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Abstract

Chronic demyelination in the central nervous system (CNS) is accompanied by an increase in the number of reactive astrocytes
and astrogliosis. There are controversial issues regarding astrocytes and their roles in demyelinating diseases in particular for
multiple sclerosis (MS). We aimed to evaluate possible roles for pharmacologic astrocyte ablation strategy using La-
aminoadipate (L-AAA) on remyelination in a cuprizone model of demyelination. Male C57BL/6 mice were fed with 0.2%
cuprizone for 12 weeks followed by 2-week administration of L-AAA through a cannula inserted 1 mm above the corpus
callosum. Rotarod test showed a significant decrease in the range of motor coordination deficits after ablation of astrocytes in
mice receiving cuprizone. Results of Luxol fast blue (LFB) and transmission electron microscopy (TEM) for evaluation of
myelin content within the corpus callosum revealed a noticeable rise in the percentage of myelinated areas and in the number of
myelinated fibers after L-AAA administration in the animals. Astrocyte ablation reduced protein expressions for GFAP (an
astrocyte marker) and Iba-1 (a microglial marker), but increased expression of Olig2 (an oligodendrocyte marker) assessed by
immunofluorescence. Finally, expression of genes related to recruitment of microglia (astrocyte chemokines CXCL/0 and
CXCL12) and suppression of oligodendrocyte progenitor cell (OPC) differentiation (astrocyte peptides E7-/ and EDNRB)
showed a considerable decrease after administration of L-AAA (for all p <0.05). These results are indicative of improved
remyelination after ablation of astrocytes possibly through hampering microgliosis and astrogliosis and a further rise in the
number of matured Olig2™ cells.

Keywords Astrocyte ablation - Cuprizone - La-aminoadipate (L-AAA) - Multiple sclerosis (MS) - Remylination - Corpus
callosum

Introduction

Multiple sclerosis (MS) is an inflammatory disease of the
central nervous system (CNS) (Kieseier and Stiive 2011).
MS is characterized by a demyelination process within the
grey and white matter, astrogliosis, microgliosis and neuronal
damage (Frohman et al. 2006; Karussis et al. 2010; Kieseier
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and Stiive 2011). MS is divided into acute and chronic phases.
In the acute phase, remyelination is partly occurred by migra-
tion of oligodendrocyte progenitor cells (OPCs) to the lesion
site, while in the chronic phase of the disease there is a pro-
gressive demyelination state within the CNS due to lacking
migration and differentiation of OPCs to the injured site
(Chari et al. 2003; Williams et al. 2007a, b). Following any
demyelination events within the CNS, there is a compensatory
repairing mechanism for retaining a remyelination process
aiming to protect damaged axons from further destructive in-
sults, but it is not so strong to renew the demyelinating events
completely (Franklin and Kotter 2008; Skripuletz et al. 2012),
so reinforcement of this remyelination process may provide a
key therapeutic approach for combating progression of CNS
demyelination events (Nessler et al. 2013).

Recent evidence declares that astrocytes play dual and con-
troversial roles in demyelinating diseases (Williams et al.
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2007a, b). Astrocytes are reported to act in maintaining
demyelinated tissues from further damages and attenuating
deleterious effects of neuroinflammatory processes on these
damaged tissues by release of anti-inflammatory cytokines,
such as transforming growth factor (TGF)-{3 and interleukines
(ILs) 10 & 27 (Nair et al. 2008), preventing infiltration of
inflammatory cells into the areas of demyelination and creat-
ing a permissive milieu for retaining remyelination (Nair et al.
2008; Correale and Farez 2015). There are, however, reports
opposing this idea by considering astrocytes as promoters of
demyelination through secretion of chemokines that are re-
sponsible for recruitment of inflammatory microglial cells to-
ward the lesion sites. This is for restriction of remyelination
related processes (Skripuletz et al. 2012; Correale and Farez
2015). These dualities in the functional features for astrocytes
would make importance further evaluation of astrocyte abla-
tion strategies for targeting demyelinating injuries.

L-a-aminoadipate (L-AAA) is a glutamate homologue
working as an astrotoxin for induction of ablation in astro-
cytes (Khurgel et al. 1996). Astrocyte ablation induced by
L-AAA is a transient process without influencing neuronal
density when the cells are under exposure to this agent for
about 7 days. L-AAA induces astrocyte ablation through
inhibition of glutamate synthesis (Tsai et al. 1996;
Gochenauer and Robinson 2001) and uptake (Khurgel
et al. 1996; Nishimura et al. 2000) from astrocytes. This
ablation further hampers cross talking between astrocytes
and microglial cells (Khurgel et al. 1996, Nishimura et al.
2000).

Cuprizone is used as an appropriate agent in induction
of demyelination in animal models for evaluation of in-
trinsic processes of remyelination within the brain. This
model has no interference with peripheral immune cells,
such as lymphocytes and macrophages (Kipp et al. 2009;
Skripuletz et al. 2011). Instead, activation of microglia
and astrogliosis are responsible for (fast recovering) acute
and (slow recovering) chronic demyelinating lesions in
this model (Kipp et al. 2009). The dichotomy of responses
from astrocytes to demyelinating insults, as aforemen-
tioned, has led us to further investigate a possible contri-
bution of pharmacological astrocyte ablation using L-
AAA to remyelinating processes in cuprizone mouse
model of chronic demyelination within the CNS.

Materials and methods

Animals and procedures

Seven weeks old male C57BL/6 mice were purchased from
Pasteur Institute of Iran, Tehran. The mice were housed under

a 12:12-h light-dark cycle in a controlled room temperature
(1922 °C), and they had easy access to Chow and water. All
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procedures were carried out under the guidance from the eth-
ical committee for Use of Laboratory Animals at Tehran
University of Medical Sciences (TUMS).

To induce a chronic demyelination model, mice were fed
with 0.2% (w/w) cuprizone (biscyclohexanone
oxaldihydrazone, Sigma-Aldrich, USA) mixed in standard ro-
dent chow for 12 consecutive weeks. Then animals received
L-AAA (Sigma-Aldrich, St. Louis, Missouri) through a can-
nula inserted 1 mm above the corpus callosum. To explain, at
the last week of receiving cuprizone feeding, animals were
anesthetized with intraperitoneal injection of a mixture of ke-
tamine (100 mg/kg, K101; Sigma, St. Louis, USA) and
xylazine (10 mg/kg, 1644; Serva Feinbiochemica,
Heidelberg, Germany) and placed in a stereotaxic apparatus.
A 22-gauge guide cannula was implanted at 1 mm above the
corpus callosum (stereotaxic coordinates were A/P, —0.5 mm
to the bregma; L, +0.5 mm lateral to the midline; and V,
1.7 mm from the skull surface) according to the Paxinos and
Franklin atlas (2001). The cannula was fixed to the skull
with dental acrylic resin and a stainless steel stylet (30-
gauge) was inserted to keep the cannula open before mi-
croinjections. The mice were allowed 1 week to recover
from surgery and anesthesia, and then they were housed
in separate cages after cannula implantation. For intra-
corpus callosum injection, the stylet was removed from
the guide cannula and replaced by 30-gauge injection nee-
dle (I mm below the tip of the guide cannula). L-AAA at
dosage 50 pg/1 uL was dissolved in 0.1 M phosphate-
buffered solution (PBS, pH 7.4) and injected by a 30-
gauge needle to the site of corpus callosum through the
cannula at two doses: the first dose was injected at the
beginning of week 13, and the second dose was adminis-
tered at the beginning of week 14 (Khurgel et al. 1996).
The needle was remained in the place for 60 s after the
injection to facilitate drug diffusion. Mice in the control
group received the normal diet, and in the vehicle group
were injected with PBS alone. Evaluations were carried
out at the end of week 14. There were four groups (n=9):
control (Ctrl), cuprizone (CPZ), vehicle (CPZ + PBS) and
treatment (CPZ + L-AAA).

Rotarod test

The rotarod test was performed to evaluate motor coordination
and balance at the end of week 14 of the experiment. Animals
were placed on the rotating drum (Mouse rotarod, UgoBasile,
Comerio, Italy) with the rotation set between 4 and 40 rpm for
3 min. The mice were assessed on the rotarod apparatus with
three trials per day for three consecutive days, and the interval
between the trials was 15 min. One hour before the start of
testing, the mice were trained for 3 min. The duration that each
mouse was able to maintain its balance on the rotating drum
(latency to fall) was recorded.
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Tissue preparation

After performing the rotarod test, animals were anesthetized
by intraperitoneal injection of ketamine (100 mg/kg) and
xylazine (10 mg/kg), and they were undergoing transcardiac
perfusion with 0/9% NaCl solution and then fixation with 4%
paraformaldehyde (PFA, Merck, Germany) solved in 0.1 M
PBS (pH: 7.4) (Ghareghani et al. 2016). The brains were re-
moved, post-fixed in 4% PFA for 24 h and embedded in par-
affin. Then, 5 um coronal paraffin (Merck, Germany) sections
were prepared from the collected brains.

Luxol fast blue (LFB) staining

To evaluate demyelination in the corpus callosum, coronal
sections were deparaffinized with xylene and rehydrated using
decreasing grades of ethanol and stained with LFB (Sigma,
USA), as previously described (Acs et al. 2009). Briefly, sec-
tions were transferred to the LFB solution at 56 °C overnight,
and then they were rinsed in ethanol and distilled water
(dH,0) sweep excess blue stain. Then, color of the staining
was differentiated using lithium carbonate solution (Merck,
Germany) for 15 s in order to distinguish white matter from
gray matter. Slides were transferred to a fresh xylene (Merck,
Germany) for two times and mounted with Entellan (Merck,
Germany). Images were taken by a light microscope
(Olympus, Tokyo, Japan) equipping with a digital camera
(Spot camera, Diagnostic Instruments Inc). For evaluation of
LFB images, 10 sections per animal were randomly selected
with 150 pm intervals at 20x magnification, and the surface
area covered with LFB staining was quantified using a densi-
tometric scanning procedure (Image J software, free Java soft-
ware provided by the National Institute of Health, Bethesda,
Maryland, USA). Finally, the percentage of myelinated area in
the corpus callosum was calculated by dividing LFB-covered
area to the total section area.

Transmission electron microscopy (TEM)

Mice were transcardially perfused with 2% PFA and 2% glu-
taraldehyde, and corpus callosum was dissected and post-
fixed in 2.5% glutaraldehyde for 2 h, washed with 0.1 M
PBS and post-fixed in 1% osmium tetroxide. Semi-thin sec-
tions (500 nm) were obtained from the samples, and they were
stained with 1% toluidine blue to select the targeted areas
under observation of light microscopy. Then, ultrathin sec-
tions (80 nm) were caught from selected area using a
Reichert ultramicrotome and stained with 0.01% uranyl ace-
tate and lead citrate. Finally, sections were observed under
TEM electron microscopy (LEO 906 Germany, 100 kV).
Photographs of ultrathin cross sections were taken at locations
between —0.10 mm and —0.82 mm bregma, and for each
group at least 5 images of the midline corpus callosum region

were evaluated at 3000x magnification and the number of
myelinated fibers and myelin sheath thickness from 100 my-
elinated axons were quantified using Image J software.

Immunofluorescence staining

The sections after deparaffinization and rehydration were
mixed to a citrate buffer, boiled in a microwave for anti-
gen retrieval and blocked in 10% normal goat serum
(Sigma, USA) for 60 min. Then, sections were overnight
incubated with primary mouse anti-Olig2 polyclonal
(1:1.000; Abcam, UK), anti-Iba-1 polyclonal (1:4000;
Wako, Richmond, VA) and anti-GFAP monoclonal
(1:1.000; Serotec, Germany) antibodies at 4 °C. Sections
were washed in PBS and incubated with anti-mouse IgG
secondary antibody (1:500; Sigma, USA) for 2 h at room
temperature. Finally, the slides were counterstained with
DAPI (Vector labs, UK) and examined under a fluores-
cence microscope (Olympus IX-71) equipped with a
Canon EOS digital camera. Quantification of cells posi-
tive for glial cell markers GFAP (for astrocytes), Iba-1
(for microglia) and Olig2 (for oligodendrocytes) within
the corpus callosum was manually done using Image J
software. The data were collected from three animals per
experimental group and four sections with 150 pm inter-
vals for each animal. In each section, five fields with a
magnification of 20x were chosen for further interpreta-
tion. The cells counted by the software were presented as

the cell number per mm?.

Quantitative real-time PCR (qRT-PCR)

Genes expressions for interferon-inducible protein-10
(CXCL10), interferon-inducible protein-12 (CXCL12),
endothelin-1 (ET-1) and endothelin-B receptor (EDNRB)
were analyzed in the corpus callosum by qRT-PCR. For anal-
ysis of gene expression, animals were culled and the median
part of the corpus callosum was collected, and then samples
were freezed in liquid nitrogen and stored at —80 °C until
preparation of PCR necessary reagents. A QIAGEN RNeasy
Kit (Qiagen, Tokyo, Japan) was used for extraction of total
RNA, as described previously (Aryanpour et al. 2017).
Concentration of the extracted RNA was assessed using a
NanoDrop 1000 device (Thermo Fisher Scientific), then re-
verse RNAs were reverse transcription of the RNA into cDNA
was performed using a cDNA synthesis kit (Applied
Biosystems, USA). A RealQ Plus 2x Master Mix Green
(Ampliqon, Denmark) containing specific primers was ana-
lyzed using a StepOne Real-Time PCR system (Applied
Biosystems, USA) was used for analysis of gene expression.
The expression levels of mRNAs were calculated using a
ACt-method after normalization of the data collected from
the target genes to the mRNA levels of the housekeeping
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(reference) 32-microglobulin (32M) gene. The rate of expres-
sion for the target genes was presented as fold change. In the
Table 1, the sequences of primers is shown.

Statistical analysis

Statistical analysis was performed using SPSS 22 software,
and significant differences between experimental groups were
assessed using one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test. Data were presented as
mean =+ standard error of mean (SEM). P value <0.05 was
considered significant statistically.

Results

Astrocyte ablation decreases motor coordination
deficits in cuprizone-induced demyelination

We evaluated the motor coordination and balance of mice by a
rotarod apparatus. Latency to fall (from the rotating drum) in
the cuprizone group (19£4.932) decreased significantly in
comparison to control group (165+5.507) (p<0.001). By
contrast, ablation of astrocyte (CPZ + L-AAA group) (67.66
+4.91) considerably increased latency to fall from the rotating
drum in comparison to the cuprizone group (p < 0.001), but it
could not retain the time to the level in the control group
(Fig. 1). The results indicate that astrocyte ablation is able to
improve the cuprizone-induced impairment of motor
coordination.

Table 1

Primer name Primer sequence Primer length

CXCLI10
Forward: GCACCATGAACCCAAGTG 18
Revers: CGTGGCAATGATCTCAACAC 20
CXCL12
Forward: GCACTTTCACTCTCGGTCC 19
Revers: GCGATGTGGCTCTCGAAG 18
ET-1
Forward: GGTTTGGACAGACTCAGATC 20
Revers: TGTCTAACCTGAAAAATGGG 20
EDNRB
Forward: ACAGGTGTGAGCTTCTGAG 19
Revers: AGGACTGCTTCTCCTCCAAG 20
f2M
Forward: GGTCTTTCTGGTGCTTGTCTCA 22
Revers: GTTCGGCTTCCCATTCTCC 19
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Fig. 1 Monitoring motor coordination and balance by rotarod test in mice
receiving cuprizone to evaluate possible effects of astrocyte ablation
therapy using L-a-aminoadipate (L-AAA). Mice were assessed for laten-
cy to fall from the rotating drum during a period of 180 s. Cuprizone
reduced the latency to fall, which was counteracted after administration of
L-AAA. (n =9 per group) ***p <0.001 (ANOVA followed by post-hoc
analysis)

Effect of astrocyte ablation on remyelination
after cuprizone exposure

LFB staining was used to evaluate myelin content within the
corpus callosum. As it could be observable for the LFB image
sections, there was an apparent reduction in the concentration
of blue-stained myelinated areas in animals received cuprizone,
whereas after administration of L-AAA, a clear rise in the con-
centration of myelinated areas was resulted (Fig. 2a—d).
Quantitative analysis of myelin content in the body of corpus
callosum showed a significant decrease in the percentage of
surface area covered by myelin in the cuprizone group (5.33

+2.027) compared to the mice fed with normal chow (98 +

1.154) (p <0.001). On the other hand, L-AAA administration
significantly increased the percent of myelination area (59 +

4.041) compared to the cuprizone group (p < 0.001). However,
the content of myelin in the astrocyte ablation group was lower
than the control group (***p <0.001) (Fig. 2e).

The number of myelinated axons was also evaluated by
TEM microscopy that allows observation of the myelin sheath
ultrastructure. The images were taken from ultrathin sagittal
sections from corpus callosum, and the percentage of myelin-
ated exons and the myelin sheath thickness were analyzed.
TME image interpretation revealed an apparent reduction in
the number of myelinated axons and the thickness of myelin
sheath in the mice receiving cuprizone, while there was a clear
rise after receiving L-AAA (Fig. 3a—d). Quantitative data
showed that the mean of myelinated fibers was significantly
decreased in the cuprizone group (9.67 +1.764) in compari-
son to control (95.33 £2.728) (p <0.001), while administra-
tion of L-AAA caused a significantly increase in the percent-
age of myelinated fibers (50.67 +3.383 for the CPZ + L-AAA
group), as compared to the cuprizone group (p < 0.001). This
level, however, was less than the percentage of myelinated
fibers shown for the control group (p <0.001) (Fig. 3e).
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Fig. 2 Luxol fast blue (LFB)
staining for evaluation of
astrocyte ablation effects (induced
by L-a-aminoadipate/L-AAA) on
remyelination within the corpus
callosum in mice receiving
cuprizone. a control (Ctrl); b
cuprizone (CPZ); ¢ vehicle

(CPZ + PBS); and d astrocyte
ablation (CPZ + L-AAA).
Exposure of mice with cuprizone
caused an apparent reduction in
the concentration of blue-stained
myelinated areas within the
corpus callosum, which was
abrogated after administration of
L-AAA. Quantification of the
LFB data showed that the changes
in the rate of myelination
expressed in percentage were
significant among different
groups. (n =3 per group) **¥p <
0.001 (ANOVA followed by post-
hoc analysis)
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Similarly, the cuprizone group showed a noticeable decrease
in the mean myelin sheath thickness (0.051 +0.01 um) com-
pared to the control (p <0.001), whereas treatment with L-
AAA increased the thickness of myelin sheath (0.414 +
0.042 pm for the CPZ + L-AAA group), which was consider-
able in comparison with the cuprizone group (»p <0.01). The
rate of thickness of myelin sheath in the L-AAA treated mice
was still lower than the rate for the control, and this lower rate
was considerable (p <0.05) (Fig. 3f).

Effect of astrocyte ablation on glia

Immunofluorescence staining was performed for assessment
of GFAP (an astrocyte marker), Iba-1 (a microglial marker)
and Olig2 (an oligodendrocyte marker) presented in the
Figs 4, 5 and 6a—d, respectively. As it is understandable from
images, astrogliosis (a rise in the level of GFAP) and
microgliosis (a rise in the level of Iba-1) and a reduction in

Ctrl CPZ CPZ+PBS CPZ+L-AAA

the number of oligodendrocyte (a decrease in the level of
Oilg2) were evident in the mice exposed to the cuprizone.
Administration of L-AAA to induce astrocyte ablation could
cause an observable reduction in the rate expressions for
GFAP and Iba-1, but it caused an apparent increase in the rate
of expression for the Olig2.

Data collected from immunofluorescence were quantified
to see whether the changes found from the images were sig-
nificant statistically. Induction of demyelination by cuprizone
caused a robust astrocyte response in the cuprizone (291.66 +
20.787) group in comparison to control (50.33 £4.33)
(p<0.001). By contrast, after administration of L-AAA, the
number of GFAP™ cells reduced significantly (84.66 +5.783)
(p<0.001 vs. CPZ group) (Fig. 4e). Similarly, cuprizone ad-
dition to the chow significantly increased the number of Iba-
1" cells in the cuprizone group (152.33 +10.333) in compar-
ison to control (16.334+3.527) (p <0.001), whereas L-AAA
administration resulted in a significant decrease in the rate of
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Fig. 3 Transmission electron microscopy (TEM) for evaluation of
myelination in the corpus callosum in mice receiving cuprizone for
induction of demyelination and further treatment with L-a-aminoadipate
(L-AAA). There was an apparent decrease in the number of myelinated
fibers and in the thickness of myelin sheath for the cuprizone group, while
after administration of L-AAA, the number and the thickness of

expression for this marker (75+£4.932) (p<0.01 vs.
cuprizone) (Fig. Se). Quantification of Olig2 expression
showed a considerable fall in the rate of expression for the
marker in the cuprizone group (34.33 +£4.096) (p <0.001 vs.
control), while there was a significant rise in the rate of ex-
pression for the CPZ + L-AAA group (70.67 +10.682)
(34.33+£4.096) (p <0.05 vs. cuprizone group) (Fig. 6e).

Astrocyte ablation decreased levels of mRNA
expression of CXCL10, CXCL12, ET-1 and ENDR-B
in the corpus callosum after cuprizone exposure

In this study, we analyzed the levels of mRNA expression of
factors contributed to the recruitment of microglia toward de-
myelinating lesion areas of corpus callosum. CXCL10 and
CXCL12 are chemoattractants and inflammatory mediators,
and ET-1 and EDNRB are intercellular signaling peptides se-
creted by astrocytes following demyelinating injury. Animals
receiving cuprizone experienced a significant rise in the rate of
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respective myelin fibers and sheath was increased. a control (Ctrl); b
cuprizone (CPZ); ¢ vehicle (CPZ + PBS); and d astrocyte ablation
(CPZ+L-AAA). Yellow arrows indicate the myelinated fibers.
Quantification of TEM data (e & f) showed that the changes between
groups were significant. (n =3 per group) ** p <0.01; and *** p <
0.001 (ANOVA followed by post-hoc analysis)

expressions for all of the chemokines, while after administra-
tion of L-AAA, a reversed trend was resulted in which a re-
duced rate of expressions for the mRNA of the all assessed
genes was resulted (for all p <0.05 vs. cuprizone group).
Reduction of the chemokines and peptides after administra-
tion of L-AAA-induced astrocyte ablation indicates that astro-
cytes are the major source of these factors in the corpus
callosum (Fig. 7).

Discussion

In the present study, we investigated roles for astrocytes in
remyelination using chronic cuprizone-induced demyelin-
ation followed by administration of L-AAA for induction of
astrocyte ablation. We noticed that L-AAA administration
could reduce demyelination in mice exposed to the cuprizone.
The number of oligodendrocyte (Olig2™ cells) was increased
noticeably after astrocyte ablation therapy. This was
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Fig. 4 Immunofluorescence staining for assessment of an astrocyte
marker GFAP in the corpus callosum in mice receiving cuprizone for
induction of demyelination and further treatment with L-a-aminoadipate
(L-AAA). Cuprizone exposure caused an apparent increase in the level of
protein expression for GFAP indicative of astrogloisis in the animals.
Administration of L-AAA to induce astrocyte ablation could cause an
observable reduction in the rate expression for GFAP. Arrows are
indicative of GFAP* cells. Quantification of immunofluorescence data
(Graph e) revealed that the alterations in the rate of expression for
GFAP in the understudying groups were significant. Scale bars: 50 pm.
(n =3 per group) ***p <0.001 (ANOVA followed by post-hoc analysis)

accompanied by a decrease in the number of microglia (Ibal*
positive cells) after such therapy. In agreement with our study,
Skripuletz et al. (2012) showed that ablation of astrocytes by
ganciclovir in transgenic mice receiving cuprizone could
cause a significant decrease in the rate of demyelination within
the corpus callosum associated with reduction in the number
of activated microglia in injury sites. Interestingly, they found
a noticeable reduction in the number of Olig2* cells in
astrocyte-ablated transgenic mice, which was in contrary to
our results. They reported that myelin debris inhibit OPC

CPZ+PBS

CPZ+L-AAA
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g
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> 80
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Fig. 5 Immunofluorescence staining for evaluation of a microglial
marker Iba-1 in the corpus callosum of mice receiving cuprizone for
induction of demyelination and further treatment with L-a-aminoadipate
(L-AAA). Cuprizone exposure caused an observable rise in the rate of
expression for Iba-1 indicative of microgliosis. Administration of L-AAA
to induce astrocyte ablation could cause an observable attenuation in the
rate expression for the Iba-1 protein. Arrows are indicative of Iba-1" cells.
Quantification of immunofluorescence data (Graph e) revealed that the
alterations in the rate of expression for Iba-1 in the understudying groups
were significant. Scale bars: 50 pm. (n =3 per group) * p<0.05, **
p<0.01, and *** p <0.001 (ANOVA followed by post-hoc analysis)

differentiation into oligodendrocytes, and ablation of astro-
cytes reduces the recruitment of microglia as phagocytosing
cells to clear damaged myelin sheath (Skripuletz et al. 2012).

There is a compelling evidence for involvement of ex-
tracellular matrix (ECM) in regulation of the proliferation
and differentiation of OPCs into myelin producing oligo-
dendrocytes, and that any changes in the ECM related sig-
naling in the pathological environment would be preven-
tive for maturation of oligodendrocytes (Baron et al. 2005;
Stoffels et al. 2013). Astrocytes have the capacity to
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Fig. 6 Immunofluorescence staining for evaluation of an
oligodendrocyte marker Olig2 in the corpus callosum of mice receiving
cuprizone for induction of demyelination and further treatment with L-a-
aminoadipate (L-AAA). Cuprizone exposure caused an observable
decrease in the rate of expression for Olig2 indicative of a reduction in
the number of myelin-producing oligodendrocyte cells. Induction of
astrocyte ablation by administration of L-AAA could cause an
observable augmentation in the rate expression for the Olig2 protein.
Arrows are indicative of Olig2* cells. Quantification of
immunofluorescence data (Graph e) revealed that the alterations in the
rate of expression for Olig2 in the understudying groups were significant.
Scale bars: 50 pum. (n =3 per group) * p<0.05 and *** p<0.001
(ANOVA followed by post-hoc analysis)

modify the constituents of ECM in MS by producing a
variety of components that directly influence
remyelination within the CNS (Clemente et al. 2013).
Fibronectin and hyaluronic acid are components of ECM
produced by reactive astrocytes in chronic MS lesions that
are responsible for stimulation of OPC proliferation but
suppression of their further differentiation toward attaining
a mature oligodendrocyte phenotype resulting in an
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impaired remyelination within the CNS (Back et al. 2005;
Stoffels et al. 2013, 2015). These are evidences in favor of
using astrocyte ablation as a promising strategy in promo-
tion of remyelination-related processes within the CNS le-
sion areas. However, there are reports suggested that astro-
cytes could exert dual and even opposing roles in demye-
linating diseases by having both protective and destructive
functions (Nair et al. 2008; Skripuletz et al. 2012). There
are studies suggested that astrocytes could have supportive
roles in providing a permissive milieu for maturation and
differentiation of OPCs in demyelinating lesions (Nair
et al. 2008; Skripuletz et al. 2012; Hammond et al. 2014).
A possible claim to support these results possibly is that
astrocytes through formation of glial scars are able to act as
a physical barrier against infiltration of inflammatory cells
into demyelinated areas of CNS (Skripuletz et al. 2012).
Voskuhl et al. (2009) reported that ablation of proliferating
astrocytes in GFAP—thymidine kinase transgenic mice
prevented astrocyte perivascular scar formation which
was accompanied with infiltration of inflammatory cells
into lesion the areas (Voskuhl et al. 2009). In addition,
there are also reports supported astrocyte protective role
in formation of new myelin sheath in demyelinated areas
through mediating microglia recruitment to the injured
sites for removing debris formed in these regions, a prereq-
uisite factor for retaining oligodendrocyte generation
(Skripuletz et al. 2012).

In contrasting to the studies mentioned above, there is
compelling evidence for astrocytes acting in a complete
diverse way by secreting inflammatory chemokines such
as CXCL10 and CXCL12 to the lesion areas for promoting
recruitment of inflammatory cells such as microglia toward
these sites (Bianchi et al. 2011; Qin and Benveniste 2012).
In addition, recent studies attested that the astrocytic scars
formed at the lesion areas act as physical and biochemical
barriers for remyelination processes. These scars is be-
lieved to create an unfavorable and inhibitory extracellular
microenvironment for inhibiting survival, migration and
differentiation of OPCs in the chronic MS lesions (Li
et al. 2011; Yamamoto et al. 2014).

We examined the rate expressions for astrocytic
chemokines CXCLI0 and CXCLI2 that are responsible
for recruitment of microglia. We noticed a fall in the rate
of expressions for the two chemokines in the astrocyte-
ablated animals. Downregulation of CXCLI( after astro-
cyte ablation is also approved in the study carried out by
Skripuletz et al. (2012). Microglia expresses CXCR3 that
is a putative receptor for CXCL10. Interaction between
CXCR3 with CXCL10 is contributed to the migration of
microglia toward the site of injury (Biber et al. 2002;
Rappert et al. 2004; Skripuletz et al. 2012). Tanuma
et al. in MS patients showed a high rate of expression
for CXCL10 in astrocytes at the rim of demyelinating
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Fig. 7 Effect of astrocyte ablation
on mRNA expression of
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chemokines CXCL10 and
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counteracted after administration
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plaques (Tanuma et al. 2006). Astroglial CXCL10 dele-
tion is reported to be involved in reduction of clinical
deficits and acute demyelination in EAE mice
(Ransohoff et al. 1993; Ko et al. 2014).

It is important to note that OPCs have the capacity to
differentiate into myelin-producing oligodendrocytes in
demyelinating areas, but this differentiation is often un-
successful in chronic demyelinating injuries due to re-
lease of inhibitory factors from reactive astrocytes in
these pathological conditions (McKhann 1982; Chang
et al. 2002; Hammond et al. 2014). LINGO-1 is a
CNS-specific transmembrane signaling protein known
as a potent negative regulator against differentiation of
OPCs into matured oligodendrocytes, and thereby
restricting retaining of axonal myelination (Foale et al.
2017). In addition, reactive astrocytes secrete factors like
ET-1 (Gadea et al. 2009) and EDNR (Hammond et al.
2015) to restrict OPC differentiation. ET-1 also has
astrogliosis effects attested both in vitro and in vivo
(D’haeseleer et al. 2013; Hammond et al. 2014). We
found an increase in the rate expressions for both E7-/
and EDNR in the mice exposed to the cuprizone. These
changes were counteracted after administration of L-
AAA. ET-1 activity on suppression of OPC differentia-
tion is exerts through two possible mechanisms: direct
and indirect signaling. In the direct signaling, ET-1
through activation of EDNRs expressed on surface of
OPCs suppresses their differentiation in particular during
the migration of the cells. In an indirect mechanism, ET-
1 induces release of Jaggedl from astrocytes. Jaggedl is

CPZ+PBS

CPZ+L-AAA

CPZ+PBS

CPZ+L-AAA Ctrl CcPz

a ligand for Notchl receptor expressed on surface of
OPCs (John et al. 2002; Gadea et al. 2009). Interaction
between Jaggedl with Notchl could inhibit OPC differ-
entiation and further remyelination-associated processes
(Zhang et al. 2009; Hammond et al. 2014).

Conclusion

From data of the current study we conclude that ablation of
astrocytes in the demyelinated MS injury could improve
remyelination. This improvement was related to a rise in the
number and maturation of Olig2* cells in the lesion areas
possibly through hampering microgliosis and astrogliosis re-
lated mechanisms. Results of this study suggest that astrocyte
ablation could be exploited as a promising therapeutic
targeting for promotion of myelin recovery in demyelinated
tissue despite having controversial claims either in favor or
against application of this strategy.
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