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Multiple Sclerosis (MS) is an inflammatory demyelinating disease of the Central Nervous System which is
characterized by multifocal demyelinated lesions dispersed throughout the brain. Although white matter le-
sions have been the most extensively studied, cortical demyelinaton lesions are also detected in MS brains.
Cuprizone (CPZ)-induced demyelination in rodents has been widely used as a model for MS. Most of these
studies focus on oligodendrocyte-rich structures, such as the corpus callosum (CC) and the cerebellar pedun-
cles. However, it has been recently described that CPZ administration in mice also produces cortical demye-
lination, resembling some of the lesions found in MS patients. In this work we used CPZ-demyelinating model
in Wistar rats to study demyelination in cortical forebrain areas. At the ultrastructural level, demyelination in
the cortex was observed before detectable myelin loss in the subcortical white matter. During the course of
CPZ intoxication Myelin Basic Protein immunodetection was decreased in cortical layers I-III due to a reduc-
tion in the number of cortical oligodendrocytes (OL). Oligodendroglial loss in CPZ-intoxicated rats correlated
with an increase in the number of Glial Fibrillary Acidic Protein positive astrocytes and a shift in the location
of Carbonic Anhydrase II from OL to astrocytes. After removal of CPZ from the diet, we evaluate intranasal
Thyroid hormone (TH) effects on the progression of cortical lesions. As previously reported in the CC, TH
treatment also accelerates remyelination rate in the cortex compared to rats undergoing spontaneous
remyelination. Our results suggest that manipulation of TH levels could be considered as a strategy to pro-
mote remyelination process in the cortex and to prevent neuronal irreversible damage in patients suffering
from MS.
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Introduction

Multiple Sclerosis (MS) is an immune-mediated disorder of the cen-
tral nervous system (CNS). Based on the disease course MS can be clas-
sified into four groups. The most frequent relapsing-remitting form of
MS (RR-MS), with alternated episodes of neurological disability and re-
covery, mainly displays generalized inflammatory demyelination.
Primary or secondary-progressive MS patients (PP-MS or SP-MS, re-
spectively) exhibit a steady neurological decline, associated to cortical
demyelination and axonal degeneration (Polman et al., 2005, 2011).
A small minority of patients are classified as progressive-relapsing
MS (PR-MS) which undergo a progressive neurological decline and
sporadic acute attacks (Dutta and Trapp, 2011). During the disease
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progression, myelin destruction and oligodendroglial loss are accompa-
nied by loss of blood-brain-barrier (BBB) indemnity, multifocal inflam-
mation, microglial activation, astrogliosis and axonal degeneration, all
together leading to irreversible neurological disability (Dutta and
Trapp, 2007; Trapp and Nave, 2008). The identification of white matter
demyelinated plaques is one of the main pathological findings in MS pa-
tients. However, extensive demyelination has also been detected in cor-
tical gray matter areas of postmortem brains (Bo et al., 2003a, 2003b;
Kutzelnigg and Lassmann, 2005; Kutzelnigg et al., 2005). Severe neuro-
nal and axonal pathologies are prominent features of cortical demyelin-
ation, which seem to occur without significant participation of immune
cells from the blood, nor microglial activation (Peterson et al., 2001).
Cortical lesions have been classified depending on their location (Dutta
and Trapp, 2011; Peterson et al., 2001). In type I lesions, demyelination
occurs in the leukocortical junction affecting both white and gray mat-
ter. Type II lesions are small perivascular demyelinated regions. Type
11l lesions are subpial demyelinated plaques which extend up to layers
III or IV of the brain neocortex. Although an association between the
lesion location and the course of the disease is not clearly established,
cortical damage correlates with both motor and sensory deficits that
lead to cognitive and executive dysfunction, and the characteristic
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neurological decline that is normally found in MS patients (Calabrese
et al,, 2009; Rinaldi et al,, 2010; Vucic et al,, 2011).

Demyelination can be experimentally induced in rodents by dif-
ferent strategies, including experimental allergic encephalomyelitis
(EAE), viral infection, physical injury or toxin exposure (Franklin,
2003). In this last group, cuprizone (CPZ) intoxication has been wide-
ly used to study the mechanisms controlling the progression of demy-
elination and constitutes an excellent tool for testing therapeutic
interventions. As well as in MS, CPZ intoxication in rodents induces
oligodendrocyte (OL) degeneration and myelin loss along with
microglial activation and astrogliosis (Adamo et al., 2006; Franco et
al., 2008; Hiremath et al., 1998; Komoly, 2005; Love, 1988; Ludwin,
1978; Mason et al., 2004; Stidworthy et al, 2003). Most studies
have focused on white matter enriched brain structures, as the corpus
callosum (CC) and cerebellar peduncles. However, CPZ also induces
gray matter demyelination, as demonstrated in mice (Gudi et al.,
20009; Silvestroff et al., 2010). Even though the presence of cortical le-
sions has been demonstrated after EAE induction in certain strains of
rats (Storch et al., 2006) it is still not known whether cortical demy-
elination also occurs in the rat CPZ model.

In rodents, different treatments have proven to be successful in
promoting/improving/accelerating remyelination after acute demyelin-
ation (reviewed by Franklin and ffrench-Constant, 2008). In particular,
thyroid hormones (TH) have been shown to improve remyelination in
different MS experimental models (Calza et al., 2005, 2010; Calza et
al.,, 2002; Fernandez et al., 2004a; Franco et al., 2008; Harsan et al.,
2008). The aim of this study is to characterize cortical demyelination
in CPZ-intoxicated Wistar rats and to determine whether intranasal
delivery of TH can be used to promote cortical remyelination. The data
presented in this work shows that the CPZ rat model reproduces some
features of type III cortical lesions found in MS brains. Thirty five day
old CPZ-intoxicated rats showed a marked depletion of Myelin Basic
Protein (MBP) from cortical layers I-IIl. We found that demyelination
correlates with a reduction in the numbers of cortical OL and general-
ized astrogliosis. Microglia and macrophage marker CD68 was rarely
detected in the cortex of control or CPZ-intoxicated rats. Despite cortical
OL loss, Carbonic anhydrase isoform II (CAII), which is expressed in con-
trol brain OLs, was activated in GFAP™ protoplasmic astrocytes in most
affected cortical layers of CPZ-animals. Furthermore, ultrastructural
analysis revealed that cortical CPZ-induced demyelination precedes
subcortical white matter damage. After CPZ withdrawal from the diet,
TH intranasal administration improved remyelination in the cortex
compared to saline treated controls. Our results demonstrate that corti-
cal damage is an early consequence of CPZ-induced demyelination that
could serve as a model of the MS cortical pathology and highlights the
critical role played by THs in cortical remyelination process. Thyroid
hormone administration could represent an effective therapeutical
approach for demyelinating diseases.

Material and methods
Reagents

Ketamine Chlorhidrate Base (50 mg/ml) was purchased from
Holliday-Scott S.A. and 20 mg/ml Xilazine Chloridrate (Kenzol®)
from  Koning. Bisbenzamida H 33258  (Hoechst), t-
Octylphenoxypolyethoxyethanol (Triton X-100), Paraformaldehyde
(PFA), tri-yodo tyronine (T3) and bis cyclohexanone oxaldhydrazone
(Cuprizone) were from Sigma (Argentina). Glycerol, NaCl, and Su-
crose were purchased from Biopack. Mowiol® 4-88 Reagent was pur-
chased from Calbiochem.

Animals

Albino Wistar rats were housed under 12 hour light/12 hour dark
cycles. All animal procedures were performed following the

guidelines established by the Hygiene and Security Service and The
Ethics Committee for the use of laboratory animals of the Science
and Technology Department, School of Pharmacy and Biochemistry,
Buenos Aires University, according to the Biological and Chemical
Risk Prevention Manual guidelines (Res. D 8386/08).

Cuprizone induced demyelination and T3 treatment

All the animals were housed with their mothers from birth until
weaning. Rats were weaned at 21 days of age and were fed with pul-
verized regular chow pellets supplemented with 0.6% cuprizone
(CPZ) for 2 weeks to trigger demyelination. A group of control ani-
mals was subjected to a CPZ-free diet. At 35 days of age, some control
(C35) and CPZ-demyelinated (Dss) rats were sacrificed. Siblings were
returned to a regular CPZ-free pellet diet and were subdivided in two
groups; half received saline solution (SS) while others received T3
doses. Saline- and T3-instillated rats were sacrificed at 42 days of
age. Intranasal T3 treatment was performed on days 35, 37 and 39
by holding animals face upwards for the administration of 25 pg T3
per nostril in a volume of 2.5 pl each (C35-T34; or D35-T34,). Some
animals received equal volumes of saline solution via intranasal in-
stillation (0.9% NaCl in water) for control treatment (C35-SS4, or
D35-SS4;). For immunohistochemical analysis, animals from different
experimental groups were anesthetized with 100 pl of a Ketamine:
Xilazine 3:1 mixture and sacrificed at 35 or 42 days of age by PBS
(8 g/L NaCl, 0.2 g/L KCl, 0.24 g/L KH,POy4, 1.44 g/L NayHPO,4, pH 7.4)
and 4% PFA intracardiac perfusion. Brains were removed, post fixed
in 4% PFA overnight and rinsed with PBS. Brains were sequentially
soaked in 15% and 30% sucrose solutions for 24 h in each solution at
4°C, and finally stored at —80 °C. Coronal 20 um thick cryosections
were collected in 50% glycerol solution and stored at —20 °C.

Immunohistochemistry (IHQ)

Coronal brain slices between — 0.3 mm and + 1.4 mm from breg-
ma according to Paxinos and Watson's stereotaxic atlas (Paxinos and
Watson, 1986) were washed twice in PBS and soaked in blocking so-
lution (5% Fetal Calf Serum (FCS), 0.1% Triton X100) for 2 h. They
were then incubated o/n at 4 °C in a PBS solution containing 1% FCS,
0.1% Triton X-100 and primary antibody. We used the following
dilutions of primary antibodies against MBP 1:100 (gift from Dr. A.
Campagnoni, UCLA) for myelin, CC1 monoclonal antibodies (1:250)
for Adenomatous Poliposis coli (APC) (Calbiochem, San Diego, CA)
and anti CAII antibodies (1:200) (gift from Dr. W. Cammer) for OLs,
anti Glial Fibrillary Acidic Protein (GFAP) 1:500 (Neuromics Antibodies,
Edina, MN) for detection of astrocytes, anti Neurofilament 200 (NF200)
1:150 (Sigma Aldrich, Inc, Argentina) for neurons, anti Sex deter-
mining Region Y-box 2 (Sox2) (AbCam, Inc, Cambridge, CA) 1:200 for
neural stem cells, anti Oligodendrocyte transcription factor 2 (Olig2)
(Millipore, Temecula, CA) for glial restricted progenitors and anti
Cluster of Differentiation 68 (CD68) (AbCam, Inc, Cambridge, CA)
1:100 for microglia and macrophages. After washing in PBS, sections
were incubated with the appropriated secondary antibodies in the pres-
ence of 5 UM Hoechst 33258 for nuclear staining. Secondary antibodies
anti rabbit, anti mouse or anti chicken were purchased from Jackson
Immunoresearch and were used in a 1:500 dilution. Finally, sections
were washed in PBS, dried on glass slides and mounted in Mowiol®
4-88 mounting media.

Image analysis

Digital images were acquired with an epi-fluorescence microscope
Olympus BX50, equipped with a CoolSnap digital camera. Quantitative
analysis was performed with the Image ProPlus software. For MBP ex-
pression analysis, rectangular cortical sections (620 pmx 155 pm)
were selected and processed as described in Suppl. Fig. 1. The distance
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between pial surface and MBP* myelinated fibers edge was determined
in each animal. Media from 6 to 10 animals of each experimental group
were used to analyze differences between conditions. The same analysis
was performed in 21 days old animals to confirm cortical layers were al-
ready myelinated before starting cuprizone intoxication. MBP positive
area was also evaluated in these rectangular sections. Pixels having in-
tensity values within a selected range were considered as MBP positive
and area measurement was determined for each animal. Media for the
different conditions were compared. For CC1 quantification, immuno-
positive cells were counted in square areas of interest (AOI) in both
C35 and D35 brains (n =5 for each condition). Similarly, for GFAP evalu-
ation, positive cells were counted in square AOI including external cor-
tical layers I-IV or internal VI layer next to subcortical white matter
(n=>5 for each condition). Sox2™ and Olig2 ™" cells were counted in
rectangular AOI selected inside cortical layers II-IIl and expressed as a
percentage respect to total nuclei (n=>5 for each condition). Quantifica-
tion of CAIl" cells was performed by determining the percentage of
CAII Mgl or CAII1°W expressing cells in rectangular AOI located in cor-
tical layers II-1II (n =5 for each condition). G ratio was calculated as the
relation between the inner axonal diameter and total outer fiber diam-
eter determined from electron microscopy cortical images (n=3 for
each condition).

Statistical analysis

Statistical analysis was performed using Student t-Test or one-way
analysis of variance (ANOVA) followed by the Newman-Keuls post
test (GraphPad Prism, GraphPad Software Inc., La Jolla, CA, USA). All
data are given as means+ SD. P values of the different analysis are
given in the figure legends. Results were considered significant at p
values less than 0.05.

Ultrastructural analysis

For Electron Microscopy (EM), three animals from each condition
were killed by decapitation and brains were removed. A rectangular
tissue block including the CC and a wedge-shaped section of the
brain cortex were carefully excised as detailed in Suppl. Fig. 2 and
fixed in a 2.5% glutaraldehyde in 0.1 M phosphate buffer. After rinsing
in PBS, tissue blocks were postfixed in 1% osmium tetroxide in 0.1 M
phosphate buffer, and then incubated in 5% uranile acetate. Speci-
mens were dehydrated in ethanol at increasing concentrations
(50, 75, 80 and 100%) and finally were embedded in araldite (Fluka
Durcupan, Electron Microscopy Sciences) and polymerized for
3 days at 60 °C. Blocks were cut in 0.5 pm sections with an ultramicro-
tome (Ultracut E Reichert Jung) using glass knives. These semi-thin
sections were stained with Toluidine Blue and observed with the op-
tical microscope to confirm tissue preservation and sample orienta-
tion. Cortical tissue blocks were worn out 300 um from the pial
surface to reach cortical layers II-III. Finally, 70 to 90 nanometers
ultra-thin sections were cut with the ultramicrotome and placed in
copper grids (300 mesh number) and contrasted with lead citrate.
Samples from the CC and cortex of each condition were observed
with a transmission electron microscope EM109 Zeiss and photo-
graphed with a digital camera.

Results
Cuprizone effect on cortical detection of MBP

To study CPZ effects in rat brain cortex we used the intoxication
protocol schematized in Fig. 1. Cortical myelin was evaluated by
MBP immunohistochemical detection. As depicted in Figs. 2A and B,
parietal cortex analysis was performed by identification of the differ-
ent cortical layers [-V. We first show descriptive results that indicate

MBP immunostaining was detected following the normal pattern of
cortical axonal projections distributed throughout different layers in
35-day old rats (Css) (Fig. 2C). Cuprizone treatment resulted in a
marked demyelination of cortical layers I-III and part of layer IV in
35 day old animals (Ds3s) compared to controls (Css) (Fig. 2D). For
quantitative analysis, the distance between pial surface and the
edge of myelinated fibers was measured to evaluate the extent of de-
myelination (see Materials and methods and Suppl. Fig. 1). Cuprizone
intoxication generated a large area of subpial demyelination. We ob-
served MBP depletion in a stripe 300 um wide, including cortical
layers I-III and part of layer IV in D35 animals (Fig. 2G, D35 vs Czs).

Effect of thyroid hormones during cortical remyelination

Demyelinated animals (D3s) were allowed to remyelinate in the
absence of CPZ in the diet for an additional week, from P35 to P42
(Fig. 1). The quantitative analysis of the distance of the MBP™ fibers
from the pial surface showed a spontaneous remyelination process
that took place in CPZ-treated animals between 35 and 42 days of
age (Fig. 2G, D35 vs D35-SS4,). We next tested whether the remyelina-
tion process could be enhanced by T3 treatment in the cortex, as was
previously demonstrated for the CC, under this same intoxication proto-
col. To study TH effects on myelin recovery after demyelination, we de-
cided to deliver T3 by intranasal instillation as an alternative and non-
invasive administration route. The effects of T3 were evaluated by
MBP immunohistochemical detection at 42 days of age (Ds3s5-T34)
and compared to saline treated controls (D3s-SS42). Comparison of
serum T3 levels at 2 h after intranasal or subcutaneous T3 administra-
tion revealed similar values (not shown) indicating that intranasal T3
rapidly crossed the nasal cavity epithelium and directly entered the
blood stream. Descriptive immunohistochemistry images show that
T3 treatment improved the cortical remyelination process compared
to the SS treatment, as revealed by reappearance of MBP expression
patterns in most external cortical layers (Figs. 2E, F). The T3 treated an-
imals (D35-T34,) were less demyelinated than saline treated ones (D3s-
SS42) (Fig. 2G). Myelinated fibers of D35-T34, rats reached similar dis-
tances from pia as animals which were never exposed to CPZ (Fig. 2G

Dss"SSu I
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S
42

Cuprizone SS

Css'Tsu
days 0 21 35
) . tet
Birth Weanning Intranasal
instillation

Fig. 1. Schematic representation of the CPZ intoxication protocol. Design of the different
experimental conditions used in this study. Numbers at the bottom represent age of the
animals (0, 21, 35 and 42 days). After weaning at 21 days of age, the rats were fed with
milled chow pellet as a control diet (light green boxes between days 21 and 35) or supple-
mented with 0.6% CPZ for demyelination induction (red boxes between days 21 and 35). A
group of animals was sacrificed at 35 days of age (control: C35 and demyelinated: Ds3s).
Another group of control and demyelinated animals were maintained under a CPZ-free
pellet chow diet for an additional week, from day 35 until day 42. During this remyelina-
tion period, animals were intranasally treated at 35, 37 and 39 days of age with SS (D3s-
SS42 and C35-SS4,) or T3 (D35-T34, and C35-T34,) (arrows). These animals were sacrificed
at 42 days of age. Animal nomenclatures indicate whether: a) animals were fed with con-
trol diet (Css) or demyelinated by cuprizone (Dss), and b) the treatment used during
remyelination period (SS4; or T343). C, control; D, demyelinated; SS, Saline Solution; T3,
Thyroid hormone.
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Fig. 2. Cuprizone administration induces demyelination in the rat brain neocortex.
(A) Graphic representation of the selected cortical area for analysis. Outlined in red is
the primary somato-sensory cortex. (B) Nuclei distribution in the cortex by Hoéechst
33258 staining. (C-F) IHC for MBP reveals the presence of myelinated tracts in the cor-
tex with a radial distribution. (C-D) Control (Cs35) and cuprizone-demyelinated (Dss)
animals at 35 days of age showing demyelination in cortical layers I-IIl. (E-F) Cortical
remyelination was evaluated 1 week after CPZ removal from the diet, at 42 days of age
in animals receiving intranasal SS treatment (D35-SS42), or T3 treatment (D3s-T342).
The boundaries between cortical layers I to V are indicated with white dashed lines
(B-F). (G) Quantitative analysis of demyelination was performed by determining the
length of MBP depletion measured from pial surface as described in Suppl. Fig. 1. The
area of MBP™" expression was also measured in similar sections from each condition
using ImagePro Plus 5.1 software (H). T3 and SS treatments were also performed in
control animals which were not exposed to CPZ (C35-T34, and C35-SS4). Data sets
for analysis were obtained from six to ten rats per group and were expressed as
mean + SD. Data was analyzed by One way ANOVA followed by a Newman-Keuls
post test. Statistical significance is indicated with asterisks over each bar and repre-
sents comparisons to Css. Significances amongst different conditions are also indicated;
*p<0.05, **p<0.01, **p<0.001, ns = not significant. Scale bar in B represents 200 um
for images B-F. [, II-1II, IV and V represent brain neocortical layers; CC, Corpus callo-
sum; CP, Caudate putamen; CPZ, Cuprizone; CX, Cortex; [HC, Inmunohistochemistry;
MBP, Myelin Basic Protein; P, Pial surface; and SS, Saline solution.

and Suppl. Fig. 1). The same quantitation strategy between control ani-
mals treated with SS (C35-SS4,) or T3 (C35-T34,) did not show signifi-
cant differences compared to C3s animals (not shown). Although
MBP™ fibers in D35-T34, rats reached similar distances from the pial
surface as C3s animals, the fluorescence density in the former seemed
lower. We therefore decided to evaluate the myelin status by measuring
MBP™ pixel area as described in material and methods section (Fig. 2H).
We found that MBP expression was reduced by 60% in demyelinated

rats (Dss) compared to controls (Css). MBP immunoreactivity was par-
tially recovered in 42-day old animals undergoing spontaneous remye-
lination (D35-SS42). Although T3 treated animals (D35-T342) did not
fully restore normal myelin levels, MBP expression was significantly
higher compared to saline treated animals (D35-SS4,). MBP expression
levels of C35-SS4; and C35-T34, were undistinguishable from those
found in 35 days old control rats (Css) (Fig. 2H). Taken together, these
results confirmed that cortical demyelination takes place in rat brain
during CPZ intoxication and that remyelination process in the cortex
is regulated by T3 hormone.

Oligodendrocyte loss in the cortex after cuprizone intoxication

Since MBP is mainly expressed in OL processes, we studied wheth-
er loss of MBP immunostaining in the cortex was a consequence of OL
process retraction or directly correlates with oligodendroglial cell
loss. Immunohistochemical analysis using CC1 antibody, which pre-
dominantly labels mature OL cell bodies, showed a 65% reduction in
the percentage of positive cells in D3s animals compared to same
age controls (Figs. 3A-E). These results suggest that lack of MBP ex-
pression in the cortex of CPZ-intoxicated rats was a consequence of
a reduction in the number of cortical OL. NF200" nude axons were
detected in the cortex of D35 animals, indicating that neuronal tracts
are still present in these demyelinated areas (Fig. 3F).

The observation of MBP immunostaining in other brain regions
showed that CPZ-induced demyelination was not restricted to the
somato-sensory cortex. Motor cortex and cingulated cortex were affected
as well (Figs. 4A, B). Furthermore, cortices of CPZ-intoxicated rats were
similarly affected at different rostro-caudal positions (not shown). In
the septum, MBP immunostaining was also reduced (Figs. 4C, D). Immu-
nodetection of MBP in the caudate putamen (Figs. 4F, G) showed less ap-
preciable differences between C3s and D35 rats.

Cuprizone-induced astrogliosis in the brain cortex

Astroglial distribution was evaluated by immunohistochemistry
against GFAP. Astrocyte proportions were duplicated in D35 compared
to C3s, both in most superficial cortical layers (I-1V) (Figs. 5A, B, 1) as
in deeper layers (VI) (Figs. 5E, F, ]). Despite MBP recovery during
remyelination, astrogliosis persisted in both D35-SS4; and D35-T34;
animals when compared to non-demyelinated control animals
(Figs. 5C, D, G, H, 1, ]J). However, even though astrocyte proportion
did not reach control values, GFAP ™ cell numbers decreased in deeper
cortical layers of D35-T34, rats compared to D35-SS4, (Figs. 5G-]). In
D35 animals, MBP and GFAP double staining showed that higher levels
of astrogliosis were observed near the areas displaying depletion of
MBP expression in CPZ animals (Figs. 6A and B).

Marker characterization in the cortex after demyelination and
remyelination

We analyzed the expression patterns of Sox2 and Olig2, two tran-
scription factors associated with undifferentiated neural stem cells
and glial restricted progenitor cells, respectively. In C35 rats, both nucle-
ar factors seem to be expressed by cells homogeneously distributed
throughout the cortex (Fig. 6C). Most of these cells expressed either
Sox2 or 0lig2, however we were able to detect a few cells displaying
co-localization of both factors. We detected a 75% increase in the num-
bers of Sox2 ™ cells (Figs. 6C, D, G) and 50% increase in the numbers of
Olig2™ glial progenitors (Figs. 6C, D, H) in D3s animals, compared
to controls. Both Sox2 and Olig2 were mainly up-regulated in layers
[I-11I, where demyelination is more pronounced (Fig. 6D). During
remyelination, T3 treatment (D3s-T34,) normalized Sox2 and Olig2
cell numbers to the control values, while in saline controls (D35-SS42),
activation of Sox2* cells still persisted (Figs. 6 G, H). The expression
of the microglia/macrophage marker CD68 was not detected in the
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Fig. 3. Oligodendrocyte loss after CPZ intoxication. (A-D) IHC analysis for the mature
OL marker CC1 shows the decrease in the number of cortical OLs in CPZ intoxicated
rats (D3s) compared to controls (Css) at 35 days of age. C-D show higher magnification
images of cortical layers I, II-III. For quantitative analysis, data are expressed as media +
SD of the percentage of CC1* cells respect to total nuclei from identical AOI, and statistical
analysis was performed using the Student's t Test (***p <0.001, n=5) (E). Double immu-
nostaining for MBP (green) and neuronal marker NF200 (red) showed that nude neuronal
fibers are still present in demyelinated cortical areas of C35 animals. Nuclei are in blue by
Hoechst staining (C, D, F). Dotted lines indicate the boundaries between neocortical brain
layers (I to IV). Scale bar in A represents 100 um for A, B and F and scale bar in C equals
100 um for C and D. CC1, anti Adenomatous Poliposis Coli monoclonal antibody clone 1;
CPZ, Cuprizone; IHC, Inmunohistochemistry; MBP, Myelin Basic Protein; NF200, Neurofi-
lament 200; OL, Oligodendrocyte; and AOI, area of interest.

Fig. 4. Cuprizone effects on different brain regions. IHC for MBP showing staining re-
duction in demyelinated animals (D35) respect to same age controls (Css) in the cingu-
lated cortex (A-B) and the septum (C-D). Areas with higher myelin content, as the
caudate putamen, were less affected (E-F). Scale bar in A represents 100 pm. IHC,
immunohistochemistry.

Septum Cingulated cortex

Caudate putamen

cortex of control brains (Fig. 6I) and rarely detected in CPZ-intoxicated
rats (Fig. 6], arrowhead), suggesting microglial activation is not a rele-
vant process during cortical demyelination. CAIl expression was also
studied, as it covers all stages of the oligodendroglial lineage. We
found an increase in the numbers of CAII* cells in cortical layers II to
IV of D35 animals (Figs. 61, J). The observation that both OL markers
MBP and CC1 were depleted in these cortical areas, lead us to investi-
gate the identity of these CAII* activated cells. We analyzed co-
location patterns for CAIl and CC1 in each condition (Fig. 7). Control
brains showed that almost all CAII* cells were also CC17¥, indicating
they were mature OL (Figs. 7A, E, I, arrowhead). We were able to detect
afew CAII"/CC1~ and CAIl~/CC1™ cells in Css rats (Fig. 71). On the con-
trary, cortical CAII™ cells in D35 brains were CC1~, suggesting they were
not mature OL (Figs. 7B, F, ]). Furthermore, while CAIl expression in Czs
was strong and mostly restricted to CC1* OL soma (named CAII* Nish)
(Fig. 7A), CAIl"™ cells in D35 brain cortex displayed a remarkably lower
CAIl expression in star shaped cells (Fig. 7B) (named CAII*'°%). This
particular morphology of CAII™'°% cells in the cortex of D35 animals is
not reproduced in the CC, where CAIl"" cells conserved typical OL mor-
phology (CAII* "8} and co-localized with CC1 (not shown). We next
studied CAIl pattern expression in brains undergoing remyelination.
Both D35-SS4, and D35-T34, animals showed the presence of some
CAIIT/CC1* OL (CAII*MeM) although CAII*/CC1~ star-shaped cells
(CAII™ ") were still observed (Figs. 7C, D, G, H, K, L). Because CAII
was previously found to be expressed in astrocytes during early devel-
opment and some pathological conditions, we studied whether CAII'
cells in D35 rats could belong to the astroglial lineage. Double immuno-
detection showed cortical CAII™ % cells overlapped with GFAP immu-
nostaining (Figs. 7N, R), indicating they were actually astrocytes. The
increase in the numbers of CAII* 1" cells was observed in cortical layers
[I-IV of CPZ animals, where maximal astrogliosis was detected
(Fig. 7N). In the cortex of C35 animals, CAIl" OL with immuno-positive
rounded soma (Figs. 7M, Q, filled arrowhead) clearly differentiated
from GFAP™ astrocytes (Figs. 7M, Q, open arrowheads). Contrarily, in
D35 animals, cortical OL with this classical morphology (CAII*Migh)
were lost (Fig. 7R). Instead, CAIl was expressed in a more diffuse way
in GFAP™ astrocytes (CAII*'°") (Fig. 7R, arrow). Animals undergoing
remyelination showed re-expression of CAIl in cells with typical oligo-
dendroglial morphology (CAII* ") (Figs. 70, P, S, T). Higher magnifi-
cation images showed the presence of CAII* M&" OL (filled arrowhead
in Figs. 7S, T) clearly distinguished from GFAP™ astrocytes (empty ar-
rowhead in Figs. 7S, T). However, we still observed some GFAP™" astro-
cytes co-expressing CAIl (CAII™'®") in both D35-SS4 and D35-T34
animals (arrow in Figs. 7S, T). Quantification of CAII " cells in each condi-
tion (Figs. 7U, V) confirmed that CAII " "&" oligodendrocytes were mark-
edly reduced in Dss rats and were recovered during remyelination
(Fig. 7U). Contrarilly, CAII™'°% reactive astrocytes were upregulated in
D35 animals and reach normal numbers during remyelination (Fig. 7V).

Myelin analysis by electronic microscopy

Ultrastructural analysis was performed to compare cortical and CC
demyelination by CPZ intoxication as well as to evaluate remyelina-
tion process after T3 treatment (Fig. 8). Electron microscopy analysis
was performed on CC and brain cortex samples as depicted in Suppl.
Fig. 2. Myelin sheaths of the CC were not severely affected in D35 rats
compared to same age controls (Figs. 8A and B). Contrarily to CC find-
ings, myelinated axons in the cortex were markedly affected after two
weeks of CPZ intoxication (Figs. 8G, H). Notwithstanding, general tis-
sue organization was preserved in the cortex of D3s animals, we
found a severe reduction in the thickness of myelin sheaths compared
to controls (Figs. 8M, N). Although CPZ intoxication was ended at
35 days of age, severe demyelination of CC axons was later detected
at 42 days of age, a week after CPZ removal from the diet (Fig. 8C).
Trans-callosal axonal projections were markedly demyelinated in
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Fig. 5. Cortical astrogliosis during demyelination and remyelination. IHC for GFAP in cortical areas of animals under different experimental conditions. Most superficial cortical
layers I to IV (close to pia) are shown in A-D. The deeper cortical layer VI is adjacent to the CC and was analyzed in E-H. For quantitation, identical AOI were selected next to
pial surface (for A-D) or next to the CC (E-H) and percentage of GFAP positive astrocytes were normalized to the total nuclei, as shown in I (layers I-1V) and J (layer VI). Data
was expressed as media + SD. Analysis was performed by One way ANOVA followed by the Newman-Keuls post test. Statistical significance is indicated with asterisks over each
bar and represents comparisons to Css. Significances amongst different conditions are also indicated; * p<0.05, ** p<0.01, *** p<0.001, ns = not significant. Dotted lines indicate
boundaries between cortical layers and the dashed line limits gray matter and the CC subcortical white matter. Scale bar in A equals 100 pm for all images. AOI, Area of Interest; CC,
Corpus callosum; GFAP, Glial Fibrillary Acidic Protein; IHC, Immunohistochemistry; I, II-1II, IV and V represent brain neocortical layers.

D35-SS4; rats (Fig. 8C) compared to C35-SS4;, (Fig. 8E). Loss of tissue
integrity was one of the most remarkable findings both in the CC
(Fig. 8C) as well as in the cortex (Fig. 81) of CPZ animals at 42 days
of age. Majority of cortical axons displayed disrupted myelin sheaths
with splits between lamellae and brain parenquima seem to be
strongly affected when compared to same age controls (Figs. 8I, K,
0, Q). Comparison between D35-SS4, and D35-T34, rats revealed a
higher recovery of myelin thickness in the CC in T3 treated CPZ ani-
mals compared to controls (Figs. 8C, D, S). Myelinated axons were
also restored in the cortex of D3s-T34; animals when compared to
D35-SS4, (Figs. 8], ], S), although some myelin disarrangement was
still observed in both conditions (Figs. 81, J, O, P). Corpus callosum
and cortical myelin sheaths from control animals treated with T3
were indistinguishable from saline treated controls (C35-T342 and
C35-SS42) (Figs. 8E, F, K, L, Q, R, S). Representative higher magnifica-
tion images of individual cortical axons confirmed myelin ultrastruc-
tural changes observed in these animals (Figs. 8M-R). For
quantification, we analyzed G ratio from each experimental condition
(Fig. 8S). Cuprizone intoxication affected myelin thickness in the
brain cortex of Ds3s rats. During remyelination, T3 administration
was shown to improve myelin restoration in the cortex with respect
to saline treatment. All together, our results indicate that the CPZ ef-
fect on the cortex is an early event that precedes CC demyelination.

Furthermore, T3 is able to partially restore myelin sheath structures
in the cortical region.

Discussion

Cortical demyelination and neuronal degeneration are common
findings in postmortem MS brains (Bo et al., 2003b; Kutzelnigg and
Lassmann, 2005; Kutzelnigg and Lassmann, 2005, 2007; Peterson et
al., 2001). Mechanisms of demyelination in the cortex have generated
great interest in the last few years, as it seems to occur without par-
ticipation of microglia or immune cells from blood, both being prom-
inent features of white matter demyelination (Albert et al., 2007;
Kutzelnigg et al., 2005; Peterson et al., 2001). Most studies in animal
models have evaluated demyelination in white matter enriched
structures of the brain, such as the CC and cerebellar peduncles
(Blakemore, 1973, 1974; Matsushima and Morell, 2001). However,
several groups have recently described cortical demyelination both
in CPZ-intoxicated mice (Gudi et al., 2009; Silvestroff et al., 2010;
Skripuletz et al., 2008) as well as in EAE-induced mice (Girolamo et
al., 2011; Mangiardi et al., 2011). Here we show that CPZ-intoxicated
rats display demyelination in the brain cortex, which resembles type
III lesions found in progressive MS patients (Dutta and Trapp, 2011;
Peterson et al., 2001). Immunodetection of MBP at the end of the
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Fig. 6. Imnmunohistochemical characterization during cortical demyelination and remyeli-
nation. Double IHC for MBP (red) and GFAP (green) in superficial cortical layers showing
that MBP depleted areas in D35 animals correlate with astrogliosis around the boundary
between layers II-IIl and IV (A, B). Sox2 and Olig2 are expressed in neural stem cells and
glial restricted progenitor cells, respectively, in the cortex of C35 rats (C). After CPZ-
induced demyelination (Dss), the numbers of Sox2™ and Olig2 ™ cells increased in cortical
layers II-1II (D, G, H). Activation in the expression of Sox2 and Olig2 is still detected in D35—
SS4z animals (E, G, H). T3 treatment during remyelination restores Sox2* and Olig2* cell
numbers to those found in control animals (F, G, H). Quantification of both markers is
shown in G and H. Data are expressed as the percentage of positive cells with respect to
total nuclei in selected areas included in layers II-IIl. Analysis was performed by One
way ANOVA followed by the Newman-Keuls post test and significances between condi-
tions are indicated *p <0.05,"p<0.01, **p<0.001. Double IHC for CAII (green), which la-
bels all stages of the oligodendroglial lineage and CD68 (red), a microglia/macrophage
marker is shown in I and ], and nuclei are stained in blue. CAIIl expression was up-
regulated in the cortex of D35 rats compared to C3s (for quantification see Fig. 7).
CD68 was not detected in superficial cortical layers of Css rats (I) and rarely detected in
D55 (arrowhead in J). Scale bar in A represents 200 um for A-F and 100 pm for I-J. Dotted
lines indicate the boundaries between cortical layers. CAll, Carbonic Anhydrase isoform II,
CD68, Cluster of Differentiation 68; GFAP, Glial Fibrillary Acidic Protein; IHC, Immunohis-
tochemistry; MBP, Myelin Basic Protein; I, II-III, IV and V represent brain neocortical
layers.

intoxication period revealed areas of subpial demyelination through-
out the cortex, including somato-sensory and motor cortex at differ-
ent rostro-caudal positions. We demonstrated that lack of MBP™
myelin is due to a reduction in the number of CC1" OL. These results
are in agreement with those recently found in the EAE mouse model
(Girolamo et al, 2011; Mangiardi et al., 2011). Furthermore,

demyelinated cortical layers showed the presence of NF200™ nude
axons. Although this does not confirm axonal indemnity, it strongly
suggests that OL are the most CPZ-susceptible cell type in the cortex.

As previously demonstrated in the mouse CPZ model (Skripuletz
et al.,, 2008), we found that demyelination in the cortex was detected
earlier than in white matter-enriched structures. Initial studies from
our laboratory using this same intoxication protocol in rats showed
severe demyelination in the CC at 35 days of age (Adamo et al.,
2006). In the present work, ultrastructural analysis indicates that
the CC was not as severely affected in D35 brains. This apparent dis-
crepancy could be explained by the brain sections analyzed in each
study. In the present study, brains were analyzed at a more rostral
level (4+1.4/—0.3 mm from bregma), while in previous work we
have described supra-hippocampal white matter changes at more
caudal positions (—2.3 mm from bregma). In fact, it has been
shown that CPZ-induced demyelination produces a dramatic rostro-
caudal gradient of white matter demyelination, being caudal CC
more injured than rostral area (Wu et al,, 2008; Xie et al., 2010).
Nevertheless, at 42 days of age, both the cortex and the CC were in-
tensely demyelinated as detected by immunofluorescence of specific
markers as well as by ultrastructural analysis. Furthermore, myelin
loss in D35-SS4> animals was also accompanied by severe tissue disor-
ganization in both brain structures.

It is well established that THs are required for oligodendrogenesis
and myelin formation during development (Baas et al., 1997; Barres
et al.,, 1994; Baumann and Pham-Dinh, 2001; Bhat et al., 1979; Billon
et al., 2001; Fernandez et al., 2004b; Marta et al., 1998; Pasquini and
Adamo, 1994; Rodriguez-Pefia, 1999). Although TH was shown to
promote remyelination in white matter structures (Fernandez et al.,
2004a; Franco et al., 2008), to this date no studies have described
TH effects on cortical brain tissue.

Intranasal administration is considered an alternative pathway for
drug delivery to the CNS that by-passes the BBB (Illum, 2000). This
strategy has not only been used in the basic research field (Alcala-
Barraza et al., 2010; Cai et al., 2011; Scranton et al., 2011; Thorne et
al., 2004), but has found concrete applications in human health
(Jogani et al., 2008; Pathan et al.,, 2009). There is some disbelief
whether there exists an efficient transport of molecules directly to
the CNS through the ethmoides cribiform plate, either via the peri-
neural space or by direct olfactory axon transport (Merkus and van
den Berg, 2007), or whether drugs cross the nasal epithelium to sys-
temic blood circulation before reaching the CNS. Nonetheless, in this
particular work we disregard the mechanisms of entry of TH to the
CNS. Even if there is no direct transport to the CNS through the olfac-
tory bulb, THs are able to cross the BBB.

In this work, we performed intranasal delivery of T3 in CPZ-
demyelinated rats and analyzed progression of remyelination process
in comparison to saline treated siblings. We found that T3 rapidly dis-
seminates into blood stream, preventing restriction to the CNS. Sever-
al trans-membrane transporters mediate TH uptake from blood into
brain (Kinne et al., 2011). Particulary, MCT8 is highly expressed in en-
dothelial cells of cerebral microvessels and is able to transport T3
across the BBB into brain parenchyma (Friesema et al., 2003; Kinne
et al,, 2011; Roberts et al., 2008).

Similarly to what was previously described for white matter
enriched structures (Franco et al., 2008), T3 promotes a significant
improvement in cortical myelin recovery when compared to saline
treated animals. Thereafter, mechanisms of T3 action on remyelina-
tion seem to be conserved between white and gray matter.

We found that the microglia/macrophage marker CD68 was not
activated in most external cortical layers of D35 rats, in which demy-
elination was more prominent. This result indicates that these partic-
ular immune cells did not play a relevant role during cortical
demyelination. It is also tempting to speculate that microglial activa-
tion directly correlates with myelin content of each brain structure.
Our results are in accordance with previous findings that show only
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Fig. 7. CAIl expression shifts from OLs to astrocytes during cortical demyelination. CAIl expression was studied in cortical layers II-1II in C35 (A) and CPZ-demyelinated D35 animals
(B) at 35 days of age, and in remyelinating D35-SS4, (C) and D35-T34; (D) rats. Mature oligodendrocyte marker CC1 was analyzed in the same experimental conditions (E-H).
Merged images of CAIl and CC1 are shown in (I-L). Arrowheads in A, E and I show overlapping expression of CC1 and CAIl in C35 animals. Arrowheads in F and ] indicate CC1*
OLs lacking CAII expression. Merged images of CAII (red) and GFAP (green) are shown in M-T. In Css animals, CAII expression is restricted to the oligodendroglial lineage (I, Q).
Contrarily, astrogliosis in cortical layers II-IIl of D35 animals overlaps to CAII (M, N). Higher magnification images from each experimental condition are shown in Q-T. Filled arrow-
heads point on CAIl™ OLs, open arrowheads indicate GFAP™ astrocytes, and arrows mark GFAP™/CAII™ cells. For quantitative analysis, CAII* cells with higher expression levels
(CAII*Mieh) corresponding to mature OL, were determined in rectangular AOI inside cortical layers II-III. Data is expressed as the percentage of CAII* "8" respect to total nuclei
(U). Cells with low CAII expression (CAII*'°%), corresponding to reactive astrocytes, were also quantified and expressed as the percentage respect to total nuclei (V). Analysis
was performed by One way ANOVA followed by the Newman-Keuls post test and significances between conditions are indicated *p <0.05, **p <0.01, ***p <0.001. Scale bar in A
represents 200 pum for A-L and Q-T, and scale bar in M equals 200 um for M-P. Dotted lines indicate boundaries between cortical layers I to IV. CAll, Carbonic Anhydrase isoform
II; CC1, anti Adenomatous Poliposis Coli monoclonal antibody clone 1; GFAP, Glial Fibrillary Acidic Protein; and OL, Oligodendrocyte.

sporadic activated microglia in demyelinated animals, restricted to Astrogliosis has been extensively described in demyelinating
deeper cortical layers next to the CC and absent from most external models (Gudi et al., 2009; Norton et al., 1992; Skripuletz et al.,
ones (Gudi et al., 2009). 2008; Tani et al., 1996). We confirmed that numbers of GFAP™ cells
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losum; CX, Cortex; SS, saline solution; CPZ, cuprizone, and EM, Electron microscopy. Scale bar in A represents 2 um for A to L. Scale bar in M equals 0.2 um for M to R. Black

arrowheads indicate myelinated cortical axons in G-L.

rise in the cortex of demyelinated rats in particular layers and coin-
cide with MBP depleted cortical brain regions. One week after CPZ re-
moval from the diet, astrogliosis still persists. Whether astrogliosis
acts as a desmyelinating effector and/or if it plays a major role during
remyelination reparative process is not fully clarified.

We found an increase in the numbers of Sox2* neural stem cells and
Olig2* glial progenitors in layers II-1Il of CPZ rats, suggesting that en-
dogenous response to CPZ-demyelination is predominated by new
waves of oligodendrogenesis from local stem cells and glial restricted
progenitors. Subpial cortical area has been characterized as an addition-
al niche for oligodendrogenesis in developing murine brain (Costa et al.,
2007). Reactivation of oligodendrogenesis in this region has been previ-
ously proposed in EAE mouse model (Girolamo et al., 2011). Sox2 ™" ac-
tivation persisted in D35-SS4, animals, indicating remyelination process

was fully progressing. Contrarily, in T3 treated rats (D35-T34;) both
Sox2 and Olig2 cell numbers were returned to normal values, suggest-
ing they were not needed anymore for the cortical repairment process.

We found a marked increase in the numbers of CAIl" cells in the
cortex of demyelinated animals compared to controls. Based on the
accepted CAII expression in the OL of both white and gray matter of
the adult brain, this finding seemed contradictory with the reduction
in the numbers of CC1* OL registered in CPZ brains. Further analysis
revealed that CAIl'" cells in the cortex of D35 animals morphologically
resembled protoplasmic astrocytes and also expressed GFAP. Thus,
our results indicate a shift in the localization of CAII from OL to astro-
cytes during CPZ feeding. This coincides with data describing CAII
expression in reactive astrocytes during gliosis as well as other
markers such as glutation-S-transferase Pi isoform, Nestin, RCI,
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BLBP and Vimentin in several injury models (Cammer and Zhang,
1993; Cammer et al, 1989; Gudi et al, 2009; Kipp et al, 2011;
Talbott et al., 2005; Tamagno and Schiffer, 2006). During CNS devel-
opment, CAIl expression has been detected in glial precursor cells in
the forebrain of neonatal rats, and is differentially expressed as cells
differentiate, being down-regulated in astrocytes and up-regulated
in OL (Cammer and Zhang, 1992). It is tempting to speculate that
this compensatory mechanism recapitulates some aspects of postna-
tal CNS development. In particular, it has been shown that Nestin™
reactive astrocytes do not proliferate and give rise to NG2* cells, sug-
gesting an astrocytic de-differentiating process in an attempt to re-
generate oligodendroglial population (Talbott et al., 2005).

Our results clearly demonstrated that striking demyelination takes
place in the brain cortex of Wistar rats under CPZ intoxication which
could serve as a useful model to study mechanisms of cortical pathol-
ogy in MS. Taken together with previous data, the present work dem-
onstrates that TH participates in the control of CNS repair
mechanisms, both in white and gray matter. Evidence showing an in-
creased prevalence of thyroid disorder in MS patients (Kiessling et al.,
1980; Munteis et al., 2007; Niderwiesser et al., 2003) highlights the
relevance of this hormonal pathway in the disease progression and
suggests that TH treatment could be used as an effective therapeutic
intervention in MS.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.expneurol.2012.02.018.
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