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Prostanoid synthesis in the cerebral
blood vessels of asphyxiated piglets
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The aim of this study was to examine the effects of asphyxia-reventilation and hyperoxia
on the cerebral blood perfusion and prostanoid production of the brain arteries and microvessels
in piglets. After 10 min of asphyxia, animals were ventilated with room air, or with 100% O,.
Following 4 hours of recovery, the brains were perfused, cerebral arteries were removed and
microvessels were isolated from the cortex. The microvessels and the arteries were incubated with
1-¥C-arachidonic acid, and the 1-*4C-prostanoids were then separated by means of overpressure
thin-layer chromatography and were quantitatively determined. Under control conditions, the
synthesis of dilatory prostanoids dominated the arachidonate cascade both in the microvessels and
in the arteries. Asphyxia and reventilation with room air did not modify the prostanoid
production. O, ventilation grestly affected the prostanoid synthesis of the microvessels, with an
enhancement of PGD, up to 247+27%. In the arteries, the production of PG, and of PGE, was
elevated to 272+15% and to 148+13%, respectively. These findings indicate that O, ventilation
after asphyxia substantially increases the extent of prostanoid synthesis in the cerebral blood
vessels,
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Perinatal asphyxia, which occurs in approximately 6 per 1000 term live births, is
the most important cause of neurologic injury in the newborn (31). The resuscitation of
asphyxiated infants determines the functional and metabolic recovery of the nervous
system and could be correlated with the delayed clinical outcome.
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Prostanoids produced from arachidonic acid (AA) are important
autocrine/paracrine modul ators of the cerebral circulation, especially in the newborn (8,
40). Dilator prostanoids contribute to the maintenance of the resting cerebral blood flow
and to asphyxia-, hypercapnia- or hypotension-induced vasodilation (24). Prostanoids
originating from cerebral microvessels also play a key role in the pathogenesis of fever
(9) and in the cytokine-induced disruption of the blood-brain barrier (10).

Cyclooxygenase (COX) or prostaglandin H synthase (PGHS) is the enzyme that
catalyzes the first two steps of the biosynthesis of prostaglandins (PGs) from AA. Two
isoforms of PGHS, the “congtitutive” COX-1 (25) and the “inducible” COX-2 (35),
have recently been identified; they are very similar in structure and catalytic activity.
COX-1 appears to be maximally expressed under stable physiological conditions and
typically contributes to the intra and intercellular communication by relatively
quiescent cells (i.e. “housekeeping functions”). COX-2 is present only at very low levels
in many quiescent cells, but it is readily induced by various agents, including growth
factors, cytokines and endotoxins, and is therefore more involved in growth, cell
differentiation and inflammation (38). However, COX-2 is congtitutively expressed in
specific cellsin the central nervous system of the newborn (12, 28). COX-2 isthe major
functional contributor to the overall brain endothelial prostanoid synthesis in piglets
(26).

Specific synthases release prostanoids (PGD,, PGE,, PGF,,, prostacyclin and
TxA,) from PGH,. In contrast with COX, which is ubiquitously distributed in various
tissues, different organs and tissues are supplied with a specific pattern of PG
endoperoxide-metabolizing enzymes, which determine the relative amounts of the end-
products formed from AA.

It is known that the brain microvessels can produce PGD,, PGE,, PGF,,
prostacyclin and TxA, via the COX pathway (14). As concerns the principal COX
metabolites of the brain microvessels, there are controversial observations. Goehlert et
al. (15) reported that prostacyclin was the major prostanoid formed in the rat cerebral
microvessels, while others (18, 21) found PGD, to be so. De Vrieset al. (11) concluded
that PGE, was the main COX metabolite formed by cultured rat cerebral endothelial
cells. The explanation of this controversy is not known at present.

Perinatal asphyxia and resuscitation are often followed by neurological sequelae. It
has been shown that after anoxic stress and reoxygenization there is a selective
impairment of cerebrovascular responsiveness, e.g. to dilator prostanoids (5). The
mechanisms underlying the postasphyxial changes in cerebrovascular regulation are not
known with certainty. Several data indicate that the impairment of the cerebrovascular
responses is mainly dependent on the production and action of reactive oxygen species
(2). In addition to prostanoid synthesis, COX can catalyze severa oxidation reactions,
causing cellular damage.

O, adminisgtration is a common therapeutic tool in the treatment of
hypoxic/asphyxiated newborns. Since many of the reactive species of O, are generated
during reperfusion, O, ventilation could strongly affect the neurological outcome.
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Although postasphyxia increases in prostanoid levels in the cerebrospina fluid have
been reported (29), little is known about the eicosanoid production of cerebral vessels
after hypoxic events (13, 21). Domoki et al. (13) reported rapid increases in COX-2
mMRNA and protein levels in cerebral blood vessels following global ischemia
However, whether these changes are reflected in altered prostanoid production remains
unexplored.

The purpose of the present study was to characterize the effects of asphyxia/
reventilation on prostanoid synthesis in cerebral microvessels and arteries. We tested the
hypothesis that anoxic stress would stimulate eicosanoid production in a different manner at
different points along the vascular tree. We compared the effects of ventilation with pure O,
and room air on the prostanoid production of the cerebral blood vessds.

Materials and M ethods
Materials

The materials used in the experiments were of the following origins: arachidonic
acid (grade 1), PGE,, PGD,, TxB,, PGF,,, 6-keto-PGF,,, HHT and Medium 199
(Sigma, Hungary); 1-(}4C)arachidonic acid (spec. act. 2035 Mbg/mmol) (Amersham,
UK); silica gel thin-layer plates (0.25 mm) (Merck AG, Germany); sodium thiopental
(Trapana - Byk Gulden, Germany); a-chloralose (Fluka, Switzerland).

Animals

Newborn (1-2-day-old) domestic pigs of either sex, weighing between 1.2 and
1.6 kg, were used. Animal experiments were performed with the approval of the Ethical
Committee for the Protection of Animalsin Research (University of Szeged, Hungary).

Surgical preparation

Anesthesia was induced with sodium thiopental (30 g kg™, IP) followed by iv.
injection of a-chloralose (75 mg kg1). Supplemental doses of a-chloralose were given
as needed to maintain a stable level of anesthesia. Animals were intubated by
tracheotomy and artificially ventilated with room air. The ventilation rate (approxi-
mately 20 breaths min~1) and tidal volume (approximately 20 ml kg2) were adjusted to
maintain the blood pH and gas values within the physiological ranges. In our study, the
animals had baseline values within the normal ranges for arterial pH (7.35-7.45), pCO,
(30-35mm Hg) and pO, (80-100 mmHg). Body temperature was maintained at
37-38°C by a water-circulating heating-pad. Systemic arterial blood pressure was
recorded via a catheter placed into the right femora artery and connected to a pressure
transducer. The right femoral vein was catheterized for adminigtration of drugs and fluids
and for withdrawal of blood. The head of the piglet was fixed in a stereotaxic frame.
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Cortical blood perfusion was monitored by a laser Doppler flowmeter (Perimed
PF4000, Sweden). The technique used to measure cortical blood flow by laser Doppler
flowmetry (LDF) has been described previously (4). The flow probe was lowered via a
burr hole with a micromanipulator without touching the brain surface.

Satistics

Data are expressed as mean + SE. Analysis of variance (ANOVA) followed by the
Tukey B multiple comparison post hoc test was used to determine the significance of
differences between the corresponding mean values. p<0.05 was taken as statistically
significant.

Experimental protocol

Anesthetized, instrumented piglets were divided into three groups: untreated
controls (n=6), asphyxia and reventilation with room air (n=6), and asphyxia and
reventilation with 100% O, (n=6). Asphyxia was achieved by turning off the ventilator
and clamping the endotracheal tube, as described previoudy (3). After 10 min of
asphyxia, the tubing was unclamped and the animals were reventilated. Control animals
were treated like the animals in the other two groups, but were not exposed to asphyxia.
Following 4 h of recovery, the animals were killed with an 1V injection of saturated
KCl, and the brains were perfused via the carotid arteries with cold, normal saline
containing EDTA (5.8 mmol I-1) to remove blood from the brain vessels. Cerebral
arteries were removed and microvessels were isolated from the parietal cortex.

Isolation of cerebral microvessels

Cerebral microvessels were isolated by the micromethod of Hwang et al. (17) with
some modifications, as described previously (19). The cerebral cortex was freed from
myelin and pial membranes. The cerebral cortex (300 mg wet weight) was homogenized
in 10 volumes (wv1) of standard isolation buffer (0.32 mol I-! sucrose, 3 mmol I-1
HEPES, 10 pmol 171 CaCl,2H,0, pH 7.4), using 10 strokes in a Potter homogenizer
with a teflon pestle at 100 rpm. The suspension was centrifuged for 10 min at 1000 g.
The pellet was homogenized in 3 ml standard isolation buffer, and the centrifugation
was repeated. The pellet was resuspended in 3 ml standard isolation buffer and was
centrifuged twice for 15 s at 100 g. The supernatants (containing the microvessels) were
collected, and were centrifuged at 200 g for 2 min. The pellet was resuspended in 1.5 ml
standard isolation buffer, and was then centrifuged at 200 g for 1.5 min. This was
repeated twice. The pellet was resuspended in standard buffer and centrifuged for 5 min
at 1000 g. The pellet, containing mainly isolated brain capillaries, was suspended in
1 ml Medium 199. The purity of the fina preparation was verified by phase-contrast
and light microscopy and by assaying the activity of gamma-glutamyl transpeptidase,
the marker enzyme for microvessels, according to the method of Szasz (36). The
viability of the cells was tested by the trypan blue exclusion assay.
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Analysis of eicosanoids

Samples were preincubated at 37 °C for 5 min. The enzyme reaction was started by
the introduction of tracer substrate, 1-(14C)-AA (3.7kBg, 0.172pmol), into the
incubation mixture. Thirty minutes later, the enzyme reaction was stopped by bringing
the pH of the incubation mixture to 3.0 with formic acid. According to our preliminary
experiments, a period of 30 min was appropriate for in vitro labeling of the brain
capillary endothelia cells. The samples were then extracted with ethyl acetate (2x3 ml),
the prostanoids were separated by means of overpressure thin-layer chromatography and
the amounts of the (}4C)-prostancids were determined quantitatively by liquid
scintillation, as described previously (20). Instead of TxA, and prostacyclin, we
determined their stable metabolites (TxB, and 6-keto-PGF,,). TxA, spontaneously
hydrolyzes (t;,=30s) to TxB, (17), and prostacyclin spontaneously hydrolyzes
(t/> = 10 min) to 6-keto-PGF,, (37).

Results

Mean arterial blood pressure, heart rate, arterial blood gases and pH are listed in
Tables| and 1. The baseline values were within the normal ranges for anesthetized 1-2-
day-old piglets (2, 3, 5). During asphyxia, there were significant decreases in arterial
blood pressure and cortical blood flow, as illustrated in Figure 1. The blood gas values
and pH had returned to normal by the end of the first hour after asphyxia (Tables | and
I1). In the O, ventilated group, the pO, was significantly elevated throughout the post-
asphyxia period.

Cortical blood perfusion was monitored during the experiment. We took a 10-min
baseline period before asphyxia, and the average perfusion values were regarded as
100%. As indicated in Tables | and Il, there was a significant decrease in cortical
perfusion in both asphyxiated groups. There was no significant difference between the
room air-ventilated and O,-ventilated groups (Fig. 1).

In the cerebral microvessels, asphyxiafollowed by ventilation with room air caused
only slight, not significant elevations in PGD,, PGE,, prostacyclin and PGF,,
formation, while the synthesis of TxA, decreased (Fig. 2). In the cerebral arteries,
asphyxia + room air ventilation slightly attenuated the formation of PGD,, PGE, and
PGF,q, While the synthesis of prostacyclin was slightly increased (Fig. 3). The synthesis
of TxA, did not change (Fig. 3).
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Table IT

Physiological variubles in usphyxiured und O,-ventilated piglets

4 h after
asphyxia

8th min 20 min after 1 h after 2 h after 3 h after
asphyxia asphyxia asphyxia

of asphyxia

Baseline

asphyxia

1*

35 +
120 £

35 £ 3%
120 +

37 £ 3*
109 £ 14

+

39

67 £ 7*
132 £

24 + 5%

53

+l

44
106 +

100

BP (mm Hg)

17

18

13
+ 22

105 +

10*

12*

+
+

11

Heart rate (bpm)

17*
7.34 £ 0.03*

32 +
105 + 5%

12%

45 *
735 + 0.05

16*

54 £
739 + 0.03

101

81
749 £ 0.06

137 £ 15%

12*

18
6.97 + 0.04*

Perfusion (% of baseline)

pH
pO,

7.21 £ 0.05*
270 £ 35*

744 + 0.04

+ 5% 118 £ 4*

11*

164 +

12 + 3*

+

82
38

+

32

+

32

+

35

29 + 3*

52 + 6*

11*

96 +

+

pCO,

6, *P<0.05 compared with baseline

Values are mean £ SEM, n
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Fig. 1. Recording showing changesin cortical blood perfusion (CBF, using an arbitrary perfusion unit),
mean arterial blood pressure (mm Hg) and heart rate (beats per minute) before, during and after 10 min of

asphyxia. Arrows indicate the onset and end of asphyxia. In the 2nd, 3rd and 4th hours, the variables
are shown by a representative 10-min record.

1200 A #
* 3 control
1000 A asphyxia+room air
asphyxia+100% O,
800
#
=
& 600 A
a
*
400
200 A
0
PGF,,

PGD, PGE,

Fig. 2. Prostanoid synthesis of cerebral microvessels of asphyxiated piglets ventilated with either room air or
100% O,. Bars represent the mean + S.E. in DPM/300 mg wet weight brain. Open bars, control group (n=8);
dotted bars, room air-ventilated group (n=7); hatched bars, 100% O,-ventilated group (n=6). Significant
differences are indicated by * (p<0.05) as compared to the control, and by # (p<0.05) as compared to the

room air-ventilated group
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Fig. 3. Prostanoid synthesis of cerebral arteries of asphyxiated piglets ventilated with either room air or 100%
O,. Bars represent the mean + S.E. in DPM/20 mg wet weight artery. Open bars, control group (n=5);
dotted bars, room air-ventilated group (n=6); hatched bars, 100% O,-ventilated group (n=6). Significant
differences are indicated by * (p<0.05) as compared to the control, and by # (p<0.05) as compared to the
room air-ventilated group

When the piglets were ventilated with pure O, after the asphyxia, the syntheses of
PGD,, prostacyclin, PGF,, and TxA, in the cerebral microvessels increased
considerably, while the formation of PGE, was not altered significantly (Fig. 2). In the
cerebral arteries, O, ventilation significantly elevated the syntheses of PGD,, PGE, and
prostacyclin as compared to the room air-ventilated group (Fig. 3). O, ventilation did
not influence the PGF,, and TxA, production of the cerebral arteries (Fig. 3).

Discussion

There are three major findings of this study. First, the prostanoid production of the
cerebral arteries and microvessels is barely changed 4 h after asphyxia followed by
room air ventilation. Second, ventilation with pure O, after asphyxia significantly
increased the extent of prostanoid synthesis in both the cerebral arteries and the
microvessels. And third, O, ventilation did not substantially improve the cortical
perfusion following asphyxia.

Recent studies indicate that the AA metabolism plays a definite role in the
mechanism of perinatal hypoxic brain injury. Studies of postischemic hemodynamic
changes in the cerebral circulation have revealed that inhibition of the prostanoid

Acta Physiologica Hungarica 88, 2001



96 B. Kisetad.

synthesis preserves major vasodilator mechanisms (2). Several data indicate that
impaired vasorelaxation is associated with the production and action of free radicals
during the reperfusion period. Superoxide anion is produced in the cortex during
asphyxia and reventilation in piglets (30). Although there are several sources for
superoxide and other free radicals after anoxic stress, al of them require O,. An O,
load after asphyxia could enhance free radical production via either the mitochondrial or
the arachidonate cascade. It seems that the COX pathway is the main source of
superoxide in the brain of asphyxiated piglet (30) and also in the cerebral endothelial
cells (22). The site of superoxide production is in the COX pathway when PGG, is
converted to PGH, (6). The arachidonate cascade produces oxygen free radicals, and
these can activate the cascade. Thus, superoxide production by this mechanism may
result in a“vicious cycle” of accelerating radical production, which can lead to oxidant
injury of the cells and tissues in pathologic conditions (6). It may be speculated that an
enhanced production of superoxide anions or other O,-dependent substances might
activate transcription factor NF-kB and lead to an enhanced synthesis of COX-2 (34).

During asphyxia hypercapnia aso develops which can influence prostanoid
synthesis. Recently, Kdvecs et al. (23) reported that hypercapnia stimulates PGE, but
not PGI, release in endothelial cells cultured from human fetal cerebral microvessels.
Their finding is partly in conflict with our observations because we did not detect any
significant change in prostanoid synthesis following asphyxia. On inhalation of room air
both arterial blood and cerebral pH return quickly to baseline levels (1). Therefore in
our study the hypercapnic exposure was much shorter than 60 min. However, we cannot
completely rule out a stimulating effect of hypercapnia on prostanoid synthesis at longer
exposure.

The data suggest that the rate-limiting factor for prostaglandin synthesis is the
availability of free AA and/or the activity of COX. Recent findings have shown that
COX-2 is the predominant isoform in piglet brain (12). Globa cerebral ischemia
resulted in elevation of the COX-2, but not the COX-1 protein levels by 46 h. The
same tendency was observed for both protein and mRNAs. In contrast with global
cerebral ischemia, the COX-2 mRNA and protein levels did not increase after asphyxia
(12). Domoki et al. (13) recently extended the observations to the cerebral arteries. In
consequence of the methods used for the determination of the COX-2 protein levels,
neither Dégi et a. (12) nor Domoki et a. (13) were able to investigate the microvessels
of the brain separately. The question of whether minor changes occur in the prostanoid
synthesis in the cerebral microvessels and arteries after asphyxia therefore remained to
be answered. Our method involving the use of isolated cerebral microvessels and
arteries confirmed and extended the findings of Dégi et a. (12). It reveaded that, 4 h
after asphyxia, there is only minimal if any increase at al in the potentia for eicosanoid
synthesis in the brain microvessels and arteries. Since COX-2 induction in response to
hypoxia in endothelial cells is dependent upon activation of the transcription factor NF-
KB (34), we speculate that respiratory acidosis or some other attribute of asphyxia (e.g.
an elevated adenosine level (27)) leads to suppression of this transcription factor.
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There are several consequences of O, ventilation after asphyxia. First of all, it did
not improve the cortica perfusion after the hypoxic insult, as indicated by LDF.
Although there was no marked increase in intracranial pressure (unpublished
observations), this could be in association with moderate tissue edema. LDF allowed
sengitive, stable and reproducible estimates of the microcirculation with high temporal
resolution. The experimental design may complicate the interpretation of the LDF data.
One concern might be that we did not change the position of the probe during the 4-5-h
observation period. Since LDF monitors only a small area within the cortex, slight
changes in brain volume following asphyxia would bias perfusion values. No
macroscopic intracortical hemorrhage due to placement of the tip was observed, but the
brain tissue surrounding the probe was not subjected to microscopic examination in this
study.

There was a marked increase in prostanoid synthetic capacity in both the large and
the microvessels. In the cerebral arteries, the most profound increases were in the
extents of PGE, and PGI, synthetis. The effect of hyperoxia alone on formation of
prostanoids in brain vessels in vivo is unknown. Indirect data suggest that it might not
have any significant role in changing the composition AA products. Prostaglandin
release from microvessels isolated from the rabbit cerebral cortex did not show
significant differences when incubated either with room air or 100% O, (32). Hyperoxia
did not affect vascular formation of prostanoids induced by vasoactive agents (7).
Similarly, 45-min oxygen ventilation did not modify the choroidal hemodynamic
responses to hyperoxia (16). Our findings challenge the hypothesis that post-asphyxic
oxygen-ventilation is necessary to modify of the prostanoid synthetic capability of brain
microvessels in the first hours following reperfusion.

The shift toward dilator prostanoids could explain our observation that in
asphyxiated piglets there was a dlight increase in pia arteriolar diameters. Opposing the
dilator effect, the overproduction of oxygen radicals and the formation of ONOO- from
nitric oxide could inactivate PGl -induced vasodilation, as suggested by Zou et al. (39).

In the microvessels, the dominance of dilator components was not obvious.
Elevation of TxA, synthesis could enhance the endothelium-dependent
vasoconstriction. Although there is some debate as to whether prostanoids of capillary
origin contribute to regulation of the microvessel tone, an increased activity of COX can
lead to an enhanced free radical production in the microcirculatory network, and an
elevated free radical production can intensify the neurological damage. Our results
highlight the importance of the well-controlled administration of O, to the newborn
after asphyxia. Augmented levels of COX, with resultant increases in the production of
prostaglandins and superoxide anion, may lead to disrupted cellular relationships, the
abnormal functioning of neural tissues, inappropriate blood flow responses, and/or
enhanced cell damage following additional pathological conditions. For example,
enhanced levels of COX could disrupt the balance between the dilator nitric oxide and
the constrictor PGs and TxA, in maintaining an appropriate cerebral blood flow.
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In conclusion, O, ventilation after asphyxia substantially increases the extent of

prostanoid synthesis in the cerebral blood vessels. The change in prostanoid synthetic
capacity may reflect elevated and biologically active COX levels. The altered balance
between the dilator and constrictor prostanoids may affect the cerebral blood perfusion
and the process of development of brain injury.
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