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ABSTRACT. Piglet brains generate superoxide during
postischemic reperfusion, and topical application of acti-
vated oxygen species alters pial arteriolar responses. We
investigated effects of pretreatment with scavengers of
superoxide and H,O, on ischemia-induced alterations of
pial arteriolar responses in anesthetized newborn pigs.
Four groups were studied: /) time control, 2) untreated
ischemia, 3) ischemia pretreated topically and systemically
(conjugated to polyethylene glycol) with superoxide dis-
mutase (SOD) and catalase, and 4) ischemia pretreated
with Tiron. Pretreatment with SOD conjugated to polyeth-
ylene glycol alone during postischemic reperfusion effec-
tively removed superoxide from its site of generation during
postischemic reperfusion, but topical SOD was used also
as insurance. Piglets were studied before and after 20 min
of total cerebral ischemia caused by maintaining intracra-
nial pressure above mean arterial pressure. As reported
previously, before ischemia, hypercapnia and isoproterenol
dilated pial arteries and arterioles and hypercapnia but not
isoproterenol increased cortical periarachnoid cerebrospi-
nal fluid 6-keto-prostaglandin F,,, measured as an index
of cerebral cortical prostacyclin synthesis. After cerebral
ischemia, pial arterioles did not dilate in response to hy-
percapnia and 6-keto-prostaglandin F,, did not increase,
but dilation to isoproterenol was unchanged. The present
study found that treatment with SOD/catalase or Tiron did
not prevent loss of vasodilation to hypercapnia or the loss
of hypercapnia-induced cerebral 6-keto-prostaglandin F,,
synthesis after cerebral ischemia. The postischemic loss of
cerebral vasodilation to hypercapnia does not appear to
involve superoxide or a subsequent reduced form of oxygen.
(Pediatr Res 33: 164-170, 1993)
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Cerebral ischemia in newborn pigs is followed by loss of
cerebral vascular responses to hypercapnia and hypotension. The
cerebral vasodilation caused by hypercapnia (1, 2) and hypoten-
sion (3) requires active prostanoid synthesis, whereas dilation to
isoproterenol does not (4). After cerebral ischemia, elevated
cerebral prostanoid synthesis during hypercapnia and hypoten-
sion does not occur (5-7). Vasodilation in response to these
stimuli is likewise absent, and the responses to isoproterenol are
unchanged.

Superoxide anion and its progressive reduction products, hy-
drogen peroxide and hydroxyl radical, generated during reper-
fusion after ischemia, could cause alterations of cerebral micro-
vascular reactivity. Superoxide is produced by the brain during
reperfusion after cerebral ischemia in newborn pigs (8). Genera-
tion of activated oxygen species on the brain surface by topical
application of xanthine oxidase, hypoxanthine, and iron results
in changes in microvascular reactivity qualitatively similar to
those caused by ischemia/reperfusion: attenuation of pial arteri-
olar dilation in response to hypercapnia and hypotension without
changing responses to topically applied isoproterenol and nor-
epinephrine (9). In other vascular beds, SOD pretreatment has
been shown to attenuate vascular damage during postischemic
reperfusion (10-12).

The present study was designed to test the hypothesis that
superoxide anion and/or subsequent radicals contribute to the
loss of vasodilation to hypercapnia and hypotension after cere-
bral ischemia in newborn pigs.

MATERIALS AND METHODS

Newborn pigs (1-3 days old) were anesthetized with ketamine
hydrochloride (33 mg/kg, intramuscularly) and acepromazine
(3.3 mg/kg, intramuscularly) and maintained on «-chloralose
(50 mg/kg, i.v., initially, plus 5 mg-kg™'-h™"). The animals were
intubated and ventilated with air. Catheters were inserted in the
femoral vein for maintenance of anesthesia and blood withdrawal
and in the femoral artery to record blood pressure and draw
samples for blood gas and pH analysis. Body temperature was
maintained between 37 and 38°C. The scalp was retracted, and
a hole 2 cm in diameter was made in the skull over the parietal
cortex. The dura was cut without touching the brain, and all cut
edges were retracted over the bone so that the periarachnoid
space was not exposed to damaged bone or damaged membranes.
A stainless steel and glass cranial window was placed in the hole
and cemented into place with dental acrylic. The space under
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the window was filled with aCSF [150 mM Na*, 3 mM K*, 2.5
mM Ca®*, 1.2 mM Mg?*, 132 mM CI~, 3.7 mM glucose, 6 mM
urea, 25 mM HCOs3; pH 7.33; Pco, 6.1 kPa (46 mm Hg); Po,
5.7 kPa (43 mm Hg)] through needles incorporated into the sides
of the window. The volume of fluid directly beneath the window
was 500 uL and was contiguous with the periarachnoid space.

Pial arteries 100 to 200 um in diameter and pial arterioles 40
to 80 um in diameter were observed with a dissecting microscope.
Diameters were measured with a video micrometer coupled to a
television camera mounted on the microscope and a video
monitor.

Cerebral cortical periarachnoid CSF (300 uL) was collected by
placing a syringe on an injection port of the cranial window.
CSF was collected by slowly infusing aCSF into one side of the
window and allowing the CSF under the window to drip freely
into a collection tube on the opposite side.

Cerebral ischemia was produced for 20 min as described in
detail previously (5-7, 13). Briefly, during surgery for implanta-
tion of the cranial window, a hollow bolt was implanted over the
contralateral cerebral cortex. The bolt was connected to a bottle
of aCSF. By maintaining a pressure 2 kPa (15 mm Hg) greater
than mean arterial pressure inside the skull, blood flow through-
out the brain and spinal cord was reduced to zero. To prevent
inordinate rises in arterial pressure from the Cushing response
during cerebral ischemia, blood was withdrawn as necessary and
anticoagulated with citrate for reinfusion. After 20 min of cere-
bral ischemia, 45 min of reperfusion were allowed before contin-
uation of experiments. Measurements were made over the next
10 min to be sure the diameters were stable. Typically, pial
arteriolar diameters have stabilized by 45 min postischemia, with
the dilation of reactive hyperemia being short in duration and
occurring within the first 10 min of reperfusion (7).

After flushing the window with aCSF, control measurements
of pial arteriolar diameter, arterial blood pressure, blood gases,
and pH were taken. At the end of the 10-min control period, the
CSF from under the window was collected for 6-keto-PGF,,,
analysis, an index of cerebral prostacyclin synthesis. Hypercapnia
was produced by ventilating with a 10% CO,, 21% O,, and 69%
N, mixture. Pial arteriolar diameter and arterial pressure were
measured. After 10 min of hypercapnia, the CSF from under the
cranial window was collected for 6-keto-PGF,, analysis, and an
arterial blood sample for blood gases and pH analysis was drawn.
The ventilation mixture was returned to air, and the window was
flushed with aCSF four times at 5-min intervals. Another 10-
min control collection for 6-keto-PGF,. analysis was taken, and
isoproterenol (1 uM) was placed under the cranial window. The
maximum response within 10 min was recorded. The CSF under
the window was collected for 6-keto-PGF,, analysis after 10 min
of exposure. The experiments were continued 65 min later in
control animals or after 20 min of cerebral ischemia followed by
approximately 45 min of reperfusion in the ischemic animals.
At this time, responses to hypercapnia and isoproterenol as
described above were reexamined. In about 20% of the animals,
the response to isoproterenol was determined before the response
to hypercapnia. There was no evidence that the treatment order
affected the results, so the results were combined. Vasodilation
in response to hypotension was determined by phlebotomy to
maintain a mean arterial pressure of one half the control pressure.
Pial arteriolar diameter was measured throughout the 10-min
period of hypotension and the maximum diameter achieved
between 5 and 10 min of hypotension used for calculation of the
response. Hypotension was only examined at the end of the
protocol because repeated hypotension modifies the physiologic
condition of the piglet.

Piglets were divided into four groups designated as time con-
trol, untreated ischemia, SOD/CAT ischemia, and Tiron ische-
mia.

Time control. Time-control piglets were prepared as described
above, and the hollow bolt was implanted in each. After the
initial studies of responses to hypercapnia and isoproterenol, 65
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min were allowed without treatment; experiments then contin-
ued with reexamination of responses to hypercapnia, isoproter-
enol, and hypotension.

Untreated ischemia. This group received 20 min of cerebral
ischemia after an examination of effects of hypercapnia and
isoproterenol. After 45 min of reperfusion, experimentation was
continued by reexamining responses to hypercapnia and isopro-
terenol. Responses to hypotension were not examined because
previous experiments demonstrated loss of dilation to hypoten-
sion after ischemia (3).

SOD/CAT ischemia. In this group, treatment to remove su-
peroxide anion under the cranial window was applied topically
and systemically to approach the vessel bilaterally. Thirty min
before beginning experiments, piglets were given SOD conju-
gated to PEG (1 000 U/kg, i.v.) and CAT conjugated to PEG
(10 000 U/kg, i.v). In addition, the aCSF used under the cranial
window and in the ischemia bottle contained SOD (60 U/mL)
and catalase (1 200 U/mL). SOD/CAT ischemia piglets were
treated the same as the untreated ischemia piglets. Additionally,
the response to hypotension was examined as the last interven-
tion.

To examine the effectiveness of systemically administered
PEG-SOD (1 000 U/kg) in dismutating superoxide anion gen-
erated by the brain, we measured SOD-inhibitable NBT reduc-
tion in four piglets with dual cranial windows implanted using
methods described previously (8, 14-16). SOD-inhibitable NBT
reduction was determined during the first 20 min of reperfusion
after 20 min of cerebral ischemia in piglets treated systemically
with only PEG-SOD (i.e. none was placed in aCSF, in contrast
to the SOD/CAT ischemia treatment group).

Tiron ischemia. Because the high molecular weight of SOD
might reduce access to superoxide anion within the cell, the
smaller molecular weight scavenger of superoxide anion Tiron
(4,5-dihydroxy-13-benzene disulfonic acid) (17) (Sigma Chemi-
cal Co., St. Louis, MO) was also used. Tiron was administered
at 1 g/kg + 50 mg/kg-min i.v. dissolved in saline with the pH
adjusted to 7.3 with NaOH. Simultaneously, Tiron was admin-
istered directly to the pial arterioles in the aCSF (100 mM, pH
adjusted to 7.3 with NaOH). Tiron treatment was begun 30 min
before beginning experimentation and continued throughout the
experiment. Otherwise, experimentation was as described above
for untreated ischemia.

6-keto-PGF,, in cortical periarachnoid CSF was analyzed by
RIA against an aCSF matrix as described previously (18). All
unknowns were processed at three dilutions, with parallelism
between the unknown dilution curve and the standard curve
required before the result was used. Sample dilutions allowed
analysis of prostanoid concentrations between 100 and 50 000
pg/mL. Previously, using this assay, we demonstrated large pro-
portional increases in prostanoids after topical application of
arachidonic acid and greater than 90% decreases in concentra-
tions of all prostanoids examined in cortical periarachnoid fluid
after treatment with indomethacin (10 mg/kg, i.v) under basal
conditions and when stimulated with exogenous arachidonic acid
(19). Our antibodies cross-react minimally (less than 1%) with
other prostanoids studied. Furthermore, target ligands are not
displaced from the antibodies by arachidonic acid (20 ug/mL):
S-hydroxyeicosatetraenoic acid or 15-hydroxyeicosatetraenoic
acid (1 wg/mL); LTBs, LTC,, LTDy, or LTE, (5 ug/mL); or
lipoxin A4 or lipoxin B, (10 ng/mL).

Statistical analysis of the major data sets used repeated meas-
ures analysis of variance for four groups over time with contrasts
by ¢ tests for preplanned comparisons. p < 0.05 was required for
inference that populations were different.

RESULTS

The arterial blood pressures, gases, and pH of the newborn
pigs in the four groups before and after ischemia are shown in
Table 1. Initial values for all these parameters were comparable
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Table 1. Arterial blood pressures, gases, and pH of newborn pigs*

Before ischemia

After ischemia

Control CO, Control Isuprel

Control CO, Control  Isuprel  Control Hypotension

Time control (7 = 8:
no ischemia)

pH 7.50 £ 0.02 7.23 £ 0.02+
Po, (kPa) 109+08 10.0£0.7
Pcoa (kPa) 45+03 9.1+£0.5%
(68 mm Hg)
MABP (kPa) 10.7+0.7 10.7x0.7 10.5+0.7 104 £ 0.8
Untreated ischemia
(n=17)
pH 7.49 + 0.04 7.25 = 0.06%
Pos (kPa) 123+04 11.7x0.7
Pco, (kPa) 45403 85%0.3%
(64 mm Hg)
MABP (kPa) 9.6+0.5 10.3x0.5 9.8+05100£04

SOD/CAT ischemia
(n=11)

pH 7.44 +0.02 7.19 £ 0.02t
Po, (kPa) 11.3£0.7 11.2204
Pco, (kPa) 49+0.1 9.5=x04%
(71 mm Hg)
MABP (kPa) 10405 11.3+04 10.5+£0.510.7 £ 0.5

Tiron tschemia

(n=218)
pH 7.48 £0.04 7.16 + 0.03%
Po- (kPa) 10907 11.3+£0.7
Pco, (kPa) 43+03 89=+04%
(67 mm Hg)
MARBP (kPa) 108 +0.7 10.9+0.8 11.1£1.2107+1.2

7.50 £ 0.02 7.20 + 0.03%

10507 95+£09
47+03 9.1=x0.5¢%
103+0.7 104+08 11.2+08108+08 11.1 0.8 5.6*0.4%

(42 mm Hg)

7.41 £0.06 7.16 + 0.05%

109 +09 108+ 1.1
47+03 8.7=x04F
(65 mm Hg)
84+05 85=x05 93+04 89+04 9205 49=x04%

(37 mm Hg)

7.39 +£0.04 7.16 £ 0.02F
10.5+0.7 10.3+09
49+03 88=*0.5%

(66 mm Hg)
9.5+0.5

93+04 97+0.8104+0810.1+£0.7 55+0.1t

(41 mm Hg)

7.43 £ 0.06 7.09 + 0.06%

108+1.1 97+08
39+£0.1 8.7=+0.5%
(65 mm Hg)
9.1+08 83+09 9.1+09 88+09

* Values are mean + SEM. Isuprel, isoproterenol (Sigma Chemical Co.); MABP, mean arterial blood pressure.

+ p < 0.05 compared with previous control.

among groups. Furthermore, cerebral ischemia had no significant
effect on arterial blood pressures, gases, or pH in any of the
groups of piglets.

Pretreatment of piglets with PEG-SOD completely blocked the
increase in SOD-inhibitable NBT reduction during postischemic
reperfusion. None of the four piglets pretreated with PEG-SOD
had detectable SOD-inhibitable NBT reduction during reperfu-
sion after cerebral ischemia. The minimum detectable is about
1 pmol-mm™2.20 min~'. The undetectable SOD-inhibitable
NBT reduction in PEG-SOD-treated piglets after ischemia is in
contrast to 8.7 + 1.5 pmol-mm™.20 min~"' in untreated piglets
(8). Nevertheless, to ensure high SOD activity around vessels
under observation, SOD was also placed in the aCSF of the
SOD/CAT group as described in the Materials and Methods.

Hypercapnia caused similar vasodilation of both pial arterioles
(Table 2, Fig. 1) and pial arteries (Table 3. Fig. 2) before cerebral
ischemia in all four groups of piglets. There were no differences

among responses of pial arterioles (Table 2, Fig. 1) or arteries
(Table 3, Fig. 2) to topically applied isoproterenol before ische-
mia either. In the time-control piglets, responses of pial arterioles
and pial arteries to hypercapnia and isoproterenol were un-
changed after the 65-min interim period between the first trial
and the second (Tables 2 and 3, Figs. | and 2). In contrast, after
cerebral ischemia, neither pial arterioles nor pial arteries dilated
in response to hypercapnia, but responses to topical isoproterenol
were not changed significantly (Tables 2 and 3, and Figs. 1 and
2). Treatment with PEG-SOD, PEG-CAT, topical SOD, and
topical CAT or systemic and topical administration of Tiron did
not prevent the loss of the pial vasodilation to hypercapnia after
cerebral ischemia (Tables 2 and 3, Figs. 1 and 2). Similar to
those of untreated ischemia piglets, pial arterioles of SOD/CAT
ischemia and Tiron ischemia piglets dilated in response to iso-
proterenol after cerebral ischemia.

Hypercapnia (Fig. 3) increased cortical periarachnoid 6-keto-

Table 2. Pial arteriolar responses (mean = SEM) to hypercapnia (CO,) and isoproterenol (Isuprel)

Arteriolar diameter (um)

Before ischemia

After ischemia

Control CO, Control Isuprel Control CO- Control Isuprel
Time control (n = 8) 67 +7 96 + 9* 70+7 102 + 10* 63+ 6 94 + 9* 65+ 8 92 + 10*
Untreated ischemia (n = 7) 65+4 91 + 4* 66 £ 4 91 + 7* 714+ 6 78+ 6 69 + 8 84 + 11*
SOD/CAT ischemia (n = 10) 62+4 88 * 5* 60+ 4 94 + 9% 67+ 8 67 £ 11 55+7 73+ 11*
Tiron ischemia (n = 8)t 79 £ 10 101 + 8* 90 + 13 110 £ 15* 76 + 8 75+ 9 76 £ 9 91 £ 11*

* < 0.05 compared with previous control.
+ n =5, isoproterenol (Isuprel).
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Fig. 1. Effects of ischemia on responses of newborn pig pial arterioles to hypercapnia (C'0-) and isoproterenol (1 uM) (Isuprel). *. p < 0.05
compared with preischemia. Number of piglets as in Table 2 (means + SEM).

Table 3. Pial arterial responses (mean = SEM) to hypercapnia (CO,) and isoproterenol (1suprel)

Artery diameter (um)

Before ischemia After ischemia
Control CO, Control Isuprel Control CO, Control Isuprel
Time control (n = §) 149 + 16 193+ 18* 15618 20817 14615 197 £ 18% 145 + 18 193 + 20*
Untreated ischemia (17 = 5) 114 £ 10 157 £ 14* 125+ 8 161 £ 12* 130 £ 10 134 £ 18 117 £ 16 138 £ 21
SOD/CAT ischemia (n = 10) 162 + 2] 207 £23* 16723 240+ 28* 18229 178 £ 27 147 + 25 189 + 33*
Tiron ischemia (n = 7)t ISI £ 16 175+ 13* 16815 201 £21* 15812 164 £ 12 159 + 8 177 £ 13
* p < 0.05 compared with previous control.
tn = 4, isoproterenol (Isuprel).
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Fig. 2. Effects of ischemia on responses of newborn pig pial arteries to hypercapnia (CO,) and isoproterenol (I pM) (Isuprel). *, p < 0.05
compared with preischemia. Number of piglets as in Table 3 (means + SEM).

PGF,, concentration similarly in all four groups of piglets before  did not prevent the total loss of autoregulatory vasodilation of
cerebral ischemia. During the second period of hypercapnia. pial arterioles in response to hypotension after cerebral ischemia
cortical periarachnoid 6-keto-PGF,, concentration once again  (Fig. 4).
increased in the time-control group. However, after cerebral
ischemia, hypercapnia did not increase 6-keto-PGF,, in un-

. . . DISCUSSION
treated, SOD/CAT-treated. or Tiron-treated piglets (Fig. 3). Iso- ) _ _ )
proterenol did not increase 6-keto-PGF,,, before or after ischemia As reported previously (5-7), cerebral ischemia selectively
in any group (data not shown). inhibits specific dilator responses of newborn pig pial arterioles.

Similar to results with hypercapnia, SOD/CAT pretreatment  Superoxide anion or subsequent reduction products do not ap-
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Fig. 3. Effects of hypercapnia on cortical periarachnoid CSF concentration of 6-keto-PGF,... Data are the percentage of change in concentrations
between normocapnia and hypercapnia. *. p < 0.05 compared with zero change. *. p < 0.05 compared with preischemia response. n = 7. time

control: n = 5, untreated; n = 7, SOD/CAT: n = 6. Tiron (means + SEM).
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Fig. 4. Effect of hypotension on pial arteriolar diameters of newborn
pigs not exposed to cerebral ischemia and those pretreated with SOD/
CAT and exposed to ischemia (means + SEM).

pear to be involved in the loss of responses, inasmuch as the
present experiments found systemic and topical administration
of high concentrations of superoxide anion scavengers prevented
neither the loss of pial arteriolar dilation in response to hyper-
capnia nor the postischemia attenuation of hypercapnia-induced
cerebral prostanoid synthesis.

These results are somewhat surprising in light of the fact that
superoxide anion production is increased upon reperfusion of
ischemic newborn pig brains (8) and superoxide anion generated
on the brain surface, albeit at about three times that measured
during postischemic reperfusion, can selectively attenuate pros-
tanotd-associated dilation of pial arterioles (9). In other studies,
SOD has been found to be protective in some cases but not
others. For example, pretreatment with SOD attenuated post-
ischemic coronary microvascular injury assessed by leakage of
radiolabeled proteins (10). Pretreatment with SOD also protected
perfused rat hearts from postischemic loss of endothelium-de-
pendent vasodilation in response to acetylcholine (11). However,
the decrease in prostacyclin production by human umbilical vein
endothelial cells in culture that accompanies reoxygenation of
anoxic endothelium is only slightly attenuated by treatment with
SOD or CAT (20), which is consistent with the present findings.

The conclusions in the present study are based on the assump-
tion that the inhibitors used reduced or eliminated superoxide
anion. This assumption is reasonable for both SOD/CAT and
Tiron. Using the SOD-inhibitable NBT reduction method to

detect superoxide anion production. we found that systemic
administration of PEG-SOD effectively inhibited the cerebral
accumulation of superoxide anion during reperfusion after ische-
mia. To ensure total removal of superoxide from around the
vessels under observation, we not only used PEG-SOD systemi-
cally, but also placed SOD in the aCSF bathing the cerebral
arteries and arterioles. Thus, one must conclude that little extra-
cellular superoxide anion could accumulate under these condi-
tions. Superoxide production in relation to PGH synthase activ-
ity, which appears to be the primary source of superoxide anion
generation during reperfusion of the newborn pig brain, occurs
intracellularly, with superoxide anion leaving the cells via anion
channels (21). Therefore, one must consider the possibility that
the superoxide anion could affect the vascular responses without
leaving the cell. The protein SOD does not enter cells well.
However, conjugation of SOD to PEG does increase uptake by
endothelial cells in culture (22), and SOD has been shown to be
highly effective in blocking PGH synthase-dependent responses
to exogenous arachidonic acid, bradykinin, and 5,6 epoxyeicos-
atrienoic acid (23-25). Nevertheless, further assurance that su-
peroxide anion is not involved in the loss of prostanoid-associ-
ated responses after ischemia was sought by using an inhibitor
reported to be capable of scavenging intracellular superoxide
anion. Because we could not measure intracellular superoxide
anion, we used maximal concentrations of Tiron. Tiron appears
to be effective as a superoxide anion scavenger and appears to
enter cells and remove superoxide anion. Although no experi-
ments have demonstrated that Tiron penetrates blood vessels.
ability to act intracellularly in lymphocytes and neutrophils
suggests that Tiron is not excluded by cell membranes. Devlin er
al. (17) showed that Tiron was capable of inhibiting lymphocyte-
mediated cytolysis, whereas SOD and catalase were not. The
requirement for intimate cell contact in lymphocyte-mediated
cytolysis prevents the large enzymes from access to the area of
activity, whereas the smaller Tiron can cross the cell membrane
to remove the superoxide anion even when there is cell-to-cell
contact. Melinn and McLaughlin (26) demonstrated that Tiron
was highly effective in inhibiting lucigenin-amplified chemilu-
minescence produced by superoxide anion, whether produced
directly using xanthine and xanthine oxidase or by opsonized
xymosan-activated neutrophils. and was much more effective
than a very high concentration of SOD in the neutrophil prepa-
ration, suggesting that Tiron removes the intracellular superoxide
anion. These effects were obtained at 10 mM. We used a 10-fold
higher concentration of Tiron in the CSF, bathing the vessels
under observation, and also infused Tiron at the maximum rate
tolerated by the piglet and found this aggressive treatment to be
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completely ineffective in preventing the loss of prostanoid-asso-
ciated responses after cerebral ischemia. Although a positive
result may have been difficult to interpret due to potential and
unknown alternative effects of Tiron and the exceedingly high
doses used, the total lack of protective effect of this treatment
removes this difficulty and allows us to suggest that intracellular
superoxide anion generation is not responsible for the loss of
prostanoid-associated responses of pial arterioles in newborn pigs
after ischemia.

It is not likely that activated oxygen species generated inde-
pendently of superoxide anion cause the changes observed. The
single electron reduction of oxygen to produce superoxide anion
introduces oxygen to the free radical cascade with subsequent
activated oxygen species being generated by further reduction.
Thus, elimination of superoxide by accentuating reduction to
H,0, and removing the H,O, with CAT eliminates hydroxyl
radical as well.

In the present study, pretreatment of newborn pigs (1-3 d old)
with 1 000 U PEG-SOD/kg completely inhibited the increase in
SOD-inhibitable NBT reduction that occurs upon reperfusion of
ischemic pig brains. On initial examination, these data appear in
contrast to those of Haun ¢r al. (27), who found treatment of
pigs 1 to 2 wk old with 8 000 U/kg did not increase SOD activity
in the brain homogenates. Though possible, we feel it is unlikely
that the ages of the piglets could account for these apparent
differences. PEG-SOD may not readily cross the blood-brain
barrier and enter the brain parenchyma in large quantities in our
piglets either. Instead, systemic administration of PEG-SOD
could increase cerebral vascular endothelial cell SOD activity
without augmenting the SOD activity of brain homogenates, as
reported by Haun et al. (27). These data could suggest that
cerebral endothelial cells are largely responsible for increased
superoxide generation upon postischemic reperfusion. However,
this discussion is not directly relevant to the major conclusions
of the present study. inasmuch as SOD was also applied topically
to bathe the arteries and arterioles under investigation, thereby
circumventing the blood-brain barrier.

Because it appears that activated oxygen species are not re-
sponsible for the loss of prostanoid-associated vascular responses
after ischemia in the newborn pig, the mechanism accounting
for this selective alteration of cerebral reactivity remains un-
known. Inactivation of PGH synthase, like superoxide anion,
does not appear to be involved, because conversion of exogenous
arachidonic acid to prostanoids on the brain surface is not altered
after cerebral ischemia (28). Therefore, currently available evi-
dence would suggest that ischemia decreases the release of ara-
chidonic acid in response to the specific induction stimuli. In-
asmuch as phospholipase A, appears to be involved in the
increase in prostanoid synthesis caused by hypercapnia in new-
born pigs (2), it is possible that ischemia results in phospholipase
A, inactivation. Another possibility that must be considered is
that of depletion of arachidonic acid from a specific membrane
pool that provides a source for hypercapnia- and hypotension-
induced arachidonic acid release. The marked increase in free
arachidonic acid induced by ischemia (29, 30) makes such a
possibility more attractive. Consistent with this hypothesis, we
recently reported that topically applied arachidonic acid restores
pial arteriolar dilation to hypercapnia after ischemia (31).

Total brain ischemia results in neuroendocrinologic changes
that could affect subsequent cerebral vascular responsiveness.
The present experiments used elevation of intracranial pressure
coupled with suppression of hypertension by blood withdrawal
to produce ischemia. The rationale for this selection has been
discussed previously (13). It does not appear that the acute
neuroendocrine changes are causing the change in vascular re-
activity because the loss of response to hypercapnia is sustained
for at least 24 h (6). Of course, such changes could contribute to
vascular damage during ischemia/reperfusion. The cerebral is-
chemic response producing the neuroendocrinologic changes
would occur regardless of whether ischemia was produced by
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elevation of intracranial pressure or occlusion of the carotid and
vertebral arteries.

In conclusion, although ischemia-reperfusion caused marked
elevation of superoxide anion production by the newborn pig
brain and activated oxygen species are capable of attenuating
cerebral vasodilation in response to hypercapnia and hypoten-
sion, the loss of dilator responses to these stimuli after ischemia
of the newborn pig brain does not appear to involve superoxide
anion or a subsequent reduced form of oxygen.
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