
Ischemic preconditioning (IPC) performed by appli-

cation of short periods of ischemia prior to an extended

period of blood flow interruption is one of the most effi-

cient methods for protecting organs and tissues from the

effects of ischemia and reperfusion [1]. For the first time,

this phenomenon was described for heart [2], but later

similar protective mechanisms were demonstrated for

brain, kidneys [3], and skeletal muscles [4]. Nevertheless,

clinical application of the brain IPC is limited due to the

damaging effect of even short-term brain ischemia and

possible complications, e.g. vessels thrombosis. The

method of remote ischemic preconditioning (RIPC),

which involves short-term periods of ischemia/reperfu-

sion of a distant organ (such as limbs or kidney) resulting

in the protection of brain from ischemic injury, seems

more reliable in this regard. It has been shown that induc-

tion of IPC in limbs [5, 6] or kidney [7] afforded protec-

tion of the brain from ischemic stroke. No doubt that the

IPC procedure conducted in limbs is safer and simpler

than the procedure conducted in other organs as it does
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Abstract—Remote ischemic preconditioning of hind limbs (RIPC) is an effective method for preventing brain injury result-

ing from ischemia. However, in numerous studies RIPC has been used on the background of administered anesthetics,

which also could exhibit neuroprotective properties. Therefore, investigation of the signaling pathways triggered by RIPC

and the effect of anesthetics is important. In this study, we explored the effect of anesthetics (chloral hydrate and Zoletil) on

the ability of RIPC to protect the brain from injury caused by ischemia and reperfusion. We found that RIPC without anes-

thesia resulted in statistically significant decrease in neurological deficit 24 h after ischemia, but did not affect the volume

of brain injury. Administration of chloral hydrate or Zoletil one day prior to brain ischemia produced a preconditioning

effect by their own, decreasing the degree of neurological deficit and lowering the volume of infarct with the use of Zoletil.

The protective effects observed after RIPC with chloral hydrate or Zoletil were similar to those observed when only the

respective anesthetic was used. RIPC was accompanied by significant increase in the level of brain proteins associated with

the induction of ischemic tolerance such as pGSK-3β, BDNF, and HSP70. However, Zoletil did not affect the level of these

proteins 24 h after injection, and chloral hydrate caused increase of only pGSK-3β. We conclude that RIPC, chloral

hydrate, and Zoletil produce a significant neuroprotective effect, but the simultaneous use of anesthetics with RIPC does

not enhance the degree of neuroprotection.
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not involve surgical intervention and can be performed

using, for example, the cuff of a tonometer. However, data

on the clinical efficiency of RIPC used under heart and

brain pathologies are contradictory. For example, the effi-

ciency of RIPC was demonstrated in several studies for

heart failure and stroke [8-10], while only insignificant

protective effect [11, 12] or total absence of effect [13]

were observed in other studies.

Moreover, even in the case of proved efficiency of

RIPC, such issues as the mechanism of transfer of the

protective signals from a distant organ to the brain,

involved signaling pathways, as well as the optimal

scheme for ischemic tolerance induction (number of

ischemia/reperfusion cycles and their duration) remain

unclear [14]. Introduction of RIPC into clinical practice

requires not only comprehensive study of neuroprotective

mechanisms, but also assessment of interaction of RIPC

with pharmacological vehicles such as anesthetics.

Numerous experimental and clinical data indicate that

some anesthetics protect such organs as heart, brain, and

kidney from injuries caused by ischemia/reperfusion [15,

16]. It has been shown in recent studies that the mecha-

nisms of the anesthetic protection effect share many

components with the ischemic preconditioning signaling

pathways [17].

It is worth mentioning that many studies on neuro-

protective mechanisms of RIPC are conducted with anes-

thetized animals. Hence, the protective signals of anes-

thetics can interfere in a certain way with signaling

induced by RIPC. Anesthesia is always used in invasive

RIPC (surgical access to blood vessels involving tissue

incision and clamping of the femoral artery), and it is

used in the majority of noninvasive RIPC to immobilize

the animal for the convenience of the experimentator.

The use of either inhalational anesthetics such as isoflu-

rane and sevoflurane or injectable ones such as chloral

hydrate, tiletamine/zolazepam, and others complicate

the situation in the analysis of the RIPC protective mech-

anism even further. While several signaling protective

pathways associated with the induction of brain ischemic

tolerance are known for the inhalational anesthetics [18-

21], very little is known with regards to the infused ones.

In particular, the preconditioning effect in the first (fast)

therapeutic window has been shown recently for the

injectable anesthetic used frequently in animal experi-

ments [22]. A data on a possible anesthetic precondition-

ing with tiletamine/zolazepam are not yet available.

Nevertheless, complex interference is possible between

the mechanisms of acquiring ischemic tolerance mediat-

ed via RIPC or anesthetics, which requires special atten-

tion to adequately assess the efficiency of the neuropro-

tective effect of RIPC.

In this study, we evaluated the effect of anesthetics

chloral hydrate and tiletamine/zolazepam (Zoletil) on

the ability of RIPC to protect the brain from injury

caused by ischemia/reperfusion.

MATERIALS AND METHODS

Modeling of brain ischemia. Experiments were per-

formed on outbred white male rats (320-350 g). The ani-

mals had unlimited access to food and water and were

kept in cages with a temperature-controlled environment

(22 ± 2°C) with light on from 9 AM to 9 PM.

Experimental procedures were conducted in accordance

with the European Community Council directives

2010/63/EU and the study was approved by the local

institutional animal ethics committee.

The animals were anesthetized before surgery with

chloral hydrate (300 mg/kg, i.p.). Ischemia was initiated

by one-side occlusion of the middle cerebral artery

(MCAO) with nylon filament coated with silicon [23]. An

incision was made through a midline cervical area, and

the left common carotid artery, external carotid artery,

and internal carotid artery were isolated. A ligature was

applied onto the external and internal carotid artery as

well as a microvascular clip applied on the common

carotid artery, and next the external carotid artery was cut

distal to the thread application site. A heparinized

0.25-mm diameter silicon-coated nylon filament was

introduced through the stump of the external carotid

artery into the internal carotid artery to the depth of 19-

20 mm (up to MCA) and fixed with a clip. Interruption of

the blood flow was maintained for 60 min, followed by

removal of the thread from the blood vessel, restoring

blood flow in the MCA territory. The animal body tem-

perature was maintained at 37.0 ± 0.5°C during and after

surgery. Sham-operated (SO) animals were subjected to

the same procedures excluding the blood vessel cutting

and filament introduction.

Remote ischemic preconditioning of hind limbs. IPC

of hind limbs was conducted noninvasively via clamping

of each limb with a nylon cable tie for 5 min followed by

5-min reperfusion interval repeated three times for each

limb. The Doppler ultrasound 25 MHz (Doppler

Minimax, Russia) was used to record the blood flow to

the hind limbs. The blood flow was fully restored after

5-min occlusion (Fig. 1a). RIPC was performed 24 h

prior to modeling of focal brain ischemia. Three experi-

mental series were conducted (Fig. 1b). Animals from the

first group were used for exploration of the effect of RIPC

without anesthesia. Rats were placed into restrainer for

30 min per day during 3 days for habituation. RIPC was

conducted on awake rat fixed in restrainer and sham

RIPC was performed as regular RIPC but without

hindlimbs clamping. The animals were randomly divided

into three groups: MCAO (n = 11) – rats with cerebral

ischemia control; MCAO + RIPC (n = 13) – ischemic,

treated with RIPC; MCAO + SO_RIPC (n = 6) –

ischemic, treated with sham RIPC rats.

A specific inhibitor of KATP-channels – 5-hydroxy-

decanoate (5-HD) – was used to explore the role of this

channel in remote ischemic preconditioning; the drug



1008 SILACHEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  9   2017

was injected intraperitoneally at a dose of 40 mg/kg

30 min before the preconditioning of hind limbs (group

MCAO + RIPC + 5-HD, n = 6). The neurological status

of animals was evaluated using the “limb-placing test”

24 h after the MCAO modeling.

In the second series of experiments, the effect of

chloral hydrate anesthetic on RIPC was studied. Animals

were also divided into three groups: MCAO (n = 7) – rats

with cerebral ischemia; MCAO + CH (n = 6) – animals

subjected to i.p. injection of chloral hydrate at a dose of

300 mg/kg 24 h prior to ischemia modeling; MCAO +

CH + RIPC (n = 8) – rats that underwent limb precon-

ditioning accompanied by anesthesia with chloral hydrate

24 h before the cerebral ischemia.

In the third series of experiments, the effect of tilet-

amine/zolazepam hydrochloride (trade name Zoletil) on

the effects of RIPC was studied. Three experimental

groups were as: MCAO (n = 11) – rats with cerebral

ischemia; MCAO + Zol (n = 6) – animals intraperi-

toneally injected with Zoletil at dose 40 mg/kg 24 h

before the ischemia modeling; MCAO + Zol + RIPC

(n = 6) – animals subjected to preconditioning of limbs

accompanied by the Zoletil-mediated anesthesia 24 h

prior to cerebral ischemia.

Investigation of signaling pathways involved in induc-

tion of ischemic tolerance. To explore the effect of RIPC

and anesthetics on the signaling pathways involved in the

induction of ischemic tolerance in brain, five groups of

a

b

Fig. 1. Effect of ischemic preconditioning on the blood flow in a hind limb. a) Representative recordings of a blood flow linear speed in the

rat left hind limb following short-term ischemia/reperfusion (left panel) and calculation of linear speed of blood flow in the hind limb after

one cycle of ischemia reperfusion (right panel). b) Scheme of three experimental series for investigation of neuroprotective effects of remote

ischemic preconditioning of hind limbs (RIPC): without anesthesia (immobilization of awake animals in a restrainer), with anesthesia by chlo-

ral hydrate (CH, 300 mg/kg i.p.) or Zoletil (Zol, 40 mg/kg i.p.). Cerebral ischemia was induced by 60-min occlusion of the middle cerebral

artery (MCAO) for all groups. RIPC was conducted by application of three cycles consisting of 5-min ischemia (light squares) and reperfu-

sion (gray squares).



REMOTE PRECONDITIONING AND ANESTHETICS 1009

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  9   2017

experimental animals were created: animals with RIPC

and sham RIPC; animals subjected to i.p. injection of

chloral hydrate at dose 300 mg/kg or Zoletil at dose

40 mg/kg, as well as a group of intact rats. Each group

contained six animals. The rats were decapitated 24 h

after treatment to obtain brain homogenate (see “Western

blotting analysis” section).

Estimation of sensorimotor brain functions. The

“limb-placing test” was used for evaluation of sensorimo-

tor dysfunction. This procedure is based on techniques

described by Jolkkonen and coauthors [24]. The rats were

habituated for handling three days before surgery.

Neurological status of animals was evaluated before the

induction of ischemia as well as one postoperative day.

Evaluation included seven tests assessing sensorimotor

integration of front fore and hind limbs in response to

tactile, proprioceptive, and visual stimulation. The fol-

lowing scores were used: rat performed the test

normally – 2 points; rat performed the test with delay

(>2 s) and/or not completely – 1 point; rat did not per-

form the test – 0 points.

Evaluation of brain injury volume. The brains of all

experimental animals were investigated with magnetic

resonance imaging (MRI) one day after surgery. All MRI

experiments were performed as described previously [25]

using a BioSpec 70/30 instrument (Bruker, Germany)

with magnetic field induction of 7 T and a gradient sys-

tem of 105 mT/m. Morphometric analysis of MR-images

was performed using the ImageJ Program (National

Institutes of Health, USA), and the volume of infarct was

calculated and normalized for each group by the average

value for the MCAO group. Brain swelling was also deter-

mined using the following formula:

Brain swelling =                                                        ×100.

Determination of urinary erythropoietin content. The

concentration of urinary erythropoietin (EPO) was deter-

mined using an immunoenzyme assay. Immediately after

the RIPC procedure, animals were placed in metabolic

cages, and urine was collected for the following 24 h.

Next, the collected urine was concentrated by ultrafiltra-

tion in Centricon YM 30 tubes (Millipore, USA) using

centrifugation according the manufacturer’s protocol.

The final retentate was used for quantitative EPO level

assay conducted according to the instructions of the test

system manufacturer (R & D Systems, USA).

Western blotting analysis. Western blotting was used

for determination of the levels of brain-derived neuro-

trophic factor (BDNF), phosphorylated glycogen syn-

thase kinase-3 beta (pGSK-3β), and heat shock protein

70 (HSP70) in brain homogenates prepared 24 h after

RIPC or intraperitoneal injection of chloral hydrate or

Zoletil. The brain was removed immediately after decapi-

tation and cooled in PBS. All brain structures were used

for analysis except cerebellum and medulla; they were

cut on small pieces and homogenized in 5 ml of PBS

containing 1 mM of the PMSF protease inhibitor.

Proteins in the brain homogenate were separated using

electrophoresis on a 12.5% polyacrylamide gel under

denaturing conditions. After electrophoresis, gels were

blotted onto PVDF membranes (Amersham Pharmacia

Biotech, UK), which were blocked for 12 h at 4°C in Tris

buffer  by 5% non-fat milk and subsequently incubated

with primary rabbit anti-BDNF, -pGSK-3β, or -HSP70

antibodies at dilution 1 : 1000. Membranes were stained

with secondary antibodies anti-rabbit IgG conjugated

with horseradish peroxidase at a dilution 1 : 10,000

(Jackson ImmunoResearch, USA). Signal was recorded

using chemiluminescent substrate of ECL (enhanced

chemiluminescence system) (Amersham Pharmacia

Biotech, UK) on a V3 Western Blot Imager (BioRad,

USA). The images were analyzed using the ImageLab

program.

Statistical analysis. Statistical analyses were per-

formed using Statistica 7.0 for Windows (StatSoft, Inc.,

USA). Normality of the parameter distribution was esti-

mated using the Shapiro–Wilk criterion W. All data were

presented as means ± standard error of means while neu-

rological deficit scores were expressed as median ±

interquartile ranges (the 25th to 75th percentile are

shown in the parentheses). Statistical differences between

groups in the data of infarct volume and brain swelling

were analyzed using one-way ANOVA with Tukey’s post

hoc test. Statistical differences in limb-placing tests

between groups were analyzed using Kruskal–Wallis test

with the Mann–Whitney U-test with Bonferroni correc-

tion post hoc. Statistical differences of the Western blot-

ting data were analyzed using Student’s t-test. The values

p < 0.05 were considered as statistically significant.

RESULTS

Neuroprotective effects of RIPC. By using MRI,

after 24-h exposure of the rat brain to ischemia/reperfu-

sion we observed extensive injury of the sensorimotor cor-

tex and striatum as well as partial damages to the hypo-

thalamus and amygdala located outside the vascular basin

of the middle cerebral artery (Fig. 2a). The average vol-

ume of damage in the MCAO group was 261 ± 20 mm3,

and the swelling of the damaged hemisphere was on aver-

age 16.9 ± 2.6% (Fig. 2c). Preconditioning of the hind

limbs 24 h prior to MCAO did not affect the volume of

injury or the degree of brain swelling (Fig. 2, a-c), which

were 261 ± 20 mm3 and 16.4 ± 1.4%, respectively. In

addition, MCAO caused significant sensorimotor deficit

observed in the contralateral limbs with respect to the

damaged hemisphere. While before the induction of

Volume
of ipsilateral
hemisphere

Volume
of contralateral

hemisphere
−

Volume of contralateral
hemisphere
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ischemia the intact rats scored 14 (14-14) in the limb-

placing test and the sham-operated (SO) rats scored 13.75

(13.2-14.0), the rats after ischemia demonstrated neuro-

logical status of only 2 (2.0-2.5) points. RIPC was able to

induce a significant improvement of the total score in the

limb-placing test to 4 (4-6) points (p < 0.05) (Fig. 2d).

Sham-preconditioned animals did not have any differ-

ences from the MCAO group.

a

b

c

d

Fig. 2. Neuroprotective effects of RIPC without anesthesia. a)

Representative T2-weighted MR-images obtained 24 h after

MCAO (sampling thickness 0.8 mm). Hyperintense regions (light

area) refer to ischemic areas. Infarct volume (b) and brain swelling

(c) evaluated by using MRI with analysis of T2-weighted MR-

images. d) Neurological status evaluated by a limb-placing test.

Data are presented as median (thick black line), interquartile

ranges, and minimum and maximum of the statistically significant

data set; * denotes significant difference from the MCAO group

p < 0.05; one-way ANOVA, followed by Tukey’s post hoc analysis

for (b) and (c); Kruskal–Wallis test with the Mann–Whitney U-

test for (d).

Fig. 3. Neuroprotective effects of RIPC using chloral hydrate dur-

ing preconditioning. a) Representative T2-weighted MR-images

obtained 24 h after MCAO (sampling thickness 0.8 mm).

Hyperintense regions (light area) refer to ischemic areas. Infarct

volume (b) and brain swelling (c) evaluated by using MRI with

analysis of T2-weighted MR-images. d) Neurological status eval-

uated by a limb-placing test. Data are presented as median (thick

black line), interquartile ranges, and minimum and maximum of

the statistically significant data set; * denotes significant difference

from the MCAO group p < 0.05; one-way ANOVA, followed by

Tukey’s post hoc analysis for (b) and (c); Kruskal–Wallis test with

the Mann–Whitney U-test for (d).

a

b

c

d
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Neuroprotective effects of RIPC with use of chloral

hydrate during preconditioning. Pretreatment with chloral

hydrate by itself had no effect on an infarct volume and

brain edema, and RIPC did not affect these factors as well

(Fig. 3, a-с). However, both chloral hydrate and RIPC

accompanied with chloral hydrate administration caused

restoration of neurological functions to 8 (5-8) and 7

(5.25-7.25) points, respectively (p < 0.05) (Fig. 3d).

Neuroprotective effects of RIPC using Zoletil during

preconditioning. Both Zoletil and RIPC with Zoletil

caused lesser brain damage after MCAO reaching 68.7 ±

7.6% (p < 0.05) and 54 ± 7.6% (p < 0.05) in comparison

with the MCAO group (Fig. 4, a and b). Moreover, the

pretreatment with Zoletil produced statistically signifi-

cant decrease in brain swelling (p < 0.05), and similar 2-

fold decrease in swelling was observed when RIPC was

used (Fig. 4c). The neurological score after 24 h of reper-

fusion demonstrates that Zoletil significantly decreases

neurological deficit of the ischemic animals to 4.5 (3.25-

5.75) score as well as RIPC using Zoletil during precon-

ditioning to 4 (3.0-5.75) score when compared with

MCAO group (p < 0.05) (Fig. 4d).

Investigation of ischemic tolerance signaling path-

ways. Taking into account data on the improvement of

neurological outcomes after ischemia following pretreat-

ment with RIPC, chloral hydrate, and Zoletil we ana-

lyzed some signaling pathways involved in the induction

of brain ischemic tolerance. The levels of pGSK-3β,

HSP70, and BDNF in the brain were measured 24 h after

RIPC or intraperitoneal injection of anesthetics. The lev-

els of BDNF and HSP70 increased up to 320 and 180%,

respectively, in the animals exposed to RIPC (Fig. 5, a

and e), and the brain level of pGSK-3β increased 4-fold

in comparison with the SO_RIPC group (Fig. 5c). The

level of EPO estimated using ELISA was 78 ± 18 pg/liter

in the urine from animals after RIPC, which was not sig-

nificantly different in comparison with the animals after

sham preconditioning (104 ± 22 pg/liter). Chloral

hydrate caused increase in only pGSK-3β by 60%

(Fig. 5d) in comparison with the control animals, while

Zoletil did not affect the levels of pGSK-3β, HSP70, and

BDNF in the brain (Fig. 5, b, d, and f).

Administration of the KATP-channel inhibitor 5-HD

completely abolishes the neuroprotective effect of RIPC,

resulting in decrease in the score in neurological testing to

the levels observed in animals from the MCAO group

(Fig. 6). The volume of damage did not change signifi-

cantly, remaining at a level similar to the MCAO group.

DISCUSSION

In this study, we confirmed the possibility of brain

protection from adverse effects of ischemia/reperfusion

by the technique of remote ischemic preconditioning of

hind limbs. Although we were able to separate the effects

of RIPC from the effects of anesthesia used during pre-

conditioning, our results indicated the possibility of com-

plex interactions between the protective effects of anes-

thetics and preconditioning itself.

a

b

c

d

Fig. 4. Neuroprotective effects of RIPC using Zoletil during pre-

conditioning. a) Representative T2-weighted MR-images

obtained 24 h after MCAO (sampling thickness 0.8 mm).

Hyperintense regions (light area) refer to ischemic areas. Infarct

volume (b) and brain swelling (c) evaluated by using MRI with

analysis of T2-weighted MR-images. d) Neurological status was

evaluated by a limb-placing test. Data are presented as median

(thick black line), interquartile ranges, and minimum and maxi-

mum of the statistically significant data set; * denotes significant

difference from the MCAO group p < 0.05, using one-way

ANOVA, followed by Tukey’s post hoc analysis for (b) and (c);

Kruskal–Wallis test with the Mann–Whitney U-test for (d).
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According to our results, RIPC performed 24 h prior

to the ischemia modeling in the absence of anesthetics did

not affect the infarct volume and the level of brain

swelling; however, it improved significantly the sensorimo-

tor function one day after the stroke. It is important to

mention that the improvement in sensorimotor functions

occurred in all groups subjected to RIPC either with anes-

thesia or without it, but there were no statistically signifi-

cant differences observed in the improvement of the neu-

rological status between these groups of animals. Hence, it

can be stated that there is no synergism or antagonism in

the interaction of the investigated anesthetics and RIPC.

Fig. 5. Exploration of ischemic tolerance signaling pathways. Evaluation of concentration of BDNF (a, b), pGSK-3β (c, d), and HSP70 (e,

f) in the brain 24 h after RIPC without anesthesia or intraperitoneal injection of anesthetics using Western blotting. Representative Western

blots with averaged corresponding densitometry are presented. Band densities are normalized to the density of βIII-tubulin band.

a

c

e

b

d

f
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Chloral hydrate administered to rats 24 h before

induction of ischemia did not affect the degree of brain

injury similarly to RIPC, but it improved sensorimotor

functions. Based on these data, we suggest that chloral

hydrate itself produces a preconditioning effect with effi-

ciency similar to RIPC. The data on neuroprotective

effects of chloral hydrate are in agreement and corrobo-

rate the results of earlier study of Liu and coauthors,

where it was demonstrated that the i.p. injection of chlo-

ral hydrate 1 h prior to MCAO significantly improved

neurological status of the rats, as well as decreased the

degree of brain injury and swelling after ischemia via

increase in the level of annexin A1 [22]. In addition, there

are indications of the systemic antiinflammatory action of

chloral hydrate, which can be involved in the neuropro-

tective mechanism of chloral hydrate [26]. A study using

cardiomyocytes also demonstrated that chloral hydrate

potentiated opening of KATP-channels [27], which could

be the part of its neuroprotective mechanism, as the KATP-

channels play an important role in the initial phase of

ischemic preconditioning [1].

The other explored anesthetic – Zoletil – containing

equal parts of an NMDA-receptor antagonist (tiletamine)

and GABA-receptor agonist (zolazepam) is often used in

experimental surgery due to several advantages, such as

rapid anesthesia induction, highly efficient muscle relax-

ation, and smooth recovery from anesthesia [28]. In our

experiments, Zoletil provided pronounced neuroprotec-

tive effect, decreasing the volume of infarct and brain

swelling. Similar results were obtained for the RIPC

group with the use of Zoletil. Equal and statistically sig-

nificant decrease in neurological deficit was also demon-

strated for both groups subjected to administration of

only Zoletil or Zoletil with preconditioning. Considering

that Zoletil is a two-component drug, the mechanism of

its preconditioning action can be complex. On one hand,

NMDA-receptor antagonists can induce signals similar

to preconditioning [29, 30]. On the other hand, GABA-

receptor antagonists can exhibit action similar to precon-

ditioning and afford protective effect to heart; however,

agonists such as zolazepam do not demonstrate this prop-

erty [31]. It is worth mentioning that in this study Zoletil

was used at a relatively high dose (40 mg/kg), which can

inhibit various sites in the respiratory chain in addition to

the effect on NMDA- and GABA-receptors. Such inhibi-

tion can enhance reactive oxygen species (ROS) genera-

tion, which in turn can induce ischemic tolerance via sig-

naling mediated by protein kinase C and KATP-channels

[32, 33].

We explored the levels of BDNF, HSP70, and

pGSK-3β proteins associated with the induction of brain

ischemic tolerance caused by RIPC and anesthetics to

establish the architecture of the protective signaling path-

ways. It is well known that BDNF belongs to the neu-

rotrophin family, members of which facilitate growth, dif-

ferentiation, and survival of neurons. Ischemic or hypox-

ic brain preconditioning increases the expression of

BDNF mRNA in rat brain [34, 35], and the introduction

of BDNF into the brain ventricles causes neuroprotective

effect demonstrated in different models of brain ischemia

including MCAO [36]. We also showed that the BDNF

levels in brain increased several-fold one day after RIPC,

which could initiate neuroprotective mechanisms

induced by BDNF. In addition, RIPC resulted in an

increase in HSP70 expression in the brain. Earlier, simi-

lar results were obtained in the model of global ischemia,

where RIPC caused an increase in HSP70 content in the

CA1 region of the hippocampus, while HSP70 inhibitors

(quercetin or SB 203580) abolished the protective effect

of preconditioning [37]. In numerous studies it has been

shown that increase in HSP70 levels in brain was associ-

ated with neuroprotection; for example, hyperexpression

of HSP70 in transgenic mice increased the survival of

neurons following focal ischemia [38]. Participation of

HSP70 in the induction of ischemic tolerance following

ischemic preconditioning has been clearly demonstrated

[39-41].

Most authors consider the mitochondrial KATP-

channel as one of the key members of ischemic tolerance

pathway in brain and other organs. Opening of these

channels causes slight swelling of mitochondria that facili-

tates generation of signaling ROS, stimulates protein

kinase C, and leads to phosphorylation of the GSK-3β,

which in turn inhibits opening of the mitochondrial pore

[42]. The role of GSK-3β in RIPC remains poorly under-

stood, but the increase in the amount of the phosphory-

lated form of GSK-3β in kidneys one day after short-term

limb ischemia has been demonstrated in a recent study

[43]. Previously, we showed that increase in phosphoryla-

Fig. 6. 5-Hydroxydecanoate (5-HD) abolishes the neuroprotec-

tive effect of RIPC. Data are presented as median (black line),

interquartile range, and maximum and minimum for the statisti-

cally significant data set; * p < 0.05 in comparison with the

MCAO group (Mann–Whitney U-test).
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tion of this kinase is the basis for the action of some

nephro- and neuroprotectors, as well as it is observed in

the kidney preconditioning [7, 44]. In this work, we also

studied the involvement of this mechanism in the induc-

tion of neuroprotection, demonstrating that the levels of

pGSK-3β increased one day after RIPC induction or

chloral hydrate injection. We suggest that phosphoryla-

tion of GSK-3β causes the increase in threshold of mito-

chondrial nonspecific pore opening and protection of

cells from death induced by ischemia/reperfusion.

We have previously shown that the increase in the

levels of EPO in kidneys is one of the possible mecha-

nisms of generation of protective stimuli in response to

remote kidney preconditioning [7]. Similar results were

obtained in a study deciphering the mechanisms of RIPC

[45], where the authors explained the increase in EPO by

the decrease in renal blood flow as a response to RIPC,

which resulted in activation of the HIF-1α-dependent

pathway caused by EPO. In our study, we did not observe

changes in EPO levels in the 24-h urine sample of ani-

mals, which was in agreement with data obtained by

Malhotra and colleagues [46]. Such contradictions of

experimental results could likely be related to the use of

different schemes of the preconditioning protocol and

administration of anesthetics, which again emphasizes

the need for investigation of the effect of pharmacological

intervention on the performance of the RIPC.

We conclude that remote ischemic preconditioning

of hind limbs without prior use of anesthetics results in

restoration of brain sensorimotor functions in

ischemia/reperfusion modeling. On one hand, precondi-

tioning of hind limbs accompanied by administered anes-

thetics does not enhance neuroprotection. On the other

hand, the protective effects of RIPC cannot be detected

because the anesthetics exhibit the similar effect. These

data indicate that for clean investigation of the protective

effects and signaling pathways associated with RIPC in

experimental studies, prior usage of anesthetics must be

avoided.

The fact that anesthetics themselves demonstrate

protective effect without added RIPC can be explained by

the implementation of their neuroprotective action via

similar mechanisms. This similarity can lie in the fact that

neuroprotection correlates with the level of phosphoryla-

tion of GSK-3β in brain tissue, which according to the

numerous data is the convergence point of different pro-

tective pathways. Eventually, all the signaling protective

pathways of ischemic and pharmacological precondition-

ing (including the ones observed in this study during

RIPC and administration of chloral hydrate) keep this

enzyme in a phosphorylated (inhibited) form as the ter-

minal element of the pathway [42]. Previous data point-

ing that the main role of GSK-3β is confined by the pre-

vention of induction of nonspecific mitochondrial per-

meability, which is a point of no return in the cell death

cascade, brings both this kinase and the mitochondrion as

a whole to the center of the researcher’s attention as a tar-

get for using known and developing novel protective phar-

macological agents.

We did not observe any changes in the level of GSK-

3β phosphorylation in the animals subjected to Zoletil

injections, but this drug exhibited a pronounced neuro-

protective effect, causing decrease in brain injury volume

and swelling, unlike the RIPC and chloral hydrate. These

facts could imply that Zoletil exhibits another mechanism

of neuroprotective action. Hence, separate extended

studies of the effects of anesthetics on the signaling path-

ways associated with the induction of ischemic tolerance

are required. Clinical and experimental studies of the

phenomenon of ischemic preconditioning must be con-

ducted with consideration of the possible effect of anes-

thetics on the final clinical effect.
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