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Mechanisms of endothelium-dependent regulation of cerebral
circulation in human neonates are poorly understood owing to
the lack of experimental data. Prostanoids, the products of the
cyclooxygenase (COX) pathway, appear to be important regula-
tors of blood flow in neonates. COX activity in cultured endo-
thelial cells from small (60–300 �m) and large (�300 �m)
microvessels from the autopsy specimens of neonatal human
cerebral cortex and cerebellum (22–26 wk gestational age) was
detected as production of vasodilator prostanoids, prostacyclin
[as 6-keto-prostaglandin (PG) F1�] and PGE2 from arachidonic
acid. Treatment of neonatal human cerebral microvascular endo-
thelial cells (hCMVEC) with IL-1� (50 ng/mL, 17 h) stimulated
COX activity 5- to 20-fold. Basal and IL-1�–stimulated COX
activities were inhibited by NS-398, indicating substantial
COX-2 contribution to endothelial prostanoid synthesis in neo-
natal human brain cortex and cerebellum at rest and when
mimicking the inflammatory conditions. Increased COX-2–
linked activity in response to IL-1� was observed in hCMVEC
from both cerebrum and cerebellum (5- to 20-fold), while under
the same conditions elevated COX-1–linked activity was de-
tected only in hCMVEC from cerebellum (5- to 10-fold). In

IL-1�–treated hCMVEC, a shift toward PGE2 as the major
vasodilator product of the COX pathway was observed. Acute
treatment with the protein tyrosine kinase inhibitor, tyrphostin
25, inhibited basal and IL-1�–induced COX activities, suggest-
ing the importance of posttranslational modifications in endothe-
lial COX-2 activation in human brain. Altogether, these data
indicate that both COX-1 and COX-2 contribute to endothelial
prostanoid synthesis in the neonatal human brain under basal
conditions and in response to proinflammatory cytokine IL-1�.
(Pediatr Res 52: 342–348, 2002)

Abbreviations
AA, arachidonic acid
COX, cyclooxygenase
CMVEC, cerebral microvascular endothelial cells
hCMVEC, human cerebral microvascular endothelial cells
pCMVEC, piglet cerebral microvascular endothelial cells
PTK, protein tyrosine kinase
NO, nitric oxide
PG, prostaglandin

Cerebral circulatory disorders produce serious complications in
human neonates, such as cerebral hemorrhages and hypoxic-
ischemic injuries, that can result in life-long neurologic dysfunc-
tion in survivors including cerebral palsy, epilepsy, and mental
retardation. Mechanisms of the regulation of cerebral circulation
in neonates are understood incompletely, and experimental data
are very limited. Vascular endothelium-derived dilator prosta-
noids, NO, and carbon monoxide are vasorelaxant factors essen-
tial in the regulation of cerebral blood flow. There are species-

specific and age-dependent differences in physiologically relevant
endothelial vasorelaxants in the cerebral circulation (1). In human
newborns, prostanoids appear to be major factors that contribute
to regulation of cerebral blood flow in response to hypercapnia,
asphyxia, ischemia, and cerebral hemorrhage (1–3), and indo-
methacin is widely used in neonatal practice (2, 4, 5). Similarly, in
newborn pigs, prostanoids contribute to the regulation of cerebral
blood flow under basal conditions and in response to physiolog-
ically important stimuli, such as CO2, oxygen, and changes in
blood pressure (1). Prostanoids are also important in the patho-
genesis of inflammation because they alter interactions between
blood cells, platelets, and the vascular wall, and are important
players in the inflammatory response (6).

COX, a rate-limiting enzyme in prostanoid synthesis, is
represented by two distinct gene products, COX-1 and COX-2.
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COX-1 appears to be maximally expressed under basal condi-
tions, whereas COX-2 is usually induced by inflammatory
agents and mitogens (6). However, in vivo and in vitro studies
in piglets demonstrated that COX-2 also functions in the
cerebral vasculature of newborn pigs under basal nonstimu-
lated conditions, thus potentially contributing to cerebral he-
modynamics (7–11). COX-1 and COX-2 proteins were also
detected by Western immunoblotting and immunostaining in
endothelial cells from neonatal human brain at early passages
(10). These data indicate that COX-2 may be important in
functioning of normal human fetal vessels, including cerebral
microvessels. However, no data on contributions of COX-1
and COX-2 to endothelial prostanoid synthesis in human new-
borns are available. In the present study we addressed the
hypothesis that COX-2 is a predominant functional COX iso-
form in neonatal hCMVEC under basal conditions and in
responses to inflammatory mediators. Using indomethacin and
NS-398, a COX-2 selective inhibitor, we investigated func-
tional contributions of COX-1 and COX-2 to prostanoid syn-
thesis in hCMVEC from two functionally distinct neonatal
brain areas, cerebral cortex and cerebellum, under basal and
stimulated conditions. Proinflammatory cytokine IL-1� that
can up-regulate COX-2 mRNA and protein expression in
endothelial cells (10) was selected as a tool to investigate
stimulated COX responses in hCMVEC.

METHODS

Isolation of cerebral microvessels. Brain cortex was ob-
tained from preterm human newborns (n � 4, gestational age,
22 and 26 wk; Table 1). Cause of death was cardiorespiratory
or cardiovascular failure and other complications secondary to
severe prematurity (Table 1). Postmortem collection of human
brain tissue for these specific studies was approved by the
Institutional Review Board. These patients were from the
Regional Medical Center, Women Hospital and Perinatal Cen-
ter, Memphis, TN, U.S.A. When an informed consent form for
the autopsy was already signed by a parent, one of the collab-
orating investigators approached the parent and explained the
purpose of this study and obtained a signature for a separate
consent form for the study. The samples from cerebral cortex
and cerebellum were collected by the pathologist at autopsy
performed within 6–12 h of the infant’s death. The samples
were immediately transported to the laboratory on ice. Mi-
crovessels from human neonatal brain were isolated as de-
scribed previously (7). The brain tissue samples (10–20 g)
were gently homogenized in M199 media using a glass ho-
mogenizer with a loose fitting pestle and filtered through 300-
and 60-�m nylon mesh screens consecutively. Large cerebral

microvessels (�300 �m) collected on the first screen, and
small microvessels (60–300 �m) collected on the last screen
were used for Western immunoblotting or for isolation of
endothelial cells.

Cerebrovascular endothelial cells in culture. To isolate
endothelial cells, cerebral microvessels were treated with col-
lagenase-dispase (2 mg/mL for 2 h at 37°C), and dissociated
hCMVEC were separated on a Percoll density gradient as
described (10). Cells were plated on Matrigel-coated plates (3
� 104 cells/well) and cultured at 37°C (5% CO2–95% air).
hCMVEC were cultured in the complete growth medium for
hCMVEC (BioWhittaker, Inc., San Diego, CA, U.S.A.) con-
taining 7% FBS. All experiments were performed on confluent
quiescent cells at one to two passages. Endothelial cells were
maintained 4–7 d in each passage (total, �20 d from the
collection). To achieve quiescence, hCMVEC were exposed to
a serum-depleted medium (0.1% FBS) for 15–20 h before the
experiment.

Western blotting. Cerebral microvessels were lysed in the
Laemmli buffer (0.125 mM TrisHCl, pH 6.8, containing 10%
glycerol, 2.5% SDS, 0.006% bromphenol blue, and 0.1 M
dithiothreitol) for 10 min at 100°C (10). Each sample was
processed immediately after collection, and the sample collec-
tion was extended over a period of 6 mo because of difficulties
with selecting deceased neonates for the study. Proteins (30 �g
protein/lane) were separated by 7.5% SDS-PAGE and trans-
ferred to nitrocellulose membranes. The membranes were
blocked for 1 h with 5% BSA buffer solution containing 0.1%
Tween-20. The membranes were probed with polyclonal anti-
body to COX-2 peptide of human origin (Cayman Systems,
Stoneham, MA, U.S.A., at 1:10,000 dilution), or polyclonal
antibody to COX-1 peptide (Oxford Biomed, Oxford, MI,
U.S.A., at 1:1,000 dilution), followed by peroxidase-
conjugated donkey anti-rabbit IgG (Jackson Immunoresearch,
West Grove, PA, U.S.A., at 1:10,000 dilution) (10). The
immunoreactive bands were visualized with the Renaissance
chemiluminescence kit (NEN Life Science Products, Boston,
MA, U.S.A.) and quantified by digital densitometry using NIH
Image 1.60.

IL-1� treatment. hCMVEC were incubated for 17 h with
the starvation media (0.1% FBS) alone (control) or with the
starvation media containing human IL-1� (50 ng/mL) (10).
Based on our preliminary data, under these treatment condi-
tions IL-1� most effectively increases prostanoid production
without affecting endothelial cell viability. Cells were used for
detection of COX activity as described below.

COX activity. COX activity in hCMVEC was detected as
production of 6-keto-PGF1a and PGE2 from exogenous AA (7).

Table 1. Characteristics of infants

Patient
number

BW
(g)

GA
(wk) Sex

Apgar score
(1 and 5 min)

Age at
death (h)

IVH
(grade) Cause of death

1 890 26 M 6/7 30 B IV Cardiorespiratory failure secondary to B IV
2 400 22 F 3/4 50 B III Severe prematurity, cardiorespiratory failure secondary to B III
3 410 22 F 3/5 9 R III Severe prematurity, cardiorespiratory failure secondary to R III
4 740 26 M 4/6 20 No Acute cardiovascular failure secondary to cardiac tamponade

Abbreviations used: BW, birth weight; GA, gestational age; IVH, intraventricular hemorrhage.
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Control or IL-1�–treated cells were incubated with 30 �M AA
in Krebs’ buffer (in mM: 5.0 KCl, 0.6 MgSO4, 1.8 CaCl2, 120
NaCl, 6.0 glucose, 10.0 HEPES, pH 7.4) for 15 min at 37°C.
To investigate the contribution of COX-2, we incubated con-
trol or IL-1�–pretreated cells with 10�5 M NS-398 for 20 min
(7). To inhibit both COX-1 and COX-2, indomethacin (10�5

M) was added 20 min before the detection of the COX activity
(7). To determine the effect of protein tyrosine phosphoryla-
tion, control or IL-1�–pretreated cells were incubated with 300
�M tyrphostin 25 for 30 min immediately before the COX
activity detection (7). All inhibitors were also included in the
incubation media for COX activity detection. After incubation
with AA, the media was aspirated for prostanoid detection, and
the cells were lysed in 0.1 N HCl for protein determination.

Prostanoid and protein assays. Concentrations of 6-keto-
PGF1� (the stable hydrolysis product of prostacyclin) and
PGE2 in the media were determined by RIA as described (7).
The prostanoid concentration was normalized to the amount of
total cell protein quantified by the micro BCA protein assay
from Pierce (Rockford, IL, U.S.A.).

Data analysis. Data are presented as mean � SEM of
absolute values. Data were analyzed by ANOVA for repeated
measurements, followed by Fisher’s exact test for protected
least significant difference to isolate differences among groups.
A level of p � 0.05 was considered significant.

Materials. Cell culture reagents were purchased from Life
Technologies (Gaithersburg, MD, U.S.A.) and Sigma Chemi-
cal Co. (St. Louis, MO, U.S.A.). Percoll was from Amersham
Pharmacia Biotech (Piscataway, NJ, U.S.A.). Matrigel (growth
factor reduced) was from Becton Dickinson (Bedford, MA,
U.S.A.). Human recombinant IL-1� was obtained from R&D
Systems Inc. (Minneapolis, MN, U.S.A.). Tyrphostin 25 was
from Biomol (Plymouth Meeting, PA, U.S.A.). NS-398 and
AA (peroxide-free) were from Cayman Chemical (Ann Arbor,
MI, U.S.A.). Indomethacin (sodium salt) was purchased from
Merck (Rahway, NJ, U.S.A.).

RESULTS

COX-1 and COX-2 expression in cerebral microvessels
from neonatal human brain. Using Western immunoblotting,
we examined COX-1 and COX-2 expression in cerebral mi-
crovessels of human premature neonates. Our data demonstrate
that both COX-1 and COX-2 were expressed in cerebral
microvessels from three babies (gestational age, 22–26 wk;
Fig. 1). The immunoprobing of each sample was conducted

separately because the sample collection was extended for a
period of 6 mo. This may contribute to apparent variability of
the COX-1 and COX-2 expression between the samples. As we
found previously, COX-1 and COX-2 are also immunodetect-
able in cultured hCMVEC at quiescence (10).

COX activity in endothelial cells from neonatal human
brain. We compared COX activity in hCMVEC isolated from
large (�300 �m) and small (60–300 �m) microvessels from
cerebral cortex and cerebellum. COX activity in these four
groups of cells was detected under basal conditions and after
prolonged treatment with human IL-1�. hCMVEC exhibited
COX activity as determined by production of two major vaso-
dilator prostanoids, 6-keto-PGF1� (the hydrolysis product of
prostacyclin) and PGE2 (Fig. 2). Under basal conditions, no
substantial differences in COX activity were found between
endothelial cells from large and small microvessels, or between
cerebral cortex and cerebellum: 6-keto-PGF1� production from
30 �M AA was 5–15 pg/�g protein, and PGE2 production was
15–30 pg/�g protein (Fig. 2). The basal PGE2 to 6-keto-PGF1�

ratio varied from 2:1 to 3:1. These characteristics of human
neonatal brain endothelial COX are comparable to the COX
activity in endothelial cells from the newborn pig brain (7).
hCMVEC from large and small microvessels from cerebral
cortex and cerebellum responded to human IL-1� (50 ng/mL,
17 h) with large increases in COX activity (Fig. 2). 6-keto-

Figure 1. COX-1 and COX-2 detection by Western immunoblotting in small
cerebral microvessels from human brain cortex (autopsies from patents 1, 2,
and 3).

Figure 2. Basal and IL-1�–stimulated COX activity in cultured endothelial
cells from neonatal human brain. Quiescent endothelial cells from large
microvessels (Large MV) and small microvessels (Small MV) from cerebral
cortex and cerebellum (passage 1–2) were untreated (basal) or treated with 50
ng/mL human IL-1� for 17 h. COX activity was detected as production of
6-keto-PGF1� (A) and PGE2 (B) from 30 �M AA. The experiment was
reproduced three times. Data are mean � SEM. *p � 0.05 compared with the
basal levels.
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PGF1� production in IL-1�–treated cells was elevated 3- to
6-fold, whereas PGE2 production was increased 5- to 20-fold
(Fig. 2). As a result, PGE2 was the most prominent prostanoid
produced by IL-1�–treated hCMVEC (PGE2 to 6-keto-PGF1�

ratio varied from 5:1 to 10:1, p � 0.05), suggesting that
specific terminal PG synthases could be differently up-
regulated in response to the proinflammatory agent. No differ-
ences in basal COX activity or in responses to IL-1� were
observed between hCMVEC at first and second passages (data
not shown).

Effects of indomethacin, NS-398, and tyrphostin 25 on
basal COX activity. To investigate whether COX-2 contributes
to endothelial prostanoid synthesis in neonatal hCMVEC under
basal nonstimulated conditions, we used NS-398, the COX-2
selective inhibitor. Indomethacin was used as an effective
nonselective inhibitor of COX-1 and COX-2 isoforms (7).
Similar to our results in pCMVEC, indomethacin (10�4 M)
inhibited 70 to 90% of basal COX activity in neonatal hCM-
VEC (Fig. 3). We have shown previously that NS-398 (10�5–
10�4 M) rapidly inhibits COX-2–directed activity in pCM-
VEC (7). Acute treatment with tyrphostin (100–300 �M), a
PTK inhibitor, inhibited COX-2, but not COX-1, activity in
endothelial cells from newborn pigs (7). Therefore, we used
tyrphostin 25 as an additional probe to assess COX-2–linked
activity in neonatal hCMVEC. Cells were treated with NS-398
or tyrphostin 25 acutely (30 min) to ensure that COX expres-

sion was not altered (7). NS-398 inhibited 30 to 50% of total
basal COX activity in hCMVEC from both large and small
microvessels from cerebral cortex and cerebellum (Fig. 3).
Tyrphostin 25 also decreased basal COX activity by 30 to 50%
(Fig. 3). No regional or size-related differences were found in
responses of hCMVEC to NS-398 or tyrphostin 25 (Fig. 3).
These functional data suggest that during basal conditions,
COX-2 accounts for up to 50% of total endothelial prostanoid
synthesis in human neonatal brain. No differences were ob-
served between first and second passages of hCMVEC in their
responses to NS-398 or tyrphostin 25 (data not shown).

Effects of indomethacin, NS-398, and tyrphostin 25 on
COX activity in IL-1�–stimulated hCMVEC. To investigate
contributions of COX-1 and COX-2 to prostanoid synthesis in
IL-1�–treated neonatal hCMVEC, we used acute (30 min)
treatment with NS-398 (10�5 M) or tyrphostin 25 (300 �M) to
ensure that the inhibitors do not affect the COX protein induc-
tion. Indomethacin (10�4 M) inhibited �80% of the cytokine-
stimulated COX activity in hCMVEC from neonatal cerebral
cortex and cerebellum. NS-398 inhibited 50 to 90% of IL-1�–
stimulated COX activity (both 6-keto-PGF1� and PGE2 pro-
duction; Fig. 4), indicating major contribution of COX-2 to
prostanoid synthesis in activated hCMVEC. Tyrphostin 25 also
inhibited 50 to 80% of COX activity in IL-1�–treated hCM-
VEC (Fig. 4). These functional data indicate that in IL-1�–

Figure 3. Effects of indomethacin, tyrphostin 25, and NS-398 on basal COX
activity in endothelial cells from neonatal human brain. Quiescent endothelial
cells from large microvessels (Large MV) and small microvessels (Small MV)
from cerebral cortex and cerebellum (passage 1–2) were untreated (control) or
treated with tyrphostin 25 (300 �M), NS-398 (10�4 M), or indomethacin (10�4

M) for 30 min; inhibitors were also included in the incubation medium for
determination of COX activity. COX activity was detected as production of
6-keto-PGF1� (A) and PGE2 (B) from 30 �M AA. The experiment was
reproduced three times. Data are mean � SEM. *p � 0.05 compared with the
control levels. †p � 0.05 compared with the NS-398 levels.

Figure 4. Effects of indomethacin, tyrphostin 25, and NS-398 on IL-1�–
stimulated COX activity in endothelial cells from neonatal human brain.
Quiescent endothelial cells from large microvessels (Large MV) and small
microvessels (Small MV) from cerebral cortex and cerebellum (passage 1–2)
were incubated with IL-1� (50 ng/mL) in the starvation media (0.1% FBS-
DMEM) for 17 h. IL-1�–stimulated cells were untreated (control) or treated
with tyrphostin 25 (300 �M), NS-398 (10�4 M), or indomethacin (10�4 M) for
30 min; inhibitors were also included in the incubation medium for determi-
nation of COX activity. COX activity was detected as production of 6-keto-
PGF1� (A) and PGE2 (B) from 30 �M AA. The experiment was reproduced
three times. Data are mean � SEM. *p � 0.05 compared with the control
levels. †p � 0.05 compared with the NS-398 levels.
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stimulated endothelial cells from human neonatal brain,
COX-2 substantially contributes to total prostanoid synthesis.
No differences were observed between first and second pas-
sages of hCMVEC in their responses to the cytokine, NS-398,
or tyrphostin 25 (data not shown).

We compared contributions of COX isoforms to total COX
activity in hCMVEC under basal and IL-1�–stimulated condi-
tions (Fig. 5). COX-1 and COX-2 activities were measured as
the NS-398–resistant and NS-398–inhibited components of
the total COX activity (as PGE2 and 6-keto-PGF1� production
from AA), respectively (9). In control neonatal hCMVEC,
COX-1 and COX-2 equally contribute to basal PGE2 synthesis
in both large and small microvessels from cerebral cortex and
cerebellum (Fig. 5). However, it appears that there are certain
regional differences in hCMVEC responses to the proinflam-
matory cytokine. Although COX-2 is the major isoform re-
sponsible for increased prostanoid synthesis in IL-1�–
stimulated neonatal hCMVEC from cerebral cortex, extensive
COX-1 activation was observed in cerebellum (Fig. 5). In
hCMVEC from cerebellum, IL-1� treatment caused an in-
crease in COX-1–directed PGE2 synthesis 6- to 10-fold,
whereas very moderate (if any) COX-1 activation was ob-
served in hCMVEC from cerebral cortex (Fig. 5). Similar data
were obtained when COX activity was measured as 6-keto-
PGF1� production from AA under basal and cytokine-
stimulated conditions (data not shown). Identical changes in
PGE2 and 6-keto-PGF1� production from exogenous AA
strongly suggest that IL-1� stimulates COX activity in hCM-
VEC, although up-regulation of terminal prostanoid synthases
cannot be excluded. These data are in concert with our previ-

ous findings that IL-1� up-regulates COX-2 expression
(mRNA and protein) in human endothelial cells (10).

DISCUSSION

Knowledge of mechanisms that regulate blood flow through
the brain in humans is limited. Although some data are pub-
lished on cerebral microvascular cells from adult human brain
(12–14), no experimental data on human fetal or neonatal brain
endothelial cells are available. Endothelium-dependent mech-
anisms that regulate cerebral blood flow are species-specific
and age-dependent (1). In adult rats, mice, rabbits, and cats,
NO-dependent mechanisms are predominant, whereas in new-
born piglets prostanoids are the major endothelium-derived
vasorelaxant factors in cerebral microcirculation (1, 15–17).
Although data on mechanisms of control of cerebral circulation
are growing exponentially in adults, much less knowledge of
the mechanisms involved in regulation of the cerebral micro-
circulation in the perinatal period is available. In pigs, transi-
tion from the newborn to juvenile status is accompanied by
growing involvement of NO-mediated cerebral vascular re-
sponses (9, 18, 19). Mechanisms involved in control of cere-
bral circulation in the perinatal period are critically important.
Disorders of the cerebral circulation are major causes of mor-
bidity and mortality and can result in life-long disabilities in
survivors. With improvements in neonatal medicine, survival
of very low birth weight infants is increasing progressively.
However, the most frequent impairments in very low birth
weight infants are neurologic (20), usually secondary to cere-
brovascular complications. Studies in premature human infants
suggest a high sensitivity of the cerebral circulation to the COX
inhibitor indomethacin (21–23). Indomethacin is widely used
in neonatal clinics in treatment of diverse vascular disorders (2,
4, 5).

Our present and published (10) data demonstrate that both
COX-1 and COX-2 are expressed in cerebral microvessels and
in nonstimulated neonatal hCMVEC from premature human
neonates (22–26 wk gestational age). In neonatal CMVEC,
COX-1 is localized in the nuclear envelope, perinuclear zone,
and endoplasmic reticulum, whereas COX-2 is mainly an
intranuclear resident (10). Although COX-2 protein is immu-
nodetected in the human neonatal cerebral microcirculation
(10), the contribution of COX-2 to endothelial prostanoid
synthesis in neonates had not been previously established. Our
present data are the first to determine COX activity in neonatal
hCMVEC. Cultured hCMVEC produce prostanoids from ex-
ogenous AA, which is indicative of COX activity. NS-398, the
COX-2 specific inhibitor, inhibited 30 to 50% of total COX
activity in hCMVEC from neonatal cerebral cortex and cere-
bellum, suggesting a significant contribution of COX-2 to basal
prostanoid synthesis in human neonatal cerebral microcircula-
tion. We did not find regional or size-related differences in
COX activity or its sensitivity to NS-398, which suggests a
similar significance of endothelial COX-2 in the function of
small and large vessels from both cerebral cortex and cerebel-
lum under basal nonstimulated conditions.

IL-1 is an important mediator of inflammatory responses in
the brain. In addition to humoral proinflammatory cytokines,

Figure 5. Functional contribution of COX-1 and COX-2 to endothelial PGE2

synthesis in neonatal human brain under basal and IL-1�–stimulated condi-
tions. Quiescent endothelial cells from large microvessels (Large MV) and
small microvessels (Small MV) from cerebral cortex and cerebellum (passage
1–2) were exposed to the starvation medium (0.1% FBS-DMEM) without
(basal) or with IL-1� (50 ng/mL) for 17 h. Cells were exposed to NS-398
(10�4 M) or indomethacin (10�4 M) for 30 min; inhibitors were also included
in the incubation medium for determination of COX activity. Indomethacin-
inhibited production of PGE2 from 30 �M AA was used as an index of total
COX activity. COX-1– and COX-2–directed activities were detected as NS-
398–resistant and NS-398–inhibited components of total COX activity, re-
spectively. The experiment was reproduced three times. Data are mean �
SEM.
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human brain endothelial cells also have a capacity to produce
IL-1� in response to inflammatory stimuli such as lipopoly-
saccharide, tumor necrosis factor-�, and interferon-� (12). As
we have demonstrated previously in human endothelial cells,
IL-1� time-dependently induces COX-2 (mRNA and protein)
expression (10). However, data on COX activity in cytokine-
treated hCMVEC were not available until now. Neonatal hC-
MVEC from cerebral cortex and cerebellum respond to pro-
longed (17 h) treatment with IL-1� by increasing COX activity
5- to 50-fold. After prolonged stimulation with IL-1�, PGE2

becomes a major endothelial-derived dilator prostanoid (PGE2

to 6-keto-PGF1� ratio increases up to 10:1 compared with 2:1
under basal conditions). It is possible that IL-1� differentially
affects the expression of terminal prostanoid synthases, with
PGE2 synthase being up-regulated to a greater extent than
prostacyclin synthase. We have demonstrated previously that
in hCMVEC from cerebral cortex, IL-1� maximally induces
COX-2 expression in 12–16 h, and also causes COX-2 reloca-
tion from the nucleus to the nuclear envelope and the cyto-
plasm (10). In this study we demonstrate that up to 80% of
IL-1�–induced COX activity can be blocked by NS-398, indi-
cating that COX-2 is the major isoform that accounts for
prostanoid synthesis in neonatal hCMVEC during inflamma-
tory conditions. Increased COX-2 activity in response to IL-1�
was observed in both small and large microvessels from cere-
bral cortex and cerebellum.

COX-1–directed activity was also increased in hCMVEC
after prolonged stimulation with IL-1�. Although COX-2 is the
major COX isoform induced in response to proinflammatory
cytokines in a variety of cell types, including human vascular
endothelial cells (6, 10), COX-1 induction has been also
described (24). In hCMVEC from cerebral cortex, COX-1
activation (as NS-398–resistant COX activity) in response to
IL-1� was very moderate, if any. Similarly, only moderate
COX-1 mRNA up-regulation by IL-1� was observed in human
umbilical vein endothelial cells (10). However, in IL-1�–
stimulated hCMVEC from cerebellum, COX-1 was activated
5- to 10-fold above the basal level. High COX-1 responsive-
ness to IL-1� was observed in both large and small microves-
sels from cerebellum.

The responses of endothelial cells to IL-1� are not limited
by COX-2 mRNA and protein induction, but are also influ-
enced by subcellular compartmentalization of the COX-2 pro-
tein (10), as well as by modifications of the COX-2 activity (8).
In endothelial cells from cerebral microvessels of newborn
pigs, COX-2 is posttranslationally activated by protein tyrosine
phosphorylation, whereas COX-1 activity is not sensitive to
PTK inhibitors (8). Our present data in neonatal hCMVEC
from cerebral cortex and cerebellum demonstrate that basal
COX activity was rapidly inhibited by tyrphostin 25, a PTK
inhibitor. Tyrphostin 25 also rapidly inhibited COX activity in
hCMVEC pretreated with IL-1� to up-regulate COX-2 expres-
sion. Inhibitory effects of tyrphostin on endothelial COX ac-
tivity were observed in small and large vessels from both
cerebral cortex and cerebellum, and the extent of the inhibition
was comparable to the effect of NS-398.

Taken together, our data indicate that the regulation of
endothelial prostanoid synthesis in cerebral microcirculation of

human neonates has characteristics similar to the newborn pig
brain. In CMVEC from neonatal human and porcine brain,
COX-2 is expressed under basal conditions and contributes to
basal endothelial prostanoid synthesis in small and large cere-
bral microvessels from cerebral cortex and cerebellum. COX-2
is transcriptionally up-regulated and posttranslationally acti-
vated in response to the proinflammatory cytokine IL-1�.
COX-2 activity under basal and IL-1�–stimulated conditions is
rapidly inhibited by tyrphostin, indicating significance of post-
translational activation of COX-2 by tyrosine phosphorylation.

Are the physiologic data from pigs also consistent with
available data from humans? The sparse data on contributions
of prostanoids and NO to the human newborn and adult
cerebral circulations appear to be consistent with greater rela-
tive contributions of NO in comparison to prostanoids with
postnatal development. For example, an endothelium-
dependent, indomethacin-inhibited dilator influence, detected
in human infant vertebral arteries in vitro, was not present in
adult arteries (25). Further, endothelium-dependent dilation to
acetylcholine was inhibited by indomethacin in the infant but
by N�-monomethyl-L-arginine, an NO synthase inhibitor, in
the adult (25). These data suggest an age-dependent shift in the
primary endothelial-dependent dilator mechanism of the hu-
man vertebral artery from prostanoid to NO. Numerous studies
in premature human infants suggest a high sensitivity of the
cerebral circulation, particularly hypercapnia responsiveness,
to the COX inhibitor indomethacin (21–23, 26). Data from
human infant cerebral arteries in vitro suggest that generation
of NO in response to calcium ionophore is markedly reduced in
the human infant compared with newborn lambs (27). In
contrast to those of piglets, cerebral arterioles of newborn
lambs, whose brains are considerably more mature at birth than
those of humans and pigs (28), display NO-dependent vasodi-
lation in response to acetylcholine (unpublished observations)
and hypoxia (29). Data on adult humans, as infants, is very
limited, but with regard to effects of COX inhibitors, responses
are similar to those from juvenile pigs (and adult rats). Thus,
indomethacin typically reduces cerebral hyperemia in response
to hypercapnia by 50% or less, much less than in newborns (30,
31). Overall, constitutive expression of COX-2 appears to be a
specific characteristic of human tissues. In healthy human
volunteers, administration of celecoxib, a COX-2 selective
inhibitor, greatly reduced urinary excretion of prostanoids to
the same extent as ibuprofen does (32), indicating significant
COX-2 contribution to overall prostanoid production in the
human body.

Thus, our biochemical data are consistent with physiologic
data from piglets in the laboratory and babies in the nursery,
suggesting prostanoids and control of cerebral circulation in
newborns of these two species are very similar. COX-2 is a
major isoform that contributes to endothelial prostanoid syn-
thesis in newborn babies and in piglets under normal physio-
logic conditions and in response to a proinflammatory cytokine
IL-1�. Although no data are available on clinical use of COX-2
specific inhibitors in neonatology, preclinical trials on cele-
coxib effects have been undertaken (33). Considering the major
regulatory role of endothelial prostanoids in the cerebral cir-
culation in humans under basal conditions and in response to
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inflammation, careful consideration should be taken regarding
potential side effects of the COX-2 inhibitors on blood supply
to the brain in premature newborn babies.
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