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Abstract: Influence of magnesium pre-treatment during repetitive hypoxia was

studied in the hippocampus of rats by histochemical analysis (NADPH-

diaphorase staining). NADPH-diaphorase occurs concurrently with NO-synthase

that is responsible for NO synthesis. Rat pups were kept together with their

mother for 8 hours a day in a hypobaric chamber at a simulated altitude of

7 000 m since the day of birth till the 17
th

 day. The first group of animals was

exposed to the repeated hypoxia; the second group under the same conditions

was pre-treated by magnesium before the exposition to the hypoxia. Both

groups were compared with intact control animals and intact animals treated

with magnesium. The experimental and control animals were the transaortically

perfused with 4% buffered neutral formaldehyde under thiopental anaesthesia

at the age of 35 days. Brains were processed for NADPH-d staining. We

estimated the density of NADPH-d positive neurons in CA1 and CA3 areas of

the hippocampus and in the dentate gyrus. Intermittent hypoxia brings about

higher numbers of NADPH-diaphorase positive neurons of CA1 and CA3 of the

hippocampus and of the dorsal blade of dentate gyrus, in the comparison with

either group of control animals. In the hilus and ventral blade of the dentate

gyrus, on the contrary, the number of NADPH-d positive neurons was smaller.

Magnesium pre-treatment during hypoxia decreased number of nitrergic

neurons in all areas of the hippocampus except CA1 area, where the effect of

magnesium was not significant. These results demonstrate that magnesium can

probably have a neuroprotective effect.

Introduction

Perinatal hypoxic–ischemic brain damage is a major cause of acute mortality and

chronic neurological morbidity in infants and children. Between 20–50% of

asphyxiated newborns with hypoxic–ischemic encephalopathy
 
die within the

newborn period, and up to 25% of the survivors will
 
exhibit permanent

neuropsychological outputs (including mental retardation,
 
cerebral palsy,

epilepsy or learning disability) [1].

The brain is more susceptible to hypoxia than other organ, as it has high

oxygen demand and only little energy is produced by anaerobic mechanisms

[2, 3]. Hypoxia in experimental animals evokes series of electrophysiological

[4, 5], behavioural [6] and morphological changes [7, 8, 9, 10].

Perinatal hypoxia leads to the alterations of energy metabolism, intracellular

calcium level, release of excitatory amino acids and inhibition of protein

biosynthesis. The formation of oxygen radicals during the reperfusion phase

following an ischemic insult, induction of the NO system, and inflammatory

reactions result from the neuronal damage [11].

One of possible mechanism of brain injury is the activation of some enzymes

as nitric oxide synthases, resulting in nitric oxide (NO) production [12]. NO is

produced from L-arginine (L-Arg) by nitric oxide synthase (NOS). There are at
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least three different forms of this enzyme [13], the endothelial (eNOS) that is

responsible for cardiovascular actions, the inducible (iNOS) found originally in

macrophages and involved mainly in immunological processes and the neuronal

(nNOS). Neuronal NOS is a constitutive enzyme, which is expressed only by a few

percent of neurons. The production of NO is a calmodulin- dependent process;

therefore, it must be preceded by the elevation of intracellular Ca
2+

-concentration

[14]. It has been observed that nNOS produces NO almost exclusively after

activation of N-methyl-D-aspartate (NMDA) receptors [15].

Many studies have shown that nicotinamide adenine dinucleotide phosphate-

diaphorase (NADPH-d) may correspond to NOS, and it is therefore suggested that

neurons containing NADPH-d might be capable of producing NO [16].

Clinical and experimental studies describe effect of some ions on the function

and structure of the brain in hypoxic/ischemic conditions and during the

reperfusion period. Some publications describe vascular influence of magnesium-

increase in cerebral blood flow by vasodilatation of cerebral arteries and decrease

of blood pressure with no effect on heart rate [17]. The key role plays magnesium

as an important cation necessary for the functioning of over 300 enzymes in many

intracellular mechanisms [18]. Magnesium as a blocker of NMDA receptors and

voltage-gated calcium channels [19] regulates calcium concentration within the cell

and modulates posttraumatic neurochemical changes mediated by these elevated

intracellular calcium levels.

In the present study we analysed possible protective effect of magnesium on the

density of NADPH- diaphorase positive neurons in the developing brain (in 35-day-

old rats) exposed to chronic hypoxia.

This work extends our previous study of the hypoxia and magnesium effects on

25-day-old rats [20].

Materials and Methods

Experiments were performed on 35-day-old male rats (Wistar strain). There were

16 animals in all experimental groups, with 4 in each group. Following groups of

rats were studied:

1. Control rats not exposed to hypoxia (C)

2. Control rats not exposed to hypoxia repeatedly injected with magnesium

sulphate (300 mg/kg i.p.) (C+Mg)

3. Rats exposed to repeated hypobaric hypoxia (H)

4. Rats exposed to repeated hypobaric hypoxia as above and repeatedly injected

with magnesium sulphate (300 mg/kg i.p.) before the hypoxia exposition (H+Mg)

Rats, together with their mother, were exposed to hypoxia for 8 hours a day

(except day 6, 7, 13 and 14) in a hypobaric chamber at a simulated altitude of

7 000 m since the day of birth till the 17
th

 day.
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Animals were studied at the age of 35 days, eighteen days after the end of

exposition to hypobaric hypoxia. Rat pups were transaortically perfused under deep

thiopental anaesthesia with 4% neutral paraformaldehyde. The brain was removed,

postfixed for one hour in 4 % buffered paraformaldehyde and then submerged for

20 hours into 20 % sucrose for cryoprotection. The brain was sliced in the frontal

plane into 40 µm thick sections with a cryostat. Brain slices were processed for

NADPH-diaphorase staining.

CA1 and CA3 areas of the hippocampus, dorsal blade, ventral blade and hilus of

the dentate gyrus (DB DG and VB DG) between the AP plane 2.5 mm and 4.0 mm

posterior to bregma were subjected to quantification of nitrergic neurons under a

light microscope Olympus Provis AX 70 (Colour figures 9, 10). For the statistical

evaluation, the t-unpaired test and ANOVA were used (level of significance was set

at p < 0.05 (*), p < 0.01(**), p < 0.001 (***)).

Results

The results show that the repeated hypobaric perinatal hypoxia enhanced the

density of NADPH-d positive neurons compared to the control group which we

consider as baseline, in CA1 by 16% (p < 0.01), in CA3 area of the hippocampus by

49% (p < 0.001) and in the dorsal blade of the dentate gyrus by 15% (p < 0.001).

In the hilus and ventral blade of the dentate gyrus, on the contrary, the number of

NADPH-d positive neurons was lower, in the hilus by 12% (p < 0.05) and in the

ventral blade of the dentate gyrus by 54% (p < 0.001) (Figure 1).

Magnesium pre-treatment in control rats decreased number of nitrergic neurons

in all areas of the hippocampus: in CA1 by 14% (p < 0.05), in CA3 by 39%

(p < 0.001), in the hilus by 60% (p < 0.001), in the ventral blade by 58%

(p < 0.001) and in the dorsal blade of the dentate gyrus by 18% (p < 0.001)

(Figure 2).

The same results – magnesium pre-treatment reduces density of NADPH-d

positive neurons elevated by hypoxia. Except the CA1 hippocampal area, where

changes were not significant, lower density of NADPH-d positive neurons was

observed in CA3 area of hippocampus (by 19%, p < 0.001), in the hilus (by 40%,

p < 0.001), in the ventral blade (by 14%, p < 0.05) and in the dorsal blade of the

dentate gyrus (by 20%, p < 0.001) (Figure 3).

Discussion

Many studies have shown that NADPH-diaphorase can correspond with the

neuronal NOS, and it is therefore suggested that neurons containing NADPH-d are

likely to be capable of producing NO [21].

NADPH-d reactivity has been detected in various regions of the nervous system

of mammals including the rat. The coexistence of NADPH-d reactivity and

neurotransmitter or neuropeptide reactivity has been demonstrated in certain

populations of neurons [22].
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Figure 1 – (A) Number of NADPH-d positive

neurons in CA1 area of hippocampus per

section area, (B) Number of NADPH-d positive

neurons in CA3 area of hippocampus per

section area, (C) Number of NADPH-d positive

neurons in dorsal blade of the dentate gyrus per

section area  (D), Number of NADPH-d positive

neurons in ventral blade of the dentate gyrus

per section area, (E) Number of NADPH-d

positive neurons in hilus of the dentate gyrus

per section area, C = control group,

H = hypoxic group, Mean ± S.E.M. Level

of significance p < 0.05 (*),  p < 0.01(**),

p < 0.001 (***).
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Figure 2 – (A) Number of NADPH-d positive

neurons in CA1 area of hippocampus per

section area, (B) Number of NADPH-d positive

neurons in CA3 area of hippocampus per

section area, (C) Number of NADPH-d positive

neurons in dorsal blade of the dentate gyrus per

section area  (D), Number of NADPH-d positive

neurons in ventral blade of the dentate gyrus

per section area, (E) Number of NADPH-d

positive neurons in hilus of the dentate gyrus

per section area, C = control group, C+Mg =

control group with magnesium administration,

Mean ± S.E.M. Level of significance p < 0.05

(*),  p < 0.01(**), p < 0.001 (***).
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Figure 3 – (A) Number of NADPH-d positive

neurons in CA1 area of hippocampus per

section area, (B) Number of NADPH-d positive

neurons in CA3 area of hippocampus per

section area, (C) Number of NADPH-d positive

neurons in dorsal blade of the dentate gyrus per

section area  (D), Number of NADPH-d positive

neurons in ventral blade of the dentate gyrus

per section area, (E) Number of NADPH-d

positive neurons in hilus of the dentate gyrus

per section area, H= hypoxic group, H+Mg =

hypoxic group with magnesium pre-treatment,

Mean ± S.E.M. Level of significance p < 0.05

(*),  p < 0.01(**), p < 0.001 (***).
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Our findings show that long-lasting intermittent perinatal hypoxia increased the

number of NADPH-d positive neurons in CA1, CA3 areas of the hippocampus and

in dorsal blade of the dentate gyrus.

After the pre-treatment with magnesium, density of nitrergic neurons in hilus

and ventral blade of the dentate gyrus was lower then only after the hypoxia.

Changes of density of NADPH-diaphorase positive neurons in the hilus of the

dentate gyrus occurred immediately after the last exposure to hypoxia [23]. This

could support the theory that hypoxia causes a rapid loss of high-energy

phosphates, generalized depolarization, progressive proteolysis, and loss of

membrane integrity, due to damage to membrane lipids by lipolysis. The post-

ischemic suppression of protein synthesis, which could explain the loss of neurons,

was reported in numerous studies [24].

Magnesium pre-treatment of rats exposed to intermittent hypobaric hypoxia

evoked decline of nitrergic neurons density in all studied areas. Possible protective

effect of the magnesium administration can be hypothetically explained by an

encroachment on gene expression of nitric oxide synthase. NMDA receptor and

voltage-gated calcium channels blockade by magnesium lead to reduction in

intracellular calcium concentration which can suppress synthesis of calcium

dependent nNOS and subsequent lower synthesis of NO [25].
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