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Abstract

Children undergoing perinatal brain injury often suffer from the dramatic consequences of this misfortune for the rest of their lives. Despite
the severe clinical and socio-economic significance, no effective clinical strategies have yet been developed to counteract this condition. This
review describes the pathophysiological mechanisms that are implicated in perinatal brain injury. These include the acute breakdown of
neuronal membrane potential followed by the release of excitatory amino acids such as glutamate and aspartate. Glutamate binds to
postsynaptically located glutamate receptors that regulate calcium channels. The resulting calcium influx activates proteases, lipases and
endonucleases which in turn destroy the cellular skeleton. The acute lack of cellular energy during ischemia induces almost complete
inhibition of cerebral protein biosynthesis. Once the ischemic period is over, protein biosynthesis returns to preischemic levels in non-
vulnerable regions of the brain, while in more vulnerable areas it remains inhibited. A second wave of neuronal cell damage occurs during the
reperfusion phase induced by the postischemic release of oxygen radicals, synthesis of nitric oxide (NO), inflammatory reactions and an
imbalance between the excitatory and inhibitory neurotransmitter systems. Clinical studies have shown that intrauterine infection increases
the risk of periventricular white matter damage especially in the immature fetus. This damage may be mediated by cardiovascular effects of
endotoxins leading to cerebral hypoperfusion and by activation of apoptotic pathways in oligodendrocyte progenitors through the release of
pro-inflammatory cytokines. Knowledge of these pathophysiological mechanisms has enabled scientists to develop new therapeutic strategies
which have been shown to be neuroprotective in animal experiments. The potential of such therapies is discussed here, particularly the
promising effects of postischemic induction of mild cerebral hypothermia, the application of the calcium-antagonist flunarizine and the
administration of magnesium.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction excellent neuroprotective strategies have been developed in

various animal models. Obstetricians and neonatologists now

Perinatal brain injury is a major contributor to perinatal
morbidity and mortality [1]. Thus, in Germany alone approxi-
mately 1000 children per year experience brain damage from
perinatal hypoxic-ischemic insults. A considerable number
of these children will develop cerebral palsy (Fig. 1) [1,2].
Theresulting impact on the children affected and their families
is considerable and their subsequent care requires a high
level of commitment and co-operation between pediatricians,
child neurologists, physio-, speech-, and psychotherapists, and
other specialists. Despite the severe clinical and socio-eco-
nomic significance, the efficacy of present clinical strategies
is too low to reduce the incidence of perinatal hypoxic-
ischemic brain damage significantly. However, an increasing
number of experimental studies describe the pathophysiolo-
gical mechanisms that are involved in perinatal brain injury.
Based on these pathophysiological mechanisms a variety of

* Corresponding author. Tel.: +49-234-2993300;
fax: +49-234-2993309.
E-mail address: arne.jensen @ruhr-uni-bochum.de (A. Jensen).

face the important task of testing these neuroprotective stra-
tegies in clinical trials.

2. Pathophysiology

Perinatal braininjury isusually caused by cerebral ischemia,
cerebral hemorrhage or an ascending intrauterine infection as
shown by recent clinical studies. This review will focus on the
pathophysiological pathways that are activated by cerebral
ischemia or inflammatory processes, and will describe the
mechanisms that are involved in cerebral hemorrhage.

3. Cerebral ischemia

3.1. Acute energy breakdown and calcium-overload

The normal functioning of the brain is inevitably de-
pendent on adequate oxygen and glucose supply. Acute
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Fig. 1. Spastic diplegia in children with cerebral palsy [2].

reduction in cerebral oxygen delivery will lead to a break-
down of neuronal energy metabolism within a few minutes
[3]. The Na/K*-pump then stops working and the energy-
depleted cell takes up Na™, Ca®>" and C1~ ions. The so-called
calcium-overload activates lipases, proteases and endonu-
cleases, which in turn destroy the cellular skeleton [4].

3.2. Glutamate release

Neuronal depolarization induces presynaptic release of
glutamate, an excitatory neurotransmitter, which binds to
postsynaptically located glutamate receptors. Three classes
of ionotropic glutamate receptors have been identified on the
basis of their pharmacological response (NMDA-, AMPA-
and kainate-receptors) [5]. In addition, glutamate also acti-
vates metabotropic receptors that regulate intracellular
G-protein signal cascades. The activation of each of these
receptors leads to an increase in the level of free intracellular
calcium. The NMDA-receptors regulate calcium channels,
and the metabotropic receptors induce a depletion of intra-
cellular calcium stores while the AMPA/KA-receptors open a
voltage-dependent calcium channel by membrane depolari-
zation [6]. As already mentioned, the cytosolic increase in free
calcium activates proteases, lipases and endonucleases which
in turn initiate processes leading to cell death [4]. There is no
doubt that glutamate release plays a critical role in neuronal
cell death after focal cerebral ischemia. Here, glutamate
antagonists have been shown to exert a strong neuroprotective
effect against hypoxic-ischemic brain damage in adult as well
as in neonatal animals ([7,8]; for review: [9]).

3.3. Inhibition of protein synthesis

Acute breakdown of energy metabolism causes distur-
bances in protein synthesis. As shown in animal experiments,

protein synthesis is reduced both during ischemia and in the
early postischemic phase in vulnerable and non-vulnerable
brain areas [10]. At the end of the ischemic period, protein
synthesis in non-vulnerable regions recovers to preischemic
levels, while in vulnerable regions it remains inhibited [11].
Similar findings have been reported in connection with devel-
opmental variations in the response of the brain to ischemic
insults: Protein synthesis in the fetal brain was found to
recover much faster from ischemic insults than that it did
in adult brains [12]. The prolonged inhibition of protein
synthesis is therefore an early indicator and possibly also
one of the causes of neuronal cell damage arising after
ischemia.

Electron microscopic and biochemical studies have shown
that postischemic inhibition of protein synthesis is accom-
panied by a disaggregation of the polyribosomes [10]. This
disaggregation seems to occur not during but after ischemia,
and involves a dissociation of the monoribosomes into their
smaller and larger subunits [10]. Ribosomes disaggregate
when the starting of a new polypeptide chain takes longer
than chain extension or termination. The disaggregation of the
polyribosomes cannot occur during ischemia, because the
breakdown of energy metabolism affects all stages of protein
synthesis (initiation, elongation and termination). However,
after ischemia, the recovered energy metabolism reactivates
only the chain elongation and termination stages of protein
synthesis, and not initiation. This leads inevitably to a dis-
aggregation of the polyribosomes and a sustained inhibition of
protein biosynthesis [13].

3.4. Secondary neuronal cell death

In cerebral tissue capable of recovery after an ischemic
insult, energy metabolism is restored very rapidly [12,13]. A
few hours later, however, the energy status is diminished
once again in the affected tissue. Simultaneously, a second-
ary cell edema develops, followed by epileptogenic activity
that can be monitored on EEG. These events are likely to be
caused or at least modulated by oxygen radicals, nitric oxide
(NO), inflammatory reactions and excitatory amino acids,
particularly glutamate (for review: [9]).

3.5. Oxygen radicals

After cerebral ischemia oxygen radicals are produced
through activation of a variety of pathways involving
xanthine oxidase, superoxide dismutase and the Haber—
Weiss reaction. These radicals then destroy cellular mem-
branes and cause various forms of tissue damage [14].
Similarly, the increased rate of arachidonic acid metabolism
in brain tissue or activated leucocytes after ischemia can also
produce large amounts of oxygen radicals (for review: [15]).
The significance of oxygen radicals for the development of
secondary neuronal cell loss after cerebral ischemia has been
demonstrated by investigations studying the neuroprotective
effect of xanthine oxidase inhibitors such as allopurinol.
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Thus, in a neonatal rat model of perinatal hypoxic-ischemic
brain damage, allopurinol completely protected the animals
of the study group from severe neuronal cell loss [16].

3.6. Nitric oxide

Another radical that contributes to secondary brain injury
is nitric oxide. During cerebral ischemia, a massive influx of
intracellular calcium takes place through various channels,
regulated, among other things, by the neurotransmitter
glutamate [17]. The rise in intracellular calcium activates
NO-synthase, which produces NO, citrulline and water from
arginine, NADPH and oxygen [18]. NO then combines with
superoxide radicals to produce peroxynitrite that sponta-
neously decomposes to form hydroxyl radicals, nitrogen
dioxide and NO>" [19]. Thus NO, like free iron, can raise the
toxicity of superoxide radicals significantly by converting
them into highly potent radicals which in turn cause neu-
ronal cell damage. The neuronal toxicity of NO after cere-
bral ischemia was elegantly demonstrated by Hamada et al.
[20]. They applied an inhibitor of the NO-synthase to
neonatal rats 1.5 h before an hypoxic-ischemic insult, a
procedure that had a highly neuroprotective effect. In neo-
natal nNOS deficient mice similar results were observed
following cerebral ischemia, with a reduction in hippocam-
pal and cortical damage compared to the wild type [21].

3.7. Epileptogenic activity

Epileptogenic activity arising several hours after an
ischemic insult also seems to aggravate brain injury as
shown by Gluckman and co-workers. They observed epi-
leptiform activity in mature sheep fetuses about 8 h after
30 min of global cerebral ischemia, which reached a peak
10 h after the ischemic period [22]. This epileptiform activ-
ity could be completely inhibited by application of the
glutamate antagonist MK-801. Interestingly, the suppression
of the epileptiform activity was accompanied by a marked
reduction in brain damage in the treated animals [23]. This
suggests that a secondary wave of glutamate release or an
imbalance between excitatory and inhibitory neurotransmit-
ters during reperfusion may induce epileptiform bursts of
neuronal activity that can lead to an uncoupling of cell
metabolism and blood flow. This would automatically
impair pathways of energy metabolism and cause secondary
neuronal cell damage.

3.8. Apoptosis

Over the last few years an increasing body of evidence has
accumulated showing that after cerebral ischemia neuronal
cell damage occurs not only through necrotic but also
through apoptotic processes. In necrosis, cell death is trig-
gered by an overwhelming external insult damaging cellular
organelles such as mitochondria. This results in the loss of
membrane integrity and the leakage of cytoplasmic contents

into the extracellular matrix. In contrast, cells dying by
apoptosis undergo a well conserved and highly regulated
genetic programme of cell death. They do not lose mem-
brane integrity and the organelles remain largely intact. In
the final stages, cell fragments are ‘shrink-wrapped’ in the
contracting plasma membrane and bud off as apoptotic
bodies which are subsequently phagocytosed by healthy
neighbouring cells [24]. This process largely circumvents
inflammatory reactions. Apoptosis is a biochemically and
genetically programmed cell death that requires time,
energy and, to a certain extent, new gene transcription
and translation (for review: [25]). One pathway that is
implicated in apoptotic cell death is the release of cyto-
chrome ¢ from the mitochondria through the permeability
transition pore. This pore is controlled by the anti-apoptotic
Bcl-2 proteins. Once in the cytosol, cytochrome ¢ can form a
complex with Apaf-1 and caspase-9. This results in the
activation of caspase-9 which, in turn, proteolytically acti-
vates caspase-3. Caspase-3 is a protease that cleaves vital
proteins and triggers apoptotic execution by activating
downstream caspases and endonucleases. Many of these
processes have been shown to be significantly involved in
secondary neuronal cell death after perinatal hypoxic-
ischemic insults [25].

4. Infection related cerebral injury

As demonstrated by a variety of recent studies, inflam-
matory reactions not only aggravate secondary neuronal
damage after cerebral ischemia, but may also affect the
immature brain directly. Thus, after chorioamnionitis the
incidence of immature babies suffering from periventricular
leucomalacia and peri- or intraventricular hemorrhage
(PIVH) is significantly increased [26-29]. However, it
remains unclear whether fetal brain damage following
endotoxemia is the result of cerebral hypoperfusion caused
by circulatory decentralization or whether it is caused by a
direct cytotoxic effect of endotoxins on cerebral tissue. To
clarify this point, we performed several sets of in vitro and in
vivo experiments.

First, we studied the effects of lipopolysaccharides (LPS)
on circulatory responses in chronically instrumented imma-
ture fetal sheep before, during, and after 2 min of intrau-
terine asphyxia [30]. Within 1 h after i.v. injection of LPS
(53 £ 3 pg/kg estimated fetal weight) there was a marked
fall in arterial oxygen saturation and pH. Whereas blood
flow to the placenta severely decreased, that to the carcass
rose. Shortly after asphyxia oxygen delivery to the cerebrum
was minimal (Fig. 2).

Secondly, we examined the effects the chronic intrave-
nous exposure to very low doses of LPS (100 ng) on fetal
cardiovascular function and brain pathology [31]. Intrave-
nous application of LPS caused a substantial and longlasting
decrease in umbilical blood flow resulting in sustained fetal
hypoxemia without acidemia (Fig. 3). In the LPS treated
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Fig. 2. Oxygen delivery to the cerebrum (ml O,/min x 100 g) in control (n = 6) and LPS treated (n = 7) immature fetal sheep before, during and after arrest
of uterine blood flow for 2 min. During the immediate recovery period there was still a severe cut back in delivery of oxygen in fetuses of the study group
[30]. Values are given as means + S.E.M. The data were analysed within and between groups using a two-way ANOVA followed by Games—Howell post-hoc

test (*P < 0.05; **P < 0.01).

fetuses perivascular accumulation of polymorphonuclear
cells was detected in the periventricular white matter. On
electronmicroscopical evaluation these cells appeared to be
activated microglia. Furthermore, LPS increased the rate of
apoptotic cells in the periventricular region [31].

In a further experimental design we studied the effects of
LPS on hippocampal slices from mature fetal guinea pigs
[32]. The slices were incubated in artificial cerebrospinal
fluid and gassed with carbogen (95% O,/5% CO,).

After applying LPS (4 mg/l) to the incubation medium the
release of TNF-a significantly rose over the following 12 h.
Although energy metabolism and protein synthesis were not
disturbed, it was thought the released TNF-o0 might induce
apoptotic processes in oligodendrocytes and their progeni-
tors, the cell line which is mainly affected in periventricular
leucomalacia. To elucidate this point we established a pri-
mary culture of oligodendrocyte progenitors. Applying TNF-
a to the incubation medium for 48 h resulted in a significant
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Fig. 3. Placental blood flow after chronic exposure to endotoxin (lipopolysaccharides, LPS) in chronically catheterized immature fetal sheep (0.75 of
gestation) [31]. Measurements were performed with a transonic flow probe placed around the common umbilical artery. Placental blood flow began to fall 1 h
after LPS infusion and was minimal (—30%, P < 0.01) at 4-5 h after LPS. Thereafter, placental blood flow slowly returned to control values at 10-12 h after
LPS. Data were analyzed by two-way ANOVA and a Games—Howell post-hoc test.
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(a)

(b)

Fig. 4. Oligodendrocyte progenitor cells separated from mixed glial cells cultures were cultured in neurobasal-medium (B27-supplement + 10 ng/ml
PDGEF + 10 ng/ml bFGF). After 24 h 20 ng/ml TNF-o was applied to the incubation medium and the cells were fixed with 4% paraformaldehyde 48 h later.
Cellular nuclei were visualized with Hoechst dye (a). Apoptotic cells were identified by TUNEL-staining (TRITC) (b) [33].

rise in the rate of apoptotic cells (Fig. 4) [33]. In a final study,
we set out to clarify whether LPS might aggravate an
hypoxic-ischemic injury in the immature brain. For this,
we subjected neonatal rats to an hypoxic-ischemic insult
using a combination of a common carotid artery ligation
and hypoxic exposure for 60 min. One hour before the insult
the rats received either NaCl or 5 pg LPS into the cisterna
magna. Interestingly, the resulting neuronal cell damage in
the cerebral cortex was significantly larger in the animals of
the study group than in those of the control group [34].

From these experiments we conclude that an ascending
intrauterine infection may affect the immature brain in two
ways. First, lipopolysaccharides induce the release of cyto-
kines such as TNF-o from astrocytes and microglia which
will damage oligodendrocyte progenitors and cause peri-
ventricular leucomalacia. Second, the infection may cause
severe circulatory decentralization accompanied by cerebral
hypoperfusion which then in turn results in a hypoxic-
ischemic brain damage.

5. Cerebral hemorrhage

Peri- or intraventricular hemorrhage is a typical lesion of
the immature neonate brain [1]. It originates in the vascular

bed of the germinal matrix, a brain region that gradually
disappears during development and does not exist in the
mature fetus [35]. Blood vessels in this brain region burst
easily. Fluctuations in cerebral blood flow during and after
delivery can therefore lead to rupture of these vessels
causing intra- or periventricular hemorrhage [26,28,36].
The bleeding is sometimes aggravated by factors affecting
the aggregation of thrombocytes or the coagulating process
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Fig. 5. Incidence of peri- or intraventricular hemorrhage in neonates in
relation to the 1 min Apgar score [27,28].
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Fig. 6. Protein synthesis rate (PSR) (% of control) in hippocampal slices of mature guinea pig fetuses 20—40 min after oxygen—glucose deprivation (OGD)
followed by 12 h of hypothermia [44]. Incubation temperature was reduced from 37 to 34 °C or 31 °C immediately [A (34 °C); C (31 °C)],2h [B (34 °C); D
(31 °C)] or4 h [E (31 °C)] after OGD. PSR in the five untreated control groups averaged 124 + 47 dpm/30 min/pg protein. Values are given as means £ S.D.
Intra- and intergroup differences were analysed by a two-way analysis of variance followed by Scheffé F-test (a: P < 0.05 OGD vs. control; b: P < 0.05
hypothermia vs. normothermia).

[37]. Possible consequences of a brain hemorrhage are Microscopic studies of the periventricular hemorrhagic
destruction of the germinal matrix, periventricular haemor- necrosis indicate that the lesion is often a hemorrhagic
rhagic infarction in the cerebral white matter or hydroce- infarction [38]. There is increasing evidence from recent

phalus (for review: [1]). clinical and experimental data that the hemorrhagic
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component of the infarction tends to be most concentrated
near the ventricular angle where the medullary veins drain-
ing the cerebral white matter become confluent and ulti-
mately join the terminal vein in the subependymal region.
Thus, it appears likely that periventricular hemorrhagic
necrosis occurring in association with large IVH is, in fact,
a venous infarction (for review: [38]).

To evaluate the relations between PIVH and various
perinatal risk factors we launched a prospective cranial
ultrasound study [26,28]. For this purpose newborns were
enrolled 5-8 days after birth and screened by ultrasound for
cerebral abnormalities. In immature neonates (<37 weeks of
gestation) there was a close inverse relationship between
Apgar score at 1, 5 and 10 min and both incidence and
severity of PIVH (Fig. 5). This was in contrast to findings in
mature neonates (>38 weeks of gestation) where a marked
increase in the incidence of PIVH was found only with
Apgar scores as low as 0—4 points. The relation between the
incidence of PIVH and both cardiotocography and arterial
cord blood pH was poor regardless of gestational age. From
a physiological point of view, the close correlation between
Apgar scores and the incidence of PIVH in preterm neonates
is not surprising, since a lower Apgar score denotes a
condition of circulatory shock [39]. The brain of preterm
babies is extremely vulnerable and the ability of these
infants to effectively centralize their circulation is limited,
because their sympathetic nervous system is not fully devel-
oped. When oxygen deficiency arises they are, therefore,
more prone to a severe reduction in oxygen transport to the
brain than mature neonates. Furthermore, the loss of auto-
regulation in preterm fetuses may lead either to rupture of
the fragile cerebral vessels when the arterial blood pressure
is high or ischemic lesions when the pressure is too low. In
contrast, babies born at term have fully developed circula-
tory protective mechanisms. Hence, their brain is more
resistant as evidenced by a marked tolerance to asphyxia
and a lower incidence and severity of PIVH. The overall
incidence of PIVH in mature neonates born with Apgar
scores of 5—7 points is, therefore, as low as in those born with
Apgar scores of 8—10. However, the incidence of PIVH rises
in those neonates born with Apgar values below 4 points. A
further interesting result of this study was the increased
incidence of PIVH in babies born to mothers suffering from
fever >38 °C during delivery. This relation between ascend-
ing intrauterine infection and associated perinatal brain
damage has already be discussed above.

6. Neuroprotection

Despite the critical clinical and socio-economic conse-
quences of perinatal brain damage, no effective therapeutic
strategies have yet been developed to prevent its causes.
However, as already mentioned, some promising possibili-
ties have been revealed through animal experiments that
could be developed and tested in clinical studies (for review:

[9]). Since a significant proportion of neuronal cell damage
is brought about by pathophysiological processes that first
begin several hours or even days after an ischemic insult (see
secondary cell damage and apoptosis), the setting up of a
therapeutic window would be feasible. In the following
passages, current therapeutic concepts will be described
by which neuroprotection has been achieved in animal
models.

6.1. Mild hypothermia

The induction of mild hypothermia has raised interesting
possibilities for neuroprotection from cerebral ischemia (for
review: [40]). Over the last few years, the effects of mild
hypothermia in protecting the brain from ischemically
induced damage have been examined. Experimental studies
on adult animals have shown that lowering of the brain
temperature by 3-4 °C during global cerebral ischemia
reduces neuronal cell damage dramatically [41]. Further-
more, treated animals were found to perform better than
controls in subsequent learning and behavioural tests [42].

We were also able to demonstrate a neuroprotective effect
of mild hypothermia in fetal brain tissue subjected to
ischemic insults. Thus the recovery of protein synthesis
and energy metabolism in hippocampal slices from mature
guinea pig fetuses was found to be considerably improved,
in comparison to controls, by induction of mild hypothermia
during and after oxygen—glucose deprivation (OGD) [43].
Furthermore, we studied the exact relationship between the
postischemic time delay and the degree of mild hypothermia
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Fig. 7. Neuronal cell damage in the cerebrum of term fetal sheep 72 h after
30 min of ischemia [49]. Cerebral ischemia was induced by occluding both
carotid arteries. Neuronal cell damage was quantified as follows: 0-5%
damage (score 1), 5-50% damage (score 2), 50-95% damage (score 3), 95—
99% damage (score 4), and 100% damage (score 5). Neuronal cell damage
was most pronounced in the parasagittal regions, whereas in the more lateral
part of the cortex only minor neuronal damage occurred. There was a
significant reduction in neuronal cell damage after pretreatment with the
calcium-antagonist flunarizine (1 mg/kg estimated fetal body weight).
Values are given as means = S.D. The data were analysed within and
between groups using a two-way ANOVA followed by Games—Howell post-
hoc test (*P < 0.05; **P < 0.01 (treated vs. untreated)).
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by which neuroprotective effects on ischemic insults of
different severity can be achieved in this animal model.
Hypothermia initiated directly after OGD significantly
improved the recovery of energy metabolism and protein
synthesis. If there was a time delay of 2 h before the onset of
hypothermia, neuroprotection depended on the degree of
hypothermia (Fig. 6) [44]. Reduction of the incubation
temperature to 31 °C diminished the disturbances of energy
metabolism and protein synthesis, whereas lowering the
bath temperature to only 34 °C was not effective. Inducing
hypothermia 4 h after OGD did not have any influence on the
recovery of energy metabolism and protein synthesis. These
results tie in with studies performed in fetal sheep. Extending
the hypothermic period to 72 h, Gunn et al. [45] were able to
alleviate ischemic brain injury even when cerebral tempera-
ture was not lowered until 5.5 h after the insult. Based on
these results, many authors now consider the induction of
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hypothermia during and particularly after a hypoxic-
ischemic insult to be an effective therapeutic strategy
[46]. In fact, recent clinical safety studies have demonstrated
that induction of mild hypothermia in newborn infants after
perinatal asphyxia has no harmful side-effects [47,48].

6.2. Pharmacological intervention

Now that the pathophysiological mechanisms underlying
neuronal cell damage are better understood, diverse possi-
bilities present themselves for pharmacological interven-
tion. Interest is currently focused on the administration of
oxygen radical scavengers, NO inhibitors, glutamate antago-
nists, growth factors and anti-cytokines. Given the key
significance of the so-called calcium-overload for the devel-
opment of neuronal cell death we tested the neuroprotective
effect of flunarizine, an antagonist of voltage-dependent
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Fig. 8. (A) Protein synthesis rate (PSR) (% of control) in hippocampal slices of mature guinea pig fetuses 12 h after oxygen—glucose deprivation (OGD).
OGD lasted between 10 and 40 min. PSR in the two untreated control groups averaged 124 423 and 125 &+ 11 dpm/30 min/pg protein, respectively.
Magnesium concentration in the aCSF of the study groups was increased from 1.3 to 3.9 mM either 2 h before or immediately after OGD [53]. (B)
Concentration of cGMP in hippocampal slices of mature guinea pig fetuses 10 min after OGD. As shown previously, the increase of cGMP tissue
concentrations after OGD is an indirect measure of NO-production in this model. Magnesium concentration in the aCSF of the study groups was increased
from 1.3 to 3.9 mM either 2 h before or immediately after OGD. cGMP concentrations increased significantly in hippocampal slices 10 min after OGD.
When the magnesium concentration in the aCSF was increased 2 h before OGD the rise in tissue levels of cGMP was considerably reduced, while treatment
after OGD had no effect. Values are given as means & S.D. Intra- and intergroup differences were measured by a two-way analysis of variance followed by

Scheffé F-test (a: P < 0.05 OGD vs. control; b: P < 0.05 MgSO, vs. control).
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calcium channels, in a fetal sheep model. Ischemic brain
injury was caused by occlusion of both carotid arteries for
30 min. One hour before the insult flunarizine was applied at
a concentration of 1 mg/kg body weight i.v. to the fetuses
(Fig. 7). This regimen reduced neuronal cell damage sig-
nificantly, especially in the parasagittal cortex [49]. Severe
drug-related cardiovascular side-effects could be excluded
[50]. Thus, flunarizine was neuroprotective without adverse
effects on fetal circulatory centralization during acute
asphyxia, a crucial mechanism that protects the fetal brain
from neuronal injury by increasing cerebral perfusion when
oxygen is in short supply.

6.3. Magnesium

A further interesting therapeutic approach emerged from
a retrospective analysis carried out by Nelson and Grether
[51]. Recently, in a population of 155,636 infants, these
authors showed that ante-partum application of magnesium
considerably lowered the incidence of cerebral palsy in
newborns weighing less than 1500 g. The incidence of
moderate to severe cerebral palsy was 4.8% in this
group. Seventy-five matched pairs were compared with
the 42 children suffering from cerebral palsy. In the control
group 36% of the children had been treated with magnesium,
whereas, in the group with cerebral palsy only 7% had been
treated. This difference was statistically highly significant.
Almost identical results were recently obtained in a retro-
spective study carried out by Schendel et al. [52].

The neuroprotective efficacy of magnesium has been
attributed to a variety of effects of this molecule on patho-
physiological mechanisms during and after cerebral ische-
mia, i.e. vasodilation, inhibition of the NMDA-receptor,
anti-convulsant properties. Furthermore, magnesium also
seems to block the activation of NO-synthase after cerebral
ischemia (Fig. 8) [53]. On the strength of these results,
several clinical studies have been conducted to test the effect
of magnesium on the incidence of cerebral palsy in preterm
fetuses.
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