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Abstract—Experimental autoimmune encephalomyelitis
(EAE) is a widely used animal model for the human disease
multiple sclerosis (MS), a demyelinating and neurodegenera-
tive pathology of the central nervous system. Both diseases
share physiopathological and clinical characteristics, mainly
associated with a neuroinflammatory process that leads to a
set of motor, sensory, and cognitive symptoms. In MS, gray
matter atrophy is related to the emergence of cognitive defi-
cits and contributes to clinical progression. In particular,
injury and dysfunction in certain areas of the frontal cortex
(FrCx) have been related to the development of cognitive
impairments with high incidence, like central fatigue and
executive dysfunction. In the present work we show the pres-
ence of region-specific microglia and astrocyte activation in
the FrCx, during the first hours of acute EAE onset. It is
accompanied by the production of the pro-inflammatory
cytokines IL-6 and TNF-q, in the absence of detectable leuko-
cyte infiltration. These findings expand previous studies
showing presynaptic neural dysfunction occurring at the
FrCx and might contribute to the understanding of the mech-
anisms involved in the genesis and prevalence of common
MS symptoms. © 2015 IBRO. Published by Elsevier Ltd. All
rights reserved.
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INTRODUCTION

Multiple sclerosis (MS) is an autoimmune disease of the
central nervous system (CNS) that has unknown etiology
and lacks of cure. MS as well as its widely used animal
model, experimental autoimmune encephalomyelitis
(EAE), are characterized by multifocal inflammation and
demyelination, blood—brain barrier disruption, reactive
gliosis and degeneration of oligodendrocytes and
neurons (Dutta and Trapp, 2011). This leads to a complex
and very variable set of motor, sensory and cognitive def-
icits (Gelfand, 2014). The main determinant of the specific
clinical manifestation a patient or animal develops is the
localization of the lesion within the CNS (Simmons et al.,
2013). Among them, the most common and disabling
symptom of MS is cognitive fatigue, affecting around
80% of the patients. Itis an overwhelming feeling of mental
exhaustion that is related to functional changes in the
frontal cortex (FrCx) and/or the basal ganglia, and loss
of connectivity between them (Dobryakova et al., 2013).
Other common cognitive deficit in MS, present in
50-70% of patients, is executive dysfunction which is also
related to alterations in various areas of the FrCx (Cerezo
Garcia et al., 2015; Grech et al., 2015).

Classic EAE models can be actively induced in
susceptible animals by immunization with whole myelin
or specific myelin proteins in an appropriate adjuvant
(Degano and Roth, 2000). Although EAE has been widely
used to study the molecular and cellular basis of MS, both
diseases differ in the pattern of lesion distribution within
the CNS (Mix et al., 2008). While most MS patients exhibit
lesions primarily in the brain, animals with classic EAE
present the majority of inflammatory plaques in spinal
cord and optic nerve (Simmons et al., 2013). Neverthe-
less, given the importance of brain gray matter damage
in the genesis and progression of irreversible cognitive
impairment in MS, during the last years the occurrence
of inflammation and neurodegeneration in different brain
areas has been increasingly studied in EAE. Neuroinflam-
mation, demyelination and neurodegeneration in deep
brain areas like the striatum and the hippocampus, along
with their behavioral correlations, have been profusely
examined (Gentile et al., 2015). On the contrary, cortical
participation in EAE development has been less investi-
gated, especially the FrCx. Our and other groups have
described functional changes in neurons along with glia
activation and loss of oligodendrocytes in the brain cortex
of animals with EAE (Vilcaes et al., 2009; Girolamo et al.,
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2011; MacKenzie-Graham et al., 2012; Yang et al., 2013).
In a previous work using an acute model of EAE, we have
demonstrated that presynaptic alterations are concen-
trated in the frontal region of the cortex (Chanaday
et al.,, 2015). In order to understand the causes of this
spatial segregation, and shed light on the origins of highly
common MS symptoms like cognitive fatigue and execu-
tive dysfunction, herein we continue and deepen that
study by analyzing the presence of neuroinflammation in
the FrCx.

EXPERIMENTAL PROCEDURES
Chemicals

Whole myelin was purified from bovine spinal cords as
previously described (Degano and Roth, 2000). Complete
Freund’s adjuvant (CFA), bovine serum albumin (BSA),
paraformaldehyde (PFA), (3-aminopropyl) triethoxysilane,
4’,6-diamidino-2-phenylindole (DAPI) and rabbit poly-
clonal anti-glial fibrillary acidic protein (GFAP, Cat. No.
G9269) were from Sigma—Aldrich Co. (St. Louis, MO,
USA). Goat polyclonal anti-ionized calcium binding adap-
tor molecule 1 (Iba1) antibody (Cat. No. ab107159) was
from Abcam (Cambridge, UK). TRIzol® reagent, DNAse
| (Cat. No. 18068015) and SYBR Green PCR Master
Mix (Cat. No. 4309155) were purchased from Life Tech-
nologies (Carlsbad, CA, USA). M-MLYV reverse transcrip-
tase (Cat. No. M1705) and recombinant RNasin(R)
RNase Inhibitor (Cat. No. N2511) were from Promega
Corporation (Madison, WI, USA). Custom PCR primers
were ordered from Invitrogen (by Life Technologies,
Carlsbad, CA, USA). All other chemicals were analytical
grade reagents of the highest purity available.

Animals and EAE active induction

Albino rats, 40-day-old from a Wistar strain inbred in our
laboratory for 40 years were used. All experiments were
performed in accordance with the international and
institutional guidelines for animal care and the protocol
was approved by the local institutional review committee
for animal studies (Res. No. 832/2015). Active disease
was induced by intradermal injection in both hind feet of
0.5ml of an emulsion of 0.25-ml phosphate-buffered
saline (PBS) and 0.25-ml CFA containing 8-mg bovine
myelin (EAE group). Control animals received 0.5 ml of
the same emulsion without any antigenic preparation
(CFA group). Animals were weighed and examined daily
for clinical signs of neurological impairment. Most
animals develop only a monophasic course (acute
stage, 11-13days post-induction, dpi) and show
spontaneous neurological improvement 2—4 days after
the onset of the disease regaining the total ability to
walk by 17-18 dpi (Slavin et al., 1996). Clinical severity
was scored as follows: 0, no clinical expression of the dis-
ease; 0.5, loss of tip tail tonus; 1, flaccid tail; 2, hind limb
weakness; 3, complete hind leg paralysis accompanied
by urinary incontinence; 4, quadriparesis; 5, moribund
state or death.

Tissue preparation and immunofluorescence

The day of onset of clinical signs, two animals from each
experimental group (EAE and CFA) were anesthetized
with ketamine:xylazine 3:1 (300 pl/100 g body weight).
Two independent experiments were carried out (total N
per group = 4). The perfusion was performed with a
peristaltic pump P-3 (Pharmacia, Stockholm, Sweden),
through the left cardiac ventricle, after occlusion of the
descending aorta to only affect the brain. First blood
was washed with 0.1 M phosphate buffer at 4 °C and
1000 mi/h for 10 min. Then the tissue was fixed with 4%
PFA in phosphate buffer at 4°C and 600 mli/h for
30 min. Cerebrum, cerebellum and brain stem were
extracted from the cranial cavity and post-fixed in 4%
PFA in phosphate buffer at 4°C for 24h. For
cryoprotection, tissues were passed through sucrose
solutions of increasing concentrations (15% and 30% in
milliQ water) until decantation. Finally, they were
embedded in mounting medium Cryoplast® (Biopack,
Buenos Aires, Argentina) and stored at —80 °C. Sagittal
sections of 20 um of thickness were cut by cryostat
(CM1510 S model, Leica Microsystems, Wetzlar,
Germany) and attached to previously silanized glass
slides, and stored at —20 °C until use.

For the immunofluorescence assay, cryosections
were dried overnight at 37°C and washed in PBS
3times for 10 min each. Tissue slices were then
permeabilized for 15 min at room temperature with 0.2%
Triton X-100 in PBS, and blocked for another 1 h with
4% fetal bovine serum in permeabilization buffer. Then,
primary antibodies prepared in blocking buffer (anti-
GFAP 1:200, anti-lba1 1:500) were added and
incubated overnight at 4 °C in a humid chamber. Next
day the sections were washed with PBS 3times for
10 min each and labeled for 1 h at room temperature
with secondary antibodies (donkey anti-rabbit Alexa
Fluor® 488 dil. 1:500, donkey anti-goat Alexa Fluor®
546 dil. 1/500) prepared in PBS. Finally, slices were
incubated with DAPI solution for 5min at room
temperature, washed 5 times and mounted using Mowiol
mounting medium.

Tissues were viewed and photographed using a
FV1000 confocal microscope (Olympus, Tokyo, Japan)
equipped with argon/helium/neon lasers and a 60x
oil-immersion Zeiss Plan Apochromat objective
(NA = 1.42, pixel resolution = 0.20 um). The x—y image
size was 1024 x 1024 pixels = 0.02 x 0.02cm, and
20 x 1 um thick z stacks were performed (total z
distance: 20 um). Optical sections were projected and
the resulting 2D images were analyzed in a blinded
fashion employing the ImageJ software (NIH). Sagittal
slices at four different laterals were analyzed per animal:
0.5, 1.0, 2.0 and 2.5mm (according to Paxinos and
Watson Atlas, 2007). On each slice, four to five pho-
tographs were taken per area. FrCx areas: motor cortex
and prefrontal cortex; ReCx areas: parietal, retrosplenial
granular, somatosensory and visual cortices. Selection
of photographed regions was based on DAPI staining (to
avoid subjectivities in the selection of areas based on
Iba1 of GFAP fluorescent signals). Number of cells and
soma areas were measured by binarizing the images
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and counting only somas (particles) that do not intersect
the borders (not fragmented).

RNA purification and cDNA synthesis

Rats from the CFA and EAE groups were euthanized
quickly by decapitation and the brains were removed.
FrCx (defined as the frontal region of the isocortex from
the Bregma 5.5 to 1.0 mm; Paxinos and Watson, 2007)
was dissected and snap frozen in liquid nitrogen. The
samples were stored at —80 °C until use. Tissues (50—
100 mg) were homogenized, resuspended in 1 ml of TRI-
zol reagent and incubated at room temperature for 5 min.
RNA was extracted by adding 0.2 ml of chloroform and
centrifugation at 13,800g at 4 °C for 15 min. Subse-
quently, 0.4 ml of the aqueous phase was incubated over-
night at —20°C with 1ml of isopropanol to allow
precipitation of the RNA. The precipitate was washed
twice with cold 70% ethanol and resuspended in sterile
RNAse-free milliQ water. RNA content and purity were
quantified by measuring the absorbance at 260 nm and
the ratio of absorbance at 260/280 nm, respectively.

For reverse transcription 1 ug of RNA was incubated at
room temperature with DNase | to remove possible
contamination with genomic DNA. The product was
incubated with random hexamer primers,
deoxynucleotides and the reverse transcriptase M-MLV,
in the presence of an RNase inhibitor (final volume
25 ul). Reverse transcription was performed following the
manufacturer’s specifications, employing a thermocycler
Mastercycler gradient (Eppendorf, Hamburg, Germany)
in one cycle as follows: 6 min at 25 °C, 60 min at 37 °C,
18 min at 70 °C and 10 min at 4 °C. The generated cDNA
was diluted to a final volume of 175 pl with sterile milliQ
water and stored at —20 °C until use.

Real-time PCR

In each PCR tube 6 pl of cDNA was mixed with 0.375 pl of
a 10 uM solution of each primer (see sequences in
Table 1, based in previous works by others, Peinnequin
et al., 2004; Bock et al., 2013) and 7.5yl of 2x SYBR
Green PCR Master Mix, to a final volume of 15 ul with
sterile milliQ water. Triplicates were prepared for each
sample. Real-time PCR was performed on the thermal
cycler Rotor-Gene Q (Qiagen, Venlo, Limburg, Nether-
lands) according to the following protocol: Initial denatura-
tion 10 min at 95°C, amplification (45 cycles) with
denaturation 15 s at 95 °C, annealing 30 s at 60 °C and
extension 30 s 70 °C. To confirm the presence of a single
product a melting curve of the DNA was always made
covering the range of 50-95 °C.

Semi-quantification was performed by the method of
AACt. First, the difference between the Ct value of
amplified messenger RNA (mRNA) of interest and Ct
value of a constitutive gene expression (GAPDH) was
calculated. The difference between the ACt obtained for
each sample and a reference sample (mean of CFA
group) was then calculated (AACt). Relative gene
expression is informed as 2722C", The concentration of
cDNA and primers, the real-time PCR protocol and the
threshold for determining the Ct values were

experimentally established using calibration curves (Ct
vs log[cDNA concentration]). The selected experimental
conditions showed a PCR efficiency of 100 + 10% for
all primers (data not shown).

Data analysis

Data analysis was performed using Prism (GraphPad
Software). Results are expressed as mean + SEM. For
immunofluorescence experiments a two-way analysis of
variance (ANOVA) was employed and, if it revealed
significant effects (p < 0.05), Bonferroni posttest was
used to compare experimental groups for each cortical
area. For real-time reverse transcription polymerase
chain reaction (RT-PCR) experiments, mRNA levels of a
given cortical area from the CFA or EAE group were
compared by pairs using Student’s t-test. In all cases a
p < 0.05 was considered to represent a significant
difference between groups.

RESULTS

Microglia and astrocytes activation at the onset of
EAE is concentrated in the frontal region of the cortex

Our group has previously described presynaptic
alterations that appear at the onset of acute EAE (first
12-24 h of symptomatic stage) and seemed to be
restricted to the frontal region of the cortex (Chanaday
et al., 2015). To elucidate the possible causes of these
changes, in the present work we examined the activation
state of microglia and astrocytes in the cerebral cortex of
CFA and EAE animals, with emphasis on the differences,
if any, between the frontal region and the rest. A qualita-
tive analysis revealed increased GFAP and Iba1
immunostaining in the FrCx of rats from the EAE group
compared to control (Fig. 1). This apparent activation of
astrocytes and microglia was more evident in the outer
cortical layers (I-lll), i.e. closer to the meninges
(Fig. 1A, C). In the meninges also, there were Ibal™
rounded cells, most likely meningeal macrophages, pre-
sent in both CFA and EAE groups (yellow arrow in
Fig. 1C) which might result from peripheral inflammation
caused by the adjuvant (Schmitt et al., 2012).

On the other hand, in different remaining areas of the
cortex (ReCx) there was no or mild activation of the glia in
the EAE group, in comparison either to the FrCx or to the
CFA group (Fig. 2), implying that at the beginning of the
effector phase of acute EAE there might be a regional
segregation of changes at the level of the cortex.

To better define and characterize the activation state
of microglia and astrocytes, the structure of these cells
were studied in detail. One of the most evident markers
of microgliosis is the elevation of this cell population,
due to both proliferation and blood monocytes
recruitment (Wirenfeldt et al.,, 2007). In the cortex of
EAE brains we found increased numbers of Iba1* cells
(about 30%) in both FrCx and ReCx respect to CFA
(Fig. 3A). Microglial activation is also tightly related to its
morphology. It is now accepted that resting unactivated
microglia has a highly dynamic morphology, on average
composed by a small cell body or soma and numerous
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Table 1. Primer sequences, access numbers and amplicon size of the studied mRNAs

Target Access number Primer sequences Amplicon size (bp)
Forward (5'—>3') Reverse (3'->5")

S100B NM_013191.1 GGGTCACCTGTAAGAATCAA GAGGACAAGCAGTTGTAA 153

GFAP NM_017009.2 GACCGCTTTGCTAGCTACATCG GGTTTCATCTTGGAGCTTCTGC 246

IL-1B NW_047658 CACCTCTCAAGCAGAGCACAG GGGTTCCATGGTGAAGTCAAC 79

IL1-R1 NW_047814.1 GTTTTTGGAACACCCTTCAGCC ACGAAGCAGATGAACGGATAGC 105

IL-6 M26745 TCCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC 79

TNF-o D00475 AAATGGGCTCCCTCTCATCAGTTC TCTGCTTGGTGGTTTGCTACGAC 111

narrow, very long and ramified processes (Karperien
et al., 2013). Different types and intensities of insults are
related to a dramatic remodeling that includes retraction
and thickening of the processes, and size increase and
deformation of the cell soma, leading to an ameboid
and/or rounded appearance at extreme activation cases
(i.e. reactive microglia). The morphometric assessment
of microglia was performed based on previous descrip-
tions by others (Jonas et al., 2012; Torres-Platas et al.,
2014). In the whole cortex (FrCx and ReCx) of animals
from the CFA group we found microglia with the resting
phenotype, classified as stage 1 (based on Jonas et al.,
2012) as well as some intermediate, slightly activated
microglia (mostly in stage 2 and rarely in stage 3, Fig. 3F).
As mentioned before, this could be caused by the sus-
tained peripheral inflammation triggered by the complete
adjuvant. Besides these two phenotypes, in the cortex
of the EAE group we found microglia in stages 3 and 4,
and a few in stage 5, mainly perivascular or peri-
meningeal. The relative amount of the activated subpop-
ulation was higher in the FrCx than in the ReCx (data
not shown). To quantify this qualitative observation, we
measure classic morphometric parameters (Torres-
Platas et al., 2014). In the cortex of EAE animals the
soma size (area) of Iba1™ cells was bigger than in the
CFA group, being this change more obvious in the FrCx
(Fig. 3B). Furthermore, microglia in the FrCx of the EAE
group, but not in the ReCx or in the control group, pre-
sented fewer number of processes, which were signifi-
cantly shorter and thicker (Fig. 3C—E). These results
suggest the occurrence of more intense microglial activa-
tion in the FrCx, compared to the ReCx, during the first
hours of the symptomatic stage of acute EAE.

On the other hand, astrocyte hypertrophy and glial
scar formation was one of the first discovered features
of MS lesions (Brosnan and Raine, 2013). As for micro-
glia, the extent and type of structural and functional alter-
ations that astrocytes undergo depend on the nature and
intensity of the insult. Activation of astrocytes leads to dis-
ruption of their essential CNS functions, like blood—brain
barrier formation, synaptic transmission strengthening
and neuron nurture, as well as secretion of inflammatory
cytokines and chemokines that are vital for the recruit-
ment of blood leukocytes and the expansion and worsen-
ing of lesions (Brosnan and Raine, 2013; Brambilla et al.,
2014). The day of acute EAE onset, the number of
GFAP™* cells in the cortex was considerably increased,
compared to the CFA group (Fig. 4A). This increment
was larger in the FrCx, about at 100% compared to a
50% rise in the ReCx. Moreover, only in the FrCx we

found a significant thickening of astrocytic main pro-
cesses, (about 30%; Fig. 4B). Similar to that observed
for microglia, activation of astrocytes seems to be con-
centrated in the frontal region of the cortex, at least at this
early stage of the symptomatic phase of acute EAE.

Expression of neuroinflammatory molecules is
elevated specifically in the frontal region of the cortex

As cited previously, cytokine secretion by activated glial
cells is crucial for the process of infiltration (Rodgers
and Miller, 2012). With the aim of confirming our
immunofluorescence findings, mRNA levels of key cytoki-
nes were measured by real-time RT-PCR. While in the
ReCx mRNA levels of all tested messengers were similar
between CFA and EAE groups (Fig. 5B), expression of
the pro-inflammatory cytokines tumor necrosis factor o
(TNF-o) and interleukin 6 (IL-6) were increased in the
FrCx about five- and twofold, respectively (Fig. 5A).
Another pro-inflammatory cytokine relevant in this model,
IL-1B (Matsuki et al., 2006), and its receptor were not
affected at this stage of acute EAE. Neither was S100B,
a neurotrophic protein reported to be augmented during
classic astrocyte activation (Liao et al., 2008).

Reinforcing the morphometric analysis that revealed
astrocyte activation, GFAP mRNA showed a threefold
increase in the FrCx of rats with EAE, compared to
control (Fig. 5A). Therefore, these results indicate that
presynaptic alterations described previously by our
group could be caused, at least in part, by activation of
microglia and astrocytes in the FrCx. However, with
these studies we cannot elucidate the foundations of this
regional segregation during the first hours of the effector
stage of acute EAE. In this regard, we would like to
mention that at the same time-point, we did not find
leukocyte infiltration into the brain cortex either by
classic histopathological studies (Hematoxylin—Eosin and
Toluidine Blue stains) or by isolation of CNS-infiltrating
mononuclear cells followed by flow cytometry
characterization, while these assays are positive for
infiltration in the spinal cord of EAE rats (Bibolini et al.,
2014). Also, we did not detect the presence of neuron
degeneration by Fluoro-Jade® B stain in the FrCx or the
ReCx (data not shown).

DISCUSSION

In the present work we describe the presence of
region-specific neuroinflammation in the frontal portion
of the cortex, during the first hours of acute EAE onset.
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Fig. 1. Representative immunofluorescence images from FrCx of Iba1+ (red) and GFAP+ (green) cells, i.e. microglia and astrocytes,
respectively. The frontal cortex was defined as the frontal region of the |socortex from the Bregma 5.5 to 1.0 mm, and it contained: the primary and
secondary motor cortices (analyzed at laterals 2.0 and 2.5), and the prefrontal cortex (analyzed at laterals 0.5 and 1.0; including orbitofrontal,
cingulate, prelimbic and infralimbic cortices). All sub-areas were pooled into one group: FrCx. Yellow arrow: Iba1+ rounded cells in the meninges.
White bar = 25 um.
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Rest of the Cortex
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Fig. 2. Representative immunofluorescence images from ReCx of Iba1+ (red) and GFAP+ (green) cells, i.e. microglia and astrocytes,
respectively (representative images from the primary sensory cortex). The following areas were analyzed: parietal cortex, retrosplenial granular
cortex, primary somatosensory cortex and primary and secondary visual cortices (all areas showed similar immunofluorescence signals, they were
pooled together as ReCx for statistical analysis). White bar = 25 pum.
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Fig. 3. Morphometric analysis of cortical (FrCx and ReCx) Iba1™ microglial cells, in control (CFA) and EAE groups. (A) Total amount (number) of
cells per area. 16.1 £ 0.7 and 14.9 + 0.9 cells x 10%/mm?® in FrCx and ReCx of CFA group, respectively; 20.7 + 0.9 and 18.8 + 0.9 cells x 10%/
mm? in FrCx and ReCx of EAE group, respectively. (B) 2D cell body size (soma area). 44.5 + 1.2 and 39.6 + 1.5 um? in FrCx and ReCx of CFA
group, respectively; 61.8 + 4.2 and 46.5 + 5.5 um? in FrCx and ReCx of EAE group, respectively. (C) Quantity (number) of processes emanating
from the soma per cell. 4.3 £ 0.1 and 4.1 £+ 0.1 processes/cell in FrCx and ReCx of CFA group, respectively; 3.4 £ 0.2 and 4.0
+ 0.2 processes/cell in FrCx and ReCx of EAE group, respectively. (D) Width of the main processes in the proximity of the soma. 0.98 + 0.02
and 0.96 + 0.02 um in FrCx and ReCx of CFA group, respectively; 1.23 + 0.05 and 1.08 + 0.04 um in FrCx and ReCx of EAE group, respectively.
(E) Total length of the longest main process of each cell. 36.4 + 1.2 and 33.6 + 0.8 um in FrCx and ReCx of CFA group, respectively; 26.8 + 0.8
and 31.9 £ 1.0 um in FrCx and ReCx of EAE group, respectively. (F) Representative Iba1™ cells most frequently found in the FrCx of each
experimental group. Data from two independent experiments (N = 4 rats per group, 45-55 cells per animal were analyzed) and expressed as mean
+ SEM (NS = not significant; "p < 0.05; *p < 0.01; ™"p < 0.001; two-way ANOVA with Bonferroni posttest).
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Fig. 4. Morphometric analysis of cortical (FrCx and ReCx) GFAP " astrocytes, in control (CFA) and EAE groups. (A) Total amount (number) of cells
perarea. 12.0 + 1.3 and 11.6 + 1.8 cells x 10°/mm? in FrCx and ReCx of CFA group, respectively; 22.5 + 2.2 and 18.1 + 1.6 cells x 103 /mm®in
FrCx and ReCx of EAE group, respectively. (B) Width of the main processes in the proximity of the soma. 0.76 + 0.03 and 0.78 + 0.03 pm in FrCx
and ReCx of CFA group, respectively; 1.02 + 0.03 and 0.86 + 0.03 um in FrCx and ReCx of EAE group, respectively. Data from two independent
experiments (N = 4 rats per group, 25-35 cells per animal were analyzed) and expressed as mean = SEM (NS = not significant; "p < 0.05;
“p < 0.01; ™p < 0.001; two-way ANOVA with Bonferroni posttest).
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Fig. 5. mRNA relative levels of relevant pro-inflammatory cytokines and markers. (A) mRNA levels in the FrCx of CFA and EAE groups. TNF-o: 1.1
+ 0.2and 5.3 + 2.1;IL-6: 1.1 £ 0.2and 2.0 + 0.4, GFAP: 1.0 £ 0.2and 3.2 + 0.7; for CFA and EAE groups, respectively. (B) mRNA levels in the
ReCx of CFA and EAE groups. Data from two independent experiments (N = 4 rats per group) and expressed as mean + SEM ("p < 0.05, paired

groups were compared using t-test).

It comprises activation of microglia and astrocytes, in the
absence of detectable leukocyte infiltration. These
findings support previous studies form our laboratory
showing presynaptic neural dysfunction at the beginning
of the effector phase of EAE, also concentrated at the
FrCx (Cid et al., 2011; Chanaday et al., 2015).

MS physiopathology and treatment response is highly
heterogeneous among patients, and depends on the
localization and severity of the lesions within the CNS
(Simmons et al., 2013). Cognitive decline occurs in more
than half of patients and is thought to be the consequence
of neuron and oligodendrocyte degeneration cause by
neuroinflammation (Jonas et al., 2014). Particularly, alter-
ations in the functionality and/or connectivity of the FrCx
are related to the development of the most common and
disabling cognitive symptom of MS, central fatigue, which
affects around 80% of patients (Dobryakova et al., 2013).
Executive dysfunction also has a high incidence in MS,
and is related to changes in the activation and the pres-
ence of lesions in the prefrontal region of the FrCx
(Cerezo Garcia et al., 2015; Grech et al., 2015). Beyond
some anatomical differences, human, macaque and rat
frontal lobes share functional properties and network con-
nectivity (Seamans et al., 2008; Wallis, 2012). In rodent
models of EAE the brain cortex has not been as
extensively studied as in MS. There are reports of
progressive synaptic, dendritic and neuronal loss in the
cortex of mice with chronic EAE, accompanied by reduc-
tion of whole cortical volume (MacKenzie-Graham et al.,
2012; Spence et al., 2014). Using the same chronic model
other authors found activated microglia and infiltrating
macrophages, along with demyelination, oligodendrocyte
loss and failure in oligodendroglial precursor maturation in
several cortical areas, including the FrCx (Girolamo et al.,
2011). All the alterations mentioned were analyzed in the
chronic phase of EAE, between 5 and 70 days after onset,
when clinical signs are clearly established. On the other
hand, during the pre-symptomatic stage of EAE (around
2 days before the onset) behavioral alterations and insta-
bility of synaptic contacts in the somatosensory cortex
has been informed to occur in the absence of demyelina-
tion, glia activation or leukocyte infiltration, being these

changes dependent on the presence of circulating
TNF-o due to the peripheral inflammation (Acharjee
etal., 2013; Yang et al., 2013). The present work was per-
formed within the first hours of appearance of clinical
signs, around the first 12 h of EAE onset. In accordance
with the mentioned antecedents, we found an in-
between scene, where there was not leukocyte infiltration
yet but microglia and astrocyte activation was beginning
since we observed an intermediate activation state. As
we have previously reported for presynaptic functional
and morphological alterations (Chanaday et al., 2015),
this glial activation is concentrated in the FrCx, leading
us to think that neuroinflammation could be responsible
for the impairments in neurotransmission.

Besides the increase in GFAP mRNA expression,
which reinforces the histologically defined astrocytic
activation, we detected elevations in the levels of the
pro-inflammatory cytokines TNF-a and IL-6 mRNAs.
TNF-o, and other inflammatory molecules and cells
have been found increased in blood and cerebrospinal
fluid by other authors, as a result of the sustained
peripheral inflammatory stimulus given by the adjuvant
(Schmitt et al., 2012). TNF-a can cross the blood—brain
barrier and, once in the brain, it acts upon neurons affect-
ing the neurotransmission and upon microglia inducing its
activation, exacerbating the processes of neuroinflamma-
tion and excitotoxicity (Montgomery and Bowers, 2012).
On the other hand, IL-6 secreted by activated astrocytes,
but not by peripheral leukocytes, is essential for leukocyte
recruitment and infiltration. It also mediates microglia acti-
vation and blood—brain barrier disruption (Linker et al.,
2008). IL-6 knock-out animals are resistant to EAE, either
if the silencing occurs in the whole organism or if it is
restricted to astrocytes (Giralt et al., 2013). These antece-
dents along with our results indicate that inflammatory
mediators reach the FrCx and activate microglial and
astroglial cells triggering their morphological remodeling
and the local production of TNF-a and IL-6, probably
accompanied by chemokines, glutamate and other toxic
components. The mentioned inflammatory mediators pos-
sibly arrive through the cerebrospinal fluid, given that the
activation was more intense in the vicinity of the
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meninges, although we cannot discern the reason for this
spatial segregation.

In previous reports we showed alterations in the
presynaptic release machinery and reduced release of
the excitatory neurotransmitter glutamate, along with
changes in the GABAergic regulation of this process
(Vilcaes et al., 2009; Cid et al., 2011; Chanaday et al.,
2015). These changes also appeared in the first hours
of EAE onset and were concentrated in the FrCx. In those
experiments, neuronal levels of the kinase Erk1/2 and the
Ca*-dependent phosphatase calcineurin were signifi-
cantly increased. Interestingly, the expression and activity
of these enzymes is highly modulated by IL-6 and TNF-a,
respectively (Alvarez et al., 2011; Fang et al., 2013). The
activation of microglia and astrocytes herein described
might be triggering Erk1/2 and calcineurin pathways in
neurons leading to synaptic dysfunction.

CONCLUSIONS

The present work documented the presence of region-
specific activation of microglia and astrocytes in the FrCx
of animals at onset of acute EAE. This was accompanied
by secretion of pro-inflammatory cytokines, in the
absence of leukocyte infiltration. We cannot rule out if
oligodendrocytes and myelin are affected at this early
stage. Taking into account the high incidence of FrCx
lesions in patients with MS and its close relationship to
the establishment of irreversible cognitive impairment and
the decrease in the quality of life, our studies could
contribute to the understanding of the mechanisms
involved in the genesis and prevalence of these
symptoms. Future efforts are directed to find the clinical
correlates of FrCx alterations in different EAE models and
the developing of related therapeutic approaches.
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