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Abstract

The aim of present work is to assess the
effects of bradykinin (Br) or noradrenaline
(Nor) preconditioning to the levels of
antioxidant enzymes: superoxide dismutase
(SOD), copper, zinc superoxide dismutase
(CuZn-SOD), manganese superoxide dis-
mutase (Mn-SOD) and catalase in
ischemia/reperfusion (I/R) model in the rab-
bit spinal cord white matter as well as effect
on glial fibrillary acidic protein (GFAP) and
ubiquitin immunoreaction in glial cells.
Rabbits were preconditioned by intraperi-
toneal single dose of Br or Nor 48 h prior to
20 min of ischemia followed by 24 or 48 h
of reperfusion. White matter of L;-L, spinal
cord segments was used for comparison of
antioxidant enzyme levels in sham control,
ischemic groups and four preconditioned
groups. The total SOD level in the Br or Nor
preconditioned groups after 48 h of reperfu-
sion was increased vs Br or Nor precondi-
tioned groups after 24 h of reperfusion. The
comparison among the ischemic group vs
Br preconditioned (P<0.05), and Nor pre-
conditioned (P<0.001) groups after 48 h of
reperfusion, showed statistically significant
decrease of Mn-SOD activity. Tissue cata-
lase level activity was significantly
decreased in the Br preconditioned group
after 48 h of reperfusion (P<0.05) and Nor
preconditioned groups after 24 h of reperfu-
sion (P<0.001) and also after 48 h of reper-
fusion (P<0.001), in comparison to
ischemic group after 48 h of reperfusion.
Significantly decreased tissue catalase
activity (P<0.05) in both Nor precondi-
tioned groups after 24 or 48 h of reperfusion
was measured vs Br preconditioned group
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after 48 h of reperfusion. According to our
results, in the white matter, activation of
stress proteins in glial cells, as well as
antioxidant enzymes levels, were influ-
enced by pharmacological preconditioning
followed by 20 min of ischemia and 24 or
48 h of reperfusion. These changes con-
tribute to ischemic tolerance acquisition and
tissue protection from oxidative stress dur-
ing reperfusion period.

Introduction

Ischemia and reperfusion not only
induce histopathological changes in the
grey matter but also influence reaction of
white matter glial cells in the spinal cord.
Existing studies indicate that the precondi-
tioning is a possible way to protect nerve
and neuroglial cells and can result in
ischemic tolerance of cells.!? Ischemic tol-
erance represents the ability of tissues and
cells to respond to sublethal stimuli by
building of extremely powerful endogenous
protection allowing them to survive other-
wise lethal ischemic injury. The tolerance to
the ischemic damage can be induced by
ischemia or by other stress stimuli.3# On the
basis of our previous published results’®
involved in changes in the spinal cord grey
matter, the aim of this study is focused on
study of spinal cord white matter. White
matter contains axons and glia, including
astrocytes, oligodendrocytes, and
microglia, without any neuronal cell bodies,
dendrites or conventional synapses.°
Protoplasmic and fibrillary astrocytes con-
tain filamentous proteins vimentin and glial
fibrillary acidic protein (GFAP) in their
cytoplasm. These intermediate filaments are
highly expressed in the white matter com-
pared to grey matter,’” suggesting their spe-
cialized function in maintenance of myelin
and remyelination in pathologic conditions.
White matter astrocytes have higher capac-
ity for metabolism of glutamate to glu-
tamine than grey matter astrocytes.®
Overload of glutamate may cause excito-
toxicity in oligodendrocytes, suggesting
that glutamate clearance by astrocytes in the
white matter protects oligodendrocytes. In
addition, astrocytes are capable to detoxify
reactive oxygen and nitrogen species, by
induction of glutathione, thioredoxin sys-
tem and superoxide dismutase (SOD) in
response to oxidative stress.” The full com-
plexity and interaction of these pathways is
still being explored, however, astrocytes
have the capacity to both enhance and
undermine the repair process after ischemic
injury.’® Ischemia and reperfusion induce
increased activity of reactive oxygen
species (ROS) followed by synthesis of pro-
tective antioxidant enzymes.!" SOD is an
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active oxygen free radical scavenger that
can efficiently catalyse the dismutation of
superoxide anions thus conferring a critical
antioxidant response in nearly all cells
when they are exposed to oxygen. Catalase
is one of the earliest discovered antioxidant
enzymes and plays a central role in cellular
protection against ROS by catalysing the
decomposition of H,0, into water and oxy-
gen. Removal of H,0, by catalase is impor-
tant in preventing lipid peroxidation of
membranes by hydroxyl radicals.!?
Bradykinin (Br) is an endogenous nonapep-
tide, a principal active agent of kallikrein-
kinin system. It is synthesized locally with-
in tissues during the injury such as ischemia
and reperfusion injury.”® Except this, Br is
important mediator that has been explored
in mediating cardioprotection and neuro-
protection in various forms of ischemic
conditioning including preconditioning,'
postconditioning,'>!¢ and remote ischemic
preconditioning.!”-'® Neuroprotective role of
noradrenaline (Nor) postconditioning'® and
preconditioning?® was described in the rat
hippocampus. Nor is the principal vasopres-
sor used to restore blood pressure, it triggers
the release of glucose and reaches higher
levels during stress situations. Nor effects
on the spinal cord ischemia and reperfusion
are still unknown.
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On the basis of our previous published
findings acquired from grey matter, we sup-
pose that application of Br or Nor as phar-
macological preconditioning can impact the
level of SOD and catalase also in the white
matter of rabbit spinal cord subjected to
ischemia and reperfusion. We hypothesize
that Br and Nor preconditioning could trig-
ger activation of astrocytes in the spinal
cord white matter, thus contributing to
ischemic tolerance acquisition.

Materials and Methods

The experiments were performed on 62
male New Zealand white rabbits, clinically
healthy with a weight of 2.5-3 kg. The ani-
mals were bred in the registered animal
colony (SK 29004) of the Animal
Production Research Centre in Nitra,
Slovakia. This study was approved by the
Committee for Ethics on Animal
Experiments at the Faculty of Medicine, P.J.
Safarik University in Kosice, Slovakia. The
experimental protocol was approved by the
State Veterinary and Food Administration
of the Slovak Republic (Ro-1347/15-221,
Ro0-3524/17-221) in accordance with the
European Community Council Directive
(86/609/EEC). The rabbits were anes-
thetized with a mixture of Zoletil 50 (25
mg/kg, i.m.; Virbac, Carros, France) and
Xylazine (15 mg/kg, i.m.; Riemser
Arzneimittel AG, Greifswald - Insel Riems,
Germany) and operated under sterile condi-
tions. Ischemia of the spinal cord was
induced by occlusion of the aorta below the
left renal artery for 20 min.?!

1. Sham control group (n=7);

2. Ischemic group — 20 min of
ischemia/24 h of reperfusion (n=8)
(201/24R);

3. Ischemic group — 20 min of
ischemia/48 h of reperfusion (n=8)
(20I/48R);

4. Experimental group — Br + 20 min of
ischemia/24 h of reperfusion (n=10)
(Br/201/24R);

5. Experimental group — Br + 20 min of
ischemia/48 h of reperfusion (n=11)
(Br/201/48R);

6. Experimental group - Nor + 20 min of
ischemia/24 h of reperfusion (n=9)
(Nor/201/24R);

7. Experimental group - Nor + 20 min of
ischemia/48 h of reperfusion (n=9)
(Nor/201/48R).

In groups 4 and 5, Br (150 pg/kg, i.p.;
Sigma-Aldrich, Steiheim, Germany) was
administered intraperitoneally 48 h before
20 min of ischemia. Similarly, in groups 6
and 7 Nor was applied intraperitoneally (3.1
pmol/kg, i.p.; hydrogen tartrate salt dis-
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solved in aqua pro injectione, Noradrenalin,
Léciva, Zentiva, Praha, Czech Republic).
After 24 or 48 h of reperfusion period one
part of rabbits were anesthetized and tran-
scardially perfused with 0.9% saline and
4% paraformaldehyde in 0.1 M phosphate
buffered saline (pH 7.4). Spinal cord seg-
ments L;-L; were embedded to paraffin. The
other part of rabbits was designated for bio-
chemical analyses. Fresh, not fixed white
matter of L;-Lg spinal cord segments were
removed and immediately cooled in saline
and then maintained near 0°C. Collected tis-
sue from spinal cord white matter was
homogenized in a Glass-Teflon homogeniz-
er (5 strokes, 800 rpm, 4°C) in the extrac-
tion medium containing 0.1 M sodium
phosphate (pH 7.8). Next centrifuged and
postmitochondrial supernatant was divided
into 100 L aliquots and frozen at -70°C for
the enzyme and protein assays. All bio-
chemical assays were performed by a
Synergy (TM) 2 Multi-Mode Microplate
Reader (BioTek Instruments, Winooski, VT,
USA).

Assay of SOD and catalase

The method used for the SOD assay
was a modification of the indirect inhibition
assay developed by Sun et al.** The stan-
dard assay substrate mixture contained in
200 uL: 1 M xanthine, 0.1 M EDTA, 5.6 x
102 M NBT (p-nitrotetrazolium blue’grade
III; Sigma-Aldrich) and 1M BSA, 2mM
sodium cyanide in 0.1M sodium phosphate
(pH 7.8). The data were assessed as percent-
age of inhibition vs protein concentration.
One unit of SOD was defined as the amount
that reduced the absorbance change by 50%
and the results were normalized on the basis
of total protein content (U/mg protein).
CuZn-SOD was differentiated from Mn-
SOD by addition of 2 mM sodium cyanide
to inhibit the activity of CuZn-SOD. CuZn-
SOD was calculated as the difference
between the levels of total SOD and Mn-
SOD as in previous report. The catalase was
determined by Goth’s spectrophotometric
method,” in which the supernatant was
incubated with hydrogen peroxide used as
the substrate and enzymatic reaction was
stopped by the addition of 32 mM ammoni-
um molybdate. The intensity of the yellow
complex formed by molybdate and hydro-
gen peroxide was measured at 450 nm. The
level of catalase concentration is given in
U/mg protein. Total protein concentrations
were determined using the method
described by Bradford et al.?* and analytical
grade bovine serum albumin was used to
establish a standard curve.

Immunohistochemistry

The L;-L, segments of the spinal cord
were dissected and prepared for immuno-
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histochemistry. Paraffin sections 5 pm thick
were preincubated with 5% normal goat
serum in 0.1 M PBS (pH 7.4) with 1%
bovine serum albumin for 30 min at room
temperature. Primary polyclonal rabbit anti-
body against ubiquitin (U 5379, 1:100;
Sigma-Aldrich) was mixed in buffered PBS
with 1% normal goat serum and 1% bovine
serum albumin and sections were incubated
in this solution overnight at 4°C. After
washing, the ubiquitin sections were incu-
bated with anti-rabbit biotinylated sec-
ondary antibody (1:20; Sigma-Aldrich) and
next with ExtrAvidin peroxidase (1:20;
Sigma-Aldrich). Other sections were incu-
bated with mouse anti-GFAP (MU020-UC
Biogenex Lab., San Ramon, CA, USA;
1:100), then incubated at room temperature
with biotinylated anti-mouse secondary
antibody (1:50; LINK-Biogenex Lab.) and
next with streptavidin peroxidase (1:50;
LABEL-Biogenex Lab.). Both, ubiquitin
and GFAP immunoreactions were visual-
ized using 3, 3’-diaminobenzidine (DAB;
Fluka AG, Buchs, Switzerland). Finally, the
sections were counterstained with Mayer’s
hematoxylin and coverslipped with Entellan
(Merck, Burlington, MA, USA). For quan-
titative and qualitative analysis of immuno-
histochemical methods, light microscope
OLYMPUS BXS50 equipped with Olympus
Camera SP 350 (Olympus, Tokyo, Japan)
and QuickPHOTO Industrial 2.3 image
analyser software (Promicra, Prague, Czech
Republic) were used. The ubiquitin positive
glial cells and GFAP positive astrocytes
were counted in 10 different randomly
selected white matter fields of each spinal
cord section. The results obtained by two
observers (unaware of the experimental
groups) were averaged to obtain the final
count for the section. All measurements
were done using magnification 200x.

Number of ubiquitin positive glial cells
and GFAP positive astrocytes was calculat-
ed as the number of cells per unit (100 mm?)
of white mater area.

Statistical analysis

The statistical analysis was performed
in GraphPad InStat ver. 3.10 for Windows
(GraphPad Software Inc., San Diego, CA,
USA). Quantitative evaluation of studied
enzymes is expressed as mean + SEM. The
significance of the differences between
experimental groups was analysed using
one-way analysis of variance ANOVA test
followed by a Tukey-Kramer multiple com-
parison test. The value of P<0.05 was con-
sidered to be statistically significant.
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Results

Effect of bradykinin and noradrena-
line on SOD, Mn-SOD, CuZn-SOD
and catalase levels in the white mat-
ter of spinal cord in rabbits

The results showed that the total SOD
activity was reduced in the ischemic group
2 and in the preconditioned experimental
groups 4, 6 in comparison to the total SOD
activity in the sham control group 1. The
total SOD activity was increased after 48 h
of reperfusion in the ischemic group 3 and
in both preconditioned groups 5 and 7
(Figure 1A). Activity of Mn-SOD in the
ischemic groups 2 and 3 was different than
in the preconditioned groups 4, 5 and 6, 7.
In the ischemic group 3, the level of the
Mn-SOD activity was increased compared
to the group 2. On the contrary, decrease of
Mn-SOD activity was registered in the pre-
conditioned group 5 compared to the group
4; and in the group 7 compared to the group
6 (Figure 1B). The highest level of CuZn-
SOD activity was registered in the precon-
ditioned group 7 (Figure 1C). Tissue cata-
lase level activity was significantly
decreased in the preconditioned groups 5, 6
and 7 in comparison to ischemic group 3.
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Significantly decreased tissue catalase
activity in both Nor preconditioned groups
6 and 7 were measured vs Br precondi-
tioned group 4 (Figure 1D).

GFAP immunohistochemistry

For detection of astrocytic GFAP in the
spinal cord white matter we used immuno-
histochemical method. The white matter
astrocytes in sham control group 1 showed
mild GFAP positivity in the thin cytoplas-
mic processes (Figure 2A). In the ischemic
group 2 hypertrophic astrocytic processes
surrounded the efferent axons radiating
from anterior horns of the grey matter
(Figure 2B). In the ischemic group 3 reac-
tive astrocytes with more intensive GFAP
positivity were present near the swollen
efferent axons (Figure 2C). In both precon-
ditioned groups 4 (Figure 2D) and 6 (Figure
2F) after 24 h of reperfusion moderate reac-
tive astrocytosis occurred. The cellular pro-
cesses of reactive astrocytes became thicker
and showed stronger GFAP positivity, as
well as their cell bodies. In the precondi-
tioned groups 5 (Figure 2E) and 7 (Figure
2G) after 48 h of reperfusion, prominent
reactive astrocytes with intensive GFAP
positivity in the hypertrophic cell bodies
and processes were observed. Moreover,
higher density of GFAP positive astrocytes

[ Control (1)
W 201/24R (2)
[1201/48R (3)
[ Br/201/24R (4)
C1Br/201/48R (5)

[ Nor201/48R (7)

MnSOD activity (U/mg protein)

O Control (1)

W 201/24R (2)
[1201/48R (3)

[ Br/201/24R (4)
CBr/201/48R (5)
I Nor/201/24R (6)
O Nor/201/48R (7)

o Catalase activity (U/mg protein)

occurred at the border of grey and white
matter in the spinal cord. Quantitative anal-
ysis of GFAP positive astrocytes in the
spinal cord white matter of all ischemic and
preconditioned groups showed significant
increase of hypertrophic astrocytes vs sham
control group 1. Moreover, in Br and Nor
preconditioned groups (5 and 7) significant-
ly higher number of reactive astrocytes was
counted in comparison to ischemic group 3
after 48 h of reperfusion (Figure 2H).

Ubiquitin immunohistochemistry

Ubiquitin is a stress response protein
involved in non-lysosomal degradation of
abnormal, unfolded or misfolded proteins.>*
In the present study, we evaluate ubiquitin
distribution in the spinal cord glial cells of
the rabbit’s white matter.

Twenty min of ischemia followed by 24
or 48 h of reperfusion caused structural
changes in the white matter. Axons and their
associated glial cells exhibited structural
damage and vacuolization of the white mat-
ter. Strong ubiquitin immunoreaction of
glial cells was found around ascending and
descending axons in the white matter, as
well as around the efferent axons radiating
from anterior horns. In the cytoplasm of
glial cells of ischemic group 2, dark brown
aggregates of ubiquitin were visible after

[ Control (1)
W 201/24R (2)
[1201/48R (3)

@ Br/201/24R (4)
[1Br/201/48R (5)
m Nor/201/24R (6)
[0 Nor/201/48R (7)

Mn-SOD

[ Control (1)
W 201/24R (2)

[ 201/48R (3)

I Br/201/24R (4)
[1Br/201/48R (5)
B Nor/201/24R (6)
O Nor/201/48R (7)

Figure 1. Enzymatic activity of total SOD (A), Mn-SOD (B), CuZn-SOD (C) and catalase (D) in the white matter of L3-L6 spinal cord
segments. Significant decrease (*P<0.05) of the total SOD activity was observed in Nor preconditioned 6 vs ischemic group 3 (A). The
comparison among the ischemic group 3 vs preconditioned groups 5 (*P<0.05), and 7 (***P<0.001), showed statistically significant
decrease of Mn-SOD activity (B). The increase of the CuZn-SOD level in group 7 was significant (*P<0.05) compared to the level of
CuZn-SOD activity in the group 6 (C). Tissue catalase level activity was significantly decreased in the preconditioned groups 5 (*
P<0.05), 6 (***P<0.001) and 7 (* **P<0.001), in comparison to ischemic group 3. Significantly decreased tissue catalase activity
(*P<0.05) in both Nor preconditioned groups 6 and 7 were measured vs Br preconditioned group 4 (D). Activity is expressed as inter-
national units per milligram of proteins (U/mg); data are expressed as mean + SEM; ANOVA and Tukey-Kramer test were used.
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24 h of reperfusion (Figure 3C). Ubiquitin
immunoreaction in the cytoplasm of glial
cells in ischemic group 3 became more
prominent and free, dark brown ubiquitin
aggregates were visible in close vicinity of
glial cells (Figure 3D). Br preconditioned
group 4 (Figure 3A) and Nor precondi-
tioned group 6 showed moderate ubiquitin
immunoreaction of cytoplasm and strong
ubiquitin positivity in the nucleus of glial
cells. Oppositely, in Br preconditioned
group 5 (Figure 3B) and Nor precondi-
tioned group 7, the glial cells showed no
nuclear ubiquitin positivity. On the other
hand, cytoplasmic ubiquitin positivity was
increased by forming of fine ubiquitin

Original Paper

aggregates in the cytoplasm of glial cells.
The differences in the number of ubiquitin
positive glial cell were evaluated and all
significant changes are shown in the graph
(Figure 3E).

Discussion

In oxidative stress, molecular oxygen
undergoes incomplete reduction in mito-
chondria and results in the formation of
ROS, which initiate a chain reaction with
other molecules to produce new reactive
molecules like, superoxide, nitric oxide, and

pag SS

peroxynitrile. ROS either modify the native
properties of biomolecules or otherwise
make them non-functional. Oxidative stress
reflects an imbalance between the produc-
tion and elimination of ROS. Cellular pro-
tection following oxidative stress is provid-
ed by antioxidants and antioxidant defence
systems. This implies a high probability to
increase or decrease the levels of antioxi-
dants and antioxidant enzymes in tissues.?
SOD is the key enzyme that causes dismu-
tation of the toxic superoxide radicals into
ordinary oxygen molecules and is involved
in protection of cells against oxidative dam-
age. According to our results, the level of
Mn-SOD was considerably increased only

Figure 2. Microphotographs of GFAP positive astrocytes in the white matter of rabbit’s spinal cord and statistical analysis of GFAP pos-
itive astrocytes. A) Sham control group 1, astrocytes have thin long processes with weaker GFAP positivity; scale bar: 20 pm. B)
Ischemic group 2, astrocytes with thick GFAP positive processes. C) Ischemic group 3, GFAP positive astrocytes (arrows) are present
near swollen axons (*). D,E) Br preconditioned groups 4 and 5, hypertrophic astrocytes. EG) Nor preconditioned groups 6 and 7,
hypertrophic cell bodies and processes of astrocytes; scale bar: 50 pm. H) Significant increase in the number of GFAP positive astrocytes
was observed in ischemic group 2 (**P<0.01), group 3, and all preconditioned groups 4, 5, 6, 7 (***P<0.001) vs sham control group 1.
Significant increase (* **P<0.001) in the number of GFAP positive astrocytes was observed in both Br and Nor preconditioned group
5 and 7 after 48 h of reperfusion vs ischemic group 3. In Br preconditioned groups 5 vs 4 (°P<0.05) and also in Nor preconditioned
oups 7 vs 6 (0P<0.05) significant increase in the number of GFAP positive astrocytes was found. Data are expressed as mean + SEM;

ANOVA and Tukey-Kramer test were used.
OPEN a ACCESS
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in the ischemic group 3 after 48 h of reper-
fusion. The comparison among the ischemic
group 3 vs preconditioned groups 5 and 7
showed statistically significant decrease of
Mn-SOD activity. Pharmacological precon-
ditioning showed time dependent decrease
of Mn-SOD activity in the white matter.
The significant decrease of Mn-SOD activ-
ity after Br or Nor preconditioning provided
a protective mechanism against mitochon-
drial damage and caused remodulation of
mechanisms for protective proteosynthesis
leading to a switch from pro-apoptotic to
anti-apoptotic pathway.? It was also demon-
strated that an application of Br 3 and 6 h
after focal brain ischemia prevented the
release of Mn-SOD from the mitochon-
dria.?’

According to our results, catalase activ-
ity was considerably increased only in the
ischemic group 3 after 48 h of reperfusion,
similarly, like it was present in the results of
Mn-SOD level. The comparison among the
ischemic group 3 vs preconditioned groups
5 and 7 showed statistically significant

Original Paper

decrease of catalase activity. Decreased
level of antioxidant enzyme catalase was
confirmed in rabbit spinal cord ischemia.”®
According to Ozen et al.,? catalase activity
increases during oxidative stress. But if
oxidative stress lasts a long time and over-
whelms the capacity of catalase activity,
catalase activity can be reduced.

The other possible explanation of
antioxidant enzymes activation after
ischemia reperfusion injury is the activity of
the white matter glial cells: microglia and
astrocytes. However, hypoxic condition in
the white matter did not induce responses of
oligodendrocytes, as well as no anti-oxidant
responses.’® Astrocytes are the most abun-
dant subtypes of glial cells which provide
many functions, including structural sup-
port, metabolism, maintenance of the extra-
cellular environment, regulation of blood
flow, stabilization of cell-cell communica-
tion and defence against oxidative stress.’!
In the white matter fibrous astrocytes have
physical contact with oligodendrocytes and
play crucial role in support of the white

] *okk
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in posi

- -
o W
1 L

glial cells/100mm?

Number of ubiquit

matter.?? Activation of astrocytes is charac-
terized by increased expression of the
GFAP and vimentin. GFAP is a protein
found in the cytoskeleton of astrocytes.®
GFAP is highly expressed in the white mat-
ter compared to the grey matter.>* In the pre-
sent study, we demonstrate that Br or Nor
preconditioning applied 48 h before 20 min
of ischemia followed by 24 or 48 h of reper-
fusion influences GFAP immunoreaction in
the astrocytes. Activated astrocytes were
detected after 48 h of reperfusion at the bor-
der of the white and grey matter, and near
the efferent axons radiating from anterior
horns of the rabbit’s spinal cord in both pre-
conditioned groups 5 and 7. In both precon-
ditioned groups was significant increase of
GFAP positive astrocytes. Our results show
that Br or Nor preconditioning leads to a
marked increase of activated GFAP positive
astrocytes in the spinal cord white matter
after ischemia and 48 h of reperfusion. On
the contrary, in the ischemic group 48 h of
reperfusion leads to significant decrease of
GFAP positive astrocytes. In the injured tis-

(o]
a3
Rk

O Control (1)
H201/24R (2)
[1201/48R (3)

@ Br/201/24R (3)
[1Br/201/48R (5)
[ Nor/201/24R (6)
[ Nor/201/48R (7)

Figure 3. Microphot(ﬁraphs of ubiquitin distribution in the glial cells of rabbit’s spinal cord white matter and statistical analysis of

ubiquitin positive gli

cells. A) Br preconditioned group 4, glial cells showed higher ubiquitin positivity in nuclei (arrow). B) Br pre-

conditioned group 5, reduced nuclear ubiquitin positivity (arrow) present in glial cells. C) Ischemic group 2, dark brown aggregates of
ubiquitin (arrow) in the cytoplasm of glial cells. D) Ischemic group 3, prominent dark brown aggregates of ubiquitin (arrows) was
found; A-D) scale bar: 50 pm. E) Significant increase (***P<0.001) in the number of ubiquitin positive glial cells was observed in
ischemic group 2, in both Br preconditioned groups 4,5 and both Nor preconditioned groups 6, 7 in comparison to sham control group
1. In ischemic group 3 after 48 h of reperfusion significant decrease (**P<0.01) in the number of ubiquitin positive glial cells was pres-
ent vs sham control group 1. Significant decrease (V' ¥ ¥ P<0.001) in the number of ubiquitin positive glial cells after 48 h of reper-
fusion was revealed in ischemic group 3 vs ischemic group 2 with 24 h of reperfusion. In Br and Nor preconditioned groups 5 and 7
after 48 h of reperfusion significant increase (***P<0.001) in the number of ubiquitin positive glial cells was found s ischemic group
3. Significant changes (0P<0.05) were also observed between Br and Nor preconditioned groups 5 and 7 after 48 h of reperfusion. Data
are expressed as mean + SEM; ANOVA and Tukey-Kramer test were used.
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sue of the CNS astrocytes undergo impor-
tant morphological modifications to form a
glial scar, a physical and functional wall
surrounding the damaged area.*> Ischemia
and reperfusion activate astrocytes to pro-
duce many regulatory factors limiting tissue
damage and restoring homeostasis.’
Reactive astrogliosis is a multifactorial phe-
nomenon after spinal cord injuries.
Astrogliosis minimizes secondary tissue
damage by restraining the lesion, providing
growth factors, cytokines, restoring tissue
structure, revascularization or removal of
tissue debris from the injured area.’’ Our
findings suggest that Br or Nor precondi-
tioning influence activation of astrocytes.
Reactive astrocytes are one of the contribut-
ing factors in reducing of secondary tissue
degeneration after I/R.

In our study we also focused on ubiqui-
tin activation. In the white matter glial cells
of Br preconditioned group 4 and Nor pre-
conditioned group 6 the higher ubiquitin
positivity was observed in the nuclei.
However, lower immunoreaction was found
in the cytoplasm. Both preconditioned
groups 4 and 6 showed significant increase
of ubiquitin positive glial cells in compari-
son with sham control group 1. Significant
increase of ubiquitin positive glial cells was
observed also in ischemic group 2 vs sham
control group 1. On the contrary, in the
ischemic group 2 distribution of ubiquitin
positive aggregates in the cytoplasm of glial
cells was prominent, but the nuclei lacked
ubiquitin positivity. After 48 h of reperfu-
sion significant decrease of ubiquitin posi-
tive cells was present in the ischemic group
3. Glial cells, which were present in the
white matter of ischemic group 3 showed
prominent dark ubiquitin aggregates in the
cytoplasm. Ubiquitin aggregates are the
signs of damaged, degenerated cells that
have lost their ability of intracellular
hydrolytic degradation of altered proteins.3*
Glial cells are essential for proper neuronal
function and adopt a reactive phenotype in
the nerve tissue injury. The cells unable to
synthesize new ubiquitin, appear to be those
that succumb to the degenerative process.
The level of altered proteins increases after
ischemia. The elimination of those proteins
is important for surviving of damaged cells.
Ubiquitin is promptly synthesized in the
cytoplasm and transduced to the nucleus
where it mediates removal of denatured
proteins and chromatin rearrangements.
Ubiquitin can interact with DNA targeting
proteins, like chromatin histone H2B. This
ubiquitin-chromatin interaction could medi-
ate transcription of specific DNA
regions.*** The upregulation of ubiquitin in
the nucleus may mediate the stress response
to ischemic injury by influencing the
expression of other stress proteins such as
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heat shock proteins.*! Therefore, higher
immunoreaction of ubiquitin in nuclei of
white matter glial cells might play an
important role. On the contrary, the lack of
ubiquitin positivity in nuclei could be con-
sidered to be great disadvantage for glial
cells in the white matter.*>#* Moreover,
colocalization of CuZn-SOD and ubiquiti-
nated-protein aggregates were found in
astrocytes.* Our results indicate that Nor or
Br preconditioning applied 48 h prior to 20
min of ischemia contributes to glial cells
response after ischemia and reperfusion. We
suppose that increase in free radical produc-
tion during and after preconditioning may
eventually activate the synthesis of stress
proteins and antioxidant enzymes also in
glial cells, which are essential for tissue
protection from oxidative stress during
reperfusion period. The pharmacological
preconditioning could provide a novel strat-
egy to make spinal cord white matter more
resistant to oxidative stress by influencing
of antioxidant enzyme levels and ubiquitin
regulation of chromatin. Understanding of
the exact mechanisms of preconditioning
neuroprotective effects requires more stud-
ies to develop therapies that can exploit
those endogenous protective pathways.
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