-1b/IL-1b injected animals (p < 0.05 for bGal/IL-1b vs.



Fig. 5. A second IL-1b stimulus, once the first lesion is resolved, has an effect that is similar to the first lesion. (A) In this experiment, the second pro-inflammatory stimulus
was administered 50 days after the first one, once the primary lesion had completely resolved. Animals were sacrificed 21 days after the second intrastriatal injection. (B and
C) Animals in the bGal/IL-1b and IL-1b/IL-1b groups presented no difference in the inflammatory volume (Two-way ANOVA with Bonferroni’s multiple comparisons post hoc
test) (B), and little difference in demyelinating volume (Two-way ANOVA of transformed values [squared root of proportions], with Bonferroni’s multiple comparison post hoc
test) (C). Representative pictures of the inflammatory lesion in the single-injection 21 dpi group (D), bGal/IL-1b (E), and IL-1b/IL-1b groups (F). Insets in each photograph are
at higher magnification (100�), where the relative amount of polymorphonuclear neutrophils (PMN) (black arrowheads) and macrophages (white arrows) can be observed.
Red Oil-O stained sections for representative animals in the single-injection 21 dpi group (G), bGal/IL-1b (H), and IL-1b/IL-1b groups (I). ⁄⁄⁄p < 0.001; ⁄p < 0.05. N = 5/group.
Scale bars: (E–J) 1 mm.
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IL-1b/IL-1b). However, the difference between these two groups
was lower compared to animals injected 30 days after the first
stimulus (see Fig. 2).

3.3.2. Axonal damage as a response to the second IL-1b stimulus
applied once the primary lesion is resolved

The presence of degenerative axons was evaluated in the sec-
ondary lesions from the 50–21 dpi experiment. As was described
previously, the morphology varied from varicose fibers to spher-
oids (Fig. 6A and B). The number of APP-positive axons was lower
in IL-1b/IL-1b compared to bGal/IL1b Fig. 6C p < 0.05). The number
of injured axons correlated with the trend shown for demyelina-
tion, where the bGal/IL-1b group exhibited higher demyelination
volume. In particular, higher demyelination volume involved in-
creased axonal degeneration.

3.3.3. Glial response to the re-exposure to IL-1b once the tissue damage
is resolved

The glial response followed the course of inflammation and
demyelination. GFAP immunoreactivity was similar in IL-1b/IL-1b



Fig. 6. Axonal damage in the second experimental design. Axonal injury was identified as APP positive axons in both bGal/IL-1b (A), and IL-1b/IL-1b groups. The morphology
of APP positive axons varied from small swellings (white arrowheads) to large spheroids end bulbs (black arrowheads) and varicose fibers (black arrows). (C) APP-positive
degenerative axons were statistically lower in IL-1b/IL-1b compared to bGal/IL-1b. Unpaired t test, ⁄p < 0.01. N = 4/group. Scale bars: (A and B) 50 lm; insets 25 lm.

Fig. 7. Glial response to a second chronic IL-1b event, when the first lesion has been resolved. (A–C) Representative photographs of astroglial activation (as evidenced by glial
fibrillary acidic protein [GFAP]). There is no difference between the single-injection 21 dpi group (A), bGal/IL-1b (B), and IL-1b/IL-1b groups (C). (D–F) Similar result seen for
the presence of macrophages/microglia stage 4 cells; representative micrographs show no difference between the three groups. (G) Quantification of MHC II (major
histocompatibility complex class II)-positive cells showed no difference between the bGal/IL-1b and IL-1b/IL-1b groups (G). Two-way ANOVA of transformed values (squared
root of proportions), with Bonferroni’s multiple comparisons post hoc test. ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001. N = 5–6/group. Scale bars: (E–J) 50 lm.
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compared to bGal/IL-1b-injected animals in the single-injection
21 dpi group (Fig. 7A–C). The microglial response exhibited a sim-
ilar pattern: MHC-II positive cells increased in bGal/IL-1b and in IL-
1b/IL-1b animals compared to bGal/bGal and IL-1b/bGal respec-
tively (p < 0.05 for bGal/IL-1b vs. IL-1b/IL-1b and for bGal/bGal vs.
IL-1b/bGal) (Fig. 7E–G). Moreover, there was no difference between



Fig. 8. Variation in the mRNA levels of interleukin-1 (IL-1) receptors and IL-1 receptor antagonist (IL-1ra) mRNA levels were measured for the first experimental design:
where the second pro-inflammatory stimulus is administered with the first lesion yet unresolved. Values are expressed as relative cDNA over housekeeping (TATA binding
protein [TBP]) expression. (A) IL-1 receptor I (IL-1RI), two-way ANOVA of Ln transformed values. (B) IL-1 receptor II (IL-1RII), two-way ANOVA of Ln transformed values. (C) IL-
1ra, two-way ANOVA. ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001. N = 5–6/group.
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the groups that received the AdIL-1b as a second stimulus and the
single-injection 21 dpi group (Fig. 7D–F). It appeared that the
MHC-II expression response was independent of the presence of
the first stimulus at this time point.
3.4. IL-1 receptor response after the second IL-1b stimulus when the
tissue damage is unresolved

IL-1b exerts its effects via binding to the 80 kDa IL-1 receptor I
(IL-1RI). A second IL-1 receptor, the type II receptor (IL-1RII), is also
able to bind IL-1b but acts as a decoy receptor. Another component
of the IL-1 family is the IL-1 receptor antagonist (IL-1ra), which is a
highly selective competitive receptor antagonist that binds the
functional IL-1RI but does not elicit a response. All of these mem-
bers of the IL-1 family are endogenously expressed in the CNS and
can be modified under several pathological conditions (Rothwell
and Luheshi, 2000).

We hypothesized that the diminished effect observed after the
second injection of AdIL-1b could be due to differential behavior
in the expression of the IL-1 receptors and/or IL-1ra. To answer
this, we studied the mRNA expression of these molecules by
qRT-PCR at different time points and in different experimental
groups.

Initially, we investigated whether differential expression of the
receptors at the time of the second injection (30 or 50 days) could
explain the reduced response to the second AdIL-1b when injected
after 30 days. The single-injection 30 and 50 dpi groups demon-
strated that there was no difference in the expression of IL-1RI
(p = 0.81), IL-1RII (p = 0.66) or IL-1ra (p = 0.87) (see Suppl. Fig. S4).

Given that there were no differences in the expression of IL-1
receptors or IL-1ra between the two time points chosen for the sec-
ond injection, we wondered if the differential expression of these
molecules was evident only in the presence of the second stimulus.
We only analyzed the first experiment, where unexpected dimin-
ished response was seen in the IL-1b/IL-1b group. All samples were
taken 21 days after the second adenovector administration. The
experimental group that received the control adenovirus on both
occasions (bGal/bGal) demonstrated that there was no effect of
the adenoviral vector per se because the expression of both recep-
tors and IL-1ra exhibited a similar response to the second injection
to that found in single-injection 50 dpi animals once the lesion was
completely recovered (Fig. 8 and Suppl. Fig. S4).

Animals that were injected with the inflammatory stimulus
only on the second occasion (bGal/IL-1b) showed a significant
up-regulation of IL-1RI, indicating that in response to the AdIL-
1b, there is a high number of functional receptors available to
transduce the IL-1 signal (Fig. 8A). However, there was also an in-
crease in the expression of the molecules that regulate the IL-1b-
induced inflammatory activity (IL-1RII and IL-1ra) (Fig. 8B and C).
This pattern of expression may be due to the fact that we are look-
ing at the peak of the inflammatory response, and therefore, both
the reinforcing and the undermining elements are present. Inter-
estingly, the response of both receptors and IL-1ra is completely
different when the first stimulus is the AdIL-1b. In this case, the
IL-1b/IL-1b animals showed a statistically decreased response
compared to the bGal/IL-1b group (p < 0.001 for IL-1RI between
bGal/IL-1b; p < 0.01 for IL-1RII between bGal/IL-1b; p < 0.001 for
IL-1ra between bGal/IL-1b), demonstrating that the presence of
the first inflammatory stimulus reduced the response to the second
AdIL-1b (Fig. 8A–C).
4. Discussion

In this study, we demonstrated that the response to a second
pro-inflammatory stimulus is altered depending on whether the
primary lesion is still active or completely resolved. If the primary
lesion is active when the second stimulus is applied, the secondary
inflammatory response to the chronic expression of IL-1b is de-
creased. This diminished response to the re-exposure of AdIL-1b
is seen compared to both the single-injection 21 dpi group, which
had no second stimulus, and to the group that received the control
adenovector in the first injection. Demyelination followed a similar
pattern to that described for inflammation: there was less demye-
lination 21 days after the second stimulus only when both the first
and second stimuli were IL-1b. The demyelinating lesion was more
profound when the first stimulus was the Ad-bGal and the second
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stimulus was the AdIL-1b. However, the diminished effect as a con-
sequence of the re-exposure to IL-1b was not seen if the second
injection was applied once the first lesion was restored.

We have generated an alternative, focally induced demyelina-
tion model that allows us to study the effect of a single molecule
of the innate immune system. This model could be a useful tool
for the dissection of mechanisms that either enhance or counteract
remyelination in the absence of T cells. Several animal models of
demyelination have helped in understanding the pathophysiology
of MS (Denic et al., 2011). As reviewed in Blakemore and Franklin
(Blakemore and Franklin, 2008), animal models can be divided in
two groups: those which attempt to replicate the disease as accu-
rately as possible, such as virus-induced encephalomyelitis and
EAE, and others that provide a more reductionist approach that al-
lows studying specific aspects of the disease (e.g., ethidium bro-
mide, lysolecithin, cuprizone). In this model, the repeated IL-1b
stimulus demonstrated that the state of the primary lesion deter-
mines the course of the second one. This model would allow
assigning functional relevance to individual pathological features
of repeated demyelinating events. Even though the proposed mod-
el does not replicate the complex RRMS pathology, it may contrib-
ute to the study of specific inflammatory molecular (IL-1b) and
cellular (PMN neutrophils) mediators and their downstream com-
ponents without the complexity of the environment described in
MS.
4.1. A second burst of IL-1b decreased the inflammatory response if it
occurred when the first lesion was still active

The neuroinflammatory response of a second administration of
the AdIL-1b decreased when the first stimulus was also AdIL-1b.
This effect could not be observed when the first stimulus was the
Ad-bGal; indeed, bGal/IL-1b animals had significantly increased in-
jury compared to animals that received IL-1b as first stimulus.

The refractoriness to re-stimulation with the same cytokine has
been studied previously and is known as tachyphylaxis (Colditz,
1985; Cybulsky et al., 1988), a phenomenon of local desensitization
of any tissue to a specific inflammatory agent (Cybulsky et al.,
1988). Tachyphylaxis could be viewed as a mechanism involved
in the down-regulation of an inflammatory event as a response
to chronically high levels of a cytokine (Cannon and Dinarello,
1985). In particular, this phenomenon was described for the most
important inflammatory cytokines IL-1b and TNF-a (Colditz, 1985;
Cybulsky et al., 1988; Pober et al., 1986; Ulich et al., 1990), and
some of these authors have described a decreased neutrophil infil-
tration as a result of this desensibilization. Our results showed a
reduction in infiltrated neutrophils: the inflammatory infiltrate
after the second burst of IL-1b was characterized by macrophages
and scarce neutrophils, a totally different response to that ob-
served when a unique dose of IL-1b was injected. However, the
possibility of the involvement of other mediators in this phenom-
enon cannot be ruled out. Although a single cytokine is induced
experimentally, we cannot dismiss the possible up-regulation of
other mediators. In fact, we have previously shown that the long-
term expression of IL-1b did not induce TNF-a (Ferrari et al.,
2004), but we did not study the up-regulation of other cytokines.

The decreased response to the second IL-1b stimulus may be
due to differential activity of the IL-1 receptors and/or its receptor
antagonist, IL-1ra. The behavior of the receptors and other mem-
bers of the IL-1 family could be synergistic with the diminished re-
sponse to the second stimulus, as IL-1b induces its effect through
IL-1RI, whereas IL-1RII and IL-1ra counteract the action of IL-1.
We found that IL-1RI, IL-RII and IL-1ra showed reduced expression
in response to the second injection of the AdIL-1b, 30 days after the
first one.
IL-1 family members are endogenously expressed in the CNS.
Their expression can be modified under several pathological condi-
tions (Rothwell and Luheshi, 2000). Differential regulation of IL-1
receptors as a response to central or peripheral pro-inflammatory
stimuli has been described by several authors (Docagne et al.,
2005; Ericsson et al., 1995; Stern et al., 2000; Turrin et al., 2001;
Wang et al., 1997). Therefore, IL-1 family members could act syn-
ergistically with the decreased inflammatory response after a sec-
ond IL-1b stimulus. The expression of functional IL-1R in the CNS is
mostly found on endothelial cells and in neurons of very few spe-
cific structures of the brain (Ching et al., 2007; Ericsson et al.,
1995). In particular, IL-1RII is known to be expressed in neutrophils
(Warabi, 2007). The actions of IL-1b in the brain are primarily med-
iated by endothelial cells, and endothelial IL-1RI is reported to
mediate the recruitment of neutrophils across the BBB into the
brain parenchyma (Ching et al., 2005; Li et al., 2011). Thus, if a
re-exposure to IL-1b overexpression induced a down-regulation
of IL-1RI transcription and if endothelial IL-1RI was required to re-
cruit leucocytes, then it would not be surprising if the second burst
of IL-1b in the brain did not induce the expected inflammatory re-
sponse. Further analysis regarding the pattern of IL-1RI expression
(endothelial cells, microglial cells, astrocytes or neurons) could
help in understanding the mechanisms behind the mild effect of
the IL-1b stimulus.

4.2. A second burst of IL-1b when the first lesion was still active
decreased demyelination

Although remyelination occurs in MS plaques, the failure of this
process is a primary feature of MS pathology (Patrikios et al., 2006;
Prineas et al., 1993). Our results demonstrated a decreased demy-
elinating response after the second IL-1b stimulus. These results
may be attributed to several causes:

4.2.1. Previous inflammatory events may have a positive effect on
myelin

The presence of IL-1b during the first event may have induced
the expression of pro-myelinating molecules (Mason et al., 2001;
Watzlawik et al., 2010), which, in turn, partially modified the
demyelinating effect of the second IL-1b stimulus. In accordance
with this hypothesis, priming with IL-1 prior to EAE induction
has been seen to reduce the symptoms of the disease (Huitinga
et al., 2000).

4.2.2. The presence of activated microglia from the previous lesion
impaired demyelination

Activated microglia may be required to facilitate remyelination,
as they are involved in the clearance of the myelin debris and be-
cause they can stimulate the production of growth factors that im-
prove the remyelinating environment (Kotter et al., 2001, 2005; Li
et al., 2005).

4.2.3. Reduced presence of MHC-II activated macrophages/microglia
MHC-II activated microglia induce cytokine secretion, which

enhances demyelination (Hiremath et al., 2008). Our results also
demonstrated that MHC-II expression decreased in IL-1b/IL-1b ani-
mals, where demyelination is milder compared to controls.

4.2.4. Decreased and qualitatively different infiltrate induced a milder
demyelinated lesion

Neutrophil recruitment is known to be important in the demy-
elinating process (Carlson et al., 2008; Ferrari et al., 2004; Naegele
et al., 2011). Primed neutrophils have been described in MS pa-
tients (Naegele et al., 2011). Moreover, CXC chemokine receptor
type 2 (CXCR2)-positive neutrophils are known to contribute to
the development of lesions in the EAE and cuprizone animal
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models (Carlson et al., 2008; Liu et al., 2010). In addition, the pres-
ence of neutrophils and IL-1b expression were demonstrated in the
onset of the pathology in EAE (Soulika et al., 2009). Therefore, neu-
trophil recruitment is a sign of very early spinal cord inflammation.
Whether its quick disappearance is restricted to EAE or also occurs
in acute MS lesions remains to be studied (Soulika et al., 2009).

4.3. A second burst of IL-1b decreased the number of injured axons

Axonal damage is a hallmark of both MS and experimental
animal models (Haines et al., 2011; Irvine and Blakemore, 2006;
Kornek et al., 2000; Moreno et al., 2011; Trapp et al., 1998). We
evaluated the presence of axonal damage in the proposed model,
demonstrating that the number of degenerative axons decreased
in the IL-1b/IL-1b group compared to the bGal/IL-1b group when
the primary lesion was still active. The axonal damage correlated
with the course of inflammation, MHC-II expression and demyelin-
ation. The relationship between the presence of IL-1b and the accu-
mulation of APP was also demonstrated in an animal model of
diffuse axonal injury (Yang et al., 2011). The correlation between
injured axons, inflammation and demyelination was previously
shown by several authors (Bitsch et al., 2000; Haines et al., 2011;
Kuhlmann et al., 2002; Mancardi et al., 2001; Raine and Cross,
1989). Even if acute axonal injury can be seen in areas with no
demyelination, a positive correlation with the number of macro-
phages and CD8-positive lymphocytes was demonstrated. How-
ever, there was no correlation between axonal damage and
tumor necrosis factor alpha (TNF-a) or inducible nitric oxide
synthase expression (Bitsch et al., 2000; Haines et al., 2011). In
addition, in EAE, a temporal and spatial coordination between neu-
trophil-enriched inflammatory infiltrate, IL-1b expression, and the
onset of axonal injury was observed (Soulika et al., 2009). There-
fore, axonal damage could be an early sign associated with both
inflammation and demyelination (Mancardi et al., 2001), as dem-
onstrated in this study.

In summary, IL-1b expression within the lesions could facilitate
remyelination or at least diminish the demyelination process in
relapsing events. The inhibition of IL-1b activity in a MS lesion
should be careful analyzed, especially considering that anti-IL-1
treatments were not demonstrated to be beneficial either in MS
patients or in the EAE animal model (Warabi, 2007). Irrespective
of the mechanism involved, our model of AdIL-1b re-administra-
tion during an active lesion provides an experimental set-up to
identify key molecules related to the diminished toxic effects of a
second IL-1b mediated injury to the brain parenchyma.

4.4. A second burst of IL-1b did not affect inflammatory or
demyelinating responses when the first lesion was fully restored

The presence of a previous but completely restored lesion did
not influence the response to a second IL-1b stimulus. Our results
demonstrated that if the relapsing event was far enough to allow
the lesion to be completely repaired, the second response mim-
icked the first one. Growth and anti-inflammatory factors induced
during the first inflammatory event may be required for the dimin-
ished secondary response, as noted previously.

Accordingly, a model of repeated and focal demyelination with-
in the CNS, in which the lesion is allowed to repair itself, is not
characterized by impaired remyelination or oligodendrocyte pro-
genitor cell depletion (Penderis et al., 2003). Interestingly, in MS le-
sions, Bramow et al. (2010) suggested that the first episode of
demyelination and remyelination leaves the damaged area vulner-
able to a new episode of demyelination when comparing primary
and secondary progressive disease (Bramow et al., 2010). These
contradictory results could be explained by the fact that we
generated a reductionist model based on the repeated long-term
expression of IL-1b, which lacks the complexity of progressive hu-
man lesions as described by Bramow et al., 2010.

Axonal damage seemed slightly decreased as a response to a
second stimulus when the first lesion is resolved. Fewer injured ax-
ons were observed in the IL-1b/IL-1b group.

Interestingly, these results correlated with demyelination,
where a slight DV increase was observed in bGal/IL-1b group
when compared with the IL-1b/IL-1b group. As previously noted,
it is possible that both inflammation and the degree of demye-
lination influenced the number of damaged axons in our model.
However, these data contradict other data obtained from MS pa-
tients, which demonstrated that axonal damage correlates with
inflammation but not with active demyelination (Bitsch et al.,
2000; Haines et al., 2011). In addition in RRMS and SPMS, axonal
damage is higher in early stages of the disease compared to old-
er lesions. However, in PPMS, no differences were found over
time (Kuhlmann et al., 2002). These data suggest that axonal
damage could also be influenced by the state of the previous
lesion.

Thus, the fact that a previous inflammatory event took place
does not necessarily determine the response to a second one; it
is possible that the level of activity of the first lesion defines the
reaction to a second one.
5. Conclusions

Repeated IL-1b induced inflammatory episodes diminished the
secondary response depending on whether the primary lesion
was active. We demonstrated that if the primary lesion was active,
the reinjection of the AdIL-1b produced a diminished secondary
lesion, but if the primary lesion was resolved, then the secondary
response was similar to the first one.

The limited knowledge about interaction between the immune
and the nervous system is still the main impediment in developing
therapeutic tools. Indeed, even if MS is described as a T-cell-med-
iated autoimmune disease, the early infiltration of neutrophils has
been related to the onset of the pathology in both MS and experi-
mental animal models. Clinical therapies demonstrate that anti-
inflammatory and immunosuppressive treatments may sometimes
provide temporary relief of the symptoms, but no available treat-
ment has shown to slow down the progression of the pathology
or stop the disease. Animal models of neuroinflammation should
allow studying specific inflammatory mechanisms involved in
relapsing/remitting episodes. The analysis of repeated episodes in
the CNS is crucial to achieve a better comprehension of relapsing
and remitting events. Moreover, studying the impact of specific
components of the inflammatory response on degenerative pro-
cesses should help develop new therapeutic tools in demyelinating
diseases.
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