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Multiple sclerosis (MS) is an inflammatory and demyelinating disease of unknown aetiology that causes
neurological disabilities in young adults. MS displays different clinical patterns, including recurrent
episodes with remission periods (‘‘relapsing-remitting MS” (RRMS)), which can progress over several
years to a secondary progressive form (SPMS). However, 10% of patients display persistent progression
at the onset of disease (‘‘primary progressive MS” (PPMS)). Currently, no specific therapeutic agents
are available for the progressive forms, mainly because the underlying pathogenic mechanisms are not
clear and because no animal models have been specifically developed for these forms. The development
of MS animal models is required to clarify the pathological mechanisms and to test novel therapeutic
agents.
In the present work, we overexpressed interleukin 1 beta (IL-1b) in the cortex to develop an animal

model reflecting the main pathological hallmarks of MS. The treated animals presented with neuroin-
flammation, demyelination, glial activation, and neurodegeneration along with cognitive symptoms
and MRI images consistent with MS pathology. We also demonstrated the presence of meningeal inflam-
mation close to cortical lesions, with characteristics similar to those described in MS patients. Systemic
pro-inflammatory stimulation caused a flare-up of the cortical lesions and behavioural symptoms, includ-
ing impairment of working memory and the appearance of anxiety-like symptoms.
Our work demonstrated induced cortical lesions, reflecting the main histopathological hallmarks and

cognitive impairments characterizing the cortical pathology described in MS patients with progressive
forms of the disease.

� 2018 Elsevier Inc. All rights reserved.
1. Background

Multiple sclerosis (MS) is a chronic immune-mediated demyeli-
nating disease of unknown aetiology characterized by neuroin-
flammation, demyelination and axonal degeneration, leading to
loss of sensory, motor, autonomic and cognitive functions, accord-
ing to the location of the central nervous system (CNS) lesions. MS
represents one of the most important causes of disability among
young adults (between 20 and 45 years old), resulting in important
socio-economic impacts in developed countries (Denic et al., 2011;
Martinez Yelamos et al., 1999). MS is a very heterogeneous disease
that displays different clinical courses, including episodes with
periods of relapse and remission of symptoms (‘‘relapsing-
remitting MS” (RRMS)). RRMS can progress to a secondary progres-
sive form (SPMS); however, some patients experience persistent
progression from the onset of the disease (‘‘primary progressive
MS” (PPMS)). Additionally, according to new imaging findings, pro-
gressive disease (secondary and primary) can be active (with or
without progression) or inactive (with or without progression;
the latter case is called ‘‘stable disease”) (Lublin et al., 2014). Cur-
rently, there are anti-inflammatory and immunomodulatory treat-
ments that are beneficial for RRMS, but they are ineffective for
SPMS (Losy, 2013; Watzlawik et al., 2010). However, there is only
one anti-inflammatory treatment for PPMS, which was recently
approved (Frampton, 2017). Although the treatment of RRMS pro-
vides temporary effectiveness because it reduces the annualized
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relapse rate, patients experience side effects, relapses or evolution
to progressive MS stages (Ontaneda and Fox, 2015; Watzlawik
et al., 2010).

Cortical demyelinated lesions are considered a key feature of
PPMS and SPMS, but they are rare in RRMS (Kutzelnigg et al.,
2005; Popescu and Lucchinetti, 2012). These lesions have peculiar
inflammatory and demyelinating hallmarks, with an absence of
blood-brain barrier (BBB) disruption, differential inflammatory
processes, reactive microglia, neurodegeneration and meningeal
inflammation. These observations suggest different immunopatho-
genic mechanisms of the PPMS and SPMS forms compared with the
RRMS form, potentially because the inflammatory environment in
progressive MS favours the retention of inflammatory cells within
lesions (Choi et al., 2012; Howell et al., 2011; Lassmann et al.,
2012; Magliozzi et al., 2007; Serafini et al., 2004).

The main challenge in modelling SPMS and PPMS is the impos-
sibility of replicating the chronicity and cortical injury patterns of
these forms of MS, which differ from those of RRMS. Furthermore,
most models do not reflect the irreversibility that characterizes the
progressive forms of MS (Fox et al., 2012). Experimental animal
models that have conclusively demonstrated chronic demyelina-
tion, neurodegeneration, autoimmune inflammatory processes,
and glial activation, which occur in progressive MS, are required
(Fox et al., 2012). Several animal models have been developed in
recent years to mimic these forms of the disease. These models
are based on myelin oligodendrocyte glycoprotein (MOG) immu-
nization of rats, along with focal injection of cytokines (TNF-a
and IFN-c). These models reflect different aspects of MS pathology,
but the chronicity and behavioural symptoms vary according to
the model. Interestingly, none of the described models of cortical
lesions can be visualized by MRI (see Table 1).

In recent years, studies of the influence of environmental fac-
tors, both on the risk of MS and on the progression of the disease,
including systemic infections, vitamin D levels, salt intake, smok-
ing, obesity, and the composition of the microbiota, have become
relevant (Ascherio and Munger, 2016; Montalban and Tintore,
2014; Ramanujam et al., 2015). These environmental factors gener-
ate a pro-inflammatory peripheral environment with increased
levels of circulating cytokines. Until now, few studies have
described the effects of this pro-inflammatory environment on
Table 1
Animal models of cortical pathology of MS.

Animal/
immunization

Focal injection Pathology

Lewis Rat/
MOG

1 ml de 250 ng TNF a + 150 U
IFN (prefrontal cortex)

-Cortical inflammation (ED1, CD4, C
demyelination
-Neuronal apoptosis
(maximum at 7 dpi)

Dark Agouti
Rat/MOG

1. 25 mg TNFa + 75 ng IFN
(subarachnoid space)

-Meningeal inflammation, subpial
demyelination, microglia activation
-No neuronal loss
(maximum at 7 dpi)

Dark Agouti
Rat/MOG

500 mg/ml TNF a + 300 U IFNc
(catheter into the cortex)

-Cortical inflammation and demyel
-Meningeal inflammation
-Neuronal apoptosis (maximum at

C57BL/6J
Mice/MOG

50 ng TNFa + 50 ng IFNc
(motor cortex)

-Inflammatory infiltrate (CD3+, NK
macrophages)
-Subpial and perivascular demyelin
Perivascular APP++ (maximum at 5
-Motor deficiencies
the cerebral cortices of MS patients (Gacias et al., 2016; Hoban
et al., 2016; Mashayekhi and Salehi, 2016).

IL-1b is a prototypic pro-inflammatory cytokine. The functional
relevance of IL-1b expression has been demonstrated in both MS
pathology and many MS animal models. IL-1b is present in MS
lesions, and it exerts its cytotoxic action either by a direct effect
on CNS cells or by a secondary effect on leukocyte recruitment
(Argaw et al., 2006; Howe et al., 2006; Kitic et al., 2013; Zeis
et al., 2008). The presence of IL-1b and its ability to induce neu-
trophil recruitment have been demonstrated during the onset of
EAE and in cuprizone experimental models (Liu et al., 2010;
Soulika et al., 2009). Additionally, elevated numbers of primed
neutrophils have been found to contribute to pathology in MS
patients (Naegele et al., 2011).

The aim of the present paper was to study the effect of the long-
term expression of IL-1b in the prefrontal cortices of adult rats and
the effect of a pro-inflammatory peripheral stimulus on the pro-
gression of chronic cortical lesions. According to histological,
imagenological, and behavioural parameters, we developed an
experimental animal model that represents most of the character-
istics of the cortical lesions that appear in progressive stages of MS,
such as cortical neuroinflammation, neurodegeneration, meningeal
inflammation, and cognitive impairment.
2. Materials and methods

2.1. Adenoviral vectors

Adenoviral vectors expressing the human interleukin 1b gene
(AdIL-1b) or the reporter gene b-galactosidase (Adbgal) as a control
were generated as described previously (Ferrari et al., 2004). Stocks
were obtained by large scale amplification in HEK293 cells, puri-
fied in double caesium chloride gradients, and quantified by plaque
assay (final titters: Adbgal = 8.41. 1011 infective particles/ml; AdIL-
1b = 1.1. 1011 infective particles/ml). Stocks had <1 ng/ml endo-
toxin, which was assayed with E-TOXATE reagents (Sigma, St.
Louis, MO, USA). Viral stocks were free of autoreplicative particles
as assessed by PCR. Adbgal was kindly provided by Dr. J. Mallet
(Hospital Pitie Salpetriere, Paris, France).
Recovery Strengths Weakness References

D8) and 14 days -Adaptive
immunity
-Neuronal
loss

-Acute
-No MRI studies
-No behavioural
tests

Merkler et al.
(2006)

.
14 days -Adaptive

immunity
-Meningeal
Inflammation

-Acute
-Only subpial
demyelination
-No MRI studies
-No neuronal loss
-No behavioural
test

Gardner et al.
(2013)

ination

15 dpi)

30 days -Chronicity
-Meningeal
inflammation

-The use of
catheter into the
cortex
-Undetectable
lesions by MRI
-No behavioural
tests

Ucal et al. (2017)

+ .

ation
dpi)

20–40
days

-Adaptive
immunity
-Axonal loss
-Chronicity

-No MRI studies
-No behavioural
tests

Lagumersindez-
Denis et al. (2017)
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2.2. Animals and injections

Adult male Wistar rats (Jackson Laboratory, Bar Harbor, ME,
USA), bred for several generations in the Leloir Institute Founda-
tion and in ICBME’s animal facility, were used in all of the experi-
ments. The animals were housed under controlled temperature
conditions (22 �C ± 2 �C), with food and water provided ad libitum
and a 12:12 dark:light cycle with lights on at 08.00 h. All of the sur-
gical procedures and euthanasia were conducted in full compliance
with NIH and internal Institute Foundation Leloir and Italian
Hospital guidelines and were approved by the Institutional Review
Board ‘‘Cuidado y Uso de Animales de Laboratorio (CICUAL-FIL)”
and ‘‘Comité de Ética y Protocolos de Investigación (CEPI- HIBA)”,
respectively.

For stereotaxic injections, the animals were anaesthetized with
ketamine chlorhydrate (80 mg/kg) and xylazine (8 mg/kg). Aden-
oviral vectors were delivered via a finely drawn, graduated capil-
lary into the left prefrontal cortex (bregma, +1.6 mm; lateral,
+2.5 mm; ventral, �1.6 mm) (Paxinos and Watson, 1986). Human
IL-1b- and bgal-expressing vectors were diluted in sterile Tris-
HCl buffer (Tris-HCl 10 mM, MgCl2 1 mM, pH 7.8) to a concentra-
tion of 1 � 106 infective particles/ll. Previous work published by
our laboratory (Ferrari et al., 2004; Murta et al., 2012, 2015) and
pilot studies have shown that this dose is the minimum for both
AdIL-1b and Adbgal that provides long-term expression of the
transgenes with a minimum inflammatory response to the control
vector. The volume of the intracortical injection was 1 ll, which
was infused over a 5-min period, with the capillary remaining in
place for another minute to minimize reflux. All of the surgical pro-
cedures were conducted in the morning to avoid possible circadian
variations in cytokine expression.

For peripheral injections, the animals were briefly anaes-
thetized with isoflurane, and adenoviruses expressing IL-1b or bgal
were injected intravenously (iv) at doses of 1.36 � 109 infective
particles/rat. The final volume of injection was 600 ll: 300 ll of
the adenovector solution (in sterile 10 mM Tris-HCl, 1 mM MgCl2-
n, pH = 7.8), followed by 300 ll of saline solution. All iv administra-
tions were performed between 2 p.m. and 5 p.m.

The adenoviruses were initially administered in the periphery
at day 21 after injection of adenovirus into the cortex. Five days
after the iv injection, a blood smear was performed to confirm
the effectiveness of the pro-inflammatory systemic stimulus
according to Murta et al. (2015). A significant increase in the num-
ber of PMNs in AdIL-1b endovenously injected (AdIL-1biv) animals,
along with a consequent decrease in the lymphocyte population,
was considered a sign of inflammation. For all of the experiments
in this study, AdIL-1biv-mediated changes in the blood formula
were significantly different from those observed in Adbgal iv-
injected animals. The animals were sacrificed 7 and 30 days after
the systemic stimuli, and their brains were processed for histolog-
ical and molecular analyses.
2.3. Behavioural tests

2.3.1. Open field
Spontaneous locomotor activity and anxiety-like behaviour

were quantified in adult rats (n = 10–12/group) using an open field
arena and a wooden box of 1 m � 1 m with the floor divided into
16 squares. Line crossings, rears and climbing were scored for 5
min. A line crossing was counted when all four paws crossed the
square lines. Rearing was scored when the animals raised both
front paws from the floor. Time spent in both central and periph-
eral squares was also measured. Faecal boli were also counted
(Prut and Belzung, 2003).
2.3.2. Novel object recognition test
To evaluate short-term memory, we performed the novel object

recognition test. The rats (n = 10–12/group) were placed in the
arena for 5 min with two identical objects. After 2 h, the rats were
re-introduced into the arena, with a new object replacing on
previous object over 3 min. The time (measured by seconds) until
the animal came into contact with the objects with its nose was
recorded and quantified as the novel object exploration time and
discrimination index (DI). The DI was calculated as described
previously (Antunes and Biala, 2012):

DI ¼ Time in novel object� Time in familiar object
ðTime in novel objectþ Time in the familiar objectÞ

Combinations of the objects and their locations differed among
the animals such that right-left preference could be avoided.

2.4. Magnetic resonance imaging

Brain MRI was performed under anaesthesia with ketamine
chlorhydrate (80 mg/kg) and xylazine (8 mg/kg). The animals
(n = 4/group) were scanned in a 3.0 T MRI system (Philips Ingenia)
using a human wrist coil (Wrist 8-ch, Invivo, Gainesville, FL, USA)
for signal reception. The animals were placed in the prone position,
with their heads and upper spines inside the coil with three-
dimensional (3D) imaging volumes in the transverse orientation.

The MRI protocol included T1-weighting with a slice thickness
of 1 mm (voxel size 0.34, FOV 60, TR 600 ms, TE 20 ms). For the
detection of lesions, T2-weighted MRI was performed with a slice
thickness of 1 mm and axial and coronal sequences (voxel size
0.35, FOV 70, TE 140 ms, TR 1174 ms). To detect acute inflamma-
tion, T1-weighted MRI was repeated at 3 and 6 min after intra-
venous application of 1 ml of gadolinium-based contrast agent
(gadoterate meglumine-Dotarem�).

On a separate workstation, every contrast-enhancing lesion or
hyperintensity on T2-weighted images was analysed by an experi-
enced neuroradiologist in a blinded manner. Moreover, enhance-
ment of the cortical lesions was assessed as present or absent.

2.5. Histology

The animals (n = 8–10/group) were deeply anaesthetized as
previously described (Murta et al., 2012; Murta et al., 2015) and
were transcardially perfused with heparinized saline, followed by
ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB) with
a pH of 7.2. Brains were dissected and placed in the same fixative
overnight at 4 �C and cryoprotected in 30% sucrose 0.1 M PB solu-
tion. Then, the brains were frozen in isopentane and cut using a
cryostat into 40-lm serial coronal sections through the left pre-
frontal cortex. Sections were mounted on gelatine-coated slides
and stained with Cresyl Violet to assess the general nervous tissue
integrity and inflammation and with Red Oil O to evaluate the
myelin. For immunohistochemistry, sections were stored in cry-
oprotective solution at �20 �C until needed.

2.6. Immunohistochemistry

Free-floating sections were rinsed in 0.1% Triton in 0.1 mol/L PB,
blocked in 1% donkey serum for 45 min, and then incubated over-
night at 4 �C with primary antibodies diluted in blocking solution.
The list of antibodies is provided in Table 2. After three 10-min
washes with 0.1 mol/L PB, the sections were incubated with
indocarbocyanine (Cy3) or cyanine Cy2 (Cy2)-conjugated donkey
anti-rabbit or anti-mouse antibody, respectively (1:250; Jackson
ImmunoResearch Laboratories Inc., West Grove, PA, USA) for 2 h



Table 2
Antibody list.

Antibody Origin Target Dilution Antigen
Retrieval

Source

MHC II Mouse MHC Class II restricted macrophages, dendritic
cells and B- cells

1:200 no Serotec

GFAP Rabbit Glial fibrillary acidic protein 1:700 no Dako
APP Human Amyloid precursor protein 1:100 yes Invitrogen
NeuN Mouse Neuron-specific nuclear protein 1:1000 no EMD Millipore
Casp3,

Active
Rabbit Apoptotic cells 1:200 no Neuromics

CD45RC Mouse Pre B lymphocytes, B cells, T cells 1:100 no Serotec
CD8 Mouse MHC Class I restricted T-cells 1:1000 no Serotec
CD4 Mouse MHC Class I restricted T-cells 1:1000 no Abcam
CD39 Guinea

Pig
B cells, T cells, NK cells 1:50 no Neuromics

CD20 Human Cd20 receptor in B cells 1:3000 yes Ventana, Roche
CD23 Human Cd23 receptor in follicular dendritic cells 1:5000 yes Ventana, Roche
MBP Rabbit Myelin basic protein 1:200 no Kindly provided by Páez P, School of Medicine and Biomedical

Sciences, University at Buffalo
ED1 Mouse Pan-macrophage marker 1:100 no Serotec
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at room temperature, rinsed in 0.1 mol/L PB and mounted in
Mowiol (Calbiochem, San Diego, CA, USA). Digital images were
obtained in a Zeiss LSM 510 laser scanning confocal microscope
equipped with a krypton-argon laser.

2.7. Electron microscopy

Anaesthetized animals (n = 3/group) were intracardially per-
fused with a modified saline solution (0.8% NaCl, 0.8% sucrose,
0.4% glucose), followed by a fixative consisting of 2% glutaralde-
hyde and 2% paraformaldehyde in 0.1 mol/L cacodylate buffer
(CB) (pH 7.2). The 1-mm3 cortex samples were then immersed in
the same fixative at 4 �C overnight. The tissue was stored in 0.1
mol/L CB with 0.2 mol/L sucrose. After 5-min washes in CB, they
were post-fixed in OsO4 in CB for 1 h, washed in buffer, dehydrated
in an ethanol series, cleared in acetone, and embedded in Spurr
resin. Semi-thin and ultra-thin sections were cut using a Sorvall-
Porter-Blum ultramicrotome. The semi-thin sections were stained
with toluidine blue, and the ultra-thin sections were double-
stained with uranyl acetate and lead citrate. Ultra-thin sections
were examined using a JEOL 1200EX2 electron microscope (Facul-
tad de Veterinaria, Universidad de La Plata).

2.8. Assessment of blood–brain barrier permeability

For the evaluation of BBB integrity, the animals (n = 8–10/
group) were injected intravenously with 104 U/kg of type II
horseradish peroxidase (HRP, Sigma, St. Louis, MO) 30 min before
perfusion. The animals were then perfused with Karnovsky’s fixa-
tive, and their brains were processed as previously described.
HRP was detected in free-floating sections using the modified
Hanker-Yates method (Perry and Linden, 1982).

2.9. Quantitative analysis

The lesion volume was calculated using every sixth 40-lm-
thick serial section of the entire ipsilateral left prefrontal cortex,
according to the anatomical landmarks defined by Paxinos and
Watson (1986).

Photographs of all of the sections were obtained using a Nikon
Eclipse E600 microscope and a CX900 camera (MicrobrightField
Inc., USA) under a 4x magnification objective. The area of one set
of serial sections was used for inflammation analysis (Cresyl Vio-
let), and the adjacent group of serial sections was used to evaluate
the demyelinating volume (Red Oil-O). The inflammatory and the
demyelinated area were delineated and measured using ImageJ
software (Media Cybernetics, Silver Spring, MD, USA). All of the
measurements were obtained in a blinded manner. The inflamma-
tory and demyelinating averages (IA and DA, respectively) were
calculated for each animal, and the average volumes of inflamma-
tion and demyelination (IV and DV, respectively) were estimated
by multiplying the IA/DA by the width of the section (0.04 mm)
and by the total number of sections obtained for the entire left pre-
frontal cortex.

ForMHC II-positive cell quantification, a 20� objectivewas used,
and one image of the ipsilateral cortex was obtained from each sec-
tion. The laser power, gain, and offset conditionswere kept constant
for the acquisition of all of the images. Approximately 12 fieldswere
quantified for each animal using the Zeiss LSM Image Browser. The
total number of positive cells was normalized to the total area
counted for each animal. To quantifyGFAP-positive cells, 20� objec-
tive images of the ipsilateral cortex fromeach sectionwere obtained
under the same laser power, gain, and offset conditions, and the
GFAP intensity was calculated using ImageJ software.
2.10. RNA isolation, reverse transcription, and real-time PCR

The animals (n = 5–6/group) were decapitated, their brains were
quickly removed, and the prefrontal cortex pieces were dissected,
snap-frozen in liquid nitrogen, and stored at �80 �C. RNA was pre-
pared by homogenizing the tissue using the GenElute Mammalian
Total RNAMiniprep kit (Sigma, St. Louis, MO). Sampleswere treated
with DNAase I to eliminate possible DNA contamination (On-
Column DNase I Digestion, Sigma). RNA was quantified with a Nan-
odrop (NanodropTechnologies,Wilmington,DE,USA), and200 ngof
total RNAwere reverse-transcribed according to themanufacturer’s
protocol (Superscript II, Invitrogen, Life Technologies, Carlsbad, CA,
USA) using oligo-dT primers. As a control for genomic contamina-
tion, a sample without reverse transcriptase was included in each
PCR analysis. Relative quantification was performed by real-time
PCR using the SYBR-green I fluorescence method and ROX as a pas-
sive reference dye. StratageneMxPro TMQPCR Software and Strata-
gene Mx3005P equipment were used (Agilent Technologies, Santa
Clara, CA,USA). TATAboxbindingprotein (TBP)was used as a house-
keeping gene because its expression is not altered by the treatment
(forward: 50-ACCGTGAATCTTGGCTGTAA, reverse: 50-CCGTGGCTCT
CTTATTCTCA). All of the samples were assessed in triplicate. Speci-
ficitywas controlledbymelting curves and agarose gels. To calculate
the efficiency, LinReg PCR was used (Cikos et al., 2007). The primers
for the studied cytokines were as follows: IL-1b (forward: 50-
TCCATGAGCTTTGTACAAGG, reverse: 50-GGTGCTGATGTAC
CAGTTGG), IL-6 (forward: 50-GCCAGAGTCATTCAGAGCAATA,
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reverse: 50-GTTGGATGGTCTTGGTCCTTAG), and TNF-a (forward: 50-
GTAGCCCACGTCGTAGCAAA, reverse: 50-AAATGGCAAATCGG
CTGACG).
2.11. Statistical analysis

The results are expressed as the mean ± SEM. All of the experi-
ments were analysed by parametric one-way ANOVA or two-way
ANOVA, followed by Bonferroni’s multiple comparison test as the
post hoc test. Student’s unpaired t-test was used when comparing
experiments with only two groups. Variables were tested for
normality (Kolmogorov-Smirnov) and variance homogeneity
(Bartlett’s test) (Scheirer et al., 1976). The level of statistical signif-
icance was set at p < 0.05. For clarity, statistical analyses of each
test are addressed in each figure legend. Statistical tests were per-
formed using GraphPad Prism software, version 6.00 for Windows
(GraphPad Software, San Diego, CA, USA).
3. Results

3.1. Central and peripherally stimulated lesions are associated with
cognitive impairment and anxiety-like symptoms

To study the effect of the long-term expression of IL-1b on the
prefrontal cortices of adult rats and the effects of the pro-
inflammatory peripheral stimulus on the progression of ongoing
cortical lesions, the animals were centrally injected with either
AdIL-1b (CI) or Adbgal (control) (CC) in the cortex. The animals
were studied at 15, 21, and 30 days post-injection (dpi) (Fig. 1A).
The animals that had previously received intracortical injection
with either AdIL-1b or Adbgal were then peripherally injected at
21 dpi. According to this experimental design, four experimental
groups were generated: centralAdIL-1b/peripheralAdIL-1b (CI/PI);
centralAdIL-1b/peripheral Adbgal (CI/PC); central Adbgal/peripher
alAdIL-1b (CC/PI); and central Adbgal/peripheral Adbgal (CC/PC).
These four groups were analysed at 7 (21 + 7) and 30 (21 + 30) days
after the peripheral injections (Fig. 1C). Previously published
results from our laboratory (Murta et al., 2015; Pott Godoy et al.,
2008; Pott Godoy et al., 2010) revealed that a maximum systemic
effect of the iv-administered AdIL-1b was achieved 5 days after
injection. Briefly, peripheral treatment efficiency was checked by
analysing the proportions of peripheral blood lymphocytes
(Lymph) and polymorphonuclear neutrophils (PMNs) 5 days after
the iv injection. The peripheral AdIL-1b-injected animals exhibited
a significant increase in the number of PMNs, together with a con-
sequent decrease in the lymphocyte population, which was signif-
icantly different from the effects observed in the peripheral
Adbgal-injected animals (Fig. 1D). All of the animal groups were
periodically monitored, and no clinical symptoms, according to
the standard Experimental Autoimmune Encephalomyelitis (EAE)
score, were observed, indicating that the welfare of the animals
was consistent with the high standards of the ethical guidelines
for animals and were acceptable compared to other MS models,
especially EAE. Additionally, the experimental animals did not
show signs of ongoing disease. They presented with normal fur,
activity, movement, and food consumption.

The CI-injected animals exhibited increased mRNA expression
of IL-1b, which peaked at 15 dpi, consistent with the maximum
peaks for both inflammation and demyelination. Its expression
decreased until the last time point studied, 30 dpi (Fig. 1B). The
CI/PI 21 + 7 and 21 + 30 groups exhibited strong increases in IL-
1b expression (Fig. 1E). IL-1b expression was sustained for 50 days,
demonstrating the chronicity of the proposed model.

The chronic expression of IL-1b in the prefrontal cortex induced
short-term memory impairment, as evidenced by a significant
decrease in time contacts with the novel object in the Novel Object
Recognition (NOR) test at only 15 dpi in CI animals (Fig. 2A). How-
ever, analysis of the discrimination index (DI) demonstrated that
both CI 15 dpi and CI 21 dpi animals displayed significant differ-
ences from CC control animals (Fig. 2B). The DI recovered in CI
30 dpi animals, as evidenced by an increase in this DI compared
with the CI 15 dpi animals (Fig. 2B). No anxiety-like symptoms
were observed at any time point studied when the animals
received only central injections (data not shown).

The animals that were also peripherally stimulated with
AdIL-1b (CI/PI) exhibited short-term memory impairment com-
pared with the control Adbgal animals (CI/PC), as evidenced by
reduced time with the novel object in the NOR test at both time
points studied (21 + 7 and 21 + 30), demonstrating that cognitive
impairment persisted for at least 51 days (Fig. 2C). The DI also
showed an impairment of working memory, as demonstrated by
a decreasing index at both time points studied (21 + 7 and
21 + 30) (Fig. 2D). It is interesting to note that there were no signif-
icant differences in symptoms for the CI/PI group at the two time
points studied (21 + 7 and 21 + 30), demonstrating the chronicity
of the cognitive impairment evidenced by DI (Fig. 2C and D). The
control CC/PI animals did not display any symptoms on any of
the studied tests.

To evaluate exploratory activity and anxiety-like symptoms, we
performed the open field test. Exploratory activity was signifi-
cantly decreased in CI/PI animals compared with CI/PC animals at
both time points (21 + 7 and 21 + 30) (Fig. 2H). In particular, CI/PI
animals exhibited more anxiety-like symptoms than CI/PC animals
at both time points (Fig. 2E–G). These symptoms were shown as a
significant decrease in time in the centre in CI/PI animals, com-
pared with CI/PC control animals (Fig. 2G). Additionally, CI/PI ani-
mals had fewer rearings and an increased number of faecal boli
compared with CI/PC animals (Fig. 2E and F). Because no significant
differences were found between CI/PI 21 + 7 and 21 + 30 (Fig. 2E–
H), these behavioural tests demonstrated that the anxiety-like
symptoms persisted for at least 50 days after the central injection
of AdIL-1b, when the animals received a peripheral inflammatory
stimulation.

No anxiety-like symptoms were observed in control CC/PI ani-
mals on any of the performed tests (Fig. 2E–H).

3.2. Inflammation and glial activation

Long-term expression of IL-1b in the cortex induced inflamma-
tion characterized by the considerable recruitment of neutrophils
and, to a reduced extent, macrophages. This infiltration was
accompanied by tissue disorganization and oedema. The neuroin-
flammation peaked at 15–21 dpi, and the lesions were restored
by 30 dpi (Fig. 3A and Suppl. Fig. 1). As the lesions evolved, the
inflammatory infiltrate was modified and showed fewer neu-
trophils and an increasing number of macrophages. Additionally,
these lesions induced the activation of astroglia and microglial
cells, which were observed as increased GFAP and MHC-II expres-
sion, respectively (Fig. 3B and C and Suppl. Fig. 1).

The peripheral pro-inflammatory stimulus resulted in a flare-up
of the chronic cortical lesions in experimental animals (CI/PI), com-
pared with control animals (CI/PC) (Fig. 3D–F). The inflammatory
infiltrate in CI/PI 21 + 7 animals was mostly composed of neu-
trophils and macrophages, but the CI/PC animals presented inflam-
matory infiltration of macrophages with sparse neutrophils (Suppl.
Fig. 2). Indeed, neutrophil numbers were statistically increased in
CI/PI compared with CI/PC animals at 21 + 7 (Suppl. Fig. 2A). No
neutrophils could be observed in CI/PI 21 + 30 animals. The inflam-
matory volume was exacerbated in both CI/PI 21 + 7 and 21 + 30
animals, compared with CI/PC animals. However, although the
inflammatory volume significantly decreased in CI/PI 21 + 30 com-
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pared with CI/PI 21 + 7, the inflammation persisted for 50 days
compared with the control group (Fig. 3D). No inflammatory
lesions were observed in CC/PI 21 + 7 control animals (Fig. 1D),
demonstrating that Adbgal did not induce inflammatory lesions
despite receiving a pro-inflammatory stimulus (Suppl Fig. 2E).

Peripheral stimulation with AdIL-1b resulted in the flare-up and
activation of astroglia and microglia in CI/PI 21 + 7 and 21 + 30 ani-
mals, as demonstrated by the presence of MHC-II and GFAP
(Fig. 3G–L). The MHC-II-positive microglial cells were types 3 and
4 according to the modified Kreutzberg classification (Kreutzberg,
1996; Pott Godoy et al., 2008) (Fig. 3K), and they were distributed
along the parenchyma and perivascular region in CI/PI animals.
Type 4 MHC-II-positive cells were also observed surrounding the
blood vessels in CI/PC animals. Additionally, ED1-positive cells
were observed in both CI/PI and CI/PC animals with the same dis-
tribution as described for MHC-II, demonstrating the phagocytic
activity of these cells (Suppl Fig. 2). There were no differences
between the CI/PI 21 + 7 and CI/PI 21 + 30 groups, suggesting that
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Fig. 2. Behavioural tests. A and B. The chronic expression of IL-1b in the prefrontal cortex induces short-termmemory impairment, as evidenced by a significantly decrease of
time contacts with the novel object in the Novel Object Recognition Test (NOR) only on day 15 dpi in CI animals (A). B The analysis of the discrimination index (DI)
demonstrated that CI 15, 21 y 30 dpi animals showed significant differences with CC control animals (A and B: one way ANOVA, Tukey post hoc test). C and D. The CI/PI
animals exhibited short-term memory impairment evidenced as less time in the novel object compared to CI/PC animals at both time point studied (C) (unpaired t test
between CC/PI and CI/PI; 2 way-ANOVA, Bonferroni post hoc test between all the CI/PI and CI/PC groups). The DI also demonstrated an impairment of working memory as
shown by decreasing index in both studied time points (D) (unpaired t test between CC/PI and CI/PI; 2 way-ANOVA, Bonferroni post hoc test between all the CI/PI and CI/PC
groups). E-G The anxiety-like symptoms were demonstrated in CI/PI animals by and increased faecal foli (E) (unpaired t test between CC/PI and CI/PI; 2 way-ANOVA,
Bonferroni post hoc test between all the CI/PI and CI/PC groups), less rearing number (F) (unpaired t test between CC/PI and CI/PI; 2 way-ANOVA, Bonferroni post hoc test
between all the CI/PI and CI/PC groups), and less time in the centre (G) (unpaired t test between CC/PI and CI/PI; 2 way-ANOVA, Bonferroni post hoc test between all the CI/PI
and CI/PC groups). H The exploratory activity significantly decreases in CI/PI animals compared to CI/PC animals at both time points studied. (unpaired t test between CC/PI
and CI/PI; 2 way- ANOVA, Bonferroni post hoc test between all the CI/PI and CI/PC groups). n = 10–12/group for behavioural test. ns p � 0.05, *p < 0.01–0.05, **p < 0.001–0.01,
***p < 0.0001–0.001, ****p < 0.0001.
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Fig. 3. Neuroinflammation and glial activation. (A–C) Analysis of the inflammation and glial activation in central injected animals with AdIL-1b or Adbgal (CI and CC,
respectively). A. Quantification of the inflammatory volume at different time points after the injection. Significant differences were found between CI CC 15, 21 and 30 dpi and
also between CI and CC 15 dpi (one way ANOVA, Tukey post hoc test.). B. Quantification of GFAP positive cells that demonstrate astroglia activation. Significant differences
were found between CI 15, 21 and 30 dpi and also between CI and CC 15 dpi (one way ANOVA, Tukey post hoc test). C. Quantification of MHC-II positive cells that demonstrate
microglia activation. Significant differences were found between CI 15 dpi and CC 15 dpi. (one way ANOVA, Tukey post hoc test). D–F. A sustained peripheral pro-
inflammatory stimulus exacerbates central inflammation. D. Quantification of the inflammatory volume. Significant differences were found between CI/PI and CC/PI animals
at 21 + 7 and 21 + 30 groups. (unpaired t test between CC/PI and CI/PI, 2 way-ANOVA and Bonferroni post hoc test between all the CI/PI and CI/PC groups). B and C.
Representative low magnification pictures of the inflammatory lesions stained with Cresyl Violet. CI/PI 21 + 7 animals presented an important inflammatory infiltrate
compared with CI/PC animals. Inset demonstrated a great amount of PMN neutrophils (arrows) in CI/PI animals compared with controls. G–I. Astroglia response to peripheral
stimulation within central lesion. G. Quantification of GFAP intensity (2 way-ANOVA, Bonferroni post hoc test). H and I. Representative pictures of glial fibrillary acidic protein
(GFAP) immunofluorescence. GFAP reactivity is increased in CI/PI 21 + 7 and 21 + 30 animals (H) compared with CI/PC animals (I). J–L. Microglia response to peripheral
inflammatory stimulus within the central lesion. J. Quantification of MHC-II positive cells confirmed significant increase in the CI/PI 21 + 7 and 21 + 30 animals (2 way-
ANOVA, Bonferroni post hoc test). K and L. Representative immunofluorescences against macrophage/microglia marker MHC-II. The CI/PI 21 + 7 and 21 + 30 groups had more
MHC II + cells in the cortical parenchyma (K), than CI/PC group (L). Most of the MHC-II positive cells are type 3 (left inset) and Type 4 (right inset). E and F. Scale Bar: 200 mm,
inset fig. E: 30 lm, H,I,K,L. Scale bar: 100 lm, Inset Fig. K: 20 lm. n = 8–10/group for histology. ns p � 0.05, *p < 0.01–0.05, **p < 0.001–0.01, ***p 0.0001–0.001, ****p < 0.0001.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

522 B.A. Silva et al. / Brain, Behavior, and Immunity 69 (2018) 515–531



B.A. Silva et al. / Brain, Behavior, and Immunity 69 (2018) 515–531 523
the microglia remained chronically activated for 50 days (Fig. 3K).
In contrast, decreased astroglia activation was observed between
the CI/PI 21 + 7 and CI/PI 21 + 30 animal groups, and significant dif-
ferences in astroglia activation were found between the CI/PI and
control groups (CI/PC) at 50 days, suggesting that the astroglia
remained activated (Fig. 3G).
0 .00

0 .01

0 .02

0 .03

0 .15

0 .20

0 .25

0 .30 ****
****

***

*

**

*

C I 15d C I 21d C I 30d C C 

L

0 .0

0 .1

0 .2

0 .3

C I/PI C I/PC C I/PI C I/P

2 1+ 7d pi 2 1+ 30 dp i

**** ****

*

)
3

m
m(

e
m

ul
o

v
n

oit
a

nil
e

y
m

e
d

)
3

m
m(

e
m

ul
o

v
n

oit
a

nil
e

y
m

e
d

A

C

E

Fig. 4. Demyelination in cortical lesions. A. Quantification of the demyelination in CI anim
test) (staining Red Oil). B. Representative photomicrograph of the cortex of CI 21 dpi an
Myelinated axons (ma) can also be observed widespread in the lesion. Nf: neutrophil
demyelination. The CI/PI 21 + 7 group had an extensive demyelination area compared w
photomicrograph of the cortex of CI/PI 21 + 7 animals. Demyelinated axons (da) can be ob
widespread in the lesion. m: microglia/macrophages, bv: blood vessel. E and F. Repres
Protein (MBP) staining. The CI/PI 21 + 7 animals exhibited an extended lesion area (L, dash
PC 21 + 7 animals, which exhibited a smaller lesion (L, dashed line) area also surrounded
Scale bar: 200 mm. n = 8–10/group for histology. *p < 0.01–0.05, **p < 0.001–0.01, ***p <
figure legend, the reader is referred to the web version of this article.)
3.3. Chronic expression of IL-1b in the cortex induced demyelination

The central lesions exhibited demyelination with a pattern sim-
ilar to that described for neuroinflammation. The demyelination
volume peaked at 15 dpi and decreased up to 30 dpi (Fig. 4A).
Additionally, at the ultrastructural level, some demyelinated axons
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could be observed in CI/PI animals at 21 dpi (Fig. 4B). No demyeli-
nation was observed in CC animals (Fig. 4A).

The AdIL-1b-induced peripheral inflammation increased the
demyelination volume in CI/PI animals compared with the CI/PC
control group at both time points studied (21 + 7 and 21 + 30)
(Fig. 4C). The demyelination was confirmed by myelin basic pro-
tein (MBP) immunofluorescence (Fig. 4E and F). At the ultrastruc-
tural level, demyelinated axons, intercalated with thinner
myelinated axons, could be observed within the lesions. Addition-
ally, myelinated axons were widespread throughout the lesions.
Interestingly, in addition to the presence of neurodegenerative
axons (see below), the neurofilaments and microtubules of the
majority of axons were intact, further suggesting some preserva-
tion of axonal integrity (Fig. 4D).

3.4. Neurodegeneration and axonal damage can be observed in
peripherally exacerbated cortical lesions

Peripheral exacerbation of cortical lesions induced neurodegen-
eration and axonal damage. To evaluate the presence of neurode-
generative neurons in the lesions, we assessed amyloid precursor
protein-positive cells (APP+), fluoro-jade C (FJC)+ cells and NeuN/
activated caspase 3+ cells (Fig. 5).

FJC was also used to analyse the presence of degenerative neu-
rons. The FJC intensity was significantly increased in CI/PI animals
compared with CI/PC animals at both time points (Fig. 5A–C),
indicating enhanced neurodegeneration in the CI/PI group. The
presence of APP+ cells demonstrated that degenerative axons were
observed in the lesions (Fig. 5K and L). The APP+ degenerative
axons were increased in CI/PI 21 + 7 animals, compared with CI/
PC 21 + 7 animals (Fig. 5L). The APP + label was associated with
both typical neuronal morphology, as well as varicose fibres and
huge swelling, demonstrating the presence of degenerative axons
(Fig. 5M).

We next evaluated the number of NeuN+ cells in the lesions. We
found that the number of NeuN+ cells was significantly decreased
in the AdIL-1b peripherally exacerbated animals, with a small
number of healthy neurons observed in these animals (Suppl
Fig. 3D–F). We also evaluated neuronal apoptosis using activated
caspase 3. The CI/PI animals exhibited an increased number of
NeuN+/Activated caspase 3+ cells compared with CI/PC control ani-
mals at both time points (Fig. 5D–J).

At the ultrastructural level, axonal degeneration was evidenced
as swollen axons displaying abnormal-appearing organelles and
electron-dense vesicles in CI/PI animals (Fig. 5M).

Taken together, these results indicated greater neurodegenera-
tion and axonal damage in CI/PI rats compared with CI/PC rats.

Neurodegeneration in central lesions is demonstrated in Suppl.
Fig. 3.

3.5. Presence of meningeal inflammation after central and peripheral
inflammation

The presence of meningeal inflammation and B-cell follicle-like
structures characteristic of SPMS is mostly associated with cortical
pathology in MS patients (Magliozzi et al., 2007; Serafini et al.,
2004). Thus, we evaluated the presence of meningeal inflammation
in the experimental animals.

The animals with chronic IL-1b-induced lesions (CI) and
peripherally stimulated animals (CI/PI) exhibited meningeal
inflammation characterized by an inflammatory infiltrate mostly
composed of macrophages, lymphocytes, neutrophils, and follicu-
lar dendritic cells (Fig. 6). Additionally, cuffed vasodilated blood
vessels were also observed in the subarachnoid space (Fig. 6A).
These vasodilated vessels, which were surrounded by inflamma-
tory infiltrate, resembled the follicle-like structures present in
human PPMS and SPMS patients (Howell et al., 2011; Magliozzi
et al., 2007). The follicle-like structures were surrounded by a
complex reticular network of collagen type IV fibrils, along with
neutrophils, macrophages, and lymphocytes. To further character-
ize the lymphocyte composition of these follicle-like structures, we
used a panel of antibodies described as key features of these struc-
tures. We found CD4+, CD8+, CD45RC+, CD39+, and CD20+ cells in
the meninges. Follicular dendritic cells were observed as CD23+
cells in the meninges of CI/PI animals (Fig. 6B–G). When comparing
the number of these vasodilated vessels surrounded by the inflam-
matory infiltrate, CI/PI animals (both 21 + 7 and 21 + 30) showed
no statistically significant differences between these two groups
(21 + 7 and 21 + 30) (Fig. 6H).

The presence of follicle-like structures has been correlated with
microglial activation and grey matter inflammation in progressive
MS patients (Howell et al., 2011). We evaluated whether correla-
tions existed among these features to determine whether an asso-
ciation among these parameters was present in our model.
Interestingly, we found that CI/PI 21 + 7 animals that received
pro-inflammatory peripheral stimulation exhibited a strong, posi-
tive correlation between the meningeal inflammation, described
as the number of cuffed dilated blood vessels and inflammation.
Statistically significant correlations between the numbers of these
structures and microglial activation, astroglial activation, and neu-
rodegeneration were also observed at both time points studied (21
+ 7 and 21 + 30). (Fig. 6I–N)

The correlation between the number of these structures and the
inflammatory volume at 21 + 7 was robust (Suppl Fig. 4C). How-
ever, no positive correlation was found at 21 + 30 dpi (Suppl
Fig. 4D), perhaps because of the decreased inflammatory volume
in the CI/PI 21 + 30 animals, compared with the CI/PI 21 + 7 group
(Fig. 3D).
3.6. The in vivo evolution of peripherally stimulated cortical lesions
can be observed using MRI imaging

We performed several MRI sequences to follow the in vivo evo-
lution of the cortical lesions at different time points following cen-
tral injections of either AdIL-1b or Adbgal. The non-peripherally
stimulated cortical lesions induced by the long-term expression
of IL-1b in the cortex could not be observed in the brain on MRI
in any of the performed sequences (data not shown). Interestingly,
the peripherally stimulated cortical lesions of CI/PI 21 + 7
experimental animals could be visualized in the T2-weighted
sequence (Fig. 7A), and they showed homogeneous enhancement
of cortical lesion images with gadolinium in T1, with maximum
enhancement at six minutes after gadolinium injection (Fig. 7D).
These cortical lesions exhibited an extended inflammatory area
(see Fig. 3), along with extensive BBB disruption (Fig. 7E). Cortical
lesions were not observed on the MRI images of CI/PC 21 + 7 ani-
mals (Fig. 7F–I), although the BBB was open, and tissue damage
was still present in control animals at this time point (Fig. 7J)

We did not observe cortical lesions on the MRI images of CI/PI
21 + 30 animals (data not shown), although neuroinflammation
was present in the cortical tissue of the experimental animals. In
contrast to the results obtained for CI/PI 21 + 7 animals, the BBB
was restored at this time point.
3.7. Long-term expression of IL-1b in the cortex induced expression of
pro-inflammatory cytokines

Upregulation of pro-inflammatory cytokines, such as IL-1b, IL-6,
and TNF-a, has been observed in the plasma, lesions, and CSF of
both MS animal experimental models and MS patients (Borjini
et al., 2016; Murta et al., 2015; Pare et al., 2016; Seppi et al.,



Fig. 5. Neurodegeneration and axonal damage can be observed in peripherally exacerbated cortical lesions. A-C- Neurodegeneration demonstrated by Fluorojade C (FJC)
staining. A. Quantification of FJC intensity demonstrated significant differences between CI/PI and CI/PC at 21 + 7 and 21 + 30 groups (2 way- ANOVA, Bonferroni post hoc
test). Representative pictures of the FJC staining of CI/PI (B) and CI/PC (C) 21 + 7 group. Inset: picture of a neurodegenerative cortical neuron stained with FJC. D. Quantification
of NeuN+/Caspase 3 activated + cells (D) (2 way-ANOVA, Bonferroni post hoc test). CI/PI animals exhibited an increased number of NeuN+/Caspase 3 + compared to CI/PC
control animals at both studied time points (D). E–J. Representative pictures of single and double staining NeuN/Caspase 3 in CI/PI 21 + 7 animals (E–G) and CI/PC 21 + 7
animals (H–J). K and L. Representative pictures of Amyloid Precursor Protein (APP) positive axons and neurons. CI/PI 21 + 7 animals showed APP positive axons. Inset: The APP
positive axon showed the typical morphology with spheroid end bulb morphology (black arrowhead), small swellings (*), and varicose fibers (black arrows) in CI/PI 21 + 7
animals. L. APP-positive degenerative axons were statistically increased in CI/PI compared with CI/PC (Unpaired t test). M. Representative photomicrograph of a microglia (m)
that phagocyted a degenerative axon (da) with electron dense vesicles within its axolema as observed in CI/PI 21 + 7 animals. B, C, K. Scale bar: 100 mm. Inset fig. K Scale bar:
50 mm, E–J. Scale bar: 50 lm, M. Scale bar: 1 mm. n = 8–10/group for histology. n = 4/group for APP. ns p � 0.05, **p 0.001–0.01, ***p < 0.0001–0.001, ****p < 0.0001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2014). Therefore, we examined whether these pro-inflammatory
cytokines were also upregulated in IL-1b-induced lesions.

CI-injected animals exhibited maximum expression of TNF-a at
CI 21 dpi, with significant differences between CI 15 dpi and CI 30
dpi. However, at 30 dpi, the expression of TNF-a was still signifi-
cantly increased, compared with CC 15 dpi animals (Fig. 8A). IL-6
expression peaked at 21 dpi with significant differences at CI 21
dpi, compared with the CI 15 and 30 dpi groups (Fig. 8C). CC 15
dpi animals displayed very small amounts of any of the analysed
pro-inflammatory cytokines (Fig. 8A–C).

Peripheral stimulation increased pro-inflammatory cytokine
mRNA expression in the chronic central cortical lesions. The CI/PI
21 + 7 and 21 + 30 groups showed increased expression of TNF-a
and IL-6 in the ipsilateral cortex (Fig. 8B and D). The expression
of both cytokines was sustained for almost 50 days, demonstrating
the chronicity of the inflammatory event. This upregulation was
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significant when comparing CI/PI and CI/PC animals. Interestingly,
the increase in these cytokines was almost ten-fold, compared to
the expression of the same cytokines in CI non-stimulated animals
(Fig. 8B and D).

4. Discussion

We developed a simple animal model that represents most of
the characteristics of the cortical involvement in progressive forms
of MS, such as cognitive impairment associated with cortical neu-
roinflammation, demyelination, neurodegeneration, and menin-
geal inflammation, which were exacerbated by peripheral
stimulation and could be visualized by MRI. The peripheral stimu-
lation allowed for the maintenance of the chronicity of cortical
lesions, which lasted for 50 days. The cortical pathology reflects
the progression of disabilities and demonstrates that this pathol-
ogy plays a role in disease progression. Progressive forms of MS
are characterized by a gradual progression of clinical disabilities,
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along with cortical lesions and meningeal inflammation. Although
these signs can be observed in RRMS, they are less frequent
(Howell et al., 2011; Magliozzi et al., 2007; Serafini et al., 2004).
It is important to emphasize that there is no therapeutic treatment
for SPMS, and affected patients experience continual worsening of
symptoms. However, there is currently only one treatment for
PPMS (Frampton, 2017). Several animal models have been reported
to represent the progressive forms of MS, but these models have
not reflected the chronicity and pathophysiology of the progressive
lesions (Pryce et al., 2005).

In this study, cortical lesions were induced with an IL-1b-
expressing adenovirus to achieve long-term cytokine expression
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(Ferrari et al., 2004; Murta et al., 2012, 2015). IL-1b has been
strongly associated with MS pathology in both humans and animal
models (Borjini et al., 2016; Brosnan et al., 1995; Dujmovic et al.,
2009; Hauser et al., 1990; Herges et al., 2012; Levesque et al.,
2016; Liu et al., 2010; Naegele et al., 2011; Pare et al., 2016;
Pelletier et al., 2010; Tsukada et al., 1991; Wu et al., 2010). Few
rodent EAE models have shown cortical pathology (Gardner
et al., 2013; Lagumersindez-Denis et al., 2017; Mangiardi et al.,
2011; Merkler et al., 2006; Stassart et al., 2015; Ucal et al., 2017).
However, these models partially represent the features observed
in the cortices of progressive MS patients. Additionally, systemic
inflammation exacerbates chronic central lesions. The phe-
nomenon of a systemic stimulus flare-up of the symptoms of neu-
rodegenerative diseases has been described in previous studies,
both in humans and in animal models (Buljevac et al., 2002;
Cunningham et al., 2005; Holmes et al., 2009; Moreno et al.,
2011; Murta et al., 2015; Pott Godoy et al., 2010; Teeling and
Perry, 2009).

Long-term expression of IL-1b impaired short-term memory in
our model. Peripheral stimulation exacerbated memory deteriora-
tion, demonstrating that the cognitive changes were chronic. These
features resembled the clinical situation. MS patients suffer from
chronic cognitive impairment with short-term memory problems,
inducing considerable deterioration in quality of life. Currently,
no specific treatments for these impairments have been developed
(Amato et al., 2008; Brissart et al., 2012). In accordance with our
results, cognitive impairment could also be affected by systemic
inflammation in MS patients; indeed, its exacerbation has been
described in the peripheral inflammatory context during the
relapse phase (Benedict et al., 2014; Foong et al., 1998; Morrow
et al., 2011). Additionally, pro-inflammatory systemic stimuli
induced anxiety-like behaviour in animals already presenting with
central lesions. In our study, the peripherally stimulated animals
spent less time in the light area and showed fewer rears and more
faecal boli. IL-1b has been described as inducing decreased locomo-
tor activity and anxiety-like behaviour in rodents (Chen et al.,
2008; Dunn et al., 2006; Swiergiel and Dunn, 2007). Indeed, it
has been shown to be involved in anxiety-like behaviour in EAE
(Gentile et al., 2016). However, IL-1b also induces ‘‘sickness
behaviour” (Dantzer et al., 1991; Dantzer et al., 1998;
Shimommura et al., 1990), suggesting that the anxiety-like symp-
toms are due to a reduction in the general activity of the animals
(Swiergiel and Dunn, 2007), providing an alternative explanation
for our results. Accordingly, high prevalence of anxiety symptoms
has been reported in MS patients (Butler et al., 2016; Litster et al.,
2016). Interestingly, several studies have shown a significant cor-
relation of cognitive dysfunction with increased anxiety (Butler
et al., 2016). Indeed, the prefrontal cortex has been described to
be involved in short-term memory and recognition memory cir-
cuits (Erickson et al., 2010; Fuster and Alexander, 1971; Larocque
et al., 2014; Morici et al., 2015), as well as in the regulation of
stress and anxiety (Charney, 2003; Kjaerby et al., 2016).

In our model, the long-term expression of IL-1b in the cortex
induced neuroinflammation with immune cell recruitment, includ-
ing of neutrophils and microglia/macrophages, as well as BBB
breakdown and astroglial and microglial activation. These features
have been described in MS pathology and in most MS animal mod-
els. IL-1b and PMNs have been strongly associated with MS human
pathology and MS animal experimental models (Borjini et al.,
2016; Brosnan et al., 1995; Burm et al., 2016; Dujmovic et al.,
2009; Hauser et al., 1990; Herges et al., 2012; Liu et al., 2010;
Naegele et al., 2011; Pare et al., 2016; Pelletier et al., 2010;
Tsukada et al., 1991; Wu et al., 2010). The presence of cortical neu-
roinflammation has been described in early-stage MS patients.
Chronic cortical lesions exhibit less inflammation than white mat-
ter lesions, with neither inflammatory lymphocytes nor macro-
phages in MS patients (Lucchinetti et al., 2011; Popescu and
Lucchinetti, 2012). The EAE model has contributed to the study
of MS pathophysiology and the development of therapeutic agents,
but the scarcity of EAE analyses of cortical lesions in this model has
led to some limitations in studying the cortical pathology and pro-
gressive forms of MS. To develop a model for the progressive forms,
a variant of chronic EAE was induced in C57BL/6J mice, in which
the disease did not remit. This model is very useful for studying
the function of CD8, CD4, B cells and monocytes during the patho-
genesis of the disease. As a limitation, areas of demyelinated axons
do not occur in predictable locations; therefore, their use for the
study of the mechanism of local demyelination is limited
(Ransohoff, 2006). Chronic relapsing EAE in the Biozzi antibody
high (ABH) mouse develops key features of secondary progressive
disease with progressive disability, demyelination, axonal damage,
neurodegeneration, and gliosis but with no cortical lesions
(Hampton et al., 2008; Pryce et al., 2005). The presence of cortical
lesions has also been described in EAE in marmosets, mice, Lewis
rats immunized with a cocktail of cytokines, and animals with
EAE stereotactically injected with TNF-a in the cortex and in a
modified cuprizone model (Bai et al., 2016; Gardner et al., 2013;
Merkler et al., 2006; Stassart et al., 2015).

The IL-1b-induced cortical lesions exhibited neurodegeneration
and axonal damage in our model. Importantly, neurodegeneration
has been described in progressive human MS cortical lesions,
which could be responsible for the cognitive impairment and wors-
ening of disease outcomes in MS patients (Calabrese et al., 2012,
2013; Lucchinetti et al., 2011; Nelson et al., 2011). Indeed, grey
matter damage is a better predictor of physical disability and cog-
nitive impairment than white matter damage (Zivadinov and Pirko,
2012). Furthermore, axonal damage correlates with inflammation
in both MS and EAE (Dutta and Trapp, 2011; Mangiardi et al.,
2011). Finally, IL-1b causes excitotoxic neurodegeneration and
synaptic hypersensitivity in MS patients (Rossi et al., 2012,
2014), highlighting the relevance of neurodegeneration in this
disease.

We found that meningeal inflammation was associated with IL-
1b-induced cortical lesions mostly in CI/PI animals. It is important
to emphasize that no meningeal inflammation has been reported
when AdIL-1b is injected either into the striatum or into the sub-
stantia nigra (Murta et al., 2012, 2015; Pott Godoy et al., 2010).
The clinical setting was again modelled in CI/PI animals: meningeal
inflammation and follicle-like structures have been primarily
described in SPMS and PPMS patients and in animal models
(Choi et al., 2012; Christy et al., 2013; Howell et al., 2011;
Magliozzi et al., 2004, 2007; Serafini et al., 2004). In patients with
progressive MS forms, compartimentalized diffuse meningeal
inflammation has been associated with increased cortical demyeli-
nation, neurodegeneration, glial activation, and a more severe dis-
ease outcome (Choi et al., 2012; Howell et al., 2011; Mainero and
Louapre, 2015). In accordance with our results, the presence of
neutrophils in the meninges has also been described in meningeal
inflammation in an EAE model (Christy et al., 2013). Interestingly,
meningeal inflammation showed positive correlations with corti-
cal neurodegeneration, glial activation, and demyelination at all
of the analysed time points in our model. However, the correlation
between meningeal inflammation and the volume of cortical
inflammation was only observed at early time points, at which
inflammation was more evident. Increased cortical demyelination,
neurite loss and more severe clinical outcomes have been associ-
ated with greater meningeal inflammation in PPMS patients
(Choi et al., 2012). Additionally, the presence of B cell follicle-like
structures and increased meningeal inflammation was positively
correlated with microglial activation and cortical grey matter
demyelination in SPMS patients (Howell et al., 2011). Most studies
have described meningeal inflammation as a previous step in the
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development of cortical damage in MS. However, in our model, we
first induced cortical lesions and then observed diffuse meningeal
inflammation. Therefore, meningeal inflammation should be con-
sidered a key factor in cortical lesions, although its role in cortical
pathology should be addressed due to the lack of knowledge
regarding whether meningeal inflammation induces cortical
lesions or vice versa.

Different studies in animal models have shown that cortical
lesions can be visualized in vivo using structural and functional
MRI (Serres et al., 2013; Stassart et al., 2015; Tambalo et al.,
2015). In our study, only the peripherally stimulated central
lesions CI/PI 21 + 7 could be demonstrated in vivo using MRI in
T2-weighted and T1-weighted gadolinium enhancement
sequences. At this time point, the exacerbated lesions exhibited
maximum neuroinflammation and BBB disruption. Although tissue
damage and BBB leakage were present at 15, 21, and 30 dpi and 21
+ 7 and 21 + 30 CI/PC, they were not observed with MRI under any
condition, resembling the phenomenon described as normal-
appearing grey matter (NAGM) (Calabrese and Castellaro, 2017;
Klaver et al., 2015). In addition, gadolinium enhancement of T1-
weighted lesions reflects BBB rupture during the inflammatory
phase of the disease. This gadolinium enhancement is less frequent
on MRI with the progressive forms of MS. BBB leakage in chronic
lesions cannot be visualized by conventional MRI. The use of con-
ventional MRI protocols to demonstrate BBB leakage in MS patients
has been the subject of discussion (Filippi et al., 1995; Silver et al.,
2001).

The cortical lesions induced by IL-1b revealed upregulation of
the mRNA of pro-inflammatory cytokines, including IL-1b, IL-6,
and TNF-a, in our model. The upregulation of IL-1b, IL-6, and
TNF-a has been observed in serum, plasma, lesions, and CSF in
both EAE models and MS patients (Borjini et al., 2016; Kallaur
et al., 2016; Pare et al., 2016; Valentin-Torres et al., 2016). Indeed,
IL-1b and TNF-a play roles both in neurodegeneration and as neu-
rotoxic molecules in PMS, respectively (Kempuraj et al., 2016;
Rossi et al., 2014). It is important to highlight that in our model,
we observed higher levels of TNF-a and found neurodegeneration
in cortical lesions. It will be interesting to perform additional stud-
ies to elucidate whether there is a direct effect of TNF-a on neu-
rodegeneration. Additionally, elevated expression levels of IL-1b
and TNF-a are likely indicative of the initiation of BBB breakdown
(Borjini et al., 2016). In our model, BBB damage was evident in cor-
tical lesions induced by chronic expression of IL-1b, as described
previously. However, even when the BBB was restored, neuroin-
flammation was evident in these lesions (data not shown). These
results agreed with findings demonstrating that, in the progressive
forms, inflammation remains enclosed behind an intact BBB (Bradl
and Lassmann, 2009).

In summary, we developed an experimental model mimicking
the cortical damage in the progressive forms of MS with several
relevant similarities to the clinical setting and based on the periph-
eral stimulation of an ongoing pro-inflammatory central lesion.
Indeed, our model offers chronic cortical lesions with demyelina-
tion, neurodegeneration and neuroinflammation, along with cogni-
tive deficiencies similar to those observed in the human pathology.
Additionally, both pathological features and cognitive impairment
can be boosted by peripheral injection of pro-inflammatory cytoki-
nes, resembling the chronicity of human lesions. All of these patho-
logical features were triggered by the long-term expression of a
unique pro-inflammatory cytokine, allowing for the study of the
role of the innate immune system in the pathology of MS. Com-
pared to other models of cortical damage (see Table 1), our model
is based on innate immunity, and it reflects the chronicity,
demyelination, neurodegeneration, cognitive impairment, and
anxiety-like symptoms that characterize MS cortical lesions. Addi-
tionally, these lesions can be visualized using MRI. The findings
described using this new model might have implications for
studying and understanding some pathological aspects of the pro-
gressive forms of MS, especially those related to cortical lesions
and worse clinical outcomes.
5. Conclusion

We developed a chronic inflammatory focal cortical model trig-
gered by the innate immune system, which exhibits most of the
hallmarks of the cortical pathology of the progressive forms of
MS, such as neuroinflammation, demyelination, glial activation,
and neurodegeneration, along with cognitive symptoms. We also
demonstrated the presence of meningeal inflammation, which
was very similar to that described in MS patients. Additionally,
we described a flare-up of the cortical lesions after peripheral
inflammation, demonstrating the influence of systemic inflamma-
tion on central lesions.

The proposed model exhibited very important features, com-
pared with other cortical models.

- Regarding behavioural symptoms, this model is the only one
to demonstrate short-term memory impairment, which is
among the main symptoms in MS patients. This symptom
could be useful for the development of therapeutic strategies
for this issue.

- At the pathological level, this model could enable studies of the
functional roles of the innate immune system, glia and BBB in
disease progression. Additionally, because we have described
meningeal inflammation, the model could help to elucidate
the mechanisms underlying the interaction between the cortex
and meninges and additionally could be useful for identifying
molecular biomarkers in the CSF. Furthermore, peripheral exac-
erbation will allow for examination of the effect of peripheral
inflammation on central cortical lesions.

- IL-1b-exacerbated lesions were visualized by MRI. This model is
one of the few in which lesions can be visualized using MRI,
which could contribute to the development of technical meth-
ods for visualization of these lesions, such as the time of acqui-
sition, the development of new contrast agents and new
sequences for the visualization and specificity of cortical
lesions. Additionally, we were able to reproduce the phe-
nomenon of apparent normal grey mater, which could facilitate
the development of specific techniques for the visualization of
cortical lesions.

In summary, this model could enable the assessment of drugs in
cortical damage scenarios, studies of the mechanisms underlying
this damage and elucidation of meninges-cortex interactions. In
addition, it could help to clarify the mechanisms involved in the
interactions between cortical injuries and the peripheral pro-
inflammatory environment. Considering that after almost 50 years
of research in MS, a treatment for PPMS has only recently become
available, and to date, there is no treatment for SPMS, the develop-
ment of animal models for progressive MS would represent a mile-
stone for the development and testing of new therapeutic agents
and to improve our knowledge of the pathophysiology of progres-
sive MS lesions.
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