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Stroke is a leading cause of death and neurological disability worldwide and striatal ischemic stroke is frequent in humans
due to obstruction of middle cerebral artery. Several pathological events underlie damage progression and a comprehensive
description of the pathological features following experimental stroke in both acute and chronic survival times is a necessary
step for further functional studies. Here, we explored the patterns of microglial activation, astrocytosis, oligodendrocyte damage,
myelin impairment, and Nogo-A immunoreactivity between 3 and 30 postlesion days (PLDs) after experimental striatal stroke
in adult rats induced by microinjections of endothelin-1 (ET-1). The focal ischemia induced tissue loss concomitant with
intense microglia activation between 3 and 14 PLDs (maximum at 7 PLDs), decreasing afterward. Astrocytosis was maximum
around 7 PLDs. Oligodendrocyte damage and Nogo-A upregulation were higher at 3 PLDs. Myelin impairment was maximum
between 7 and 14 PLDs. Nogo-A expression was higher in the first week in comparison to control. The results add important
histopathological features of ET-1 induced stroke in subacute and chronic survival times. In addition, the establishment of the
temporal evolution of these neuropathological events is an important step for future studies seeking suitable neuroprotective drugs
targeting neuroinflammation and white matter damage.

1. Introduction

Stroke is a devastating condition and a leading cause of
death and functional disability worldwide [1, 2]. This central
nervous system (CNS) disorder is characterized by obstruc-
tion of blood vessels (ischemic stroke) or their rupture
(hemorrhagic stroke) leading to metabolic collapse and a
multitude of secondary mechanisms, including excitotoxic-
ity, inflammation, metabolic acidosis, apoptosis, periinfarct
depolarization, and oxidative stress [1, 2].

Following stroke an intense inflammatory response
takes place, characterized by recruitment of neutrophils [3,
4], microglial activation [3, 5–7], and astrocytosis [8, 9].

Microglia activation plays both beneficial and detrimental
actions following experimental stroke [5, 10, 11]. Inhibition of
microglial activation with minocycline induces conspicuous
neuroprotection following focal ischemia [12–14], but other
experimental reports suggest that microglia may be also
beneficial following stroke [10, 15–17].

Astrocytes are activated following both acute [18, 19] and
chronic [20] neural disorders. These glial cells play both
detrimental and beneficial actions following stroke and spinal
cord injury (SCI) [21]. Astrocyte activation may contribute
to ischemic damage in the hippocampus by activation of
N-methyl-D-aspartate (NMDA) extrasynaptic receptors, a
phenomenon involving calcium signaling [19]. On the other
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hand, astrocytes seem to mediate endogenous neuroprotec-
tion following stroke, a phenomenon involving activation of
a glial-specific purinergic receptor, P2Y(1)R, and inositol 1,4,5
trisphosphate IP(3)/Ca2++ signaling [22].

Following stroke and SCI, neuroplasticity is inhibited by
white matter- (WM-) associated proteins, including Nogo-
A and proteoglycans [23]. Chondroitin sulfate proteoglycans
(CSPS) are associated with astrocytosis and contribute to
inhibition of axonal regeneration following stroke and SCI
[24]. Nogo-A is an oligodendrocyte-associated protein and
a major inhibitor of axonal sprouting [25, 26]. CSPS degra-
dation with chondroitinase ABC enhances axonal sprouting
following SCI [27, 28] and stroke [29, 30]. Similar findings
have been found using a neutralizing antibody against Nogo-
A [31–34].

In our previous investigations, we have described the pat-
terns of microglial activation [3, 4, 12, 35], astrocytosis [18],
and WM damage [3, 4, 35, 36] using experimental models of
stroke, excitotoxicity, and SCI. Nevertheless, the pathological
events were described up to 7 days from the disease onset.
It has been suggested that WM damage with concomitant
neuroinflammation is a long-lasting phenomenon even fol-
lowing human stroke [37]. In addition, it has been reported
that the expression of Nogo-A is associated with inhibition of
neuroplasticity following experimental stroke [31, 32].

Middle cerebral artery occlusion (MCAO) is a com-
mon pathological event in human stroke in which striatum
and parietal cortex are damaged [37]. A comprehensive
descriptive study on the basic neuropathology in both acute
and chronic survival times following experimental striatal
stroke is a fundamental step for future investigations seeking
for neuroprotective and neuroregenerative therapies. In this
study, we describe the patterns of microglia activation, astro-
cytosis, oligodendrocyte damage, Nogo-A immunoreactivity,
andmyelin impairment from 3 days to 30 days following focal
ischemia induced by microinjections of endothelin-1 (ET-1)
into the rat striatum.

2. Material and Methods

2.1. Experimental Animals. Male adult Wistar rats (290–
300 g) were obtained from the Central Animal Facility in the
Federal University of Pará. All animals were housed under
standard conditions with food and water available ad libitum.

2.2. Ethics Statement. All procedures were approved by the
Ethics Committee on Experimental Animals of the Federal
University of Pará (CEPAE-UFPA), under license BIO 038-
12. All experimental procedures followed the Principles of
laboratory animal care (NIH Publication number 86-23,
revised 1985). All efforts were made to avoid animal suffering
and distress.

2.3. Stroke Model. Animals were deeply anesthetized with an
intraperitoneal injection of amixture of ketamine hydrochlo-
ride (90mg/kg, i.p.) and xylazine hydrochloride (10mg/kg,
i.p.) and positioned in a stereotaxic apparatus after abolish-
ment of their corneal reflex. After craniotomy, 80 pMol of ET-
1 (Sigma-Aldrich, USA) in 1 𝜇L of sterile saline was injected

into the rat striatum (𝑁 = 5 per survival time) over a period
of 2min using a glass capillary micropipette. The pipette was
left in place for 3min before being slowly withdrawn. Control
animals were injected with the same volume of sterile saline
(𝑁 = 12). We used the following stereotaxic coordinates
for the injection (in millimeters relative to bregma): 2.5mm
lateral; 1.2mm posterior; and 4.5mm below from the pial
surface. After surgery, animals were allowed to rest in their
cages (maximum 4 animals per cage) with water and food
ad libitum until postlesion days ( PLDs) 3, 7, 14, and 30. This
stroke model was established in our previous reports [3, 13].
The mortality rate is less than 5% in this stroke model.

2.4. Perfusion and Histological Procedures. Following the
described survival times, animals were deeply anesthetized
with ketamine hydrochloride (90mg/kg, i.p.) and xylazine
hydrochloride (10mg/kg, i.p.) and transcardially perfused
with heparinized 0.9% phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde in 0.2M phosphate buffer.
Surgical manipulation was performed only after both corneal
and the paw withdraw reflexes were abolished. Brains were
removed from the skull, post-fixed for 24 h in the same
fixative, and cryoprotected in increasing concentrations of
sucrose–glycerol solutions over 7 days. The brains were then
frozen in TissueTek and sectioned in order to obtain 20 and
50 𝜇m coronal sections using a cryostat (Carl Zeiss/Micron,
Germany). Sections were mounted onto gelatinized slides
and air-dried for 24 h. Slides were stored in a freezer at −20∘C
for posterior histopathological analysis.

2.5. Gross Histopathology and Immunohistochemistry. The
ischemic lesion area was visualized in coronal sections
(50 𝜇m thick) stained with cresyl violet. The site of ET-1
injection was recognized by tissue pallor associated with loss
of cell bodies as described in our previous studies [3, 13, 38].

To analyze microglial activation, we resorted to stan-
dard immunohistochemical procedures. Activatedmicroglia/
macrophages were labeled using the antibody anti-rat CD68
(clone ED1, 1 : 500, Serotec, UK), which binds to an epitope on
the lysosomalmembrane of activatedmacrophages/microglia
[38–40], rabbit anti-Iba1 (1 : 1000, WAKO), an antibody that
recognizes a calcium binding protein present in the cyto-
plasm of microglia [41–43], and mouse anti-MHC-II (1 : 100,
Serotec), an antibody that recognizes the major histocompat-
ibility complex class II molecule [7].

Based on previous reports showing that pathological
oligodendrocytes become Tau-1 positive after brain trauma
and ischemia [44], we used the mouse anti-Tau-1 antibody
(1 : 500, Chemicon, USA) to label dephosphorylated epitopes
on damaged oligodendrocytes. Normal oligodendrocytes
were labeled bymouse anti-Nogo-A (1 : 100, BDTransduction
Lab, USA), an antibody that recognizes Nogo-A in the
rat brain [45]. Myelin impairment was evaluated using an
antibody against mouse anti-myelin basic protein (MBP), an
important component of the compact myelin (1 : 100, Serotec,
UK) [35].

Astrocytes were immunolabeled with an antibody rabbit
antiglial fibrillary acid protein (GFAP, 1 : 1000, DAKO, UK), a
classical astrocyte marker [18, 46, 47].
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2.6. Immunolabeling Protocol. The slide-mounted sections
were removed from the freezer, kept in an oven at 37∘C for
30minutes, and rinsed in 0.1M phosphate buffer saline (PBS)
for 5min. To improve labeling intensity, sections were treated
with 0.2M boric acid (pH 9.0) previously heated to 65∘C for
25min. This temperature was maintained constant over the
treatment period. Sections were allowed to cool down for
about 20min and incubated under constant agitation in 1%
hydrogen peroxide solution in methanol for 20min. Sections
were then rinsed in 0.05% PBS/Tween (Sigma-Aldrich, USA)
solution for 5min for three times and incubated with 10%
normal goat (GFAP, Iba-1) or horse (CD68, MBP, MHC-II,
and Tau-1, Nogo-A) serum in PBS for 1 h.

Without further rinsing, sections were then incu-
bated overnight with primary antibody in PBS, rinsed in
PBS/Tween solution for 5min (3 times), and incubated with
biotinylated goat anti-rabbit (GFAP and Iba-1) or horse
anti-mouse (ED1, MBP, MHC-II, Tau-1, Nogo-A) secondary
antibodies (Vector Laboratories, USA) diluted at 1 : 200 or
1 : 100 in PBS, respectively, for 2 h. As a negative control,
normal sera, rather the primary antibody, were used in some
sections. Sections were rinsed again for 5min (three times)
and incubated in the avidin-biotin-peroxidase complex (ABC
Kit, Vector Laboratories, USA) for 2 h. Sections were rinsed
four times (5min each) and revealed with DAB. After DAB
reaction, sections were rinsed two times (5min each) in
0.1 PB, dehydrated, and coverslipped with Entellan (Merck,
Germany).

2.7. Qualitative Analysis. All sections stained with the differ-
ent histological methods were surveyed by light microscopy
(Nikon Eclipse E200). Illustrative images from all experi-
mental groups were obtained using a digital camera attached
to the microscope (Nikon Eclipse, 50i) using the software
Moticam 2500�.

2.8. Quantitative Analysis. We used coronal sections con-
taining the damaged striatum located at 1.2mm posterior
to bregma to count the number of activated macrophages/
microglia (CD68+ cells), MHC-II+ cells, pathological oligo-
dendrocytes (Tau-1+ cells), Nogo-A+ cells, and astrocytes
(GFAP+ cells) per field. Adjacent 20𝜇msections anterior and
posterior to the lesion site were used for immunohistochem-
istry and cell bodieswere counted over 1.5mm from the lesion
site.The counting field was defined as a square 0.25mmwide
grid (objective, ×40) in the eyepiece of a microscope. In the
×40 objective, this grid corresponds to an area of 0.0625mm2.
We counted 9 fields located at the dorsal striatum per section
and 3 sections/animal (𝑁 = 5 animals per group) for all
experimental groups (Figure 1).

For quantitative analysis of MBP immunolabeling, pho-
tomicrographs were segmented by Color Deconvolution
plugin (Gabriel Landini, http://www.dentistry.bham.ac.uk/
landinig/software/software.html) from ImageJ software version
1.33-1.34 (NIMH, NIH, Bethesda, MD, USA, https://imagej
.nih.gov/ij/). After image segmentation, area values (𝜇m)
and percentual fraction of DAB staining on sections were
measured [48, 49]. We evaluated 5 sections/animal (𝑁 = 5
animals per group). Average values were expressed as mean
± S.E.M.

2.9. Statistical Analysis. Means and standard errors were
calculated for all groups of data. Comparisons between dif-
ferent groups were assessed by analysis of variance (ANOVA)
with Tukey post hoc test (one-way ANOVA-Tukey). Statistical
significance was accepted at 𝑝 < 0.05. All statistical analyses
were performed using the Graphpad Prism 5.0 software.

3. Results

3.1. Focal Ischemia Induced by ET-1 Microinjections into the
Rat Striatum. ET-1 microinjections caused a focal ischemic
damage characterized by tissue pallor, edema, intense inflam-
matory response, and loss of cell bodies (Figures 2(c)–
2(j)). The tissue damage evolved from 1 day PLD with
maximum infiltration of inflammatory cells between 3 and
7 PLDs (Figures 2(c)–2(f)).Mononuclear cells were present at
14 PLDs (Figures 2(g) and 2(h)), but there was a conspicuous
decrease in their presence at 30 PLDs (Figures 2(i) and 2(j)).
Control animals injected with sterile saline did not present
these histopathological findings (Figures 2(a) and 2(b)).

3.2. ET-1 Microinjections Induce Progressive Astrocyte Activa-
tion in the Ischemic Striatum. In vehicle animals, astrocytes
presented their normal morphology with nonhypertrophic
cell bodies and a ramified pattern of their branches (Figures
3(a) and 3(b)). In ischemic animals, there was a progressive
astrocyte activation starting from 3 PLDs (Figures 3(c) and
3(d)), with peak between 7 (Figures 3(e) and 3(f)) and
14 PLDs (Figures 3(g) and 3(h)) and clear reduction at
30 PLDs (Figures 3(i) and 3(j)).This activation was character-
ized by increased cell body volume and ramifications, mainly
at 7 (Figures 3(e) and 3(f)) and 14 PLDs (Figures 3(g) and
3(h)).

One-way ANOVA revealed significant changes in the
variance of the number of GFAP+ cells (𝐹

4
= 28.55; 𝑝 <

0.0001). There was a decrease in the number of GFAP+ cells
at 3 PLDs (129.2±5.65) compared to vehicle animals (163.2±
6.13; 𝑝 < 0.05). A further decrease occurred from 3 PLDs
to 7 (85.00 ± 6.06; 𝑝 < 0.001) and 14 PLDs (78.20 ± 6.93;
𝑝 < 0.001) PLDs. There was a rise in the number of GFAP+
cells at 30 PLDs (113.2 ± 7.38) compared to 7 and 14 PLDs.

3.3. Microinjections of ET-1 Induce Microglia Activation up
to 30 Days after Focal Ischemia. Microglial activation was
investigated using immunohistochemistry for 3 antibodies:
Iba1, CD68, and MHC-II. In control animals, microglia
displayed a ramifiedmorphologywith small Iba1+ cell bodies,
which are characteristic features of resting microglia (Figures
4(a) and 4(b)). After focal ischemia, there was a progressive
activation of microglia from 3 PLDs up to 14 PLDs (Figures
4(c)–4(h)). At 30 PLDs, microglia displayed morphological
features of resting microglia (Figures 4(i) and 4(j)). The peak
of microglia activation was around 7 PLDs (Figures 4(e) and
4(f)).

The Iba1 immunohistochemistry revealed the evolution
of the morphological activation of microglia in ischemic
animals. At 3 PLDs, there was a decrease in ramified Iba1+
cells in the ischemic site, with increase in amoeboid and

http://www.dentistry.bham.ac.uk/landinig/software/software.html
http://www.dentistry.bham.ac.uk/landinig/software/software.html
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https://imagej.nih.gov/ij/
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Figure 1: Schematic diagram illustrating the striatal injection site of ET-1 and the countingmethod.Drawing of a parasagittal section depicting
the sectioning location (a), illustration of the ET-1 injection site in a coronal section drawing (b), and the location of the counting fields in
the rat striatum (c). The squares in (c) are in scale to the counting fields they represent. CX = cortex; CC = corpus callosum; ST = striatum;
LV = lateral ventricle.

round Iba1+ cells (Figures 4(c) and 4(d)). The amount of
round Iba1+ cells (phagocytes) dramatically increased at
the ischemic core at 7 days PLDs (Figures 4(e) and 4(f)).
There was a progressive decrease in microglia activation at 14
(Figures 4(g) and 4(h)) and 30 PLDs (Figures 4(i) and 4(j)).
At this later PLD, ramified Iba1+ cells were again observed
in the ischemic site, despite the presence of some round and
amoeboid microglia (Figures 4(i) and 4(j)).

To quantitatively describe the temporal evolution of
microglia activation following striatal ischemia, we counted
the number of CD68+ cells between 3 and 30 PLDs (Fig-
ure 5(k)). The temporal immunoreactivity of CD68+ cells
followed that described using the anti-Iba1 antibody (Figures
5(i) and 5(j)). One-way ANOVA revealed significant changes
in the variance of the number of CD68+ cells (𝐹

4
= 96.35;

𝑝 < 0.0001). The average number of CD68+ cells was
6.44 ± 0.29 cells/field in vehicle animals (Figures 5(a), 5(b),
and 5(k)). Subsequent Tukey’s post hoc comparisons indicated
that this number increased to 209.70 ± 13.90, 266.40 ± 9.8,
and 218.40 ± 1.69 cells/field at 3, 7, and 14 PLDs, respectively,
(𝑝 < 0.001, Figure 5(k)). There was a considerable decrease
in the number of CD68+ cells at 30 PLDs (140.70 ± 7.14;
𝑝 < 0.001), but it remained elevated in comparison to control
animals (6.44 ± 0.29; 𝑝 < 0.001, Figures 5(i)–5(k)).

After ET-1 microinjections, there was a progressive
expression ofMHC-II in the ischemic striatum.The temporal
profile of MHC-II expression was similar to those described
with Iba1 and CD68, with maximum number of cells at
7 PLDs (Figures 5(l)–5(u) and 5(v)). MHC-II+ cells displayed
morphology of activated round microglia (Figures 5(n)–
5(u)). The average number of MHC-II+ cells was 5.77 ± 1.06
cells/field in control animals (Figure 5(v)).

One-way ANOVA revealed significant changes in the
variance of the number of MHC-II+ cells (𝐹

4
= 153.1; 𝑝 <

0.0001). Post hoc comparisons indicated that there was a
progressive increase in the number of MHC-II+ cells per
field at 3 and 7 PLDs, (201.26 ± 1.54; 236.57 ± 14.58; 𝑝 <
0.001, Figure 5(v)). These numbers decreased at 14 and
30 PLDs, respectively (86.20 ± 2.69; 73.20 ± 1.98, 𝑝 < 0.001,
Figure 5(v)). All ischemic groups statistically differed from
control animals. There was no statistical difference between
14 and 30 PLDs (𝑝 > 0.05, ANOVA-Tukey).

3.4. Microinjections of ET-1 Induced Progressive Impairment
of MBP Immunoreactivity in the Ischemic Striatum. The
immunolabeling of the myelin sheath was performed using
an anti-MBP antibody [35]. One-way ANOVA revealed
significant changes in the variance of the values for MBP
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Figure 2: Gross histopathology after ET-1 microinjections revealed by cresyl violet staining. Control animal injected with sterile saline (a-b)
or ischemic animals injected with ET-1 at 3 (c-d), 7 (e-f), 14 (g-h), and 30 (i-j) PLDs. Asterisks are in the lesion epicenter. Scale bars: (a), (c),
(e), (g), and (i) (200 𝜇m) and (b), (d), (f), (h), and (j) (100 𝜇m).
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Figure 3: Progressive astrocyte activation after striatal focal ischemia. Control animal injected with sterile saline (a-b) or ischemic animals
injected with ET-1 at 3 (c-d), 7 (e-f), 14 (g-h), and 30 (i-j) PLDs. Maximum astrocyte activation occurred around 7 and 14 PLDs. The cell
density was smaller at 7 and 14 PLDs. ∗𝑝 < 0.05 compared to others groups; Q𝑝 < 0.05 compared to 7 and 14 PLDs. Arrows point to astrocytes
in the higher power images. Scale bars: (a), (c), (e), (g), and (i) (100 𝜇m) and (b), (d), (f), (h), and (j) (20𝜇m).

immunoreactivity in the striatum of ischemic animals (𝐹
4
=

28.97; 𝑝 < 0.0001). Subsequent Tukey’s post hoc comparisons
indicated that there was a progressive impairment of MBP
immunoreactivity after focal ischemia in the rat striatum
from 3 days (12.67 ± 0.59; 𝑝 < 0.05, Figure 6(b)) up to 30
days (9.71 ± 0.54; 𝑝 < 0.001, Figure 6(e)) PLDs. The loss
of MBP immunoreactivity was maximum at 7 (8.01 ± 0.57;
𝑝 < 0.001, Figure 6(c)) and 14 PLDs (8.17 ± 0.46; 𝑝 < 0.001,
Figure 6(d)), but myelin impairment could be also observed
at 30 PLDs (Figure 6(e)).

3.5. Microinjections of ET-1 Induce Oligodendrocytes Damage
after Striatal Ischemia. It has been shown that Tau-1 is a
marker of pathological oligodendrocytes after acute damage
to CNS [44, 50, 51]. Control animals expressed a small
amount (3.773 ± 1.095/field) of Tau-1+ cells in the striatum
(Figures 7(a), 7(b), and 7(k)). Ischemic damage induced a
considerable increase in Tau-1 immunoreactivity in the acute
phase after focal ischemia (Figure 7). One-way ANOVA
revealed significant changes in the variance of the number

of Tau-1+ cells in the striatum of ischemic animals (𝐹
4
=

153.1; 𝑝 < 0.0001). Subsequent Tukey’s post hoc comparisons
indicated that the number of Tau-1+ cells/field was 33.56 ±
1.51 at 3 PLDs (𝑝 < 0.001, Figures 7(c), 7(d), and 7(k)). This
number decreased to 14.80 ± 1.49, 2.59 ± 0.55, and 1.46 ±
0.22 at 7, 14, and 30 PLDs compared to 3 PLDs (𝑝 < 0.001,
Figure 7(k)).

3.6. The ET-1-Induced Striatal Ischemic Damage Results in
Progressive Increase in Nogo-A Immunoreactivity. Nogo-A
is an oligodendrocyte-associated protein involved in the
inhibition of axonal growth after acute CNS damage [31,
34]. One-way ANOVA revealed significant chances in the
variance of the number of Nogo-A+ cells in the striatum
of ischemic animals (𝐹

4
= 206.2; 𝑝 < 0.0001). Subsequent

Tukey’s post hoc comparisons indicated that microinjections
of ET-1 induced progressive increase in the number of Nogo-
A+ cells with peak around 3 PLDs (267.59 ± 5.69; 𝑝 < 0.001),
with subsequent decrease at 7 (193.8 ± 3.980; 𝑝 < 0.001), 14
(137.9 ± 137.9; 𝑝 < 0.001), and 30 (112.8 ± 3.39; 𝑝 < 0.001)
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Figure 4: Progressive microglia activation after striatal focal ischemia revealed by Iba1 immunohistochemistry. Ramified microglia in a
control animal injected with sterile saline (a-b).Morphological activation ofmicroglia at 3 (c-d), 7 (e-f), 14 (g-h), and 30 (i-j) PLDs.Maximum
activation occurred around 7 PLDs (e-f). Microglia activation decreased by 30 PLDs (i-j). Arrows point to Iba1+ ramified microglia (b, j) or
round macrophages (d, f, h). Scale bars: (a), (c), (e), (g), and (i) (100 𝜇m) and (b), (d), (f), (h), and (j) (20𝜇m).
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Figure 5: Microglia activation revealed by anti-CD68 andMHC-II immunohistochemistry. Control animals injected with sterile saline (a-b,
l-m).Morphological activation ofCD68+orMHC-II+microglia at 3 (c-d, n-o), 7 (e-f, p-q), 14 (g-h, r-s), and 30 (i-j, t-u) PLDs. Both techniques
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Figure 6: Myelin impairment revealed by anti-MBP immunohistochemistry. Control animal injected with sterile saline (a) or ischemic
animals injected with ET-1 at 3 (b), 7 (c), 14 (d), and 30 (e) PLDs. There was a progressive impairment of MBP labeled WM tracts (arrows)
compared to control (arrow in (a)). Quantitative analysis in (f). ∗𝑝 < 0.05 compared to others groups; Q𝑝 < 0.05 compared to others survival
time. Arrows point to WM tracts. Scale bars: 100𝜇m.

PLDs (Figures 7(l)–7(u)). The average number of Nogo-A+
cells in control animals was (97.11 ± 10.47). All ischemic
groups statistically differed from the control animals, even at
30 PLDs (Figure 7(v)).

4. Discussion

We have investigated the patterns of glial activation and
Tau-1 and Nogo-A immunoreactivity from 3 up to 30 days
after microinjections of ET-1 into the striatum of adult rats.
The ET-1 model of focal ischemia uses the vasoconstrictor
actions of the peptide ET-1 [52, 53]. This peptide causes focal
ischemic damage after microinjections into the CNS [54],
which is suitable for reproducing the focal strokes frequently
occurring in the human brain [55]. In addition, the ET-1
model is easily performed without the complicated surgical
procedures of other stroke models like theMCAO intralumi-
nal filament technique, which may induce hyperthermia and
other surgical complications [56].This strokemodel has been
used in several publications by our group [3, 4, 12, 13].

We thought it would be important to establish the tem-
poral evolution of microglia activation, astrocytosis, oligo-
dendrocyte damage, and Nogo-A immunoreactivity during
the first month after ET-1-induced stroke, as a morphological
basis for further functional studies seeking new neuroprotec-
tive drugs.

Striatal ET-1 microinjections induced progressive astro-
cyte activation, as revealed by GFAP immunohistochemistry.
Maximum activation was present in the first two weeks with
a decline at 30 PLDs. This is in agreement with a previous
study using the MCAO stroke model [57]. Nevertheless, in
this study, the description of GFAP immunoreactivity was
incomplete. No illustrations were provided for all survival
times. Here, we filled this gap providing a comprehensive
description of astrocyte activation from 3 to 30 days after
experimental stroke onset.

The mechanisms by which astrocytes are activated after
stroke and other neural disorders are not established. The
meaning of this glial cell activation has been a matter of



10 Oxidative Medicine and Cellular Longevity

Control Control
Tau-1

(a) (b) (l) (m)

(n) (o)

(p) (q)

(r) (s)

(t) (u)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (v)

3 days3 days

7 days7 days

14days14days

30days30days

#

#

∗

∗

3D 7D 14 D 30 DControl
0

10

20

30

40

Ta
u-

1
+

ce
lls

/fi
el

d

#
#

∗

∗

#∗

3D 7D 14 D 30 DControl
0

100

200

300

N
og

o-
A

+
ce

lls
/fi

el
d

Nogo-A

Figure 7: Oligodendrocyte damage (Tau-1+ cells) and increased Nogo-A immunoreactivity after focal striatal ischemia. Control animals
injected with sterile saline (a-b, l-m). Tau-1 and Nogo-A+ cells at 3 (c-d, n-o), 7 (e-f, p-q), 14 (g-h, r-s), and 30 (i-j, t-u) PLDs. Quantitative
analysis showed maximum numbers of Tau-1 and Nogo-A+ cells at 3 PLDs (k, v). There is a long-lasting increase in the number of Nogo-A+
cells up to 30 PLDs compared to control (𝑝 < 0.05, ANOVA-Tukey). ∗𝑝 < 0.05 compared to control; #𝑝 < 0.05 compared to previous survival
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continuous debate for many years [58]. These cells are an
important component of the glial scar in chronic survival
times after CNS stroke and trauma [59]. The expression of
proteoglycans is a biochemical barrier for axonal regenera-
tion concomitant with a mechanical impediment imposed by
intense astrocyte reaction and some degree of proliferation
[8, 59]. The proliferation of these glial cells is influenced by
factors including survivin [60]. Astrocytes may release dele-
terious molecules including the proinflammatory cytokine
tumor necrosis factor-𝛼, metalloproteinases, and reactive
oxygen derived species [58, 61].

Nevertheless, astrocyte activation has also beneficial
functions after stroke and other neural disorders [58, 62].
Astrocytes seem to contribute to neuroblast migration to
striatum after stroke by releasing stroma-derived factor-1𝛼
(SDF-1) [63, 64] and monocyte chemoattractant protein 1
(MCP-1) [63]. This is important considering that partial
replacement of neuronal loss is afforded by adult neuroge-
nesis after striatal damage [65]. In addition, these glial cells
can uptake glutamate in both physiological and ischemic
conditions, buffering neurotoxicity [66]. Astrocyte may also
release growth factors, including brain-derived neurotrophic
factors (BDNF), contributing to neuron survival after stroke
in rats [67].

Therewas intensemicroglia activation followingmicroin-
jections of ET-1 into the rat striatum between 3 and 30 days
after ischemic onset. Maximum activation occurred around
7 PLDs, but microglia remained activated up to 30 PLDs.
These results are in agreement with previous studies using
ET-1 stroke model [3, 4, 54] or MCAO [7, 68].

Microglia activation is a general response to any kind
of CNS damage [11]. In nonpathological conditions, these
brain resident macrophages patrol the CNS using stochastic
movements of their fine branches [69, 70]. In pathologi-
cal conditions like ischemia and trauma, microglia change
their morphology becoming amoeboid and highly phago-
cytic round cells (macrophages) [11, 71]. Concomitant with
morphological alterations, microglia change their genetic
machinery expressing several types of receptors on their
membranes, increased levels of transcription factors, and
cytoplasmic enzymes [11].

We have labeled microglia using three antibodies: Iba1,
ED1, and MHC-II. Iba1 immunohistochemistry allowed
labeling the general population of microglial cells [41]. ED1
and MHC-II labeled a population of activated microglia [7,
39]. ED1 and MHC-II+ cells comprise both macrophages
derived from the resident microglia and blood-borne
macrophages [72]. These markers do not differentiate the
origin of activate macrophages present in the ischemic
striatum. It has been shown, using chimeric animals, that
resident microglia first respond to the damage followed by
hematogenous macrophages [72, 73].

The reasons by which microglia are both detrimental
and beneficial after stroke are unknown. Recently, we have
hypothesized these glial cells might be beneficial and/or
detrimental in different pathological niches following striatal
ischemia, a phenomenon likely determined by different
concentrations of specific ligands along the pathological
environment, which might act on different receptors in the

microglia membrane [11]. This is in agreement with a recent
study showing that M1 and M2 microglia phenotypes are
present in the ischemic striatum following MCAO [74].

Microinjections of ET-1 into the rat striatum induced
damage of oligodendrocytes (maximum at 3 PLD) and
progressive myelin impairment (maximum between 7 and
14 PLDs). It seems that myelin impairment follows damage
to oligodendrocyte cell bodies. It has been shown that oligo-
dendrocytes present structural changes in their cytoskeleton
(dephosphorylation) following ischemia, excitotoxicity, and
trauma, which is visualized as an increased immunoreactivity
for Tau-1 [44, 50, 75]. Tau-1 immunoreactivity has been
frequently used as a specific marker of damaged oligoden-
drocytes [51, 54, 76]. We [51] and other authors have shown
that this pathological phenomenon occurs in the acute phase
after stroke [54, 76], which is in agreement with the present
results. In addition, damage to axonal cylinder may precede
both oligodendrocyte damage and myelin impairment. It has
been shown that damage to axonal cylinder occurs in an early
time point (6 hours) after focal striatal damage induced by
ET-1 [72].

The increased immunoreactivity for Tau-1 in oligoden-
drocytes may be an early event underlying oligodendrocyte
pathology [77]. It has been shown that oligodendrocytes
but not astrocytes are labeled by Tau-1 after ischemia [77].
The increased immunoreactivity for Tau-1 in oligodendro-
cytes may represent an attempt to preserve oligodendrocyte
cytoskeleton likely from free radicals-mediated damage [51].
This is in agreement with a previous report showing that
Tau protein is fundamental for microtubule assembly [78]
and that this structure is especially vulnerable to ischemia
induced oxidative stress [75, 79]. The decrease in the number
of Tau-1+ cells in later survival times in this study may
be due to the loss of oligodendrocytes by apoptosis. This
hypothesis is supported by a previous report of our group
showing that striatal oligodendrocytes become apoptotic in
later survival times following excitotoxic damage and that
minocycline treatment decreases the number of Tau-1+ cells
and partially reverses the apoptotic damage [51]. Several other
authors have shown that oligodendrocytes undergo apoptosis
following acute neural disorders [80–82]. Further studies
should be performed to investigate themechanisms by which
oligodendrocytes are damaged after stroke and to address the
therapeutic potential of neuroprotective drugs in reducing
the WM demise.

The results show an increased number of Nogo-A+ cells
in the acute phase after ET-1 induced stroke. This number
remained elevated up to 30 days compared to nonischemic
animals. This is in agreement with previous report using the
MCAO filament model [45, 83]. The expression of Nogo-
A in both neurons and oligodendrocytes is correlated with
reduced neuroplasticity after SCI [25, 34, 84] and stroke
[31, 83, 85]. Both early and delayed treatments of animals with
monoclonal antibodies against Nogo-A increase neuroplas-
ticity in these acute neural disorders [25, 31, 32, 34, 83–85].
Nevertheless, Nogo-A may also be involved in the survival
of neurons after ischemia [33]. It follows that the increased
expression of Nogo-A in the ischemic striatum can be related
to both detrimental and beneficial actions. Further studies
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should consider this dual role of Nogo-A before the use
of experimental approaches to neutralize the action of this
protein.

5. Conclusion

Microinjections of ET-1 into the rat striatum induced con-
spicuous tissue loss, concomitant with progressive microglia
and astrocyte activation, myelin impairment, oligodendro-
cyte damage, and Nogo-A up regulation. These pathological
events were described from 3 to 30 days after ET-1-induced
focal striatal ischemia. The establishment of the temporal
evolution of these neuropathological events is an important
step for future studies in which the manipulation of neu-
roinflammation and Nogo-A expression may be performed
to enhance neuroprotection (in gray and white matter),
adult neurogenesis, and functional recovery following striatal
ischemic damage.We are addressing these issues in undergo-
ing investigations.
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[5] M. Tóth, P. Little, F. Arnberg et al., “Acute neuroinflammation in
a clinically relevant focal cortical ischemic stroke model in rat:
longitudinal positron emission tomography and immunofluo-
rescent tracking,” Brain Structure and Function, vol. 221, no. 3,
pp. 1279–1290, 2016.

[6] Z. Zhang, Z. Zhang, H. Lu, Q. Yang, H. Wu, and J. Wang,
“Microglial polarization and inflammatory mediators after
intracerebral hemorrhage,”Molecular Neurobiology, 2016.

[7] P. Thored, U. Heldmann, W. Gomes-Leal et al., “Long-term
accumulation of microglia with proneurogenic phenotype con-
comitant with persistent neurogenesis in adult subventricular
zone after stroke,” Glia, vol. 57, no. 8, pp. 835–849, 2009.

[8] G. E. Barreto, X. Sun, L. Xu, and R. G. Giffard, “Astrocyte
proliferation following stroke in themouse depends on distance
from the infarct,” PLoS ONE, vol. 6, no. 11, Article ID e27881,
2011.

[9] P. Cordeau Jr., M. Lalancette-Hébert, Y. C. Weng, and J. Kriz,
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protect neurons by direct engulfment of invading neutrophil
granulocytes: a newmechanism of CNS immune privilege,”The
Journal of Neuroscience, vol. 28, no. 23, pp. 5965–5975, 2008.

[18] W. Gomes-Leal, D. J. Corkill, M. A. Freire, C. W. Picanço-
Diniz, and V. H. Perry, “Astrocytosis, microglia activation,
oligodendrocyte degeneration, and pyknosis following acute
spinal cord injury,” Experimental Neurology, vol. 190, no. 2, pp.
456–467, 2004.

[19] Q.-P. Dong, J.-Q. He, and Z. Chai, “Astrocytic Ca2+ waves
mediate activation of extrasynaptic NMDA receptors in hip-
pocampal neurons to aggravate brain damage during ischemia,”
Neurobiology of Disease, vol. 58, pp. 68–75, 2013.

[20] A. Minagar, P. Shapshak, R. Fujimura, R. Ownby, M. Heyes,
and C. Eisdorfer, “The role of macrophage/microglia and astro-
cytes in the pathogenesis of three neurologic disorders: HIV-
associated dementia, Alzheimer disease, andmultiple sclerosis,”
Journal of the Neurological Sciences, vol. 202, no. 1-2, pp. 13–23,
2002.

[21] G. R. Choudhury and S. Ding, “Reactive astrocytes and ther-
apeutic potential in focal ischemic stroke,” Neurobiology of
Disease, vol. 85, pp. 234–244, 2016.

[22] W. Zheng, L. Talley Watts, D. M. Holstein, J. Wewer, and
J. D. Lechleiter, “P2Y1R-initiated, IP3R-dependent stimulation
of astrocyte mitochondrial metabolism reduces and partially
reverses ischemic neuronal damage in mouse,” Journal of
Cerebral Blood Flow andMetabolism, vol. 33, no. 4, pp. 600–611,
2013.

[23] G. Yiu and Z. He, “Glial inhibition of CNS axon regeneration,”
Nature Reviews Neuroscience, vol. 7, no. 8, pp. 617–627, 2006.

[24] C.M. Galtrey and J.W. Fawcett, “The role of chondroitin sulfate
proteoglycans in regeneration and plasticity in the central
nervous system,” Brain Research Reviews, vol. 54, no. 1, pp. 1–
18, 2007.

[25] M. S. Chen, A. B. Huber, M. E. Van Der Haar et al., “Nogo-A is
a myelin-associated neurite outgrowth inhibitor and an antigen
for monoclonal antibody IN-1,” Nature, vol. 403, no. 6768, pp.
434–439, 2000.

[26] T.Wang, J.-Q. Xiong, X.-B. Ren, andW. Sun, “The role of Nogo-
A in neuroregeneration: a review,” Brain Research Bulletin, vol.
87, no. 6, pp. 499–503, 2012.

[27] E. J. Bradbury, L. D. F. Moon, R. J. Popat et al., “Chondroitinase
ABC promotes functional recovery after spinal cord injury,”
Nature, vol. 416, no. 6881, pp. 636–640, 2002.

[28] E. J. Bradbury and L. M. Carter, “Manipulating the glial scar:
chondroitinase ABC as a therapy for spinal cord injury,” Brain
Research Bulletin, vol. 84, no. 4-5, pp. 306–316, 2011.

[29] J. J. Hill, K. Jin, X. O. Mao, L. Xie, and D. A. Greenberg,
“Intracerebral chondroitinase ABC and heparan sulfate proteo-
glycan glypican improve outcome from chronic stroke in rats,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 109, no. 23, pp. 9155–9160, 2012.

[30] S. Soleman, P. K. Yip, D. A. Duricki, and L. D. F.Moon, “Delayed
treatment with chondroitinase ABC promotes sensorimotor
recovery and plasticity after stroke in aged rats,” Brain, vol. 135,
no. 4, pp. 1210–1223, 2012.

[31] A. B. Seymour, E. M. Andrews, S.-Y. Tsai et al., “Delayed
treatment with monoclonal antibody IN-1 1 week after stroke
results in recovery of function and corticorubral plasticity in
adult rats,” Journal of Cerebral Blood Flow and Metabolism, vol.
25, no. 10, pp. 1366–1375, 2005.

[32] C. M. Papadopoulos, S.-Y. Tsai, J. L. Cheatwood et al., “Den-
dritic plasticity in the adult rat following middle cerebral artery
occlusion and Nogo-a neutralization,” Cerebral Cortex, vol. 16,
no. 4, pp. 529–536, 2006.

[33] E. Kilic, A. Elali, U. Kilic et al., “Role of Nogo-A in neuronal
survival in the reperfused ischemic brain,” Journal of Cerebral
Blood Flow and Metabolism, vol. 30, no. 5, pp. 969–984, 2010.

[34] L. Schnell and M. E. Schwab, “Axonal regeneration in the rat
spinal cord produced by an antibody against myelin-associated
neurite growth inhibitors,” Nature, vol. 343, no. 6255, pp. 269–
272, 1990.

[35] R. R. Lima, J. Guimaraes-Silva, J. L. Oliveira et al., “Diffuse
axonal damage,myelin impairment, astrocytosis and inflamma-
tory response following microinjections of NMDA into the rat
striatum,” Inflammation, vol. 31, no. 1, pp. 24–35, 2008.

[36] W.Gomes-Leal, D. J. Corkill, andC.W. Picanço-Diniz, “System-
atic analysis of axonal damage and inflammatory response in
different white matter tracts of acutely injured rat spinal cord,”
Brain Research, vol. 1066, no. 1-2, pp. 57–70, 2005.

[37] A. Thiel and W.-D. Heiss, “Imaging of microglia activation in
stroke,” Stroke, vol. 42, no. 2, pp. 507–512, 2011.

[38] G. B. Oliveira, E. D. A. Fontes Jr., S. DeCarvalho et al., “Minocy-
cline mitigates motor impairments and cortical neuronal loss
induced by focal ischemia in rats chronically exposed to ethanol
during adolescence,” Brain Research, vol. 1561, pp. 23–34, 2014.
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