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Abstract

Nitric oxide (NO) produced by NO synthase (NOS) modu-
lates fetal pulmonary vascular tone and contributes to the
fall in pulmonary vascular resistance (PVR) at birth. Al-
though the inducible (type II) NOS isoform is present in hu-
man and rat fetal lungs, it is uncertain whether type II NOS
activity contributes to vascular NO production in the fetal
lung. To determine whether type II NOS is present in the
ovine fetal lung and to study the potential contribution of
type II NOS on the regulation of basal PVR in the fetus, we
measured the hemodynamic effects of three selective type I1
NOS antagonists: aminoguanidine (AG), 2-amino-5,6-dihy-
dro-6-methyl-4H-1,3 thiazine (AMT), and S-ethylisothio-
urea (EIT). Studies were performed after at least 72 h of re-
covery from surgery in 19 chronically prepared fetal lambs
(133%3 d; 147 d, term). Brief intrapulmonary infusions of
AG (140 mg), AMT (0.12 mg), and EIT (0.12 mg) increased
basal PVR by 82, 69, and 77%, respectively (P < 0.05). The
maximum increase in PVR occurred within 20 min, but of-
ten persisted up to 80 min. These agents also increased
mean aortic pressure but did not alter the pressure gradient
between the pulmonary artery and aorta, suggesting little
effect on tone of the ductus arteriosus. Acetylcholine-induced
pulmonary vasodilation remained intact after treatment
with selective type II NOS antagonists, but not after treat-
ment with the nonselective NOS blocker, nitro-L-arginine.
Using Northern blot analysis with poly(A)" RNA, we dem-
onstrated the presence of two mRNA transcripts for type 11
NOS (4.1 and 2.6 kb) in the fetal lung. We conclude that the
type II NOS isoform is present in the ovine fetal lung, and
that selective type II NOS antagonists increase PVR and
systemic arterial pressure in the late-gestation fetus. We
speculate that type II NOS may play a physiological role in
the modulation of vascular tone in the developing fetal lung.
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Introduction

Nitric oxide (NO)! is produced by NO synthase (NOS) during
the conversion of L-arginine to L-citrulline, and plays an im-
portant role in the regulation of vascular tone in the develop-
ing lung circulation. NO modulates basal pulmonary vascular
tone in the late gestation fetus (1-3), and mediates pulmonary
vasodilation to several physiologic and pharmacologic stimuli,
such as acetylcholine (ACh), shear stress, and oxygen (1, 2, 4,
5). In addition, endothelial NO production contributes to a de-
crease in pulmonary vascular resistance (PVR) at the time of
birth (1, 2, 6-9). Inhibition of NOS with L-arginine analogues
increases basal PVR, selectively blocks endothelium-depen-
dent vasodilation to many stimuli, and attenuates the fall in
PVR at birth (1).

Three distinct isoforms of NOS have been identified: type
I, or neuronal NOS; type II, or inducible NOS; and type 111, or
endothelial NOS (10). Types I and IIT NOS are constitutive,
regulated in part by calcium and calmodulin, and changes in
expression of these isoforms have been characterized during
fetal lung development (6, 10-13). Type III NOS is predomi-
nantly present in vascular endothelial cells early in gestation in
sheep, rat, and human lung, and appears to be developmen-
tally regulated (6, 11, 12). Type I NOS has been identified in
lung neuronal, epithelial, and endothelial cells, and expression
increases with advancing fetal age in the rat (12-14). Type II
NOS has been identified in the endothelium, epithelium, and
macrophages in human and fetal rat lung by immunostaining
(13,14). Type II NOS is distinct from the other isoforms in that
its activity is independent of intracellular calcium and it is reg-
ulated at the transcriptional level primarily through induction
by endotoxin and cytokines (10). Type II NOS has been associ-
ated predominately with states including septic shock and in-
flammation (15-21), but its role in normal physiology is uncer-
tain.

1. Abbreviations used in this paper: ACh, acetylcholine; AG, ami-
noguanidine; AMT, 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine;
Ao, ascending aorta; AoP, aortic pressure; EIT, S-ethylisothiourea;
LA, left atrium; L-NA, nitro-L-arginine; LPA, left pulmonary artery;
MPA, main pulmonary artery; NO, nitric oxide; NOS, nitric oxide
synthase; PAP, pulmonary artery pressure; PVR, pulmonary vascular
resistance.
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Although past studies have emphasized the role of the type
IIT NOS isoform as the source of vascular NO production in
the perinatal lung (11-13), arginine analogues that were used
to inhibit NOS activity in physiologic studies were not isoform
selective (14, 7, 8). Whether other NOS isoforms, including
type II NOS, contribute to NO activity in the normal perinatal
pulmonary circulation is unknown. A recent study demon-
strated constriction of the pulmonary artery, aorta, and ductus
arteriosus in the fetal rat after maternal administration of a
type II NOS inhibitor (15). Although these findings suggest
the possibility that type II NOS activity may contribute to vas-
cular tone in the fetal rat lung, it is uncertain if these hemody-
namic effects were due to direct blockade of type II NOS in
the fetal lung, or secondary to constrictor effects on the mater-
nal or placental circulation.

Type II NOS has been studied extensively in experimental
models of circulatory shock, autoimmune disease, and chronic
inflammation (18-21), but whether it plays a constitutive role
or contributes to NO production in the normal fetal lung is un-
certain. To test whether type II NOS contributes to basal PVR
in the fetal lung, we studied the hemodynamic effects of three
selective type II NOS antagonists: aminoguanidine (AG),
2-amino-5,6-dihydro-6-methyl-4H-1,3 thiazine (AMT), and
S-ethylisothiourea (EIT) (22-29) in chronically prepared fetal
lambs. We compared these responses with the effects of nitro-
L-arginine (L-NA), a nonselective NOS inhibitor. Finally, we
performed Northern blot analysis to determine whether type
II NOS is present in the fetal lung.

Methods

Surgical preparation and physiological measurements. All procedures
and protocols were reviewed and approved by the Animal Care and
Use Committee at the University of Colorado Health Sciences Cen-
ter. 19 mixed breed (Columbia-Rambouillet, Santa Monica, CA)
pregnant ewes between 125 and 128 d of gestation (term = 147 d)
were fasted 24 h before surgery. Ewes were sedated with intravenous
pentobarbital sodium (2-4 mg) and anesthetized with 1% tetracaine
hydrochloride (3 mg) by lumbar puncture. Preoperative doses of in-
tramuscular ampicillin (500 mg) and gentamicin (2 g) were adminis-
tered. Ewes were kept sedated with pentobarbital but breathed spon-
taneously throughout surgery. Under sterile conditions, the left
forelimb of the fetal lamb was delivered through a uterine incision. A
skin incision was made under the left forelimb after local infiltration
with 1% lidocaine. Polyvinyl catheters were inserted into the axillary
artery and vein and advanced into the ascending aorta (Ao) and su-
perior vena cava, respectively. A left axillary to sternal thoracotomy
exposed the heart and great arteries. Polyvinyl catheters were in-
serted into the left pulmonary artery (LPA), main pulmonary artery
(MPA), and left atrium (LA) by direct puncture and secured in posi-
tion by purse string sutures. A 6-mm ultrasonic flow transducer
(Transonic Systems, Inc., Ithaca, NY) was placed around the LPA to
measure blood flow to the left lung. The thoracotomy and skin inci-
sion were closed, and the fetus was gently placed in the uterus. A
catheter was placed in the amniotic space, ampicillin (500 mg) was ad-
ministered into the amniotic cavity, and the hysterotomy was closed.
The catheters and flow transducer cable were tunneled subcutane-
ously to an external pouch on the ewe. Ampicillin (250 mg) was in-
fused daily in the fetal vein and amniotic cavity during the first 3 d af-
ter surgery. Animals were allowed at least 72 h for recovery from
surgery before studies were performed. Catheter patency was en-
sured by daily infusions of heparinized saline (100 U/ml). The Ao,
MPA, LA, and amniotic cavity catheters were connected to a com-
puter-driven pressure transducer and recorder (Biopac Systems Inc.,
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Santa Barbara, CA). Pressures were referenced to the amniotic cavity
pressure. The pressure transducer was calibrated with a mercury col-
umn manometer. The flow transducer cable was attached to an inter-
nally calibrated flowmeter (Transonic Systems, Inc.) for continuous
measurements of LPA flow. The absolute values of flows were deter-
mined from phasic blood flow signals as previously described (30, 31).
Pulmonary vascular resistance was calculated with the following
equation: PVR, mmHg/ml/min = mean MPA pressure — mean LA
pressure/LPA flow. Arterial blood gas tensions, pH, hemoglobin, and
oxygen saturation were measured from blood samples that were
drawn from the Ao catheter and measured at 39.5°C with a blood gas
analyzer and hemoximeter (model OSM-3; Radiometer, Copen-
hagen, Denmark).

Drug preparation. All drugs were freshly prepared on the day of
study. AG (Tocris Cookson Inc., St. Louis, MO), at a dose of 140 mg,
was dissolved in 2 ml of sterile saline. AMT (Tocris Cookson Inc.)
and EIT (Tocris Cookson Inc.) at a dose of 0.12 mg each were dis-
solved in 2 ml of sterile saline. L-NA (Sigma Chemical Co., St.
Louis, MO) at a dose of 20 mg was dissolved with 1 M HCI, then 1
ml of normal saline was added. 1 M NaOH was added to titrate the
pH to 7.40. 200 mg/ml ACh (Sigma Chemical Co.) was dissolved in
sterile saline and infused at a dose of 1.5 pg/min for 10 min (total vol
2 ml) before and after each of the study drugs AG, AMT, EIT, and
L-NA.

Experimental design. The identical protocol was followed for
each drug: AG (140 mg, n = 7 animals, mean gestational age, 133 d);
AMT (0.12 mg, n = 6 animals, mean gestational age, 132 d); EIT
(0.12 mg, n = 5 animals, mean gestational age, 133 d); L-NA (20 mg,
n = 3 animals, mean gestational age, 133 d). After 30 min of stable
baseline hemodynamic measurements, ACh (1.5 pg/min for 10 min)
was infused into the LPA using a precalibrated syringe infusion
pump. Hemodynamic measurements were recorded at 10-min inter-
vals for 30 min. One of the study drugs was infused into the LPA over
a 10-min period. Hemodynamic measurements were recorded at 10-
min intervals for 30 min. A second dose of ACh (1.5 pg/min for 10
min) was infused into the LPA for comparison with the initial vasodi-
lator response. Arterial blood gas tensions, pH, and oxygen satura-
tion were measured from the Ao catheter at baseline and 30 min after
the infusion of each study drug.

Northern blot analysis. Northern blot analysis was performed as
previously described (8, 32). Briefly, total RNA was purified from fe-
tal sheep lung (nonsurgical; 136 d of gestation; four animals) and then
from the lungs of a rat injected with bacterial LPS to induce type II
NOS expression. The rat was injected with LPS from Salmonella
typhi (Sigma Chemical Co.) and killed after 6 h. Total RNA was puri-
fied using TRIREAGENT™ (Molecular Research Center Inc., Cin-
cinnati, OH) by the method of Chomczynski (33). Poly(A)* RNA
was purified from the total RNA using oligo(dT) affinity chromatog-
raphy. 20 pg of total RNA from the LPS rat and 20 ug of poly(A)*
RNA from fetal sheep lungs (two samples of pooled RNA, each sam-
ple from two animals) were analyzed using standard Northern blot
and hybridization techniques with cDNA probes (34). Mouse and hu-
man type II NOS cDNA probes were labeled with 2P using a ran-
dom-primed DNA labeling mix (GIBCO BRL, Gaithersburg, MD).
Hybridization was performed with both probes simultaneously in 6X
SSC, 10X Denhardt’s solution, 0.1% SDS, 5% dextran sulfate 500
(Pharmacia Fine Chemicals, Piscataway, NJ), 1 mM EDTA, 10 mM
sodium phosphate buffer, pH 7.0, 100 pg/ml denatured salmon sperm
DNA, at 65°C. Washing conditions were as follows: 1X SSC 0.1%
SDS, twice for 15 min at room temperature, then 0.4X SSC 0.1%
SDS, twice for 15 min at 50°C, then 0.4X SSC 0.1% SDS, twice for 15
min at 65°C. Imaging of 3P signals was performed using a Phosphor-
Imager (Storm 860; Molecular Dynamics, Sunnyvale, CA).

Data analysis. Data are presented as mean+SEM. Statistical
analysis was performed with the Statview 4.5 software package (Aba-
cus Concepts Inc., Berkeley, CA). Comparisons of two discrete time
points were made by an analysis of variance for repeated measures
with post-hoc analysis. P < 0.05 was considered significant.
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Figure 1. Hemodynamic effects of AG in the chronically prepared
late gestation fetus. Brief infusions of AG (140 mg) increased mean
PAP and AoP, without increasing the pressure gradient between the
pulmonary artery and aorta (top), and decreased LPA blood flow
(bottom).

Results

Hemodynamic effects of type I NOS inhibitors in the late gesta-
tion fetal lung. AG increased mean pulmonary artery pressure
(PAP) (45=2 [baseline] vs. 51=3 mmHg [treatment]; P <
0.05) and caused a parallel rise in aortic pressure (AoP) (44+2
[baseline] vs. 493 mmHg [treatment]; P < 0.05 (Fig. 1). The
pressure gradient between the pulmonary artery and aorta did
not change after the infusion of AG. AG decreased LPA
blood flow (78=12 [baseline] vs. 496 ml/min [treatment];
P < 0.05) (Fig. 1). Arterial blood gas tensions, pH, oxygen satu-
ration, and heart rate did not change after AG infusion (Table I).
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Figure 2. Hemodynamic effects of AMT in the chronically prepared
late gestation fetus. Brief infusions of AMT (0.12 mg) increased mean
PAP and AoP, without increasing the pressure gradient between the
pulmonary artery and aorta (top), and decreased LPA blood flow
(bottom).

AMT increased mean PAP (421 vs. 491 mmHg; P <
0.001) and caused a similar rise in AoP (40=1 vs. 461 mmHg;
P < 0.001) (Fig. 2). The pressure gradient between the pulmo-
nary artery and aorta did not change after the infusion of
AMT. AMT also decreased LPA flow (586 vs. 38+3 ml/min;
P < 0.05) (Fig. 2). Arterial blood gas tensions, pH , oxygen sat-
uration, and heart rate did not change after AMT infusion (Ta-
ble I).

EIT increased mean PAP (43%2 vs. 49+3 mmHg; P <
0.05) and caused a similar increase in AoP (42+2 vs. 47+2
mmHg; P < 0.01) (Fig. 3). The pressure gradient between the
pulmonary artery and aorta did not change after the infusion

Table I. Effects of Selective Type II NOS Antagonist on Arterial Blood Gas Tensions, pH, Hemoglobin, and Oxygen Saturation

AG AMT EIT

Baseline Treatment Baseline Treatment Baseline Treatment
pH (U) 7.39£0.01 7.37£0.01 7.42+0.01 7.42+0.01 7.41£0.03 7.41£0.03
Po, (mmHg) 20+2 21+2 17+1 17+1 161 17+1
Pco, (mmHg) 42+2 44+3 41=+1 41=*1 44+4 453
Hemoglobin (g/dl) 61 6=*1 5*1 6+1% 6=*1 61
Saturations (%) 59+6 58+5 58+1 60=3 54+1 55+1
Heart rate (bpm) 168+4 159+5 163+6 158+3 155+3 1607

Values are mean=SEM. *P < 0.05, baseline vs. treatment.
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Figure 3. Hemodynamic effect of EIT in the chronically prepared
late gestation fetus. Brief infusions of EIT (0.12 mg) increased mean
PAP and AoP, without increasing the pressure gradient between the
pulmonary artery and aorta (top), and decreased LPA blood flow
(bottom).

of EIT. EIT decreased LPA blood flow (60=6 vs. 35+5 ml/
min; P < 0.05) (Fig. 3). Arterial blood gas tensions, pH, oxy-
gen saturation, and heart rate did not change after EIT infu-
sion (Table I). At the doses used in this study, AG, AMT, EIT,
and L-NA increased basal PVR by 82, 69, 77, and 71%, respec-

151

PVR 1.0f

{(mmHg/mi/min)

05

tively (Fig. 4). This increase in PVR persisted up to 80 min
(Fig. 5).

Effects of NOS inhibitors on ACh-induced pulmonary va-
sodilation in the late gestation fetal lung. ACh decreased PVR
by 4011, 433, and 47+11% before the infusion of AG,
AMT, and EIT, respectively (Fig. 6). The pulmonary vasodila-
tor response to ACh was not decreased after treatment with the
selective type II NOS antagonists. In contrast, ACh-induced
pulmonary vasodilation was blocked after treatment with the
nonselective NOS antagonist, L-NA (Fig. 6).

Northern blot analysis of type Il NOS in fetal lung. A sin-
gle type I NOS mRNA transcript of 4.1 kb was detected in the
total RNA from the LPS rat lung (Fig. 7). In the nonsurgical
fetal lamb, two mRNA transcripts for type II NOS were de-
tected in the poly(A)* RNA from the fetal lungs of 4.1 and 2.6
kb (Fig. 7). The 4.1-kb transcript corresponded to the type II
NOS mRNA detected in the LPS rat lung (Fig. 7).

Discussion

We found that three selective type II (inducible) NOS inhibi-
tors, AG, AMT, and EIT increased PVR and systemic arterial
pressure in the chronically prepared fetal lamb. These inhibi-
tors did not increase the pressure gradient between the pulmo-
nary artery and aorta, suggesting a lack of significant effect on
basal tone of the ductus arteriosus. The nonselective NOS an-
tagonist, L-NA, elevated PVR to a similar degree as the type
II NOS inhibitors at the doses used in this study. However, in
contrast to L-NA, the type II NOS antagonists did not block
ACh-induced pulmonary vasodilation, suggesting that the ef-
fects of the type II NOS inhibitors were not due to type III
(endothelial) NOS blockade. These findings suggest that the
inducible or type II NOS isoform contributes to basal produc-
tion of NO and modulates pulmonary and systemic vascular
tone in the late gestation fetus.

We were able to demonstrate that type II NOS mRNA is
expressed in the near term ovine fetal lung. Two mRNA tran-
scripts were detected by Northern blot analysis at 4.1 and 2.6
kb. The larger transcript corresponds in size to the type II
NOS mRNA induced by LPS injection of a rat. We believe
that the smaller 2.6-kb type II NOS transcript is a specific sig-

* p<0.05 vs. Baseline

Figure 4. Effects of selective type II
NOS antagonists (AG, AMT, and
EIT), and the nonselective NOS an-
tagonist L-NA, on fetal PVR. Brief
infusions of each agent increased
basal PVR. Hatched bars, baseline

0.0
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Figure 5. Prolonged effects of type II NOS inhibition on PVR in the late gestation fetus. PVR remained elevated for up to 80 min after treat-
ment with each agent. Box represents infusion period for the antagonists.

nal, as it was detected with equal signal intensity to the larger
transcript even after stringent washing conditions. The smaller
size 2.6-kb transcript may represent a reduction in the length
of the 5’ or 3’ untranslated sequences, or it could result from
alternative splicing of the primary transcript. The presence of
more than one mRNA for type II NOS in lung tissue has been
seen in other species, such as the rat (8, 32-34).

These findings are interesting because little is known about
the role of type II NOS in the regulation of vascular tone in the
normal fetal lung. Although type II NOS has been shown to

play a role in the pathophysiology of shock, autoimmune dis-
ease, and chronic inflammation (18-21), few studies have ex-
panded its potential physiologic roles in normal circulation.
These data support the hypothesis that the inducible NOS iso-
form may play a constitutive role in the fetal pulmonary circu-
lation (15).

Previous studies have demonstrated that maternal adminis-
tration of a selective type II NOS inhibitor lead to constriction
of the pulmonary artery, aorta, and ductus arteriosus in the fe-
tal rat (15). However, it is uncertain if these hemodynamic ef-
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30 F tive NOS antagonist (L-NA) on
ACh-induced pulmonary vasodi-
lation. Brief infusions of ACh
-or decreased PVR by 35-45% from
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-50 each study drug, ACh-induced
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Figure 7. Northern blot analysis of type II NOS (iNOS) mRNA in
the ovine fetal lung. 20 pg of total RNA from the lungs of a rat in-
jected with bacterial LPS to induce type II NOS expression and 20 p.g
of poly(A)* RNA from a nonsurgical 136-d ovine fetal lung were sub-
jected to Northern blot analysis using a mixture of mouse and human
cDNA probes. Arrows indicate the size of the type I NOS mRNA
transcripts detected.

fects were due to direct blockade in the fetal lung or secondary
to effects on the maternal or placental circulation (for exam-
ple, severe hypoxia or hypertension). To test the hypothesis
that type II NOS activity regulates fetal hemodynamics, we in-
fused type II NOS inhibitors directly into the left pulmonary
artery of the chronically prepared late gestation fetus. Our
findings that three different type II NOS inhibitors (AG,
AMT, and EIT) increased pulmonary artery and aortic pres-
sures, and decreased LPA blood flow, support the hypothesis
that type II NOS is active in the fetus. These inhibitors did not
increase the pressure gradient between the pulmonary artery
and aorta, suggesting a lack of significant effect on the ductus
arteriosus. However, it is possible that type II NOS inhibitors
caused mild changes in ductus arteriosus tone, since changes in
the pressure gradient are not extremely sensitive. Further
studies specifically addressing the role of type II NOS on duc-
tus arteriosus tone are needed. The increase in aortic pressure
after infusion of the type II NOS antagonists further suggests a
role for type II NOS in the systemic circulation.

Although each of the type II NOS inhibitors studied is
competitive with L-arginine, their exact mechanisms of action
are unclear. AG is thought to inhibit type II NOS by binding as
a ligand to the heme iron at the catalytic site since AG deacti-
vates other iron- or copper-containing enzymes in this manner
(35). The isothioureas, AMT and EIT, have been demon-
strated to alter the heme spectra of NOS, suggesting binding
close to, or interaction with, the heme center (28, 35). L-NA’s
(an L-arginine analogue) mechanism of inhibition of NOS ac-
tivity involves occupying the substrate binding site (35).

One of the potential limitations of pharmacologic studies
of NOS antagonists includes the relative selectivity for the type
II NOS isoform (35). Each agent has the potential at increased
doses to also inhibit type I and III activity (26, 27). AG has
been shown previously to have no effect on ACh-induced va-
sodilation, suggesting that AG inhibits type II NOS selectively
without blocking constitutive NOS (22-25). AMT and EIT
have been described recently as very potent and selective in-
hibitors of type II NOS (26-29). In vitro studies have shown
that AG, AMT, and EIT are 80-, 40-, and 30-fold more potent
for type II NOS than type III NOS, respectively (26, 27). The
concentrations of drug needed to achieve 50% inhibition
(ICsp) for AMT and EIT were 4 and 13 nM, respectively, indi-
cating that these compounds are ~ 1,000-fold more potent than

20 Rairigh et al.

AG (ICs, value of 12 uM) (26, 27). In our study, we showed
that AG, AMT, and EIT elevated PVR without blocking
ACh-induced pulmonary vasodilation, suggesting that these
inhibitors inhibited type II NOS selectively without affecting
constitutive type III (endothelial) NOS at the doses used in
this study.

Dose responses to each of the selective type II NOS antag-
onists were not conducted in this study. The aim of this study
was to determine if selective type II NOS antagonists would af-
fect basal pulmonary vascular tone in the late gestation fetus.
Initially, AG was infused at a dose of 1, 5, 10, and 40 mg with
no response (data not shown), and the ACh-induced vasodila-
tion remained intact. A response was seen with AMT and EIT
at a dose of 0.12 mg, and the ACh-induced pulmonary vasodi-
lation remained intact. Therefore, based on previous studies in
the literature with AMT and EIT being 1,000-fold more potent
than AG (26, 27), the dose of AG was increased to 140 mg, a
response was seen, and the ACh-induced pulmonary vasodila-
tion remained intact.

We conclude that selective type II (inducible) NOS antago-
nists increase PVR and systemic arterial pressure without de-
creasing oxygenation in the late gestation fetal lamb. These
findings support the hypothesis that type II or inducible NOS
contributes to the basal production of NO and modulation of
basal vascular tone in the normal fetal circulation. Whether
stimulation of type II NOS contributes to the release of NO
and the marked decrease in PVR at birth is unknown.
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