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ARS'F'KAC'I' 

The effects of perivascular blood on pial arteriolar vasore- 
activity to selected vasodilators and vasoconstrictors were 
examined in vivo in a newborn pig model. a-Chloralose- 
anesthetized newborn pigs were fitted with closed cranial 
windows 4 d after cortical subarachnoid injections of autol- 
ogous blood. The responsiveness of pial arterioles to topical 
application of dilator agents [iloprost, prostaglandin E, 
(PGE,), histamine, and sodium nitroprusside (SNP)] and 
vasoconstrictor agents [leukotriene C4 and endothelin-1 
(ET-1) in artificial cerebrospinal fluid was studied in control 
and blood-injected piglets. Pial arterioles dilated dose depen- 
dently in response to topical application of iloprost, PGE,, 
histamine, and SNP in the control group, with increases in 
diameter of 54,44,67, and 50% at lop8 M, lop5 M, lop5 M, 
and M, respectively. These dilations in response to 
iloprost, PG&, and histamine in the blood-injected piglets 
were significantly attenuated to 23, 18, and 34%, respec- 
tively, whereas the dilation in response to SNP was not 
changed (64%). Constrictions in response to lop8 M leuko- 
triene C4 and ET-1 were 16 and 26% and were potentiated by 

hematoma to 36 and 43%, respectively. The lowest dose of 
ET-1 (10-l2 M) significantly dilated pial arterioles in the 
control but not in the blood-treated group. We conclude that 
prolonged exposure of pial arterioles to perivascular blood 
attenuates cerebrovascular dilation in response to selected 
vasoactive agents (iloprost, PGE;, and histamine) but not to 
SNP, suggesting that blood-induced attenuation of vasodila- 
tion and the generalized vasoconstriction may involve inhib- 
iting the prostanoid/cAMP signaling pathway. Potentiation 
of vasoconstriction induced by ET-1 and leukotriene C, in 
the hematoma group could be due to loss of this dilator 
influence. (Pediatr Res 36: 589-594, 1994) 

Abbreviations 
aCSF, artificial cerebrospinal fluid 
ET-1, endothelin-1 
LTC,, leukotriene C, 
PGF,, prostaglandin F,, 
PGE,, prostaglandin E, 
SNP, sodium nitroprusside 

Intraventricular and periventricular cerebral hemor- 
rhages occur frequently in preterm babies, whereas sub- 
arachnoid hemorrhages occur in both term and preterm 
infants (1-3). In adults and children, subarachnoid hem- 
orrhage can also result from trauma, asphyxia, brain 
injury, or  rupture of an intracranial aneurysm (4-6). In 
adults, one of the major complications of cerebral hem- 
orrhage is a delayed cerebral ischemia due to abnormal 
vasoconstriction of large cerebral arteries that usually 
presents itself 4-7 d after the hemorrhage. Alterations of 
cerebral circulation and metabolism can develop second- 
ary to  cerebral vasoconstriction, resulting in death or  
permanent cerebral dysfunction (4-8). Despite much re- 

search into the etiology of hemorrhage-induced vasocon- 
striction (4-8), our understanding of the mechanism by 
which cerebral arterial vasoconstriction occurs after ce- 
rebral hemorrhages is still limited. Much less information 
is available on the effects of hematoma on cerebral cir- 
culation in neonates. 

Vasodilator products of prostaglandin H synthase are 
prominent components in the regulation of cerebral hemo- 
dynamics in neonatal pigs, contributing to hypercapnia-, 
hypotension-, and histamine-induced cerebral vasodilation 
(9). In contrast, PGF,,, peptidoleukotrienes, and throm- 
boxanes are potent cerebral vasoconstrictors (9). In addi- 
tion, ET-1, a 21-amino acid peptide that was isolated from 
cultured porcine aortic endothelial cells (lo), causes dila- 
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blood injection in newborn pigs (12). Cerebrovascular 
constriction to norepinephrine is also reduced, but con- 
striction to acetylcholine is not affected (13). In dog and 
monkey models of subarachnoid hematoma, reduced 
synthesis of dilator prostanoids has been observed (8, 
14-17), but no change was observed in the piglet model 
(18). Increased secretion of spasmogenic agents such as 
PGF,,, LTC,, and ET-1 have been reported after hem- 
orrhage (8, 18-20). Studies in adult humans showed ele- 
vated levels of vasoconstrictor agents: thromboxanes, 
leukotrienes, PGF,,, ET-1, and oxyhemoglobin in the 
cerebrospinal fluid after subarachnoid hemorrhage (6-8, 
21-25). Hence, eicosanoid and endothelin production 
systems could contribute to inappropriate cerebral vaso- 
constriction after subarachnoid hemorrhage. 

However, despite changes reported in the levels of 
vasoactive agents in clinical and experimental subarach- 
noid hematoma, there is very little information in the 
literature on the effects of cerebral blood on vasoreactiv- 
ity in response to these endogenous vasoactive agents in 
vivo in the newborn. The purpose of this study was to test 
the hypothesis that cerebral hematoma alters pial arteri- 
olar vasoreactivity to prostanoids, leukotrienes, and 
ET-1 in vivo in newborn pigs. 

METHODS 

Animal protocols were reviewed and approved by the 
Animal Care and Use Committee of The University of Ten- 
nessee, Memphis, and animals were maintained in an Arner- 
ican Association for Accreditation of Laboratory Animal 
Care accredited program. Piglets 1-3 d old (1.0-2.5 kg) were 
used for the experiments. The piglets received either sterile 
aCSF (control group) or 3 mL of autologous blood (cerebral 
hematoma group) injected onto the surface of the cerebral 
cortex and left for 4 d before we examined their responses to 
various vasoactive agents. 

For placement of blood or aCSF, the piglets were 
anesthetized to effect (typically with 1% halothane ini- 
tially, decreased to 0.4% halothane, 45% nitrous oxide, 
and 21% oxygen after 2 min). Using aseptic procedures, 
a small hole was made in the skull over the left frontal 
cortex. Then a 22-gauge Teflon catheter (Angiocath, De- 
seret Co., Sandy, UT) was used to pierce the dura at an 
angle to the surface sufficient to prevent penetration into 
the brain. After removal of the needle, the tip of the 
catheter was advanced 2 cm posteriorly under the dura to 
the parietal cortex. Then 3 mL of either sterile aCSF or 
fresh, sterile, nonheparinized blood (removed via punc- 
ture of the precava) was injected over 1-2 min. The 
catheter was removed, the hole filled with sterile bone 
wax, and the scalp sutured. The piglets were treated with 
gentamicin and benzathine penicillin postoperatively. Af- 
ter surgery, piglets did not show any apparent behavioral 
abnormalities. 

Four d after the injection, piglets were anesthetized 
with a mixture of ketamine hydrochloride (33 mglkg in- 
tramuscularly) and acepromazine (3.3 mg/kg intramuscu- 

larly) and maintained with a-chloralose (50 mdkg i-v., 
followed by 3-5 mg/kg/h). The femoral artery and vein 
were cannulated. The arterial catheter was used for the 
monitoring of blood pressure and blood sampling for 
gases and pH analysis, and the venous catheter was used 
for the administration of anesthesia or fluid. The trachea 
was cannulated, and the animals were ventilated mechan- 
ically with air. The body temperature was maintained at 
37-38°C with a heating pad. 

For the implantation of a closed cranial window, the 
scalp over the left parietal cortex was cut and retracted, 
and a hole 2 cm in diameter was made in the skull. The 
dura and arachnoid were removed, and a stainless steel 
and glass cranial window with needle ports was placed 
in the hole and secured with dental acrylic. The space 
under the window (500 kL) was filled with aCSF com- 
posed of (mM) 3.0 KCl; 1.5 MgCl,; 1.5 CaCl,; 132 NaCl; 
6.6 urea, 3.7 dextrose, and 24.6 NaHCO,, with 7.39 pH, 
6.1 kPa Pco,, and 5.7 kPa Po,. Pial arterioles were 
observed with a dissecting microscope, a television 
camera mounted on the microscope, and a video mon- 
itor. A video microscaler was used to measure vascular 
diameter. 

After confirming that the blood pressure, the pH, and 
the blood gases were within the normal range, control 
measurements of pial arteriolar diameter(s) were taken 
after the placement of aCSF containing no drug under the 
window. Vasoreactivity responses to topical application 
of iloprost, a stable analog of prostaglandin I, (10-12- 

M), PGE, (10-~-10-~ M), histamine (l0-~-10-~ M), 
SNP (l0-~-10-~ M), LTC, (10-12-10-8 M), and ET-1 
(10-'~-10-~ M) were examined in random order. Iloprost 
was a gift from Schering AG Pharmaceutical Research, 
Berlin. PGE,, histamine, SNP, LTC,, and ET-1 were 
purchased from Sigma Chemical Co., St. Louis, MO. 
Two or three agents were used per piglet. A cumulative 
dose-response study was performed for each drug by 
consecutively infusing the drug under the window in 
doses from lowest to highest. After infusion of these 
agents at each concentration, pial arteriolar diameter 
change was recorded every 2 min for 10 min. After the 
use of an agent, at least 1 h elapsed before another agent 
was infused, and the cortical surface under the window 
was repeatedly flushed slowly with fresh aCSF that was 
kept bubbling with a mixture of 6.3% 0,/5.8% CO, in N, 
to maintain 6.1 kPa Pco, and 5.7 kPa Po, at 37-38°C in a 
water bath. Before the use of a new drug, a control 
measurement was always taken. 

All values are presented as means t SEM. A maximum of 
three arterioles were selected to study the percentage 
changes in pial arteriolar diameter in each animal. The means 
of the measurements from these arterioles were used as data 
points for the statistical analysis of the results. The results of 
the effects of stimuli on pial arteriolar diameter were sub- 
jected to two-way analysis of variance for repeated measures 
with Student-Newman-Keuls test to isolate differences be- 
tween groups. A level ofp < 0.05 was considered significant. 
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RESULTS 

In the cerebral hematoma group, clotted blood re- 
mained around the cerebral vessels on the brain surface 4 
d after blood injection. The blood clot and remnants 
covered a large area of the parietal cortex. Large clots 
over the surface were carefully removed if necessary. 
Clot remnants were evident around the vessels and did 
not obstruct view. No blood clots were present on the 
cerebral surface of the control group as a result of aCSF 
injection. Arterial pH, Paco,, Pao,, and mean arterial 
blood pressure were not different between the groups 
(Table 1). Diameters of the pial arterioles selected for 
measurement of responses were 126 -+ 8 km (n = 25) and 
115 + 9 krn (n = 24) for the control and hematoma 
groups, respectively. 

Ejeects of cerebral hematoma on cerebral vasodilation. 
Topical application of iloprost in control animals dose 
dependently dilated pial arterioles to 54 + 3% at lo-' M, 
the highest dose used (Fig. 1). This dilation was attenu- 
ated in the hematoma group to 23 + 3% at the same 
concentration. 

Topical application of PGE, dose dependently dilated 
pial arterioles in the control group to a percentage in- 
crease in diameter of 44 k 2 at M (Fig. 2). Similarly 
to iloprost, dilation was attenuated in the hematoma 
group to 18 + 2% at the same concentration. 

Histamine, applied topically, dose dependently dilated 
pial arterioles to a percentage increase in diameter of 67 
k 4 at M concentration (Fig. 3) in the control group. 
Similarly to results from the prostanoids, the dilation 
induced by histamine was attenuated in the hematoma 
group (34 2 3% at M). 

Application of SNP dose dependently dilated pial ar- 
terioles in the control group to 50 + 7% of the original 
diameter. This dilation was not significantly affected in 
the hematoma group (64 + 7% at lop5 M) (Fig. 4). 

Ejeects of cerebral hematoma on cerebral vasoconstric- 
tion. Topical application of LTC, constricted pial arteri- 
oles dose dependently [percentage decrease in diameter 
of 16 r 2 at lo-' M in the control group (Fig. 5)]. The 
constrictions were potentiated in the hematoma group (36 
k 2% at lo-' M). 

Topical application of the lowest dose of ET-1 (10-l2 
M) caused significant dilation of pial arterioles up to 8% 
of the original diameter in the control group (Fig. 6). 
Higher doses dose dependently constricted the pial arte- 
rioles to a decrease in diameter of 26 k 3% at M. 
The dilation induced by the lowest dose of ET-1 was 
absent after blood treatment, and the constrictions in- 

Table 1. Blood gases, pH, and mean arterial blood pressure 
(MAP) of piglets 

Paco, Pao, MAP 
G r o u ~ s  n DH (kPa) (kPa1 (kPa) 
-- 

aCSF 24 7.50 +. 0.04 4.4 ? 0.3 13.2 +. 0.6 9.5 ? 0.5 
Hematoma 25 7.50k0.03 3.9k0.1 14.2e0.4 9 .4k0.3 

Control 

SAH 

Log lloprost Concentration (M) 
Figure 1. Pial arteriolar dilation in response to topical application of 
iloprost in the aCSF control group (n = 8) and in the subarachnoid 
hematoma (SAW group (n = 8). *,p < 0.05 compared with the control. 

duced by the higher concentrations were potentiated (43 
-+ 2% at lop8 M). 

DISCUSSION 

The present results show that cerebral hematoma at- 
tenuates dilation of pial arterioles in response to PGE,, 
iloprost, and histamine but not in response to the nitro- 
vasodilator SNP. In addition, vasoconstrictions in re- 
sponse to LTC, and ET-1 were potentiated by he- 
matoma. 

The attenuation of cerebral vasodilation observed in 
this experiment is consistent with our previous findings 
that the cerebral presence of perivascular blood attenu- 
ates dilator responses to hypercapnia and hemorrhagic 
hypotension in newborn pigs (12). The results in newborn 
pigs have similarities to the findings from in vitro studies 
of brain arteries from rabbits with experimental he- 

a -9 -8 -7 -6 -5 

Log PGE2 Concentration (M) 
Figure 2. Pial arteriolar dilation in response to topical application of 
PGE, in the aCSF control group (n = 9) and the subarachnoid he- 
matoma (SAH) group (n = 10). *,p < 0.05 compared with the control. 
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Control 

SAH 

Log Histamine Concentration (M) 
Figure 3. Pial arteriolar dilation in response to topical application of 
histamine in the aCSF control group (n = 12) and the subarachnoid 
hematoma ( S A W  group (n = 11). *, p < 0.05 compared with the 
control. 

matoma in which cerebral blood injection impaired en- 
dothelium-dependent dilation in response to adenosine 
triphosphate and acetylcholine (26). Similarly, dilation of 
basilar arteries in response to thrombin was reduced after 
subarachnoid hemorrhage, and that in response to vaso- 
pressin was abolished (27). Reduced dilation of arteries to 
stimulation by thrombin, bradykinin, and Ca2+ iono- 
phore A23187 has been reported, whereas relaxation to 
SNP was not affected in basilar artery from human pa- 
tients after subarachnoid hemorrhage (28). 

The mechanism(s) by which cerebral vessels lose the 
ability to dilate in response to selective vasoactive stimuli 
after exposure to blood is not well understood. Among 
the conceivable mechanisms are reduced synthesis of 
dilatory prostanoids, impaired dilatory ability of the vas- 
cular smooth muscle, loss or reduced affinity of receptors 

Control 

SAH 

Log LTC4 Concentration (M) 
Figure 5. Pial arteriolar constriction in response to topical application 
of LTC, in the aCSF control group (n = 9) and the subarachnoid 
hematoma ( S A M  group (n = 9). * ,p  < 0.05 compared with the control. 

to specific dilator agents, or alteration of second messen- 
ger pathways. Reductions in the synthesis of dilator pros- 
tanoids have been reported in animal models of subarach- 
noid hemorrhage (15, 17, 22, 24). Precipitating events 
may involve activated oxygen species. Extravascular ce- 
rebral blood can generate substantial amounts of super- 
oxide anion in both in vitro and in vivo preparations using 
newborn pigs (29). Initially, a major source of superoxide 
anion appears to be cyclooxygenase of platelets (29). 
Thereafter, free radicals may be produced via the release 
of the components of hemolyzed erythrocytes such as Hb 
and other blood proteins (30-32). Oxyhemoglobin, one of 
the components of blood clots, spontaneously autoxi- 
dizes to methemoglobin, potentially releasing superoxide 
anion radical (32). The generation of oxygen free radicals 
may have deleterious effects on the endothelial and 
smooth muscle cells, resulting in altered receptor char- 
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Log SNP Concentration (M) Log ET-1 Concentration (M) 
Figure 4. Pial arteriolar dilation in response to topical application of Figure 6. Pial arteriolar responses to topical application of ET-1 in the 
SNP in the aCSF control group (n = 5) and the subarachnoid hematoma aCSF control group (n = 7) and the subarachnoid hematoma (SAH) 
( S A W  group (n = 6). group (n = 8). * , p  < 0.05 compared with the control. 
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acteristics to prostanoids once they are formed as well as 
downstream mechanisms involved in vascular smooth 
muscle dilation. 

In this study, selective attenuation of vasodilations 
produced by PGE,, iloprost, and histamine were ob- 
served, whereas vasodilation produced by SNP was not 
affected. Prostanoids are involved in histaminergic cere- 
bral vasodilation in piglets (33). Prostanoids cause vaso- 
dilation via the activation of adenylyl cyclase (34). In 
contrast, nitrovasodilators act by stimulation of soluble 
guanylyl cyclase (35). It is therefore possible that the 
mechanism by which hematoma attenuates vasodilation 
by these agents involves interference with the ability of 
these agents to stimulate generation of CAMP. However, 
the inhibition appears specific for pathways involving 
prostanoids because dilation in response to isoprotere- 
nol, which also is via CAMP, is not inhibited (12). Thus, 
the possibility of inhibition of a specific adenylyl cyclase 
coupled to prostanoid (probably prostacyclin) receptors 
or inhibition of receptor binding or coupling within the 
pathway must be suggested. 

In the present study, we also observed that the re- 
sponses of cerebral arterioles to topical application of the 
vasoconstrictor agents LTC, and ET-1 were significantly 
potentiated by the presence of cerebral hematoma. Spe- 
cifically, pial arteriolar dilation in response to ET-1 at the 
lowest concentration (10-l2 M) in the control animals, 
which was consistent with our earlier observation (l l) ,  
did not occur in piglets with cerebral hematoma. The 
other concentrations used constricted the pial arterioles, 
and the constrictions were potentiated by hematoma. 
ET-1-induced vasoconstrictions lasted for a long time 
and took persistent washing to return to the preconstric- 
tion diameter. Such prolonged vasoconstriction is consis- 
tent with earlier observations (11). Also consistent with 
our observation was the reported enhanced vasoconstric- 
tion to ET-1 in cerebral arteries from rats with subarach- 
noid hemorrhage (36). Increased synthesis of vasocon- 
strictors LTC,, ET-1, thromboxane B,, and PGF,, has 
been reported in newborn and adult animal models, as 
well as in human patients with subarachnoid hemorrhage 
(6, 8, 14,23,37). Furthermore, in adult animal models of 
subarachnoid hemorrhage and in clinical cases, reduced 
dilator prostanoid synthesis and increased constrictor 
prostanoid synthesis have been observed (4, 6, 8). De- 
creased vasodilator influence from prostanoids and un- 
opposed activation of some vasoconstrictor stimulus, 
combined with possible endothelial damage with adher- 
ence of platelets and leukocytes and release of vasocon- 
stricting agents, could contribute to the enhanced vaso- 
constriction observed. Dilator prostanoids serve as 
inhibitors to constrictions induced by some vasoconstric- 
tor agents including ET-1 and LTC, so that, with reduced 
effectiveness of prostanoids, potentiated vasoconstric- 
tion might be produced. Also, different pathophysiologic 
conditions including subarachnoid hemorrhage have 
been reported to stimulate the release of endothelium- 
dependent contracting factors (38). These factors could 

contribute to the enhanced vasoconstriction to ET-1 and 
LTC, observed in this study. 

Alternatively, because increased synthesis of various 
vasoactive agents has been reported after hemorrhage (4, 
6, 8, 14, 18, 37), interactions between two released sub- 
stances might play a role in the observed vasoconstric- 
tion. ~ncreased levels of serotonin have been reported to 
suppress the ability of the perivascular trigeminal system 
to release vasodilator neuropeptides (39). ET-1 has been 
reported to potentiate serotonin-induced contraction of 
porcine coronary artery rings (40), whereas pretreatment 
of rat aortic rings with threshold concentrations of sero- - 
tonin potentiated the subsequent contractile response to 
ET-1 (41). 

The present study reveals that cerebral hematoma re- 
duces the vasodilation and potentiates the vasoconstric- 
tion induced by specific diiator and constrictor agents, 
respectively. The mechanism by which perivascular 
blood produces these changes is not clear. However, the 
selective attenuation of prostanoid-dependent vasodila- 
tion indicates that the mechanism may involve an effect 
on the prostanoidIcAMP signaling pathway. In addition, 
increased synthesis of vasoconstrictor agents as a result 
of perivascular blood coupled with loss of prostanoid 
dilator influences may lead to the potentiation of the 
vasoconstrictor action observed in the reported experi- 
ments and to the generalized vasoconstriction reported 
previously in with cerebral hematoma (18); 
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