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Packed red cell transfusions alter mesenteric arterial reactivity 
and nitric oxide pathway in preterm lambs
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Bobby Mathew1, Daniel D. Swartz1, and Satyan Lakshminrusimha1

1Department of Pediatrics, Division of Neonatology, State University of New York at Buffalo, 
Buffalo, New York

2Department of Physiology and Biophysics, State University of New York at Buffalo, Buffalo, New 
York

Abstract

BACKGROUND—Cases of necrotizing enterocolitis occurring within 48 h of packed red blood 

cell (PRBC) transfusions are increasingly being described in observational studies. Transfusion-

associated gut injury is speculated to result from an abnormal mesenteric vascular response to 

transfusion. However, the mechanism of disruption of the balance between mesenteric 

vasoconstriction and relaxation following transfusion is not known.

METHODS—Preterm lambs (n = 16, 134 d gestation; term: 145–147 d) were delivered and 

ventilated for 24 h. All the lambs received orogastric feeds with colostrum. In addition, 10 of these 

lambs received PRBC transfusions. Vasoreactivity was evaluated in isolated mesenteric arterial 

rings using norepinephrine and endothelin-1 as vasoconstrictors. Endothelium-dependent 

(A23187, a calcium ionophore) and endothelium-independent (SNAP) nitric oxide (NO) donors 

were used as vasorelaxants. Mesenteric arterial endothelial NO synthase (eNOS), soluble guanylyl 

cyclase (sGC), and phosphodiesterase 5 (PDE5) mRNA analyses and protein assays were 

performed.

RESULTS—Transfusion with PRBC significantly increased mesenteric vasoconstriction to 

norepinephrine and endothelin-1 and impaired relaxation to A23187 and SNAP. Mesenteric 

arterial eNOS protein decreased following PRBC transfusion. No significant changes were noted 

in sGC and PDE5 mRNA or protein assays.

CONCLUSION—PRBC transfusion in enterally fed preterm lambs promotes mesenteric 

vasoconstriction and impairs vasorelaxation by reducing mesenteric arterial eNOS.

Necrotizing enterocolitis (NEC) is an acute inflammatory necrosis of the bowel that 

primarily affects preterm infants and remains a leading cause of morbidity and mortality in 

the neonatal intensive care unit (1,2). Risk factors for NEC include prematurity, intestinal 

ischemia, delayed enteral feeds, formula feeding, and bacterial stasis. Many studies have 
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linked abnormalities in the intestinal circulation to NEC. An increased incidence of NEC has 

been noted in babies with left-sided obstructive heart lesions (3). High superior mesenteric 

artery vascular resistance has been noted in preterm babies who later developed NEC (4). 

The finding of coagulation necrosis in intestinal specimens obtained at autopsy confirms the 

role of intestinal ischemia in the pathogenesis of NEC (5).

The newborn intestinal circulation is regulated by a dynamic balance between constrictor 

(such as catecholamines and endothelin) and dilator (such as nitric oxide (NO)) stimuli. 

Under steady-state conditions, the balance favors vasodilation due to the abundant 

production of endothelium-derived NO (6). Disruption of endothelial function may alter this 

fine balance, favoring constriction that leads to intestinal ischemia and injury.

In the past 3 years, many observational studies have described a temporal association 

between packed red blood cell transfusions (PRBC) and the development of NEC in very 

low birth weight neonates (7–11). One of the hypotheses proposed for transfusion-associated 

gut injury (TRAGI) (7) is a failure of postprandial increase in mesenteric blood flow 

following a transfusion. In addition, a state of physiological anemia in very low birth weight 

infants may compromise gut mucosal integrity and predispose them to NEC (12,13). Many 

institutions have adopted strategies such as withholding enteral feeds before, during, and 

after PRBC transfusion to prevent TRAGI (14). Withholding enteral nutrition for a 

prolonged period of time further impairs caloric intake and growth in preterm infants. 

Understanding its pathogenesis will enable the neonatal provider to develop protocols that 

reduce the risk of TRAGI without compromising neonatal nutrition.

Our objective was to evaluate changes in mesenteric vascular reactivity and its mediator 

pathways after PRBC transfusions in enterally fed preterm lambs. We hypothesized that 

PRBC transfusions would alter mesenteric vasoreactivity in preterm lambs fed expressed 

breast milk. We evaluated the contractile response of isolated ovine mesenteric arteries to 

constrictor agents, norepinephrine (NE), and endothelin-1 (ET-1), as well as their relaxation 

responses to NO donors A23187 (calcium ionophore) and S-nitroso-penicillamine (SNAP). 

To our knowledge, this is the first study evaluating changes in mesenteric vasoreactivity 

following transfusion in a preterm, large mammalian model. In addition, we measured the 

expression of adrenergic and endothelin receptors as well as enzymes of the NO-cyclic 

guanosine monophosphate pathway in small mesenteric arteries isolated from preterm 

lambs.

RESULTS

Hematocrits were obtained within the first hour of life and at the end of the 24 h experiment 

in our transfused animals. The initial hematocrit was 37 ± 9.3% and final hematocrit was 

31.9 ± 8.2%. None of the lambs became polycythemic after transfusion, with the maximum 

hematocrit being 40%.
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Isolated Vessel Constriction Responses

Mesenteric arterial rings (five to six rings per lamb) were isolated from 16 preterm lambs 

and used for different protocols. All mesenteric arterial rings constricted in a concentration-

dependent manner to NE and ET-1 (Figure 1).

The mesenteric arterial rings isolated from lambs following feeding and PRBC transfusion 

had significantly increased constriction response to NE (Figure 1a) and ET-1 (Figure 1b) 

compared with the preterm fed lambs that were not transfused. Transfusion with PRBC did 

not alter constriction to potassium chloride (Figure 2a).

Increase in NE-induced contractility following inhibition of NO synthase (NOS) was 

measured to estimate the basal NOS activity in the mesenteric artery (MA). Inhibition of 

NOS by pretreatment with L-nitroarginine (LNA) enhanced constriction to NE in the fed 

group of preterm lambs. In sharp contrast, inhibition of NOS by LNA did not enhance 

constriction to NE following transfusion suggesting an impairment of basal NOS activity 

(Figure 2b). However, this difference in NE constriction in response to LNA between fed 

and fed/transfused lambs did not reach statistical significance.

Isolated Vessel Relaxation Responses

Transfusion with PRBCs impaired relaxation to A23187 in pre-term lamb MAs as compared 

with the enterally fed preterm group (Figure 3a). Relaxation to the NO donor SNAP was 

also significantly impaired by administration of PRBCs (Figure 3b).

mRNA and Protein Assays

Transfusion with PRBCs did not significantly alter adrenergic receptor, (ADRA1A) or 

endothelin A receptor (ETRA) levels in mesenteric arteries isolated from preterm lambs 

(Figure 4a). Transfusion with PRBCs reduced endothelial NO synthase (eNOS) mRNA 

levels in mesenteric arteries (Figure 5a); however, this difference did not attain statistical 

significance. No significant differences were noted in mRNA levels for soluble guanylyl 

cyclase (sGC) or phosphodiesterase 5 (PDE5) between fed and fed-and-transfused preterm 

lambs (Figure 5a).

Protein assays for eNOS, sGC, and PDE5 were normalized to actin (Figure 5b). PRBC 

transfusion significantly decreased eNOS protein in MAs. There was no significant 

difference in PDE5 and sGC protein between the two groups.

DISCUSSION

Transfusion-associated NEC is being increasingly recognized as a distinct entity (11) and is 

associated with increased need for surgery as well as higher mortality, compared with NEC 

not associated with PRBC transfusion (8). In the current study, our results suggest that 

abnormal mesenteric vasoreactivity seen after PRBC transfusion may be secondary to 

decreased eNOS protein. This alteration of the NO pathway may be one of the potential 

contributors to TRAGI.
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Mesenteric circulation increases blood flow to the intestines following feeds. Transfusion 

has been shown to impair this postprandial increase in blood flow velocity in the superior 

MA (15). Circulating catecholamines (16,17), the sympathetic system, and endothelin (6) 

are considered to be primary constrictors of the mesenteric circulation. Therefore, we used 

NE and ET-1 as the constricting agents for isolated mesenteric arterial ring studies. 

Endothelin-1 is considered to be the primary constrictor stimulus in the intestinal circulation 

(18). Although it exerts its action through two receptors, (ETRA and ETRB), it has been 

shown that ETRA-induced vasoconstriction exceeds ETRB-generated vasodilation (6). 

Catecholamines exert their vasoconstrictive effects on circulation through α-adrenergic 

receptors. Studies have shown that ADRA1A is the predominant receptor in mesenteric 

circulation in rats, dogs, and humans (19–21). In this study, we have demonstrated that both 

ADRA1A and ETRA are expressed in the preterm mesenteric circulation and mesenteric 

arteries respond to the agonists of these receptors in a dose-dependent manner. PRBC 

transfusion does not alter the expression or synthesis of these two receptors in the preterm 

lamb.

In neonatal intestine, mesenteric vasorelaxation is predominantly mediated by NO derived 

from eNOS (22). A23187 is a calcium ionophore that stimulates eNOS and increases NO 

synthesis in endothelium-dependent relaxation of MA. By contrast, SNAP is an 

endothelium-independent NO donor that releases NO in the mesenteric arterial smooth 

muscle cell. The constitutive NO production in the vasculature is controlled by the activity 

of endothelial NOS (23).

Stewart and Zucker reported the effect of blood products on arterial reactivity and intestinal 

motility almost 100 y ago (24). Packed red blood cells are transfused to increase oxygen 

delivery to tissues, but, paradoxically, the opposite effect has been noted (25,26). This 

phenomenon has been attributed to changes in banked blood, (collectively called “storage 

lesion”) which include reduced RBC deformability, increased red blood cell adhesion and 

aggregation, prothrombotic effects of transfusions, and nitric oxide deficiency. In our study, 

PRBC transfusion with blood stored for 7 d decreased mesenteric vasorelaxation and 

significantly increased vasoconstriction in preterm, ovine MAs. Changes in contractility 

were observed with pharmacological stimuli such as NE and ET-1 (Figure 1) but not to 

maximal constriction induced by potassium chloride (Figure 2a). In addition, we did not 

observe changes in adrenergic/endothelin receptors. These findings suggest that transfusion 

may not structurally change vascular smooth muscle but instead induces functional changes 

in mediator pathways (such as NO) in mesenteric vasculature.

There are several limitations to this study. Mesenteric vaso-reactivity obtained after 24-h 

ventilation is likely to be different from values obtained from preterm human infants 

delivered in the early preterm gestational age (GA) and managed for 2–3 wk ex utero in an 

intensive care setting. Such intensive care management of preterm lambs in a laboratory 

setting is very expensive and outside the scope of this study. The GA of 134 d in sheep is 

approximately equivalent to 32–34 wk in humans as pulmonary and gastrointestinal 

development is delayed in sheep as compared with the humans (27,28). Sangild et al. 

postulated that 0.88–0.95 gestation in large farm animals such as sheep and pigs is 

associated with degrees of gastrointestinal immaturity similar to human infants born at 0.7–
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0.9 gestation (28). Another study looking at the ontogeny of fasting small intestinal motor 

activity observed that the low-grade activity seen in infants of <30-wk gestation was similar 

to the disorganized spiking activity observed in sheep from 0.6 to 0.8 of term infants 

(29,30). On the basis of this literature, we used 134-d lambs, as this age group was 

comparable with the corrected gestational age of neonates at highest risk for NEC (31–35 

wk) (1,23,31). We only evaluated PRBC collected 7 d before study and did not evaluate the 

effect of fresh PRBC or PRBC stored for >7 d on mesenteric vasoreactivity. One of the 

limitations of our model is the lack of anemia in our transfused animals. Very low birth 

weight neonates with chronic anemia constitute the patient population that has been 

observed to develop TRAGI. We also administered two PRBC transfusions over a 24-h 

period in an attempt to induce changes in vascular mediators and reactivity. In a clinical 

setting, it is likely that most anemic preterm babies receive only one transfusion in the time 

period preceding TRAGI. We evaluated enteral feeds with expressed breast milk from the 

ewe. The effect of formula feeds (or frozen breast milk) on mesenteric vasoreactivity was 

not evaluated. Finally, changes in vasoreactivity observed in isolated vessel rings may not be 

comparable with the changes in in vivo mesenteric vascular resistance and splanchnic blood 

flow.

We conclude that PRBC transfusions impair the mesenteric vascular NO pathway and 

disrupt the delicate balance between vasoconstrictors and dilators in preterm neonatal 

mesenteric circulation (6). Further studies evaluating the association between age of PRBCs, 

presence of anemia, changes in mesenteric vasoreactivity, and its relationship to changes in 

in vivo mesenteric vascular resistance are required to understand the pathogenesis of 

transfusion-associated intestinal injury.

METHODS

The protocol was approved by the Institutional Animal Care Committee of the State 

University of New York at Buffalo. Time-dated Q-fever seronegative pregnant ewes were 

purchased from Newlife Pasteur Farms (Attica, NY). Pregnant ewes were fasted for 12 h, 

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

intubated, and anesthetized with 2% isoflurane inhalation. Sixteen lambs were delivered by 

cesarean section at 134 d (0.91 gestation, term ~145–147 d) GA, intubated, and ventilated 

for 24 h. This GA was chosen based on the available literature showing that in sheep, 

preterm delivery at 0.88–0.95 gestation is associated with complications and a degree of 

gastrointestinal immaturity observed in human infants born at 0.7–0.9 gestation (28). A dose 

of calfactant 3 ml/kg (Infasurf; ONY, Amhers, NY; a gift from Edmund A. Egan) was 

administered at birth through the endotracheal tube. Lines were placed in the right carotid 

artery and jugular vein. Lambs were ventilated with 21–30% oxygen for 24 h to maintain 

Spo2 between 85 and 95% and PaCo2 between 40 and 50 mm Hg. Lambs were sedated with 

i.v. fentanyl at 2 μg/kg/h. If there was evidence of discomfort (tachycardia, increased blood 

pressure, or excessive movement), additional doses of fentanyl (2–4 μg/kg) or propofol (2 

mg/kg) were administered. Intravenous dextrose 10% solution was administered at 100 

ml/kg/d. The composition and rate of i.v. fluids were adjusted based on serum electrolyte 

values. Intravenous fluid rate was reduced after initiation of enteral feeds. After delivery of 

the lambs, colostrum was expressed from the ewe and stored in the refrigerator for use over 
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the next 24 h. Starting at 6 h of life, feeds of 5 ml/kg expressed colostrum were administered 

every 3 h through orogastric tube by gravity. In addition to feeds, 10 of the lambs were 

transfused twice with packed red cells (10 ml/kg, approximate hematocrit—55%), with each 

transfusion lasting 2 h and taking place within the first 24 h of life. Adult sheep (ewe) 

PRBCs stored in standard veterinary blood bags in the refrigerator for 7 d were used for 

transfusion. All lambs were monitored for a period of 24 h before being euthanized by rapid 

exsanguination under propofol anesthesia. The abdomen was opened and ileum with 

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

arterial rings adjacent to the distal ileum were collected for isolated vessel studies and frozen 

for mRNA/protein analysis.

Isolated Vessel Studies

The small mesenteric arterial rings (0.5 mm in diameter) were dissected, washed in Krebs 

solution (composition in mmol/l: NaCl 119, KCl 5.4, CaCl2 2.5, KH2PO4 0.6, MgSO4 1.2, 

NaHCO3 25, and glucose 11.7), and mounted in vessel baths aerated with 21% O2 and 6% 

CO2 to give an estimated pH of 7.4, as described previously (32). The vessel rings were 

stretched in these baths and 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 (10−6mol/l) to block the β-adrenergic receptors and constricted 

with increasing titrations of either NE (10−8 to 10−5 mol/l) or ET-1 (10−10 to 10−7 mol/l). 

These vasoconstrictor agents act through α-adrenergic and endothelin-A receptors. Some 

mesenteric arterial rings (n = 6 lambs in the control group and 7 in the transfused group) 

were pretreated with L-nitroarginine (LNA (10−3 mol/l), an antagonist of NOS, to decrease 

baseline NOS activity before constriction with NE. To study relaxation responses, 

mesenteric arterial rings were preconstricted with an EC50 concentration of NE and relaxed 

with increasing concentrations of SNAP (10−8 to 10−5 mol/l) or A23187 (10−8 to 10−6 

mol/l). Finally, vessel rings were washed multiple times with Krebs solution. Contractile 

responses to 118 mmol/l of potassium chloride were obtained to induce maximal 

constriction. The vessel rings were blotted dry and weighed at the end of each experiment. 

For constriction curves, responses were normalized to tissue weight (grams of force per 

gram of weight, g/g) against increasing concentrations of the vasoconstrictor agent. 

Relaxation was expressed as a percentage of EC50 constriction. All drugs were purchased 

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

sulfoxide and subsequently in water. L-nitro arginine was dissolved in warm 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 
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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 (rps26) and adenosine triphosphate synthetase 

(ATPsynth). PCR primers for genes of interest—eNOS, sGCB1, and PDE5a—have been 

described previously (33). 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 of 95 °C for 30 s, and finally 60 degrees for 1 min. PCR for PDE5a was similarly 

performed but with an annealing temperature of 46 °C, as described previously (33). 

Relative expression was normalized to reference genes using 2(−ΔΔ C(T)) method (34). 

Results were expressed as fold change compared with the values obtained from six fetal 

lambs killed at birth at the same gestational age.

Western Blot Analysis

Mesenteric arteries were dissected out, flash frozen in liquid nitrogen, and stored at −80 °C 

until analysis. Tissues were homogenized in liquid nitrogen using a mortar and pestle and 

protein isolated using PARIS kit (Ambion Life Technologies, Grand Island, NY) per 

manufacturer’s protocol. Sixty milligram of tissue was processed and supplemented with a 

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 the 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 using the following 

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

eNOS (BD Transduction) at 1:1,000, anti-rabbit sGCβ1 (Cayman Chemical, Ann Arbor, MI) 

at 1:500, and mouse anti-actin (Sigma) at 1:2,000, all in blocking buffer. Blots were washed 

three times in blocking buffer and incubated at room temperature for 1 h, with appropriate 

horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology, 

Danvers, MA) at 1:1,000 in blocking buffer. Blots were washed four times with blocking 

buffer and developed using enhanced chemiluminescence western blotting substrate (Pierce, 

Rockford, IL) according to the manufacturer’s protocol. Blots were visualized using a Fuji 

Intelligent Imager and Fuji LAS-1000 software and analyzed using FluorChem 8900 

software (Alpha Innotech, San Leandro, CA). Blots for each protein of interest (eNOS, sGC, 

and PDE5) and the corresponding actin were visualized simultaneously for analysis.

Statistical Analysis

Comparison between groups in vascular reactivity was analyzed by repeated-measures 

ANOVA using Statview 4.0 (Abacus Concepts, Berkley, CA). Real-time PCR and western 
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blot data were analyzed by ANOVA with Fisher’s protected least significant difference 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. Effect 

of packed red blood cell transfusions on preterm ovine mesenteric artery constriction 

response to norepinephrine. (b) Constriction to endothelin-1. Preterm fed group (n = 6 

lambs) represented by closed squares and fed/transfused group by open circles (n = 10 

lambs). *P < 0.05, compared with fed group by ANOVA-repeated measures.
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Figure 2. 
Constriction response of ovine mesenteric arteries to KCl and LNA. (a) Constriction to 

potassium (KCl). Effect of enteral feeds and transfusions on preterm ovine mesenteric artery 

constriction response to 118 mmol/l KCl. (b) Constriction to L-nitroarginine (LNA). 

Enhancement of norepinephrine (NE)-induced constriction response by pretreatment with 

10−3 LNA. Preterm fed group (n = 6) and fed/transfused group (n = 9 for KCl studies and n 

= 7 for LNA studies).
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Figure 3. 
Relaxation response of ovine mesenteric arteries to nitric oxide donors. (a) Relaxation to 

A23187. Effect of enteral feeds and transfusions on preterm ovine mesenteric artery 

relaxation response to nitric oxide donor A23187. (b) Relaxation to SNAP. Preterm fed 

group (n = 6) represented by closed squares and fed/transfused group (n = 10) by open 

circles. *P < 0.05 by repeated-measures ANOVA as compared with fed group. SNAP, S-

nitroso penicillamine.
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Figure 4. 
Reverse-transcriptase PCR mRNA analysis for constrictors: α-adrenergic receptor 1A 

(ADRA1A) and endothelin receptor A (ETRA) compared with 134-d preterm ovine fetus. 

Preterm fed group (n = 4) represented in white and fed/transfused group (n = 10) in black.
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Figure 5. 
Changes in mRNA and protein expression of enzymes belonging to the nitric oxide (NO) 

pathway. (a) Real-time PCR assays for NO pathway soluble guanylyl cyclase (sGC), 

endothelial NO synthase (eNOS), and phosphodiesterase 5 (PDE5) plotted as fold change 

compared with 134-d preterm ovine fetus. (b) Protein expression for NO pathway eNOS, 

sGC, and PDE5 in the two groups normalized to actin. Preterm fed group represented in 

white (n = 4) and fed/transfused group (n = 10) in black. *P < 0.05 by Fisher’s protected 

least significant difference.

Nair et al. Page 14

Pediatr Res. Author manuscript; available in PMC 2015 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript




