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A B S T R A C T

It has been shown that ischemia of remote organs can generate resistance to ischemic conditions within sensitive
brain tissues. However, only limited information about its mechanism is available. In the present paper, we used
hind-limb ischemia by tourniquet to generate early remote ischemic tolerance in rats. The main objective was to
investigate the role of glutamate in the process of neuroprotection and discover parameters that are affected in
the blood of ischemia-affected animals. Our results showed that pretreatment with a hind-limb tourniquet
caused a decrease in neurodegeneration by about 30%. However, we did not observe neurological deficit re-
covery. When compared to ischemia, glutamate concentration decreased in all observed brain regions (cortex,
CA1 and dentate gyrus of hippocampus), regardless of their sensitivity to blood restrictions. In contrast to this,
the blood levels raised significantly from 26% to 29% during the first four days of postischemic reperfusion.
Pretreatment of animals reduced systemic oxidative stress—as represented by lymphocytic DNA damage—by
about 80%, while changes in blood antioxidant enzymes (catalase, superoxide dismutase) were not detected.

With these data we can further hypothesize that hind-limb-tourniquet preconditioning could accelerate brain-
to-blood efflux of glutamate which could positively impact neuronal survival of ischemia-affected brain regions.
Moreover, remote preconditioning improved systemic oxidative stress and did not seem to be affected by en-
zymatic antioxidant defenses in the blood.

1. Introduction

In Europe, 1.1 million people suffer from strokes each year. The
most common subtype of stroke is ischemic, which accounted for 80%
of the all cases (Bejot et al., 2016). The effort to find a clinical solution
to negative stroke outcomes is considerable. The Internet Stroke Center
at Washington University's School of Medicine registered more than
5,000 records in the stroke trial registry (Internet Stroke Center, 2018).
The number of experimental stroke studies is even higher. However,
there is currently no definitive therapy for a stroke victim.

Recently, induction of ischemic tolerance—i.e., application of sub-
lethal stresses of different natures—has shown great potential in the
improvement of brain ischemia outcomes in several animal models.
Tolerance-inducing stress in the form of sublethal ischemia, hy-
pothermia, hind-limb ischemia and other techniques could be applied
before (pre-), during (per-) or after (post-) lethal ischemia conditioning,

followed by significantly improved neuronal survival (reviewed in Zhao
et al., 2012). Remote ischemic tolerance (RIT) is very attractive for
clinical practice because the tolerance of the brain to ischemic condi-
tions is induced by ischemia of remote organs, usually skeletal muscles
in limbs. This potential for conditioning patients is even higher, con-
sidering the finding that blood cells are the source of the tolerance and
stimulated blood could be transferred from a donor with ischemic tol-
erance to an at-risk recipient to ensure the initiation of the neuropro-
tective mechanism in the target patient (Bonova and Gottlieb, 2015).
Improved neuronal survival in conditioned animals is associated with a
massive decline in excitotoxicity and oxidative stress. Enzymatic anti-
oxidant defenses are preserved in animals with induced tolerance
(Danielisova et al., 2005). Similarly, the glutamate content in the hip-
pocampus and cortex drops dramatically after induction of ischemic
tolerance, regardless of different levels of sensitivity to ischemia
(Bonova et al., 2013a).
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It is well known that ischemia generates changes that are detectable
in peripheral blood. The blood level of glutamate rises significantly,
even in the early stages of post-ischemic reperfusion (Kravcukova et al.,
2009); this could be responsible for the increase in ROS production.
Elevated levels of ROS in the blood was confirmed by an increased rate
of lipid peroxidation (Ljubisavljevic et al., 2016; Lorente et al., 2016)
and DNA damage in peripheral lymphocytes (Kravcukova et al., 2009,
2010; Sivonova et al., 2008). Antioxidant defenses in the blood were
altered, reflecting increased oxidative stress in the animal models
(Devyatov et al., 2017; Kravcukova et al., 2009), as well as patients
(Zitnanova et al., 2016).

Whereas most of the preclinical treatments reported substantial
improvements for these subjects, clinical interventions were much less
successful. The poor translation of preclinical stroke studies to clinical
therapies is attributed to the precise definition of the time window of
treatment, the use of relevant biomarker end points and good labora-
tory practice (Fisher et al., 2009). Clinical use of ischemic tolerance
induction is restricted due to the limited information about its me-
chanism. In the present paper, we used a model of early remote pre-
conditioning by hind-limb ischemia in order to improve the transla-
tional potential of this technique. Similar to brain ischemia's reflection
in blood findings, it is logical to theorize that induction of ischemic
tolerance or any kind of therapy would reflect on the level of systemic
circulation as well. With an effort to identify those valuable biomarkers,
we focused mainly on investigating peripheral blood parameters of
oxidative stress and enzymatic antioxidant defense. Moreover, the level
of glutamate in blood and brain tissue was determined to clarify its role
in ischemic tolerance.

2. Materials and methods

The experiments were carried out in accordance with the protocol
for animal care approved by the European Communities Council
Directive (2010/63/EU) with permission of the State Veterinary and
Food Administration of the Slovak Republic (4451/14–221 and 4247/
15–221) under the supervision of the ethical council of the Institute of
Neurobiology SAS. Every effort was made to minimize animal suffering
and reduce the number of animals used. Adult male albino Wistar rats
(bred at a certified vivarium of the Institute of Neurobiology SAS ori-
ginating from Velaz, Czech Republic) weighing 330–350 g were main-
tained on a 12 h light/dark cycle and given food and water ad libitum.
Food was withdrawn one day before surgery.

2.1. Design of experiments

Experimental outline (summarized in Fig. 1) was divided into the
two parts. The first was focused on analysis of biochemical parameters
in the blood after 10min long transient global ischemia (ischemia,
n=8) and preconditioning (ischemic tolerance, n= 8) (Fig. 1A). Blood
was collected after 1 h (R1h) and every day from the first to the seventh
day of post-ischemic reperfusion (R1d- R7d). Sham controls (SHC) were
collected directly before ischemia. The blood samples were analyzed to
determine activity of antioxidant enzymes (superoxide dismutase and
catalase) and blood concentration of glutamic acid.

The second part of experiment was dedicated to analyzing gluta-
mate levels and neurodegeneration in brain tissue, and systemic oxi-
dative stress after global ischemia (ischemia) and preconditioning (is-
chemic tolerance) (Fig. 1B). Three groups with 3 time intervals of
survival (one day- R1d; five days- R5d and seven days- R7d) were de-
signed. Two of them were subjected to 10min of global ischemia, fol-
lowed by a relevant number of days of reperfusion, with (ischemic
tolerance, n= 8 animals for each time interval) or without hind-limb
tourniquet preconditioning (ischemia; n= 8 animals for each time in-
terval). The third group represents the sham control counterparts to the
ischemia and ischemic tolerance groups (SHC, n=8 for each time in-
terval). The samples of the brain tissue were used for determination of
brain glutamate concentration (cortex, CA1 and dentate gyrus of hip-
pocampus), neurodegeneration (Fluoro-Jade B staining of CA1 hippo-
campal region) and the blood samples for evaluation of systemic oxi-
dative stress by Comet assay. Behavioural testing was performed on the
animals that survived 7 days.

2.2. Ischemia model

For induction of transient forebrain (global) ischemia we used the
model of four-vessel occlusion by Pulsinelli and Brierley (1979). Briefly,
the rats were anaesthetized with 4% isoflurane in the anaesthetic cage
and then maintained during surgery with 1.5% isoflurane. Both ver-
tebral arteries were permanently occluded by electrocoagulation
through each alar foramen on the first day. The next day, global
ischemia was completed by occlusion of the common carotid arteries
with atraumatic clips. After 10min of ischemia, blood flow was restored
by releasing the clips; blood flow was verified visually. Normothermic
conditions (approximately 37 °C) were maintained by a feedback-con-
trolled heating lamp and pad during all surgical procedures. Criteria for
forebrain ischemia were bilateral loss of the righting reflex within 20 s
after clip tightening, paw extension and mydriasis. Animals which did

Fig. 1. Schematic drawing of the experimental de-
sign. A) Blood analysis. Two groups of animals were
subjected to 10min of global ischemia followed by
seven days of reperfusion with (ischemic tolerance;
n= 8) or without hind-limb tourniquet pre-
conditioning (ischemia; n= 8). Blood was collected
after 1 h and every day from the first to the seventh
day of post-ischemic reperfusion (R1h, R1–7d). Sham
controls (SHC) were collected directly before
ischemia. The blood samples were analyzed to de-
termine activity of antioxidant enzymes (superoxid
dismutase- SOD; catalase- CAT) and blood con-
centration of glutamic acid. B) Blood and brain tissue
analysis. Three groups with 3 time intervals of sur-
vival (one day- R1d; five days- R5d and seven days-
R7d) were designed in this part of experiment. Two
of them were subjected to 10min of global ischemia,

followed by a relevant number of days of reperfusion, with (ischemic tolerance, n=8 animals for each time interval) or without hind-limb tourniquet pre-
conditioning (ischemia; n= 8 animals for each time interval). The third group represents the sham control counterparts to the ischemia and ischemic tolerance
groups (sham, n= 8 for each time interval). The samples of the brain tissue were used for determination of brain glutamate concentration (cortex, CA1 and dentate
gyrus of hippocampus), neurodegeneration (Fluoro-Jade B staining of CA1 hippocampal region) and the blood samples for evaluation of systemic oxidative stress by
Comet assay. Behavioural testing was performed on the animals that survived 7 days.
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not fully lose their righting reflexes or who developed seizures after
carotid artery occlusion were excluded from the study.

2.3. Tolerance induction

To induce early, remote, preischemic tolerance in experimental
animals, a modified hind-limb-tourniquet model based on the work by
Hu et al. (2012) was used. One hour before global cerebral ischemia, an
elastic rubber-band tourniquet was placed on the proximal part of the
right hind-limb for 5min, followed by 5min reperfusion during which
the tourniquet was untied. The procedure was performed for three cy-
cles.

2.4. Blood sample collection and processing

Samples of whole blood were obtained from the tail vein one hour
after induction of ischemia and every day afterward. Sham control
samples were collected one day after irreversible occlusion of vertebral
arteries, directly before carotid occlusion.

Glutamate was measured in the whole blood. Samples were de-
proteinized by adding ice-cold 1M perchloric acid in a 1:1 ratio, pre-
cipitated for 10min on the ice and centrifuged at 12000 rpm for
10min at 4 °C. The supernatant was collected and stored at −80 °C for
later analysis.

Blood samples for the measurement of superoxid dismutase (SOD)
and catalase (CAT) activity were centrifuged at 12000 rpm for 10min at
4 °C to separate plasma and blood cells. CAT activity was measured in
plasma, and SOD activity was measured in blood cell lysates. The pellet
of blood cells was resuspended in distilled water in the volume
equivalent to the collected plasma. Samples were rapidly frozen
(10min, −20 °C) and defrosted at 37 °C in three cycles. Samples were
centrifuged at 12000 rpm for 10min at 4 °C. The supernatant re-
presenting the blood cell lysate and the plasma samples were stored at
−80 °C until analysis.

Lymphocytes assigned for Comet assay analysis were isolated from
whole blood (100 μl) and diluted in phosphate buffered saline (PBS) in
a ratio of 1:4. Isolation was based on density centrifugation (2000 rpm,
5min, 4 °C) on Ficoll-PaqueTM Plus gradient. The lymphocyte layer
was collected, rewashed in PBS (1:4) and directly used for DNA damage
assessment (Single-Cell Gel Electrophoresis).

2.5. Brain tissue processing

The rats survived for 1, 5 and 7 days. Then, animals were anaes-
thetized by chloral hydrate (300mg/kg, i.p.) and transcardially per-
fused with ice-cold saline solution. Their brains were quickly removed
and chopped into 2mm coronal slices. The fourth slice contained hip-
pocampus and was fixed with 10% formaline and used for Fluoro-Jade
B staining; the remaining slices were used for the biochemical analysis
of the cortical and hippocampal regions. To compare the selectively
vulnerable cornu ammonis 1 (CA1) versus the relatively resistant den-
tate gyrus (DG) and cornu ammonis (CA3) regions, the hippocampus
was divided into the CA1 region and the rest of the hippocampus. After
the tissue was collected from the cortex, CA1 and DG were weighted,
homogenized in homogenization buffer (20mM Tris–HCl pH 7.5 con-
taining 1mM DTT, 50mM magnesium acetate, 140mM KCl, 1 mM
EDTA, 2mM EGTA with addition of Protease Inhibitor Cocktail Tablets,
Roche, Germany) and centrifuged at 12,000 rpm (15min, 4 °C). Total
protein concentrations in the samples were determined using the
method described by (Bradford, 1976), and BSA was used to establish a
standard curve. Post-mitochondrial supernatant was aliquoted and
stored at −80 °C.

For the tissue analysis of glutamate, post-mitochondrial super-
natants from the cortical and hippocampal regions were precipitated
with 1M ice-cold perchloric acid (1:20) for 10min at 4 °C, then cen-
trifuged at 12,000 rpm for 10min at 4 °C. The supernatant was collected

and stored at −80 °C for later analysis.

2.6. Glutamate concentration

The glutamate concentration in the whole blood and brain tissue
was measured by the enzymatic–fluorimetric method described by
Graham and Aprison (1966) with modifications for the microplate
reader (Kravcukova et al., 2009). This method is based on the fluoro-
metric detection of NADH, resulting from the reaction of glutamate and
NAD+ catalyzed by glutamate dehydrogenase. Glutamate concentra-
tion is directly proportional to the concentration of NADH in a reaction.
Briefly, 10 μl of supernatant was mixed with 190 μl of reaction buffer
(0.25 mol/L hydrazine hydrate/0.3 mol/L glycine buffer, pH 8.6) con-
taining 200 nmol/L of NAD+ and 15 U of glutamate dehydrogenase.
After 30min of incubation at room temperature, fluorescence intensity
of the final product of NADH was read in a SynergyTM 2 Multi-mode
microplate reader (BioTek) at 460 nm with an excitation wavelength of
360 nm. Blood level of glutamic acid was expressed in μmol per liter of
blood (μmol/L); the brain tissue concentration was normalized ac-
cording to protein content (μmol/mg protein).

2.7. SOD activity

The SOD activity assay was based on the indirect inhibition assay
developed by Sun et al. (1988) with modifications for a microplate
reader (Kravcukova et al., 2009). This assay involves inhibition of nitro
blue tetrazolium (NBT, p-nitrotetrazolium blue grade III, Sigma) re-
duction by superoxide, with xanthine-xanthine oxidase used as a su-
peroxide generator. It measures absorbance obtained from NBT re-
duction to blue formazan by superoxide at 560 nm
spectrophotometrically at room temperature. SOD in the sample de-
composes superoxide and inhibits the rate of blue formazan formation.
The standard assay substrate mixture contained in 0.2ml is as follows:
1 mol/L xanthine (Sigma), 0.1mol/L EDTA, 5.6×102mol/L NBT and
1mg/ml BSA (bovine serum albumin, Fluka) in 0.1 mol/L sodium
phosphate (pH 7.8). One unit of SOD activity in blood cells was defined
as the amount that reduced the absorbance change by 50%. Results
were expressed in kU per liter of blood.

2.8. CAT activity

The blood plasma activity of CAT was measured by the spectro-
photometric method described by Goth (1991), based on the formation
of a stable complex of hydrogen peroxide with ammonium molybdate.
Briefly, 20 μl of samples were incubated in 100 μl of substrate (65 μmol/
ml hydrogen peroxide in 60mmol/L sodium–potassium phosphate
buffer, pH 7.4) at 37 °C for 60 s. The enzymatic reaction was stopped
with 100 μl of 32.4 mmol/L ammonium molybdate, and the yellow
complex of molybdate and hydrogen peroxide was measured at 405 nm.
One unit of catalase decomposes 1 μmol of hydrogen peroxide in l min
under these conditions. CAT activity was expressed in kU per liter of
blood.

2.9. Comet assay

DNA damage of the circulating lymphocytes was assessed by single-
cell gel electrophoresis (SCGE) according to Singh et al. (1988) with
minor modifications. Isolated lymphocytes were mixed with 1% low-
melting-point agarose in PBS (pH 7.4) and added onto microscope
slides precoated with 1% normal-melting-point agarose in PBS (pH 7.4).
The suspension was covered by coverslips and allowed to solidify in a
refrigerator for 20min. The coverslips were removed, and the slides
were submerged in lysing solution (2.5 mol/L NaCl, 100mmol/L
Na2EDTA, 10mmol/L Tris, 1% Triton X-100, 10% DMSO, pH 10) for
1 h. The slides were then placed in the electrophoresis buffer (5 mol/L
NaOH, 200mmol/L Na2EDTA, pH 13) for 20min. For the assessment of
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single-strand breaks (SSBs) of lymphocyte DNA, an alkaline pH is ne-
cessary to unwind the DNA spiral. Electrophoresis was carried out using
the same solution for 25min at 25 V. After electrophoresis, the slides
were neutralized with neutralization buffer (400mmol/L Tris, pH 7.5,
15 min). All previously described steps were carried out in a re-
frigerator (4 °C). Slides were stained with a SYBR GOLD nucleic acid gel
stain directly before imaging under a fluorescence microscope
(Olympus BX51, ex.f. 485, em.f. 520 nm) equipped with a camera
(Olympus DP50). Microphotographs of Comets (software Olympus DP
image) were processed using the CometScoreTM 1.5 image analysis
system (TriTekCorp., USA). Lymphocyte DNA damage was examined by
the parameter “% DNA in tail” (100% of cell fluorescence intensity
minus intensity of the head % DNA). For each individual sample, two
slides were prepared and cells were randomly selected for analysis
(total 100 cells per sample).

2.10. Fluoro-Jade B staining

Fluoro-Jade B staining was used for observation of CA1 hippo-
campal neurodegeneration (Schmued and Hopkins, 2000). The fixed
coronal slices were cut into 10 μm sections and subsequently mounted
on gelatinized microscope slides. These were allowed to air dry, then
they were placed in absolute alcohol, 70% ethanol and distilled water
for 3min. The sections were oxidized by soaking in a solution of 0.06%
KMnO4 for 15min, then they were washed in distilled water for 2min
and stained in 0.001% Fluoro-Jade B (Histo-Chem Inc., USA) in 0.1%
acetic acid for 20min. The slides were subsequently washed 3 times in
distilled water for 1min at each wash and allowed to dry at room
temperature. The dried sections were cleared by xylene and cover-
slipped with DPX Mountant for histology (Fluka Chemie AG, Switzer-
land). The slides were examined using an Olympus BX51 microscope
with a camera (Olympus DP50). Fluoro-Jade B-positive neurons of the
CA1 hippocampus region were counted by an investigator blinded to
the study using ImageJ software and expressed per 1mm of tissue.

2.11. Morris water maze test

For the assessment of neurological deficits after global ischemia and
ischemic tolerance induction, we used the Morris water maze test de-
veloped by Richard Morris (1984). The test is based on learning the
location of a hidden platform using only spatial memory. A large cir-
cular pool (120 cm in diameter and 70 cm deep) was filled with water;
milk was added to make it opaque. A submerged escape platform
(20 cm tall and 15 cm diameter) was located in the single fixed location
of the maze. A variety of visual cues were visible within the maze.
Testing started on the fourth day after ischemia induction and lasted for
4 days. Each animal received 4 timed trials per day. They were placed
into the water facing the side walls of the pool at different start posi-
tions across trials. The rats were allowed 60 s to locate the platform. If
after 60 s they did not find the escape platform, they were guided there
by the experimenter and allowed to remain on the platform for 10 s.
The inter-trial interval for each animal was 5min, during which time
the rat remained in its home cage. On day 4, we conducted a trial to test
memory after 3 days of learning the location. All rats started from the
same start position, namely opposite the quadrant where the escape
platform had been positioned during acquisition. The escape la-
tencies—the time each subject required to locate the hidden platform
after being released—for each subject were measured.

2.12. Statistical analyses

Data are expressed as a mean ± SEM. Statistical analysis was per-
formed with one-way and two-way ANOVA, followed by the Dunnett
post hoc test. The baseline representing the sham control value is set to
0. The value of p < 0.05 was considered to be statistically significant.

3. Results

3.1. Determination of neuronal degeneration and behavioural influence

Our results showed that hind-limb-tourniquet pretreatment caused
significant improvement in neuronal survival (Fig. 2). It is generally
known that global ischemia leads to delayed death in neurons located in
the CA1 area of the hippocampus. In our experiment, we observed
degenerating neurons since the fifth day of post-ischemic reperfusion.

On the fifth day, 149.7 ± 9.54 degenerating neurons/mm were
detected in the ischemia group, and this count rose by about
25.8%–201.62 ± 6.03 degenerating neurons/mm two days later (i.e.,
7 days of post-ischemic reperfusion). In contrast to this, hind-limb
preconditioning improves neuronal survival significantly. As Fig. 2
shows, at five days of postischemic reperfusion the number of degen-
erating neurons decreases by about 38% (i.e., 92.54 ± 20.53 degen-
erating neurons/mm), and decreases by about 31% by day seven (i.e.,
138.84 ± 13.13 degenerating neurons/mm) compared to the ischemia
group (Fig. 2).

Although hind-limb pretreatment decreased neuronal degeneration,
it was not reflected in neurological deficit improvement. Learning
ability of the preconditioned animals was comparable to the ischemic
group of rats (Fig. 3A). The same results were observed in the reference
memory evaluation (Fig. 3B).

3.2. Systemic oxidative stress and antioxidant defenses in peripheral blood

Systemic oxidative stress in animals subjected to brain ischemia and
hind-limb-tourniquet preconditioned rats was evaluated using an al-
kaline Comet assay, which is a method for detecting the amount of
single-strand breaks (SSBs) in the DNA of peripheral lymphocytes. Our
results showed that induction of ischemic tolerance caused significant
reduction of oxidative stress in treated animals (Fig. 4). Although global
cerebral ischemia led to significant elevation of lymphocyte DNA da-
mage on the first and fifth day of post-ischemic reperfusion

Fig. 2. Brain tissue response to ischemia and pre-ischemic tolerance induction:
Presence of CA1 hippocampal neurodegeneration. (A) Representative micro-
graphs of degenerating neurons. Bar = 50 μm; (B) Graphically expressed count
of the Fluoro-Jade B positive cells in CA1 region of hippocampus.
Mean ± SEM, (++) p ˂ 0.01, (****, ++++) p ˂ 0.0001. Sign “*” represents
statistically significant control group vs ischemia/tolerant group difference,
“+” represents ischemia vs tolerant group difference. R = reperfusion,
d = day.
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(25.4 ± 6.7% of DNA in the tail and 21.3 ± 5.6% of DNA in the tail,
respectively), animals subjected to pre-ischemic hind-limb tourniquets
did not demonstrate significantly increased systemic oxidative stress.
The most evident divergence between the ischemia and ischemic tol-
erance group was detected one day after the attack. The changes be-
tween those two experimental groups reached 80% (3.9 ± 0.6% of
DNA in the tail).

We measured the enzymatic antioxidant defenses of the peripheral
blood—blood cell SOD and plasma CAT activity—as a response to
elevated systemic oxidative stress. We did not detect changes in SOD
activity in either of the groups studied (Fig. 5). When compared to the

control (55.2 ± 13 kU/l of blood), CAT activity of ischemic and tol-
erant rats stayed unchanged up to the fourth day of postischemic re-
covery. On the fifth day, brain ischemia significantly increased by about
205.6 ± 15% (168.7 ± 25.28 kU/L of blood) above the baseline and
was elevated by about 200% compared to hind-limb-tourniquet treated
rats (Fig. 5). In the next two days, plasma CAT activity of the ischemia
group declined gradually to baseline.

3.3. Glutamate level in brain tissue and peripheral blood

Extracellular increase in glutamate is one of the first events that
happen in ischemia-affected brain tissue. The restoration of blood
supply in our experiment influenced all the studied brain regions.
Regardless of their sensitivity to ischemic conditions, significant in-
creases were detected on the first day of post-ischemic recovery (Fig. 6A
and C). The most evident changes were recorded in the cortex (Fig. 6A),
where the glutamate concentration rose by about 113.8 ± 15.7%
(0.248 ± 0.039 μmol/mg of protein) compared to the sham control
(0.116 ± 0.01 μmol/mg of protein) at the first day. The peak was re-
duced with ongoing reperfusion by about 48.8%% on the fifth day (to
0.127 ± 0.01 μmol/mg of protein) and by about 53.2% on the seventh
day after the attack (to 0.116 ± 0.02 μmol/mg of protein). In the CA1
(0.224 ± 0.06 μmol/mg of protein; i.e., 130.93 ± 28.2% over the
control) and dentate gyrus region of hippocampus
(0.203 ± 0.06 μmol/mg of protein; i.e., 89.72 ± 30.4% over the
control) glutamate levels peaked within the first day of reperfusion as
well, then decreased to the baseline over the next few days (Fig. 6B and
C). When compared to the ischemia group, pretreatment of animals
with hind-limb ischemia reduced brain tissue glutamate at the first day
by about 33.5% in cortex (to 0.165 ± 0.03 μmol/mg of protein), by

Fig. 3. Behavioral influence of brain ischemia and pre-ischemic tolerance in-
duction. Ability to learn (A) and reference memory (B). Mean ± SEM, (*) p ˂
0.05, (**) p ˂ 0.01, (****) p ˂ 0.001. Sign “*” represents statistically significant
control group vs ischemia/tolerant group difference. s = second.

Fig. 4. Peripheral lymphocyte DNA damage. Single-strands breaks (SSBs) in the
DNA of peripheral blood lymphocytes after global ischemia with or without pre-
ischemic tolerance induction were measured by a Comet assay. Mean ± SEM,
(*) p ˂ 0.05, (**, ++) p ˂ 0.01. Sign “*” represents statistically significant
control group vs ischemia/tolerant group difference, “+” represents ischemia
vs tolerant group difference. R = reperfusion, d = days.

Fig. 5. Enzymatic antioxidant defense activity in animals subjected to brain
ischemia with or without pre-ischemic tolerance induction. Activity of SOD in
the blood cells (A) and CAT in plasma (B) expressed as a percentage of the
control group values. The baseline represents enzyme activity in the SHC group
and is set to 0%. Mean ± SEM, (+, #) p ˂ 0.05, (**) p ˂ 0.01. Sign “*” re-
presents statistically significant control group vs ischemia/tolerant group dif-
ference, “#” represents difference between days of reperfusion within one
group. SHC = sham control, SOD = superoxide dismutase, CAT = catalase,
R = reperfusion, d = days.
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about 38% in CA1 (0.139 ± 0.03 μmol/mg of protein) and 35.5% in
DG of hippocampus (0.131 ± 0.02 μmol/mg of protein), but not sig-
nificantly. Similarly, with ongoing reperfusion the brain tissue gluta-
mate did not significantly differ compared to the ischemia group as well
as the control. (Fig. 6A–C).

In contrast, blood levels of this excitatory amino acid in the tolerant
rats rose when compare to the control animals as well as the ischemia
group (Fig. 6D). We did not detect changes in blood glutamate caused
by pre-ischemic hind-limb-tourniquet treatment (tolerance induction)
one hour after the brain ischemia event. When compared to the control,
a significant rise in this group was detected in the first
(108.76 ± 4.11 μmol/L of blood, i.e. 26 ± 3.9%), third
(110.39 ± 5.88 μmol/L of blood, i.e. 27.88 ± 5.32%) and last two
days of survival (116.3 ± 7.59 μmol/L of blood, i.e. 34.73 ± 6.52% at
the sixth and 113.49 ± 8.02 μmol/L of blood, i.e. 31.48 ± 7.92% at
the seventh day, respectively). Interestingly, this hind-limb pretreat-
ment of ischemic animals evoked significantly higher blood glutamate
during the first four days compared to the ischemia group (elevation
from 108.76 ± 4.12 μmol/L of blood to 111.7 ± 4.69 μmol/L of
blood, i.e. form 26 ± 3.9% to 29.4 ± 4.2% compared to the ischemia
group). Difference between glutamate levels in those two groups dis-
appeared in the last two days; however, both stayed significantly in-
creased from the baseline (Fig. 6D).

4. Discussion

Remote ischemic tolerance (RIT) induction by transient limb
ischemia is a non-invasive, safe and attractive approach to improve
neuronal survival. Significant reduction of cerebral damage after RIT
induction was confirmed in several animal models of focal (Bonova and
Gottlieb, 2015; Ren et al., 2008) and global cerebral ischemia (Jensen

et al., 2011). However, clear evidence about its deleterious effects re-
mains unknown. In the present paper, we investigated the response of
early remote preconditioning on brain tissue and circulating blood
using several markers that can be significantly changed in animals
subjected to transient forebrain ischemia.

The final effect of blood supply restriction is progressive neurode-
generation that leads to long-term motor and cognitive impairment.
While we did not find a recovery from neurological deficits, significant
reduction of neuronal degeneration by about 30% was detected in an-
imals pretreated with RIT. In rats, impairments are detected mostly in
tasks of spatial learning and spatial working (reviewed in Hodges et al.,
1997). There are several reports confirming correlational links between
CA1 cell loss following global brain ischemia in rats and behavioral
impairments (Nelson et al., 1997a, 1997b), but some findings indicate
that at the intermediate level of neurodegeneration these relationships
are weak and variable (Moser et al., 1993), suggesting that deficits are
more than damage to the CA1 field (Hodges et al., 1997). Ischemia
mediated changes contribute to substantial remodeling of neuronal
circuits (Schmidt-Kastner and Freund, 1991) and might also contribute
to cognitive dysfunction or compensation even when the CA1 cell loss
was not detected (Jaspers et al., 1990). Based on available literature
data, the rate of tissue protection seems to be dependent on the interval
between RIT application and the lethal ischemic insult, as well as the
ischemia model itself. For example, only a short reperfusion period
(30min) between sublethal and lethal global ischemia induction can
provide significant—albeit temporary—protection against ischemic in-
jury (Perez-Pinzon et al., 1997). In contrast, when the interval is pro-
longed to 24 h, no improvement in neuronal survival was detected
(Saxena et al., 2009).

As described previously in several studies, neuronal degeneration
can be assessed with biomarker levels in circulating blood. The

Fig. 6. Effect of ischemia and pre-ischemic tolerance induction on the glutamate concentration in the brain tissue of regions with different sensitivities to ischemic
conditions and in peripheral blood. Glutamate concentration in cortex (A), CA1 (B), dentate gyrus region (C) of the hippocampus and peripheral blood (D). Glutamate
levels are expressed as a percentage of the control. The baseline represents glutamate concentration in the SHC group and is set to 0%. Mean ± SEM, (#, +) p ˂ 0.05,
(**, ##) p ˂ 0.01. The sign “*” represents a statistically significant control group vs ischemia/tolerant group difference, “+” represents an ischemia vs tolerant group
difference and “#” represents a difference between days of reperfusion within one group. SHC = sham control, R = reperfusion, d = day.
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circulating blood is easily accessible biological material, which reflects
the situation inside the ischemia-affected brain tissue. In the present
paper, we studied enzymatic antioxidant defenses that exhibited com-
pletely unchanged SOD activity; however, we observed significantly
increased CAT activity at five days of post-ischemic reperfusion which
was probably caused by neuronal loss manifesting at that point in time.
However, plenty of studies have contradictory results. For example
(Aygul et al., 2006), describe an attenuation of antioxidant defenses,
while (Devyatov et al., 2017) observed its increase in peripheral blood.
Systemic oxidative stress after ischemia (represented as DNA damage in
lymphocytes) declined by about 80% in the group pre-treated with a
hind-limb tourniquet. No response of the antioxidant enzymes in the
blood was detected at the same time, suggesting that such antioxidant
enzymes are not the major determinants of RIP-induced neuroprotec-
tion. Nevertheless, oxidative stress could contribute to the development
of ischemic tolerance in the brain by mechanisms separate from an
upregulation of antioxidant enzymes, particularly by producing free
radical scavengers or by reducing the ischemia-induced production of
free radicals (Puisieux et al., 2004).

The most powerful evidence of the protective effects of RIP and the
most likely mechanism involved in RIP neuroprotection comes from our
observation of the systemic metabolism of glutamate. It is well known
that glutamate excitotoxicity in the brain is elevated in several models
of brain ischemia for different brain regions (Bonova et al., 2013a;
Qureshi et al., 2003). Moreover, there is strong evidence that ischemia
causes an elevation in glutamate concentration in the peripheral blood
of animal models of ischemia (Bonova et al., 2013a, b; Kravcukova
et al., 2009, 2010) and in stroke patients; the correlation between the
size of the infarct and the concentration of glutamate in the blood is
detectable (Aliprandi et al., 2005; Castellanos et al., 2008). Determi-
nation of peripheral blood glutamate has great potential for monitoring
the progression of ischemia and the effectiveness of therapy (Bonova
et al., 2013a; Jickling and Sharp, 2011).

Hind-limb pretreatment used for induction of tolerance in this ex-
periment caused marked reduction in the glutamate levels of all ob-
served brain structures similarly to other models of preconditioning
(Zhang et al., 2010), postconditioning (Bonova et al., 2013a) and in
vitro induction of ischemic tolerance (IT) (Pinto et al., 2012). In con-
trast, blood levels of glutamate rose significantly during the first days of
post-ischemic recovery in those animals. Elevated levels of glutamate
play an important role in neuroprotection after ischemia. This amino
acid represents the main source of glutathione synthesis for red blood
cells (RBCs). Glutathione plays a central role in repairing oxidative
damage to erythrocytes. However, the erythrocytes’ membranes are
impermeable to glutamate; consequently, RBCs rely on de novo synth-
esis of glutamate to maintain its intracellular levels (Ellinger et al.,
2011).

Brain-to-blood efflux could be accelerated due to the creation of a
larger glutamate concentration gradient between the brain fluids, en-
dothelial cells and blood plasma (Gottlieb et al., 2003; Teichberg et al.,
2009). This may possibly be achieved by its scavenging in blood by
pyruvate and oxaloacetate as it was described previously (Boyko et al.,
2014; Zlotnik et al., 2007). We suppose that glutamate scavenging of
blood cells via glutamate transporters is involved in the aforementioned
mechanism of ischemia tolerance. Three sodium-dependent glutamate
transporters (excitatory amino acid transporters 1–3; EAAT1–3) were
detected on the surface of platelets and lympho-monocytes (Zoia et al.,
2004), and only EAAT3 was detected in red blood cells (Winterberg
et al., 2012). Glutamate uptake by those cells could be affected by
aging, neurological disorders such as Parkinson's or Alzheimer's disease
(Zoia et al., 2004), or it could be activated chemically or by parasitic
infection (Winterberg et al., 2012). Our previous papers showed that
RIP could stimulate blood cells to produce a bioactive protein substance
in ischemia-affected animals (i.e., factor-induced tolerance) which
could reduce neuronal loss in treated rats. This neuroprotective sti-
mulus could be transferred via blood to another rat by blood transfusion

(Bonova and Gottlieb, 2015; Bonova et al., 2016).Currently, we have
not confirmed any connection to EAATs transporters, which will be the
target of our next investigation.

5. Conclusion

Taken together, we can assume that hind-limb-tourniquet pre-
conditioning could accelerate brain-to-blood efflux of glutamate that
could positively impact neuronal survival in ischemia-affected brain
regions; however, this impact does not extend to the neurological
outcome. Moreover, remote preconditioning improved systemic oxi-
dative stress and did not seem to be affected by the enzymatic anti-
oxidant defenses in the blood. These results could significantly advance
investigations into the clinical applicability of ischemic tolerance
caused by remote conditioning.
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