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Fetal and postnatal ovine mesenteric vascular reactivity

Jayasree Nair1, Sylvia F. Gugino1, Lori C. Nielsen1, Michael G. Caty2, and Satyan 
Lakshminrusimha1

1Department of Pediatrics, University at Buffalo, Buffalo, New York

2Department of Surgery, Yale New Haven Children’s Hospital, New Haven, Connecticut

Abstract

BACKGROUND—Intestinal circulation and mesenteric arterial (MA) reactivity may play a role 

in preparing the fetus for enteral nutrition. We hypothesized that MA vasoreactivity changes with 

gestation and vasodilator pathways predominate in the postnatal period.

METHODS—Small distal MA rings (0.5-mm diameter) were isolated from fetal (116-d, 128-d, 

134-d, and 141-d gestation, term ~ 147 d) and postnatal lambs. Vasoreactivity was evaluated using 

vasoconstrictors (norepinephrine (NE) after pretreatment with propranolol and 

endothelin-1(ET-1)) and vasodilators (NO donors A23187 and s-nitrosopenicillamine (SNAP)). 

Protein and mRNA assays for receptors and enzymes (endothelin receptor A, alpha-adrenergic 

receptor 1A (ADRA1A), endothelial NO synthase (eNOS), soluble guanylyl cyclase (sGC), and 

phosphodiesterase5 (PDE5)) were performed in mesenteric arteries.

RESULTS—MA constriction to NE and ET-1 peaked at 134 d. Relaxation to A23187 and SNAP 

was maximal after birth. Basal eNOS activity was low at 134 d. ADRA1A mRNA and protein 

increasedsignificantlyat134danddecreasedpostnatally.sGC and PDE5 protein increased from 134 

to 141 d.

CONCLUSION—Mesenteric vasoconstriction predominates in late-preterm gestation (134 d; the 

postconceptional age with the highest incidence of necrotizing enterocolitis (NEC)) followed by a 

conversion to vasodilatory influences near the time of full-term birth. Perturbations in this 

ontogenic mechanism, including preterm birth, may be a risk factor for NEC.

The gastrointestinal tract is continuously exposed to swallowed amniotic fluid throughout 

fetal life. After birth, a more complex substrate (maternal breast milk or formula) is 

presented to the neonatal gut for digestion and absorption. Mesenteric arteries play an 

important role in this process, regulating intestinal circulation by mediating postprandial 

hyperemia (1), potentially increasing nutrient absorption and meeting gut metabolic needs.

Catecholamines and endothelin are important vasoconstrictors, and nitric oxide (NO) is the 

main vasodilator of mesenteric vasculature (2). An optimal balance between mesenteric 

vasoconstrictor and dilator forces is required to meet postnatal metabolic demands, and any 

imbalance may contribute to an increase in propensity for intestinal ischemia and predispose 
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preterm infants to necrotizing enterocolitis (NEC) (2), a major cause of morbidity and 

mortality among preterm infants (3). While prematurity remains the primary risk factor for 

development of NEC, the presence of a feeding insult, abnormal bacterial flora, and 

intestinal ischemia/reperfusion injury with activation of pro-inflammatory cytokines 

contribute to the etiology of NEC in preterm infants. A temporal association between packed 

red blood cell transfusion and NEC has been reported (4,5). Packed red blood cell 

transfusion has also been shown to increase mesenteric arterial (MA) contractility in preterm 

fed lambs (6). NO is thought to play a key role as a molecular signaling “hub” in the 

generation of gut barrier failure in NEC (7) as well as in the pathogenesis of transfusion-

associated gut injury (8).

Regulation of fetal and postnatal mesenteric circulation by vasoactive mediators has been 

evaluated in piglets. The role of NO in regulation of porcine postnatal intestinal circulation 

has been found to be age specific, being more substantial in 3-d-old than in 35-d-old piglets 

(9). Reber et al. (10) demonstrated increased endothelial nitric oxide synthase (eNOS) 

protein in mesenteric arteries of 1-d-old fed piglets compared with fetal and 1-d-old unfed 

piglets. Moonen and Villamor (11) studied fetal and postnatal mesenteric vascular reactivity 

in chicks and concluded that maturation of vasodilator mechanisms precedes that of 

vasoconstrictor mechanisms. This study adds to the current knowledge of ontogeny of 

mesenteric vasoreactivity using a large mammalian (ovine) fetal model at various gestational 

age (GA) time points. Evaluating normal physiologic changes in fetal and neonatal 

mesenteric circulation may enhance our understanding of pathophysiology of NEC.

The objective of this study was to evaluate the developmental changes in mesenteric vascular 

reactivity in fetal lambs of various GAs. We evaluated the contractile response of ovine 

mesenteric arteries to constrictor agents—receptor-mediated agents such as norepinephrine 

(NE) and endothelin-1 (ET-1) and receptor-independent constrictor, potassium chloride 

(KCl)—and relaxation response to NO donors. We further measured changes in the 

expression of receptors and enzymes during the last trimester and after birth and feeds. We 

hypothesized that MA vasoreactivity changes with GA and vasodilator pathways 

predominate close to full-term birth and during the postnatal period.

RESULTS

Mesenteric arteries were isolated from 26 fetal lambs (term gestation ~ 147 d): 116-d GA (n 
= 8), 128-d GA (n = 4), 134-d GA (n = 7), 141-d GA (n = 7), and five postnatal fed lambs.

Ontogeny of Mesenteric Arterial Constriction

All MA rings constricted in a concentration-dependent manner to NE and ET-1. Mesenteric 

arteries isolated from 116-d GA lambs showed a low constriction response to NE, ET-1, and 

KCl, suggesting decreased inherent vasoconstriction capacity at this premature gestation. 

Mesenteric arterial rings isolated from 134- and 141-d GA lambs constricted significantly 

better to NE (Figure 1a), ET-1 (Figure 1b), and KCl (Figure 1c). Mesenteric arteries 

isolated from postnatal lambs showed reduced constriction to NE and ET-1 as compared 

with fetal arterial rings (Figure 1a,b). Mesenteric arterial constriction to receptor-

independent KCl was similar at 128-d, 134-d, 141-d GA fetal and postnatal lambs (Figure 
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1c). These findings suggest that the differences noted in NE- and ET-1– mediated 

constriction responses at these GAs are probably related to changes in the adrenergic and 

endothelin receptor density or downstream pathways and not due to changes in inherent 

constrictor capacity of the MA ring (Figure 1c).

Increase in Contractility in Response to NOS Inhibition

For evaluating baseline NOS activity, we estimated the increase in constriction response to 

NE following pretreatment with l-nitro arginine (LNA, 10−3 M), a NOS antagonist. The 

results are reported as percentage increase over NE constriction (10−5 M) alone 

((constriction with LNA + NE 10−5 M – constriction with NE 10−5 M alone) × 100 ÷ 

constriction with NE 10−5 M alone). All paired samples showed an increase in LNA 

constriction response, reflecting baseline NOS activity (Figure 1d). Although no significant 

differences were noted across GAs, the increase in LNA-mediated contraction was minimal 

in mesenteric arteries isolated from 134-d GA lambs suggesting minimal baseline NOS 

activity at this gestation.

Ontogeny of Mesenteric Arterial Relaxation

Mesenteric arterial rings from 116- and 128-d GA lambs relaxed poorly to A23187, 

suggesting reduced endotheliumdependent relaxation. Relaxation to A23187 increased by 

134-d gestation similar to that observed in 141-d GA and postnatal lambs (Figure 2a). The 

relaxation response to an endothelium-independent NO donor, s-nitrosopenicillamine 

(SNAP), was gestation dependent and improved by late gestation. Relaxation to SNAP 

markedly increased in the postnatal group (Figure 2b). This suggests that the mesenteric 

vascular endothelium is primed to endothelium-dependent relaxation by late-preterm 

gestation. In contrast, MA smooth muscle exhibits maximal relaxation to NO in later 

gestation and after birth, in preparation for and in response to postnatal changes including 

enteral feeds.

mRNA and Protein Assays

1. Receptors of constrictors: Results from QRTPCR mRNA analysis for alpha-

adrenergic receptor 1A (ADRA1A) and endothelin receptor A (ETRA) were plotted 

as fold change in comparison with the postnatal group (Figure 3a). There was no 

significant difference in ETRA mRNA, however, ETRA protein was lower at 128 

and 141 d as compared with postnatal group (Figure 3a,b). ADR1A mRNA was 

significantly higher in the 134-d group as compared with 141-d and postnatal 

mesenteric arteries (Figure 3a). There was a statistically significant pattern noted 

in ADRA1A protein ontogeny. ADRA1A protein rose significantly from 128- to 

134-d gestation, remained high at 141 d gestation, and decreased after birth (Figure 
3b).

2. NO pathway enzymes: eNOS mRNA remained abundant during fetal period and 

decreased significantly in the postnatal group as compared with 116-d and 134-d 

fetal groups (Figure 4a). No significant differences were noted in sGC mRNA PCR 

across the GA group (Figure 4c). However, phosphodiesterase5 (PDE5) mRNA 

was significantly higher in 128-d group compared with 116-d fetus. Western blot 
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analysis for eNOS, sGC, and PDE5 protein was performed and the results were 

normalized to corresponding actin. eNOS protein was significantly lower at 116 d 

and increased with GA, peaking at near-term gestation. High MA eNOS protein 

levels persisted after birth (Figure 4b). sGC protein levels peaked at near-term 

gestation in fetal mesenteric arteries. PDE5 protein increased with GA with a 

significant increase noted in postnatal ovine mesenteric arteries (Figure 4d).

In summary, there is a distinct developmental ontogeny noted in protein expression of 

enzymes of the NO pathway. As they near term, eNOS, sGC, and PDE5 proteins increase in 

preparation for birth and postnatal adaptation.

DISCUSSION

The mesenteric circulation plays an important role during fetal life in preparing the 

gastrointestinal tract from a relatively dormant organ absorbing amniotic fluid to an active 

site of nutrient absorption during postnatal life. Intestinal oxygen uptake and blood flow 

increase dramatically after birth to sustain rapid growth of the mucosa and oxidative 

demands of enteral nutrition (12). Another unique aspect of postnatal splanchnic circulation 

is its ability to increase blood flow 30–130% after a meal (postprandial hyperemia) (12–14). 

However, very little information is available on changes in mesenteric vasoreactivity and 

vasoactive mediators with gestation that enable postnatal and postprandial increase in 

intestinal blood flow.

In this study, we demonstrate that intrinsic properties of the ovine intestinal vasculature 

change with GA. The GA corresponding to human fetuses is based on respiratory 

embryology and physiology in fetal lambs (15–18). The GA of 134 d is equated to 34-wk 

postmenstrual age in humans as pulmonary development is delayed in sheep compared with 

humans (15). Late-preterm gestation is considered to be the end of the saccular stage of lung 

development. The exact pattern of gastrointestinal maturation in lambs is not known, but 

data on intestinal motility indicate that it may be delayed as compared with humans similar 

to maturation of the respiratory system. Large farm animals such as pig and sheep have been 

used to study gut maturity due to their large body size. As described by Sangild et al. (19), 

88–95% gestation in these species is associated with degrees of gastrointestinal immaturity 

similar to those in infants born at 70–90% gestation. A comparison of fasting small intestinal 

motor activity in preterm infants and sheep observed low grade activity seen in infants of 

under 30-wk gestation similar to the disorganized spiking activity observed in sheep from 

0.6–0.8 of term (20,21).

The newborn intestinal vascular resistance is maintained by a dynamic balance between 

constrictor (mediated by ET-1 and catecholamines) and dilator stimuli (mediated by NO). 

Under steady-state conditions in the postnatal period, the balance favors vasodilation 

secondary to the abundant production of endothelium-derived NO (2). In our isolated vessel 

studies, we used NE and ET-1 as the constricting agents. NE induces vasoconstriction by its 

action on alpha-adrenergic receptors. Although there are multiple alpha-adrenergic receptors 

identified, previous studies in rat, dog, and humans show that ADRA1A predominates in the 

mesenteric circulation (22–24). ET-1, produced by endothelial cells, is a potent 
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vasoconstrictor peptide that plays an important role in the maintenance of basal vasomotor 

tone (25), especially in the intestinal circulation (26). It acts through two receptors A and B 

(ETRA and ETRB). Under resting conditions, the force of ETRA-induced vasoconstriction 

exceeds that of ETRB-generated vasodilation, with the net effect being vasoconstriction (2).

At early gestation (116 d), mesenteric arteries constrict poorly to NE, ET-1, and KCl (Figure 
1) in spite of adequate levels of receptor protein (Figure 3b). This gestation corresponds to a 

previable state from a lung maturation perspective (16). This pattern suggests poor 

contractile capacity to receptor-dependent and receptor-independent constrictors at an 

extremely immature gestation (Figure 5). However, the vasodilator NO pathways appear to 

be functional at this gestation (Figure 2). Similarly, NO-dependent basal intestinal flow has 

been demonstrated in vivo in 92- to 100-d GA ovine fetuses (27).

At 128-d (early preterm) gestation, the constriction response to NE and ET-1 remained low 

with marginal increase compared with 116-d gestation (Figure 1). However, KCl-induced 

constriction increased from 355 ± 60 g/g at 116-d GA to 969 ± 167 g/g at 128-d GA (P = 

0.08). This suggests that although the inherent contractility of MA smooth muscle cell is 

increasing at early preterm gestation, low receptor levels (Figure 3b) result in low 

constriction. No significant changes were observed with NO-mediated vasodilation at this 

GA although the sGC protein increased significantly in mesenteric arteries (Figure 4d). This 

period also corresponds to rapid increase in intestinal blood flow. In vivo studies showed a 

substantial increase in small intestinal blood flow from 127 ± 11 to 176 ± 11 ml/kg/min/100 

g from 92- to 100-d gestation to 128- to 139-d gestation in lambs (27,28).

At 134-d (late preterm) gestation, significant increase in contractility to NE, ET-1, and KCl 

is observed with a significant increase in alpha-adrenergic receptor mRNA and protein 

levels. Simultaneously, there is a decrease in basal NOS activity with no increase in eNOS 

protein. Infusion of LNA to fetal lambs results in approximately 40% decrease in small 

intestinal blood flow in late gestation lambs compared with approximately 57% decrease (by 

73 ml/kg/min/100 g) in mid-gestation lambs also suggesting lower basal NOS activity at late 

gestation (27,28). This late-preterm GA is associated with the highest imbalance between 

mediators of constriction and relaxation favoring the former. Interestingly, this 

postmenstrual age (32–33 wk corrected GA in extremely preterm infants) is associated with 

highest incidence of NEC in preterm infants (29–31). Some studies have suggested that a 

unique factor predisposes preterm infants to develop NEC at this postmenstrual age (2). 

Increased vasoconstrictor propensity of the mesenteric circulation could be a contributory 

factor to this predisposition.

The constriction responses to NE, ET-1, and KCl remain high at 141-d gestation (Figure 1). 

However, the relaxation pathways are well established and primed with increased levels of 

eNOS and sGC protein (Figure 3b) and improved relaxation response to stimulation of these 

enzymes (Figure 2). These changes prepare the mesenteric circulation for postnatal life 

when rapid increase in intestinal blood flow is required to establish intestines as the organ of 

digestion and absorption of nutrients.
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During postnatal period, after introduction of feeds, the balance tips in favor of 

vasorelaxation. Although the inherent smooth muscle cell capacity to constrict to KCl is 

high in the mesenteric arteries, receptor-mediated constriction to NE and ET-1 are markedly 

diminished (Figure 1). Basal NOS activity is high, and endothelium-dependent (A23187) as 

well as endothelium-independent (SNAP) relaxation is markedly increased. These changes 

enable the mesenteric circulation to handle postprandial hyperemia required to digest and 

absorb nutrients following intermittent feeds.

In a study looking at developmental expression of eNOS in postnatal swine mesenteric 

arteries, Reber et al. (10) noted that mRNA remained abundant in fetal, postnatal unfed, and 

postnatal fed groups. The eNOS protein expression, however, was greater in 1-d-old fed 

swine compared with fetal or 1-d-old nonfed animals. We observed similar results in our 

study, with abundant eNOS mRNA isolated in fetal mesenteric arteries. Though the eNOS 

protein assays reflected high levels close to term gestation and postnatally, we did not 

observe any significant rise in the postnatal group.

sGC ontogeny has not been previously studied in mesenteric arteries. Our data show that 

although sGC mRNA expression did not change with GA, sGC protein showed a 

maturational pattern, increasing with GA in preterm ovine fetal mesenteric arteries. PDE5 

mRNA was detectable and did not show significant changes after 128-d gestation in the 

mesenteric arteries. However, PDE5 protein expression increased with gestation, peaking in 

postnatal mesenteric arteries. As there are no data on PDE5 ontogeny in the mesenteric 

circulation, it is unclear as to why MA PDE5 protein increases near-term gestation and after 

birth (Figure 4d). We speculate that this is reflective of the pattern of mesenteric 

hemodynamics in newborn where the intestinal blood flow demonstrates episodic increase 

only during and immediately after feeds and returns to baseline after nutrient absorption. 

Elevated MA PDE5 may play a role in decreasing intestinal blood flow after nutrient 

absorption by breaking down cyclic guanosine monophosphate (cGMP). Maturation of the 

NO/cGMP pathway in pulmonary circulation during the postnatal period is thought to be a 

key event in the adaptive response after birth. We speculate that a similar process in the 

mesenteric circulation may influence the gut-adaptive responses after a preterm birth. 

Figure 5 summarizes the results tabulated by GA.

Understanding the ontogeny of vasomediator mechanisms may give us more insight into the 

pathophysiology of NEC and help us develop potential therapies for this devastating 

condition. Endothelial NO is synthesized from the amino acid L-arginine. Small clinical 

studies have found that preterm neonates who developed NEC had lower levels of serum 

arginine (32), and l-arginine supplementation appeared to reduce the incidence of NEC in 

premature infants (33). ET-1 concentration is greater in human preterm intestine that 

demonstrates histologic evidence of NEC, and arterioles taken from these tissue samples 

showed increased vasoconstriction which reversed following addition of ET-A antagonist 

(BQ610) (34). ET-1 blocking agents/antagonists may represent an additional candidate for 

novel therapy for NEC. However, larger studies are required to fully understand the biology 

of NEC and effects of these potential therapies before they can be applied clinically.
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We acknowledge certain limitations of our study. The number of subjects in each group is 

small. However, we performed a power analysis of our study using previous published data 

demonstrating that vasoconstriction to NE is normally distributed with a standard deviation 

of 401 g/g force in 134-d gestation lambs (6). To detect a difference of 800 g/g force of 

contraction between the groups, we needed at least four lambs in each group. We included 

four to eight lambs in each group in the current study. The Type I error probability 

associated with this test of null hypothesis is 0.05 with a power of 0.8.

Vascular reactivity of mesenteric arteries from fetuses of various GAs killed at birth may not 

be representative of postnatal changes in an extremely preterm infant that survives to late-

preterm gestation. We also did not evaluate postnatal lambs prior to their feeds and cannot 

distinguish the effects of transition at birth (such as oxygenation and intestinal microbiome) 

from changes induced by enteral feeds. Future studies will aim at separating this effect by 

studying postnatal lambs with and without enteral nutrition. Finally, changes in mesenteric 

vascular reactivity in isolated vessel rings can be different from changes observed to in vivo 
blood flow. We are currently planning studies with a superior mesenteric artery flow probe 

placed in 134-d gestation fetal lambs in utero 48 h prior to delivery. We will evaluate the 

effect of postnatal changes including enteral feeds and other factors that may contribute to 

perinatal intestinal pathologies such as packed red cell transfusions.

We conclude that MA reactivity changes with GA. Constriction response to catecholamines 

and endothelin is poor early in gestation but peaks at late-preterm gestation. With advancing 

gestation, the mesenteric vasculature is primed to vasorelaxation in anticipation of enteral 

feeding. As previously postulated by Nankervis et al. (2), interventions focused on 

maintaining the delicate balance favoring vasodilation in the newborn intestinal circulation 

may prove to be useful in the prevention and treatment of perinatal intestinal diseases such 

as NEC.

METHODS

The protocol was approved by the Institutional Animal Care Committee at the University of 

Buffalo. Time-dated Q-fever seronegative pregnant ewes were purchased from Newlife 

Pasteur farms (Attica, NY). Normal lamb gestation is 145–147 d. Pregnant ewes were fasted 

for 12 h and sedated with intravenous (i.v.) diazepam (0.25– 1.5 mg/kg i.v.) and ketamine (4 

mg/kg i.v.), intubated, and placed on 2% isoflurane anesthesia. Lambs were delivered by C-

section at 116-d (previable group), 128-d (early preterm), 134-d (late preterm), and 141-d 

(near term) GA. Since limited data are available regarding timing of gastrointestinal maturity 

in lambs, these GAs were chosen based on lung maturity (15–18). The postnatal groups 

consisted of 2- to 7-d-old lambs delivered vaginally at the farm and established on udder 

feeds. The lambs were anesthetized with propofol and killed by rapid exsanguination by 

cardiac puncture, either immediately after birth in the fetal groups or after the in vivo studies 

were completed in the feeding and transfusion groups. The abdomen was opened and ileum 

with attached mesentery was excised and placed in warm aerated Krebs solution. Mesenteric 

arteries from distal ileum were collected for isolated vessel studies and mRNA/protein 

analysis.
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Isolated Vessel Studies

The small mesenteric arteries (0.5- to 1-mm diameter) adjacent to the ileum were dissected 

and washed in Krebs solution (composition in mM: NaCl 119, KCl 5.4, CaCl2 2.5, KH2PO4 

0.6, MgSO4 1.2, NaHCO3 25, and glucose 11.7) in vessel baths aerated with 21% O2 and 

6% CO2 to give an estimated pH of 7.4, as described previously (35). The samples were 

mounted and stretched in these baths, and the isometric tension was measured. A continuous 

recording of isometric force generation was obtained by tying each vessel ring to a force 

displacement transducer (model UC2, Statham Instruments, Hato Rey, Puerto Rico) that was 

connected to a recorder (Gould Instrument Systems, Valley View, OH).

Mesenteric arterial rings were pretreated with propranolol (10−6 M) to block the beta-

adrenergic effects (36,37) and constricted with in the current study. The Type I error 

probability associated increasing titrations from 10−8 to 10−5 M of the NE. Other vessels 

were constricted with ET-1 (10−10 to 10−7 M). A few MA rings were pretreated with LNA 

(10−3 M), an antagonist of eNOS, to reflect baseline eNOS activity prior to constriction with 

NE. Response to LNA was calculated as (constriction to LNA + NE 10−5 M – constriction to 

NE 10−5 M) and expressed as a percentage of NE constriction. To study relaxation 

responses, MA rings were preconstricted with an EC50 concentration of NE and relaxed with 

increasing concentrations of SNAP (10−8 to 10−5 M) or A23187 (10−8 to 10−6 M). Finally, 

the vessel rings were washed multiple times with Krebs solution. Maximal contractile 

response to 118 mmol/l of KCl was obtained. Wet tissue weights were obtained at the end of 

each experiment, and constriction responses were normalized to tissue weight.

Data were plotted as force of constriction per unit of tissue weight (and expressed as grams 

of force per gram of weight) against increasing concentrations of the vasoconstrictor agent 

for the constriction curves and as a percentage of EC50 constriction against increasing 

concentrations of the vasodilator agent for the relaxation curves. All drugs were purchased 

from Sigma Aldrich (St. Louis, MO). SNAP was dissolved in a small quantity of 

dimethylsulfoxide and subsequently in water. LNA was dissolved in Krebs solution using 

sonication. All other drugs were dissolved in water. Experiments were conducted in a dark 

room as LNA is sensitive to light.

RNA Isolation

Freshly excised MA tissue adjacent to the ileum was flash frozen in liquid nitrogen and 

stored at −80 °C until ready for use. Tissues were weighed and homogenized on dry ice. 

RNA was isolated using RNeasy Mini kit (Qiagen, Valencia, CA) with on-column DNAase 

digestion per manufacturer’s protocol. RNA integrity was assessed using Experion 

Automated Electrophoresis System (BioRad, Hercules, CA). The RQI (RNA Quality 

Indicator) for all samples analyzed was >6.8.

Quantitative Reverse-Transcriptase PCR

To assess genomic DNA contamination, a no-reverse transcriptase PCR reaction was 

performed on the native RNA. RNA (500 ng) was reverse transcribed using iScript cDNA 

synthesis kit (BioRAD). Three reference genes for normalization were chosen using 

GeNorm (Biogazelle, Zwijnaarde, Belgium)—ribosomal protein subunits 2 (rps2) and 26 
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(rps26) and adenosine triphosphate synthetase (ATPsynth). PCR primers for genes of 

interest—eNOS, sGCB1, and PDE5a—have been described previously (32). ETRA and 

ADRA1A were chosen using Primer-BLAST Primer Design tool (National Center for 

Biotechnology Information, Bethesda, MD). All products were verified for appropriate size 

by gel electrophoresis and sequenced to confirm their identity. PCR was performed in a 

MyiQ thermal cycler (BioRad) at 95 °C for 4 min, then 40 cycles at 95 °C for 30 s, and 

finally at 60 °C for 1 min. PCR for PDE5a was similarly performed but with an annealing 

temperature of 46 °C, as described previously (32). Relative expression was normalized to 

reference genes using 2(−ΔΔ C(T)) method (33). Samples were assayed in duplicate and 

analyzed. Results were expressed as fold change compared with the values obtained from 

postnatal lambs.

Western Blot Analysis

Mesenteric arteries of 0.5 mm diameter were dissected out and flash frozen in liquid 

nitrogen and stored at −80 °C until use. Tissues were homogenized in liquid nitrogen using a 

mortar and pestle, and protein was isolated using PARIS kit (Ambion Life Technologies, 

Grand Island, NY) per manufacturer’s protocol. Briefly, 60 mg of tissue was processed and 

supplemented with protease inhibitor cocktail (Sigma). Protein concentration was 

determined using protein assay (BioRad). Total protein (60 µg) was separated on 4–20% 

SDS-polyacrylamide gels (BioRad) and transferred to nitrocellulose membrane (BioRad). 

The membranes were then cut to allow simultaneous probing with antibody of interest and 

normalization protein.

Membranes were blocked in tris-buffered saline Tween supplemented with 5% nonfat dry 

milk for 1 h and incubated overnight at 4 °C with primary antibody as follows: mouse anti 

PDE5 (BD Transduction, San Jose, CA) at 1:333, mouse anti eNOS (BD Transduction) at 

1:1000, anti-rabbit sGCβ1 (Cayman Chemical, Ann Arbor, MI) at 1:500, and mouse anti 

actin (Sigma) at 1:2000 in blocking buffer. Blots were washed three times in blocking buffer 

and incubated for 1 h at room temperature with appropriate horseradish peroxidase–

conjugated secondary antibody (Cell Signaling Technology, Danvers, MA) at 1:1000 in 

blocking buffer. Blots were washed four times with blocking buffer and developed using 

ECL Western Blotting Substrate (Pierce, Rockford, IL) according to manufacturer’s 

protocol. Blots were visualized using a Fuji intelligent Imager and Fuji LAS-1000 software 

and analyzed using FlourChem 8900 software Alpha Innotech (San Leandro, CA). Blots for 

each protein of interest (eNOS, sGC, and PDE5) and the corresponding actin were 

visualized simultaneously.

Enzyme-Linked Immunosorbent Assay

Arteries were dissected out and flash frozen in liquid nitrogen and stored at −80 °C until use. 

Tissues were homogenized in liquid nitrogen using a mortar and pestle, and protein was 

isolated using PARIS kit (Ambion Life Technologies) per manufacturer’s protocol. Briefly, 

60 mg of tissue was processed and supplemented with protease inhibitor cocktail (Sigma). 

Protein concentration was determined using protein assay (BioRad).
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Enzyme-linked immunosorbent assays for both alpha1a and ETRA (MyBiosource, San 

Diego, CA) were performed according to manufacturer’s protocol. Samples were assayed in 

duplicate. Results were normalized to total protein.

Statistical Analysis

Comparison between GA groups in vascular reactivity was analyzed by ANOVA repeated 

measures and ANOVA with Fisher’s protected least significant difference (PLSD) post hoc 

testing using IBM SPSS Statistics software for Windows, Version 22.0. Armonk, NY: IBM 

Corp. RT-PCR and western blot data were analyzed by ANOVA with Fisher’s PLSD post 

hoc testing. Data are presented as mean ± SEM. Significance was accepted at P < 0.05.
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Figure 1. constriction response of ovine mesenteric arteries
(a) Constriction to norepinephrine (NE)—ovine mesenteric arterial (MA) constriction 

responses to NE 10−5 and (b) constriction to endothelin-1 10−7. (c) Constriction to KCl—

ovine MA constriction response to 118 mM KCl. (d) Response to L-nitro arginine (LNA)—

enhancement of NE induced constriction response by pretreatment with10−3 LNA. *P < 0.05 

vs. 116 d by Fisher’s protected least significant difference (PLSD). *P < 0.05 vs. 116-d fetus 

by Fisher’s PLSD. White bars, 116-d fetus; light gray bars, 128-d fetus; dark gray bars, 134-

d fetus; black bars, 141-d fetus; and hatched bars, postnatal. **P < 0.05 vs. 128-d fetus by 

Fisher’s PLSD. †P < 0.05 vs. postnatal by Fisher’s PLSD.
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Figure 2. relaxation response of ovine mesenteric arteries to nitric oxide donors
(a) A23187—ontogeny of preterm ovine mesenteric arterial relaxation response to nitric 

oxide donor A23187 and (b) s-nitrosopenicil-lamine (SNAP). ◆, 116-d fetus;□ , 128-d 

fetus; ▲, 134-d fetus; •, 141-d fetus∙; and ×, postnatal. *P < 0.05 vs. 116-d fetus by ANOVA 

repeated measures. †P < 0.05 vs. postnatal by ANOVA repeated measures. ‡P < 0.05 vs. 141-

d fetus by ANOVA repeated measures. NE, norepinephrine.
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Figure 3. changes in mrna and protein expression for constrictor pathway
(a) QRTPCR mRNA analysis of constrictors: real-time PCR assays for alpha-adrenergic 

receptor 1A (ADRA1A) and endothelin receptor A (ETRA) plotted as fold change compared 

with postnatal ovine mesenteric arteries. (b). Quantitative protein assay by enzyme-linked 

immunosorbent assay of constrictors—ADRA1A and ETRA. *P < 0.05 vs. 116-d fetus 

(white bars).**P < 0.05 vs. 128-d fetus (light gray bars), ‡P < 0.05 vs. 141-d fetus (black 

bars), †P < 0.05 vs. postnatal (hatched bars) by Fisher’s protected least significant 

difference. 134-d group is represented by dark gray bars.
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Figure 4. changes in mrna and protein expression of enzymes belonging to the no pathway
(a) QRTPCR and (b) western blot analysis of endothelial NO synthase. (c) QRTPCR and (d) 

western blot analysis of soluble guanylyl cyclase (sGC) and phosphodiesterase5 (PDE5). 

QRTPCR results plotted as fold change compared with postnatal (hatched bars) ovine 

mesenteric arteries. Western blot results depicted as values normalized to corresponding 

actin. *P < 0.05 vs. 116-d fetus (white bars), **P < 0.05 vs. 128-d fetus (light gray bars), †P 
< 0.05 vs. postnatal, ‡P < 0.05 vs. 141-d fetus (black) by Fisher’s protected least significant 

difference. 134-d group is represented by dark gray bars.
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Figure 5. 
Summary of the vasoconstrictor and vasorelaxant properties assessed in the study tabulated 

based on GA. Figure shows the site of action of the various chemical mediators used to 

assess each specific response. ADRA1A, alpha-adrenergic receptor 1A; eNOS, endothelial 

NO synthase; ET-1, endothelin-1; ETRA, endothelin receptor A; LNA, L-nitro arginine; NE, 

norepinephrine; PDE5, phosphodiesterase5; sGC, soluble guanylyl cyclase; SNAP, s-

nitrosopenicillamine.
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