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Abstract Perinatal brain insult mostly resulting from

hypoxia–ischemia (H–I) often brings lifelong permanent

disability, which has a major impact on the life of indi-

viduals and their families. The lack of progress in clini-

cally—applicable neuroprotective strategies for birth

asphyxia has led to an increasing interest in alternative

methods of therapy, including induction of brain tolerance

by pre- and particularly postconditioning. Hypoxic post-

conditioning represents a promising strategy for preventing

ischemic brain damage. The aim of this study was to

investigate the potential neuroprotective effect of hypo-

baric hypoxia (HH) postconditioning applied to 7-day old

rats after H–I insult. The mild hypobaric conditions

(0.47 atm) used in this study imitate an altitude of 5,000 m.

We show that application of mild hypobaric hypoxia at

relatively short time intervals (1–6 h) after H–I, repeated

for two following days leads to significant neuroprotection,

manifested by a reduction in weight loss of the ipsilateral

hemisphere observed 14 days after H–I. HH postcondi-

tioning results in decrease in reactive oxygen species level

observed in all experimental groups. The increase in

superoxide dismutase activity observed after H–I is addi-

tionally enhanced by HH postconditioning applied 1 h after

H–I. The increase observed 3 and 6 h after H–I was not

statistically significant. Postconditioning with HH sup-

presses the glutathione concentration decrease evoked by

H–I and increased glutathione peroxidase activity and this

effect is not dependent on the time of postconditioning

initiation. HH postconditioning had no effect on catalase

activity. We show for the first time that HH postcondi-

tioning reduces brain damage resulting from H–I in

immature rats and that the mechanism potentially involved

in this effect is related to antioxidant defense mechanisms

of immature brain.
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Abbreviations
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HH Hypobaric hypoxia
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Introduction

Neonatal encephalopathy (NE) occurring after perinatal

hypoxic–ischemic (H–I) insult is a major contributor to

global child mortality and morbidity. As many as a million

deaths worldwide might be caused by perinatal asphyxia

and almost 99 % arise in developing countries [1, 2]. The

underlying mechanism for perinatal H–I brain injury is an

interruption of placental blood flow followed by impaired

gas exchange leading to deficits in oxygen and metabolic

substrates delivery to the central nervous system. This

initiates a cascade of intracellular events leading to neu-

ronal cells death. One of the major injurious component of

hypoxia and following reoxygenation is an oxidative stress
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caused by overproduction of reactive oxygen species

(ROS) [3]. To counteract the toxic effects of ROS the

mobilization of three main antioxidant enzymes is neces-

sary. Superoxide dismutase (SOD), glutathione peroxidase

(GPx) and catalase are enzymes which maintain the deli-

cate balance of ROS in central nervous system, especially

within the neonatal brain.

One of the proposed mechanisms of neuroprotection

involves sublethal ROS production by hypoxic precondi-

tioning. This does not damage the neurons but activates the

SOD and GPx, additionally it also triggers expression of

the erythropoietin (Epo) and hypoxia-inducible factor-1 a
(HIF-1a), the proteins which prevent neurons from devel-

oping apoptosis or necrosis [4, 5]. It was also shown, that

preconditioning with mild hypoxia increases the expression

and activity of Cu, Zn-SOD during early stages of reoxy-

genation after severe hypobaric hypoxia in adult rats [6].

Induction of brain tolerance by pre- or postconditioning

with subinjurious exposure to various stressors, which

renders the brain less vulnerable to damaging exposure, is

one of the experimental procedures that has been used to

protect the developing brain [7–9]. The beneficial effects of

ischemic preconditioning in experimental stroke therapy

are well documented [8, 10, 11]. Additionally, the less

invasive treatment of applying hypoxic preconditioning has

been shown to result in protection against a subsequent

sustained period of lethal hypoxia–ischemia [11–13].

Postconditioning represents another promising strategy

to prevent ischemic brain damage. It was shown that

ischemic postconditioning significantly reduces the number

of dead neurons and infarct volume in experimental focal

and global cerebral ischemia [14–16]. Improved brain

metabolism, normalized cerebral blood flow and long term

protection after ischemic postconditioning initiated at dif-

ferent times after the index ischemia has been reported in

stroke and myocardial ischemia models [9, 17]. Besides

ischemic postconditioning, the beneficial effects of hypoxic

postconditioning to the heart have been described both in

experiments in vivo and in vitro [18, 19]. Recently, Lec-

onte et al. [20] showed the protective effect of delayed

hypoxic postconditioning against cerebral ischemia in

mice, thus offering the new potential for non-invasive

neuroprotection in cerebral ischemia and perinatal

asphyxia.

Experimental hypoxia may be induced either by replac-

ing oxygen by nitrogen to achieve lower O2 concentration

level (B8 % and less) in the breathing gas mixture (nor-

mobaric hypoxia), or by decreasing the air pressure to reach

the equivalent of 5 % (severe hypobaric hypoxia,

0.21–0.23 atm) or 10 % (mild hypobaric hypoxia, 0.47 atm)

of normobaric oxygen. Although most of the beneficial

effects of hypoxic pre- and postconditioning have been

shown in normobaric hypoxia experiments, there are reports

showing, that mild hypobaric hypoxia preconditioning

protects rats from severe hypoxia [21] and induces brain

ischemic tolerance [22, 23].

The aim of this study was to investigate the potential

neuroprotective effect of mild hypobaric hypoxia (HH)

postconditioning applied to 7-day old rats at different times

after experimental H–I and to determine the effect of HH

postconditioning on antioxidative defense in immature

brain.

Experimental Procedure

All experiments described in this paper were approved by

the 4th Local Ethical Committee in Warsaw, Poland, and

performed in accordance with Polish governmental regu-

lations (Dz.U.97.111.724) and the European Community

Council Directive of 24 November 1986 (86/609/EEC). All

efforts were made to minimize animal suffering and the

number of animals used.

Induction of Cerebral Hypoxia–Ischemia

Neonatal cerebral H–I was induced according to Rice et al.

[24]. Briefly, Wistar 7 day postnatal (PND7) rats weighting

12–18 g, were anaesthetized with halothane (4 % for induc-

tion, and 1.5–2.0 % for maintenance) in a mixture of nitrous

oxide and oxygen (0.6:1) and the left common carotid artery

was dissected and cut between double ligatures of silk sutures,

or only exposed (sham control). After 60 min of recovery,

animals were subjected to systemic hypoxia with 7.4 %

oxygen in nitrogen for 75 min in a humidified chamber at

35 �C. The duration of hypoxia–ischemia typically is asso-

ciated with infarction predominantly of the cerebral hemi-

sphere ipsilateral to the carotid artery occlusion [13, 24]. After

hypoxic treatment the pups were returned to the cages and

housed at room temperature (22 �C) with a 12:12 h light–

dark cycle and ample food and water.

Postconditioning Procedure

Animals were placed in a hypobaric chamber and mild HH

was produced by decreasing the pressure to 0.47 atm

(equivalent to 10 % normobaric oxygen or 5,000 m high-

altitude), which was maintained for 60 min. Animals were

divided into five groups: sham operated rats, rats subjected

to H–I, and rats subjected to HH initiated at 1, 3 or 6 h after

H–I episode. The treatment was repeated for the next

2 days in 24 h intervals. Sham operated rats served as

control. Additional group of sham operated animals sub-

jected to HH was created in experiments, which provided

samples for determination of SOD activity and ROS and

glutathione levels.
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Evaluation of Brain Damage

Two weeks after H–I (PND 21) the pups were anaesthe-

tised with a lethal dose of vetbutal and decapitated. The

brains were removed and the cerebral hemispheres were

weighed. Brain damage was assessed by comparing the

weight of ipsilateral (left) and contralateral (right) hemi-

spheres. The deficit in weight of the ipsilateral hemisphere

was expressed as a percent of the weight of the contralat-

eral hemisphere [25].

Histochemical evaluation of brain damage was per-

formed on brains isolated 7 days after H–I. Animals were

anesthetized with halothane and subjected to intracranial

perfusion fixation with 4 % neutralized formalin (Sigma-

Aldrich, St. Louis, Missouri, USA). The brains were then

removed, postfixed for 4 h in the same fixative, and

immersed for 2 days in a buffered 20 % sucrose solution at

4 �C. Sham operated animals were processed in the same

way. The brains were frozen and 20 lm thick sections were

cut with a cryostat (Microm HM 550). The sections were

stained according to the Nissl protocol with 0.5 % Cresyl

violet for histological assessment of neuronal cell damage.

Determination of ROS Level

The levels of ROS in brain hemispheres was measured

using 2,7-dichlorofluorescein-diacetate (DCF-DA), a fluo-

rogenic dye that measures hydroxyl, peroxyl and other

ROS activity within the cell. DCF-DA is oxidized by ROS

into 20,70-dichlorofluorescin (DCF), a highly fluorescent

compound which can be detected by fluorescence spec-

troscopy. Briefly, the brains were collected 3 h after the

last postconditioning session and tissues from the left and

right hemispheres were homogenized separately in ice-cold

40 mM Tris–HCl buffer (pH 7.4). The resulting brain

homogenates were incubated with DCF-DA (25 lM) for

30 min at 37 �C. The formation of the fluorescent product

DCF was monitored by fluorescence spectrometer with

excitation wavelength of 488 nm and emission wavelength

of 525 nm. The relative fluorescence unit (RFU) was cal-

culated per 1 mg protein in homogenate. The effect of H–I

and HH was estimated by determination of ROS level in

individual brains and standardized for variation in the basal

level measured in brains from sham operated animals.

Determination of Antioxidant Enzymes Activity

The brains were collected 3 h after the last postcondition-

ing session and the left and right hemispheres were

homogenized separately in 20 mM HEPES buffer, pH 7.2,

containing 1 mM EGTA, 210 mM mannitol, and 70 mM

sucrose per gram tissue. Homogenates were centrifuged at

1,5009g for 5 min at 4 �C, then the supernatant was

collected and the SOD activity was determined using

Superoxide Dismutase Assay Kit (Cayman Chemical

Company, USA), following the manufacturer provided

manual.

For catalase activity measurement brain tissue was

rinsed with PBS buffer, pH 7.4, to remove any blood cells

and clots. Tissue was homogenized on ice in a cold 50 mM

potassium phosphate buffer, pH 7.0, containing 1 mM

EDTA, then centrifuged at 10,0009g for 15 min at 4 �C.

Supernatant was collected and catalase activity was

determined using Catalase Assay Kit (Cayman Chemical

Company, USA) following the manufacture’s procedure.

Glutathione peroxidase (GPx) activity was measured in

brain tissue from left and right hemisphere. Tissue was

homogenized in cold buffer (50 mM Tris–HCl, pH 7.5,

5 mM EDTA and 1 mM DTT), centrifuged at

10,0009g for 15 min at 4 �C and the supernatant was

collected for assay. GPx activity was measured using

Glutathione Peroxidase Assay Kit (Cayman Chemical

Company, USA).

Determination of Glutathione Concentration

Determination of glutathione concentration was carried out

in tissues isolated from left and right hemispheres, which

were homogenized separately in 25 mM HEPES, pH 7.4,

containing 250 mM sucrose and then centrifuged at

1,0009g for 5 min at 4 �C. Supernatants were collected

and the concentration of reduced glutathione was deter-

mined using a Glutathione Assay Kit, Fluorimetric (Sigma-

Aldrich, USA), following the manufacturer’s procedure.

Statistical Analysis

Statistical analysis of the brain damage data was performed

using paired t test. The other data was analyzed via a one

way ANOVA, with a post hoc least significance test for

significant differences between groups. Differences were

considered significant with p value less than 0.05.

Results

Hypobaric Hypoxia Postconditioning Prevents Brain

Damage

Figure 1 shows that H–I resulted in a weight deficit in the

ipsilateral brain hemisphere of 38.0 % as compared to the

contralateral hemisphere 2 weeks after the insult. Hypo-

baric treatment of the animals applied up to 6 h after ter-

mination of H–I produced significant neuroprotection

(F3,60 = 10.6; p \ 0.001). Where the HH was initiated 1 h

after H–I the weight deficit of the ipsilateral hemispheres
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decreased to 12.9 % and was significantly different from

H–I group (p \ 0.001). Significant decreases in weight

deficits were also observed when HH was applied 3 h

(23.1 %) and 6 h (23.8 %) after H–I; however, there was

no statistically significant difference between these two

groups. HH applied to sham operated animals did not

produce any changes in brain weight compared to sham

controls (data not shown).

H–I induced brain injury in the ipsilateral (left) hemi-

sphere. We observed marked cell loss in the cortex, and

damage and disorganization of neurons in the CA1 region of

hippocampus (Fig. 2c, i). HH postconditioning initiated 1 h

after H–I abolished changes in the CA1 region of hippocam-

pus and significantly decreased neuronal loss in the cortex

(Fig. 2d, j). HH applied 3 and 6 h after H–I also decreased

changes observed in studied areas, however neuroprotection

seems to be less effective at HH applied 6 h after H–I.

Hypobaric Hypoxia Postconditioning Reduces ROS

Level After Hypoxia–Ischemia

The level of ROS was measured in both hemispheres 3 h after

the last hypobaric session. H–I increased the level of ROS in

the left, ischemic hemisphere up to six times (F1,10 = 31.8;

p \ 0.001; Fig. 3). HH applied in three 60 min sessions

beginning 1 h and 3 h after H–I significantly decreased ROS

level by 54 and 52 % respectively (p \ 0.01). HH applied 6 h

after H–I also tended to decrease ROS level in left hemisphere,

although this result was not statistically significant. Neither

H–I nor HH change the ROS level in right hemisphere.

Effect of Hypobaric Hypoxia Postconditioning

on Antioxidant Enzymes Activity

SOD activity was determined in both hemispheres 3 h after

the last hypobaric session. H–I increased ten times SOD

activity only in the left (ipsilateral), ischemic hemisphere

(F1,14 = 112.7; p \ 0.001; Fig. 4). It is interesting to note

that severe hypoxia (7.4 % oxygen in nitrogen applied for

75 min), which is one of the important elements of the

hypoxia–ischemia model, did not change the activity of

SOD in the contralateral hemisphere compared to the

control. However, HH treatment applied to sham operated

animals resulted in increase in SOD activity in both

hemispheres up to six times compared to the control (data

not shown). Postconditioning applied 1 h after H–I and

repeated two more times in 24 h intervals between appli-

cations, resulted not only in an additional, 37 % increase in

SOD activity in the left hemisphere compared to H–I alone

(F1,8 = 8; p \ 0.02) but also increased the SOD activity in

right hemisphere (F1,13 = 55.7; p \ 0.001). HH applied 3

and 6 h after H–I did not result in additional significant

increase in SOD activity in left hemisphere compared to

the H–I. The SOD activity increases observed in the right

hemispheres in all HH postconditioned groups were iden-

tical to that produced by HH itself.

Activity of catalase increased significantly after H–I

reaching values two times higher than the control

(p \ 0.05; Fig. 5a). HH treatment applied at all experi-

mental times did not change increased activity of catalase.

Neither H–I nor HH change the activity of catalase in right

hemisphere.

H–I resulted in significant increase in GPx activity in

left hemisphere (F1,12 = 8.05; p \ 0.05), while the enzyme

activity in right hemisphere reminded unchanged (Fig. 5b).

HH postconditioning applied 1, 3 and 6 h after H–I

increased the GPx activity in left hemisphere, however this

increase was not statistically significant.

Effect of Hypobaric Hypoxia Postconditioning on GSH

Level

Glutathione content was measured in both hemispheres at

time points corresponding to those used for measurements

of antioxidant enzymes. The GSH concentration deter-

mined in brains isolated from control rats ranged between

27.6 and 32.9 nmol/mg of protein in left and right hemi-

spheres, respectively (Fig. 6). H–I resulted in a significant

decrease of GSH in both hemispheres to 38 and 74 % of

control respectively (p \ 0.005 and p \ 0.05 respectively).

HH postconditioning applied 1, 3 or 6 h after H–I restored

the GSH concentration in both hemispheres to the same

level as the controls (Fig. 6).

Discussion

The beneficial effect of hypoxia postconditioning was

reported in primary cultures of neonatal rat cardiomyocytes

subjected to severe hypoxia [18, 19] and in focal cerebral
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Fig. 1 Effect of HH postconditioning initiated at different times after

H–I on the degree of ipsilateral hemisphere weight loss in rat pups. The

deficit in weight was expressed as a percent of the weight of the

contralateral hemisphere. Results are presented as mean values ± SEM,

n = 5. Differences statistically significant: *p \ 0.05, **p \ 0.01
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ischemia in mice [20]. It was also shown that both mild HH

preconditioning and postconditioning have beneficial

effects preventing injury in rat brain resulted from severe

HH and H–I [26–28]. Results presented in this paper show

that mild HH initiated at short time after H–I reduces brain

damage in rat puppies. It has been suggested that delayed

hypoxic postconditioning started 24 h or later after ische-

mia or severe hypoxia is more effective than that started

hours after the ischemic insult [20]. These results are

related to adult animals and immature brain responds to H–I

differently. Given the current knowledge, initiation of

treatment in neonatal encephalopathy within the thera-

peutic window should start before 6 h of life [2]. It was

Fig. 2 The neuroprotective effect of HH postconditioning observed

7 days after H–I in CA1 region of the hippocampus (a–f) and in cerebral

cortex (g–l). Microphotographs show the hemisphere ipsilateral to H–I;

a, g sham operated; b, h sham operated ? HH; c, i H–I; d, j HH

initiated 1 h after H–I; e, k HH initiated 3 h after H–I; f, l HH initiated

6 h after H–I; both scale bars represent 50 lm

0

50

100

150

200

250

sham sham + HH H-I H-I + HH 1h H-I + HH 3h H-I + HH  6h

R
F

U
/m

g
 p

ro
te

in

left hemisphere

right hemisphere
#

* *

Fig. 3 Effect of HH postconditioning initiated at different times after

H–I on ROS level. Results are presented as mean ± SEM, n = 6–8;

hash symbol different from sham operated group, p \ 0.001, asterisk

different from H–I group, p \ 0.01
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also shown before, that only early blockade of oxidative

stress at a relatively short window of opportunity results in

neuroprotection [29]. Our results show that protection from

brain damage appeared when hypoxic postconditioning

was initiated only 1 h after H–I. Postconditioning applied 3

and 6 h after H–I also resulted in brain protection, although

the loss of ipsilateral hemisphere mass was relatively

higher. The observed neuroprotective effect of HH may

result from repetition of hypobaric sessions for three times

in 24 h intervals. This way the opportunity to block early

oxidative stress and the consequence of delayed, secondary

cerebral energy failure was created [30, 31].

Although the developing brain is generally considered

as ‘‘resistant’’ to the damaging effects of H–I, nevertheless

it exhibits periods of increased sensitivity to injury [32].

Yager et al. [33] have shown that the low concentration of

glucose transporters in 7-day postnatal (P7) rats leads to a

rapid fall in glucose concentration and depletion of cellular

energy stores, which is observed by 90 min of H–I. Energy

deficit results in depolarization of neurons and glia, and the

release of excitatory amino acids. The composition and

activity of immature NMDA receptors are different from

those receptors identified in the adult brain, consequently

P7 rats show enhanced sensitivity to excitotoxic insults

[34]. Activation of NMDA receptors triggers an excitotoxic

cascade which generates ROS and subsequent oxidative

cell damage. SOD converts oxygen free radicals to H2O2,

which can then be neutralised to H2O by the action of

catalase or GPx. However, the immature brain has poor

antioxidant capabilities and contains a high concentration

of free iron [32], which increases the vulnerability of the

immature brain to oxidative stress. Our experiments show

that, although H–I resulted in increased SOD activity in the

ipsilateral hemisphere, HH postconditioning increased this

activity even further. HH itself resulted in increase in SOD

activity, which was reported also by other authors [6, 35,

36], and did not result in increased ROS level, which is in

agreement with reports of Arthur et al. [35]. This suggests

that HH postconditioning may possibly allow for more

efficient neutralization of ROS by SOD in the immature

brain. HH postconditioning resulted in restoring of gluta-

thione concentration to the values observed in the brains of

control, sham operated animals, which may increase the

ability of detoxification of accumulated H2O2 by GPx.

Fullerton et al. [37] suggested that the reduced ability of

the immature brain to neutralise H2O2 results from the
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limited capacity of antioxidant enzymes, especially GPx. In

addition, the accumulation of H2O2 is more damaging to

the immature brain due to the presence of high concen-

trations of free iron in the nervous system and the possi-

bility of further free radical generation via the Fenton

reaction [38]. Our results show that H–I results in increase

in GPx activity, indicating that the defensive mechanisms

in immature brain are activated. These results are in

agreement with other studies [39, 40]. HH postconditioning

applied at different times after H–I additionally increased

the GPx activity and restored decreased GSH to the control

level. It is possible that during mild hypoxia anaerobic

metabolism is supporting ATP production, leading to an

increased NADPH production and increasing reduction of

oxidized glutathione [41]. Such a scenario may explain the

neuroprotective effect of HH postconditioning.

Observed in our study restoration of GSH level suggests

the increased ability of immature brain to neutralise free

radicals production, which explains the presence of much

lower concentration of ROS measured in the brains of

postconditioned animals compared to H–I. However, it is

also possible that HH postconditioning reduces ROS for-

mation. Interestingly, in our experiments HH postcondi-

tioning did not have any additional effect on catalase

activity, although this activity was already increased by H–

I itself. These results may indicate that the mechanism of

neuroprotection induced by HH does not involve catalase.

In conclusion, beneficial effect of HH postcondition on

brain damage resulted from H–I in immature rats, involves

the mobilisation of antioxidant mechanisms. The best effects

of HH postconditioning are observed when the HH treat-

ment is applied in a short time after H–I episode. Although

the results indicate on the potential usefulness of HH post-

conditioning in therapy of birth asphyxia, the mechanism of

observed neuroprotection needs more investigation.
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