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Abstract. Previously, it has been observed that methionine enkephalin and leucine 
enkephalin contribute to hypoxia-induced pial artery dilation in the newborn pig. It has 
also been observed that the cyclooxygenase inhibitor indomethacin attenuates hyp- 
oxic hyperemia in piglets. The present study was designed to determine the relation- 
ship between opioids and prostaglandins in hypoxia-induced pial artery dilation. New- 
born pigs equipped with closed cranial windows were used to measure pial artery 
diameter and collect cortical periarachnoid cerebrospinal fluid (CSF) for assay of 
opioids and prostaglandins. Hypoxia-induced artery vasodilation was mildly attenu- 
ated during moderate hypoxia (Pa,, -- 35 mm Hg), while this response was blunted 
during severe hypoxia (Pa,, = 25 mm Hg) by indomethacin, 5 mg/kg iv (23% 2 1% vs 
18% f 1% and 33% f 2% vs 21% f 2% for moderate and severe hypoxia in the 
absence and presence of indomethacin, respectively). Hypoxic dilation was accom- 
panied by increased CSF prostaglandin E2 (PGE,) concentration (1 260 f 37 vs 1734 A 
67 and 1256 f 33 vs 2859 f 189 pg/ml for moderate and severe hypoxia, respectively). 
Similar changes in CSF 6 keto PGF,, concentration during hypoxia were also ob- 
served. Topical PGE, (10,100 ng/ml) increased CSF methionine enkephalin (874 A 35, 
1290 f 44, and 1791 f 143 pglml for control, 10 and 100 ng/ml PGE,, respectively). 
Similar increases in CSF methionine enkephalin concentration were observed for 
topical PGI,. Additionally, these two prostaglandins also increased CSF leucine en- 
kephalin concentration. Furthermore, while indomethacin had no effect on the release 
of CSF methionine enkephalin during moderate hypoxia, it attenuated the release of 
this opioid during severe hypoxia (786 2 27 and 2633 f 74 vs 781 f 51 and 2467 f 52; 
926 f 15 and 3489 f 156 vs 898 f 11 and 231 4 A 124 pg/ml for control and moderatel 
severe hypoxia before and after indomethacin, respectively). Similar effects of indo- 
methacin on hypoxic release of leucine enkephalin were also observed. These data 
indicate that prostaglandins contribute to hypoxic pial dilation. Additionally, these 
data show that prostaglandins release the opioids methionine enkephalin and leucine 
enkephalin. Finally, these data suggest that elevated prostaglandin concentra- 
tions during severe hypoxia release opioids which in turn contribute to hypoxic pial 
dilation. [P.S.E.B.M. 1996, Vol 2121 

A lthough their role in the control of the adult - 

cerebral circulation is somewhat controver- 
sial, prostaglandins are prominent in the cere- 

brovascular physiology of the neonate and contribute 
to the maintenance of resting cerebral blood flow and 
cerebrovascular dilation in response to prostaglandin- 
associated stimuli such as hypercapnia and hemor- 

glandin present in the piglet cortical periarachnoid ce- 
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rebrospinal fluid (CSF) is PGE,, and its concentration 
is in the vasoactive range (3). In addition to contrib- 
uting to the vascular effects of physiologic stimuli, 
prostaglandins may also cause the release of other va- 
soactive substances (4). These released substances 
may in turn contribute indirectly to vascular changes 
produced by prostaglandin-associated stimuli. 

Opioids also contribute to the regulation of cere- 
bral hemodynamics. Opioid receptor binding has been 
demonstrated on cerebral microvessels (5). Enkepha- 
lin and dynorphin immunoreactivity , indicative of in- 
nervation, has been shown in large cerebral arteries of 
the pig (6). Moreover, CSF opioid concentrations are 
in the vasoactive range in the newborn pig during rest- 
ing conditions (7).  For example, opioids such as 
methionine enkephalin and leucine enkephalin have 
been observed to produce cerebral vasodilation (7). 
However, nothing is known about the ability of 
prostaglandins to influence CSF opioid concentration. 

Several mechanisms have been proposed to ac- 
count for hypoxia-induced cerebral vasodilation. 
These possibilities include adenosine, nitric oxide, and 
vasopressin (8-12). Most studies, however, have in- 
vestigated mechanisms involved in hypoxic cere- 
brovasodilation in the adult. Mechanisms involved in 
hypoxic cerebrovasodilation in the newbordinfant pe- 
riod have received little attention. Recently, it has 
been observed that the endogenous opioids methio- 
nine enkephalin and leucine enkephalin contribute to 
hypoxic pial vasodilation in the newborn pig (8, 13). 
Since the cyclooxygenase inhibitor, indometha- 
cin, attenuates hypoxic hyperemia in the piglet (14), 
prostaglandins may also contribute to hypoxic 
cerebrovasodilation. 

The present study was therefore designed to de- 
termine the relationship between opioids and pros- 
taglandins in hypoxia-induced pial artery dilation. 

Materials and Methods 
Newborn pigs (1-5 days old) of either sex were 

used in these experiments. They were anesthetized 
with ketamine hydrochloride (33 mg/kg im) and ace- 
promazine (3.3 mg/kg im). Anesthesia was maintained 
with a-choloralose (30-50 mg/kg initially, supple- 
mented with 5 mg/kg/hr iv). A catheter was inserted 
into a femoral artery to record blood pressure and to 
sample for blood gases and pH. Another catheter was 
placed in a femoral vein for injection of drugs. The 
trachea was cannulated, and the animals were venti- 
lated with room air. Body temperature was maintained 
at 37"-38"C with a heating pad. 

For insertion of the cranial window, the scalp was 
removed and an opening was made in the skull over 
the parietal cortex. The dura was cut and retracted 
over the cut bone edge. The cranial window consisted 

of a stainless steel ring containing a glass coverslip to 
which was attached three metal ports for infusion and 
sampling of CSF. The cranial window was placed in 
the hole and cemented in place with dental acrylic. 
The space under the window was filled with artificial 
CSF (37°C) of the following composition (in mg): 220 
KC1, 132 MgCl,, 221 CaCl,, 7710 NaCl, 402 urea, 665 
dextrose, and 2066 NaHCO,/l, pH 7.33, Pco, 46 mm 
Hg, and POI 43 mm Hg. 

Pial arterioles were observed with a dissecting mi- 
croscope, a television camera mounted on the micro- 
scope, and a video monitor. Vascular diameter was 
measured with a video microscaler (Model IV550, 
For-A-Corp, Los Angeles, CA). 

Protocol. Two sizes of pial vessels were investi- 
gated: small arteries (120-160 pm) and arterioles ( 5 0 -  
70 pm). Pial artery diameter was determined every 
minute for a 10-min exposure period after injection 
under the window of artificial CSF containing no drug 
or that containing a drug. Diameters were also mea- 
sured 10-15 min after the highest concentration of a 
drug was flushed off the cerebral cortical surface with 
CSF containing no drug. Typically, 1-2 ml of CSF 
were flushed through the window over 30 sec. Needles 
incorporated into the side of the window allowed in- 
fusion of CSF under the window and run off of excess 
CSF. We measured the peak response, and a CSF 
sample for opioid or prostaglandin analysis was col- 
lected at the end of the 10-min exposure period. Ce- 
rebral cortical periarachnoid CSF (300 1.1) was col- 
lected by placing a syringe on an injection port of the 
cranial window. CSF was collected by slowly infusing 
artificial CSF into one side of the window and allowing 
the CSF under the window to drip freely into a collec- 
tion tube on the opposite side. Hypoxia was produced 
by decreasing inspired 0, sufficiently to reduce and 
maintain Pao2 at either 35 2 1 or 25 * 1 mm Hg while 
maintaining constant Pko, .  Changes in pial artery di- 
ameter were noted every minute during a 10 min hyp- 
oxic exposure period. A blood sample confirming the 
hypoxic challenge was taken 3 min after the exposure 
period was begun. Once blood chemistry data con- 
firmed that the desired level of hypoxia had been 
achieved, peak dilator responses were recorded. Re- 
sponses to hypoxia were obtained before and 30 min 
after indomethacin (5 mg/kg iv; Merck Sharp & 
Dohme, West Point, PA). Previously, this dose of 
indomethacin has been shown to reduce cortical 
periarachnoid CSF prostaglandin concentrations to 
nondetectable levels and inhibit the conversion of ex- 
ogenous arachidonic acid to prostaglandins on the ce- 
rebral surface by >90% (15). Untreated time control 
experiments were designed such that responses to 
hypoxia were obtained initially and again 30 min later. 

To investigate the ability of prostaglandins to re- 
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lease opioids, responses to topical PGI,, and PGE, (1, 
10, and 100 ng/ml; Upjohn, Kalamazoo, MI) were ob- 
tained in the presence of indomethacin to eliminate 
endogenous prostaglandins. 

Appropriate aliquots of the vehicle for PGE2 (eth- 
anol) were added to CSF infused under the window. 
This CSF vehicle had no effect on arteriolar diameter. 
The vehicle for PGI, was a tris (hydroxymethyl) ami- 
nomethane (Tris) buffer, pH 8,  and addition of this 
buffer directly under the window had no effect on ar- 
teriolar diameter as reported previously (16). In the 
present study, the effect of Tris on CSF opioid con- 
centration was also studied. All drug solutions were 
made fresh on the day of use. 

Opioid Analysis. CSF samples collected were 
immediately acidified with 1 N acetic acid to prevent 
peptide degradation, rapidly frozen, and stored at 
-20°C. RIA kits for methionine enkephalin and leu- 
cine enkephalin are commercially available (Inc Star, 
Stillwater, MN; Peninsula Lab, Belmont, CA). The 
RIA uses simultaneous addition of sample, rabbit an- 
tiopioid antibody, and the I*,' derivative of the opioid. 
After an overnight incubation at 4"C, free opioid was 
separated from opioid bound to antibody by the addi- 
tion of saturated ammonium sulfate in the presence of 
rabbit carrier gamma globulin. Following centrifuga- 
tion at 760g for 10 min, the supernatant was decanted 
and the pellet counted using a gamma scintillation 
counter. All samples and standards were assayed in 
duplicate. Data are calculated as %B/T versus concen- 
tration, where: 

CPM of standard or unknown tube 
CPM of total count tube %BIT = 

We have used these methods previously to quantify 
opioid concentration in periarachnoid cortical CSF (7). 

Prostaglandin Analysis. CSF samples collected 
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were analyzed for PGE, and 6 keto PGF,, using scin- 
tillation proximity assay methods. Commercially 
available kits for PGE, and 6 keto PGF,, (Amersham, 
Arlington Heights, IL) were used. Briefly, this assay 
determines prostaglandin concentration for binding to 
an antiserum, which has a high specificity for either 
PGE, or 6 keto PGF,,. The antibody-bound prosta- 
glandin is then reacted with an anti-rabbit second an- 
tibody bound to fluoromicrospheres. Labeled prosta- 
glandin bound to the primary rabbit antibody can then 
be measured by determining the amount of light emit- 
ted by the fluoromicrospheres using a beta scintillation 
counter. All unknowns were assayed at two dilations. 
The concentration of unlabeled prostaglandin is calcu- 
lated from the standard curve via linear regression 
analysis. The intraassay variability for the opioid and 
prostaglandin assays was less than 5% and the 
interassay variability less than 8%. 

Statistical Analysis. Pial arteriolar diameter, 
systemic arterial pressure, prostaglandin, and opioid 
levels were analyzed using analysis of variance for re- 
peated measures. If the value was significant, the 
Fisher test was performed. An a level of P < 0.05 was 
considered significant in all statistical tests. Values are 
represented as means 5 standard error of absolute 
values or as fold change from control values. 

Results 
Influence of Hypoxia on Cortical Periarachnoid 

CSF Prostaglandin Concentration. Hypoxia in- 
creased CSF PGE, and 6 keto PGF,, by 1.4 * 0.1- and 
1.8 * 0.1-fold during moderate hypoxia (Pao2 = 35 
mm Hg) (Fig. 1, A and B). During severe hypoxia 
(Pao2 ==: 25 mm Hg), these same prostaglandins were 
increased by 2 . 3  * 0.2- and 3.0 * 0.1-fold, 
respectively (Fig. 1,  A and B). 

Influence of lndomethacin on Pial Artery Diam- 
eter and CSF Prostaglandin Concentration during 
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Figure 1. (A) Influence of moderate hypoxia (Pao, = 35 mm Hg) and severe hypoxia (Pa, = 25 mm Hg) on cortical periarachnoid CSF 
PGE, (pg/ml) in the absence and presence of indomethacin (5 mg/kg iv). (B) Influence ofmoderate and severe hypoxia on CSF 6 keto 
PGF,, (pg/ml) in the absence and presence of indomethacin. Values are mean * SEM; n = 6. ND, less than 100 pg/ml. * P  < 0.05 
compared with corresponding control value (C); t P  < 0.05 compared with absence of indo (NO INDO). 
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Control and Hypoxic Conditions. Indomethacin de- 
creased pial artery diameter from 152 2 6 to 134 * 9 
pm. Also indomethacin decreased control cortical pe- 
riarachnoid CSF prostaglandin concentration to non- 
detectable levels (Fig. I ,  A and B) as previously ob- 
served (3, 15). Furthermore, elevated CSF PGE, and 6 
keto PGE,, levels observed during hypoxia were re- 
duced by indomethacin administered prior to the hyp- 
oxic stimulus (Fig. 1, A and B). 

Influence of Cyclooxygenase Inhibition on 
Hypoxia-Induced Pial Artery Vasodilation. Moder- 
ate and severe levels of hypoxia elicited reproducible 
pial small artery (120-160 pm) and arteriole (50-70 
pm) vasodilation (Fig. 2A). 

Hypoxia-induced dilation of small pial arteries and 
arterioles was modestly attenuated by indomethacin ( 5  
mg/kg iv) during moderate hypoxia and blunted by in- 
domethacin during severe hypoxia (Fig. 2B). On a per- 
centage basis, indomethacin attenuated moderate hyp- 
oxia-induced small pial artery and arteriole dilation by 
22% 2 4% and 23% * 3%, whereas severe hypoxia- 
induced dilation was decreased by 36% 2 6% and 39% 
2 4% for small arteries and arterioles, respectively. 

Influence of Prostaglandins on Pial Artery Di- 
ameter and CSF Opioid Concentration. Topical 
PGE, and PGI, (1-100 ng/ml) elicited pial artery dila- 
tion (Table I). PGE, and PGI, also increased CSF me- 
thionine enkephalin and leucine enkephalin concentra- 
tion (Fig. 3, A and B). In each case, only two of the 
three prostaglandin concentrations (10 and 100 ng/ml) 
had a significant influence on CSF opioid concentra- 
tion, the I ng/ml concentration having no effect. PGE, 
(10 and 100 ng/ml) increased methionine enkephalin by 
1.6 * 0.1- and 2. I 2 0.1-fold while increasing leucine 
enkephalin by 1.5 2 0.1- and 1.9 2 0.1-fold. Similarly, 
PGI, (10 and 100 ng/ml) increased methionine enkeph- 
alin by 1.7 2 0.1- and 2.2 2 0.1-fold while increasing 
leucine enkephalin by 1.4 * 0.1- and 1.7 2 0.1-fold. 
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Influence of lndomethacin on Hypoxia-Induced 
Release of CSF Opioids. Indomethacin had no effect 
on the release of CSF methionine enkephalin or leu- 
cine enkephalin during moderate hypoxia (Pao, = 35 
mm Hg) (Fig. 4, A and B). However, indomethacin 
attenuated the release of these opioids during severe 
hypoxia (Pa,, =: 25 mm Hg) (Fig. 4, A and B). On a 
fold basis, these increases in CSF methionine enkeph- 
alin reflect 3.4 2 0.1- and 3.2 * 0.2- vs 3.8 * 0.2- and 
2.6 * 0. I-fold increases for moderate and severe hyp- 
oxia before and after indomethacin, respectively. Sim- 
ilarly, leucine enkephalin was increased by 2.9 2 0.2- 
and 2.7 2 0. I-fold during moderate hypoxia and by 3.6 
2 0.2- and 2.5 2 0.2-fold during severe hypoxia be- 
fore and after indomethacin, respectively. The basal 
CSF concentrations of methionine enkephalin and leu- 
cine enkephalin were unchanged by indomethacin 
(Fig. 4, A and B). 

Influence of lndomethacin on Prostaglandin- 
Induced Vasodilation. Responses to topical PGI, 
were unchanged in the presence of indomethacin ( 5  
mg/kg iv) (139 2 6 and 162 2 7 vs 127 2 6 and 152 2 
7 pm, for the response to PGI, [lo ng/ml] in the ab- 
sence and presence of indomethacin, respectively; n 
= 6). Similarly, responses to PGE, were unchanged 
by indomethacin (133 2 6 and 164 2 4 vs 122 5 4 and 
150 2 3 p m  for PGE, [I0 ng/ml] in the absence and 
presence of indomethacin, respectively; n = 6). 

Influence of the PGI, Vehicle on Pial Artery Di- 
ameter and CSF Opioid Concentration. The Tris- 
CSF vehicle for PGI, had no effect on pial artery di- 
ameter (141 * 6 vs 141 5 4 pm) or CSF opioid con- 
centration (917 * 37 vs 886 * 25 pg/ml and 33 * 2 vs 
32 * I pg/ml for control and vehicle concentrations 
of methionine enkephalin and leucine enkephalin, 
respectively; n = 5 ) .  

Blood Gases. Blood gas values were obtained at 
the beginning and at the end of all normoxia experi- 
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Figure 2. (A) Influence of moderate hypoxia (Pao2 -- 35 mm Hg) and severe hypoxia (Pao2 = 25 mm Hg) on small pial arteries and 
arterioles. (B) Influence of moderate and severe hypoxia on small pial arteries and arterioles in the absence (CONTROL) and presence 
of indomethacin (5 mg/kg iv). Values are mean * SEM, n = 6. * P  < 0.05 compared with corresponding control; t P  < 0.05 compared 
with the difference between corresponding control during moderate hypoxia. 
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Table 1. Influence of PGE, and PGI, on Pial Artery Diameter 

2000 - 

1500 - 

1000 - 

500 - 

0- 

PGE, (ng/ml) PGI, (ng/ml) 

Control 1 10 100 Control 1 10 100 

Small artery 135 * 2 144 2 3" 152 * 4"vb 167 2 2a9b 151 k 4 166 2 6" 76 2 3a*b 187 2 3"lb 
Arterioles 62 * 2 72 4" 77 * 4a.b 86 2 4a,b 66 2 2 76 * 2" 82 2 3"lb 94 2 4e.b 

Note. Values are expressed as pm 2 SEM; n = 6. 
a P < 0.05 compared with corresponding control value. 

P < 0.05 compared with value for next lowest concentration. 
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Figure 3. (A) Influence of PGE, and PGI, (1-100 ng/ml) on periarachnoid cortical CSF methionine enkephalin concentration (pg/ml). 
(B) Influence of PGE, and PGI, (1-100 ng/ml) on periarachnoid cortical CSF leucine enkephalin concentration (pg/ml). Values are 
mean 2 SEM; n = 6. * P  < 0.05 compared with corresponding control (0). 

ments as well as during normoxia and hypoxia in ex- 
periments designed to investigate the cerebrovascular 
effects of hypoxia (Table 11). Hypoxia decreased Po,, 
while P,,,, pH, and mean arterial blood pressure were 
unchanged. 

Discussion 
Results of the present study show that the pros- 

taglandins PGE, and PGI, contribute to hypoxia- 
induced pial artery dilation. On the basis of Poi- 
seuille's law, pial dilation of the magnitude induced by 
hypoxia would have substantial effects on cerebrovas- 
cular resistance. Hypoxic pial artery dilation was 
mildly attenuated during moderate hypoxia, while this 
response was blunted during severe hypoxia by the 
cyclooxygenase inhibitor, indomethacin. These phar- 
macologic data support and corroborate the biochem- 
ical data showing that hypoxic pial dilation was asso- 
ciated with increased cortical periarachnoid CSF 
PGE, and 6 keto PGF,, concentration. The present 
data suggest that prostaglandins contribute to pial va- 
sodilation during severe hypoxia, but are less impor- 
tant during moderate hypoxia. Because hypoxic pial 
dilation was not completely blocked by indomethacin, 
even during severe hypoxia, these data further suggest 
that other mechanisms (e.g., adenosine, nitric oxide, 
vasopressin) (8-12) also contribute to that dilation. 

Since it has been observed previously that methi- 

onine enkephalin and leucine enkephalin contribute to 
hypoxia-induced pial artery dilation (8, 13), the rela- 
tionship between opioids and prostaglandins in that 
dilation was also investigated. Results of this study 
show that topical PGE, and PGI, increased the CSF 
concentrations of methionine enkephalin and leucine 
enkephalin. While indomethacin had no effect on the 
release of CSF methionine enkephalin and leucine en- 
kephalin during moderate hypoxia, it attenuated the 
release of these opioids during severe hypoxia. How- 
ever, basal CSF concentrations of opioids were un- 
changed by indomethacin and the lowest concentra- 
tion of the prostaglandins topically applied to the ce- 
rebral cortical surface (1  ng/ml) did not significantly 
alter CSF opioid concentration. The concentration of 
prostaglandins used in this study were chosen on the 
basis that these concentrations produced comparable 
changes in pial artery diameter and encompass con- 
centrations for resting, physiologic, and pharmaco- 
logic stimulation conditions. Although it is uncertain 
what concentration of active prostaglandin exists at 
the receptor level, PGE, and the inactive metabolite 
for PG12, 6 keto PGF,,, have been observed in cortical 
periarachnoid CSF at a concentration of approxi- 
mately 1 ng/ml under resting conditions and at approx- 
imately 10 ng/ml in response to a variety of strong 
physiological stimulatory treatments (1, 2, 15). Since 
results of the present study show a somewhat greater 
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Figure 4. (A) Influence of moderate hypoxia (Pa, = 35 mm Hg) and severe hypoxia (Pa,, = 25 mm Hg) on cortical periarachnoid CSF 
methionine enkephalin (pg/ml) in absence (NO IdDO) and presence of indomethacin (5 mg/kg iv). (B) Influence of moderate hypoxia 
and severe hypoxia on cortical periarachnoid CSF leucine enkephalin (pg/ml) in absence (NO INDO) and presence of indomethacin 
(5 mg/kg iv). Values are mean ? SEM; n = 6. * P  < 0.05 compared with corresponding control; t P  < 0.05 compared with absence of 
indo (NO INDO). 

effect of indomethacin on hypoxia-induced release of 
CSF opioids (Fig. 4, A and B) than what would have 
been anticipated by consideration of data concerning 
the effects of prostaglandins on opioid release (Fig. 3,  
A and B), it may not be possible to correlate absolute 
prostaglandin levels in CSF with the vascular/bio- 
chemical response. Assuming that PGE, and PGI, act 
in a paracrine manner, during active synthesis the lo- 
cal concentration of these prostaglandins would be 
much higher and could account for the above under- 
estimation. Therefore, the direction of the change may 
be more important in suggesting whether local concen- 
trations are increasing or decreasing. Results of this 
study suggest that PGE, and PGI, release CSF opioids 
during strong stimulatory treatments, but probably do 
not do so during resting conditions. With respect to 
hypoxia, these data suggest that elevated prostaglan- 
din concentrations during severe, but not moderate 
hypoxia, release opioids which in turn contribute to 
hypoxic pial dilation. Therefore, opioids and pros- 
taglandins contribute to hypoxic pial dilation by them- 
selves, as well as by interacting with one another. Be- 
cause indomethacin did not block hypoxia-induced re- 
lease of opioids, these data finally suggest that other, 
as yet unknown, vasoactive systems may also serve to 
cause the release of opioids during hypoxia. 

Several different mechanisms could account for 
the release of opioids by prostaglandins. Recently, it 
was observed that PGE, and PGI, increase CSF 
cGMP concentration and that LNA, a nitric oxide syn- 
thase inhibitor, attenuated pial dilation in response to 
topical application of these two prostaglandins, sug- 
gesting a role for nitric oxide in that dilation (17). Ad- 
ditionally, it has also been observed that the cGMP 
analog, 8 Bromo-cGMP, increases CSF methionine 
enkephalin and leucine enkephalin concentration, in- 
dicating that this cyclic nucleotide releases opioids 
into CSF (18). These data suggest that prostaglandin- 

associated increases in CSF cGMP could mediate the 
release of opioids observed in the present study. Al- 
ternatively, previous in vitro studies have shown that 
isoproterenol or 8 Bromo-c AMP causes the release of 
opioids from glial cells, adrenal chromaffin cells, and 
ventricular cardiac muscle cells, suggesting the in- 
volvement of cAMP in such release (19-21). Since 
PGE, and PGI, activate adenylate cyclase and in- 
crease CSF cAMP (17), the results of the present study 
also suggest the involvement of cAMP in prostaglan- 
din-induced CSF opioid release in vivo.  Possible 
sources of these opioids include cortical vessels, 
nerves associated with these vessels, neurons, or glia. 
However, the origin of the opioids cannot be deter- 
mined from the present experiments. 

Table II. Blood Gases and Mean Arterial 
Blood Pressure 

Normoxia 1 Normoxia 2 

PH 7.44 2 0.03 7.43 2 0.3 
pco (mmHg) 31 2 1 32 2 1 
Po Qmm Hg) 96 2 3 96 2 3 
MABP (mm Hg) 68 2 2 63 k 3 
n = 12 

Normoxia Moderate hypoxia 

PH 7.42 2 0.02 7.41 2 0.02 
pco (mm Hg) 33 2 1 34 ? 1 
Po i)mm Hg) 95 2 3 35 * l a  
MABP (mm Hg) 64 2 2 61 2 2 
n = 23 

Normoxia Severe hypoxia 

PH 7.43 k 0.02 7.44 ? 0.02 
PCO (mm Hg) 32 2 1 32 k 1 
Po 4mm Hg) aa 2 3 25 k l a  
MABP (mm Hg) 68 2 2 62 2 4 
n = 23 
Note. Values are expressed as mean ~f: SEM; 

P < 0.05 compared with corresponding normoxia value. 
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The role of prostaglandins in hypoxic cerebrova- 
sodilation has been investigated previously. For exam- 
ple, Wei et al. (22) showed that indomethacin did not 
alter the hypoxic vasodilation of pial arteries in the 
adult cat, and Pearce et al. (23) showed that vasodila- 
tion was cycloxygenase independent in isolated ca- 
rotid vessels of the adult rabbit. Moreover, indometh- 
acin also did not alter hypoxic vasodilation in the adult 
rat (24). However, indomethacin has also been ob- 
served to attenuate hypoxic hyperemia in the newborn 
pig (14). The results of the present study confirm and 
extend observations in the latter study and indicate 
that prostaglandins themselves directly contribute to 
hypoxic pial dilation as well as indirectly via the re- 
lease of opioids. 

Opioids contribute to the regulation of cerebral 
hemodynamics (1 ,  7). Previous studies have shown 
that methionine enkephalin and leucine enkephalin 
produce vasodilation (1). More recently, these two di- 
lator opioids have been observed to contribute to hyp- 
oxic pial artery dilation via activation of ATP depen- 
dent K f  channels in the newborn pig (25). Methionine 
enkephalin- and leucine enkephalin-induced dilation 
has also been observed to be associated with increased 
CSF prostaglandin concentration and indomethacin 
blunted that dilation (26). Taken together, these stud- 
ies finally suggest that PGE,, PGI,, and opioids could 
interact in a positive feedback mechanism whereby 
prostaglandins released during hypoxia cause the re- 
lease of opioids which in turn cause the further release 
of prostaglandins . 

In conclusion, the results of the present study in- 
dicate that prostaglandins contribute to hypoxic pial 
artery dilation. These data also show that prostaglan- 
dins release CSF methionine enkephalin and leucine 
enkephalin. Finally, these data suggest that elevated 
CSF prostaglandin concentrations during severe hyp- 
oxia release opioids which in turn contribute to 
hypoxic pial dilation. 
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