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Abstract

Introduction—The purpose of this study is to evaluate splenic effects during artificial placenta 

(AP) support.

Methods—AP lambs (118-121d, n=14) were delivered and placed on the AP support for a goal 

of 10-14 days. Cannulation used right jugular drainage and umbilical vein reinfusion. Early (ETC;

115-120d; n=7) and late (LTC; 125-131d; n=7) tissue controls were delivered and immediately 

sacrificed. Spleens were formalin fixed, H&E stained, and graded for injury, response to 

inflammation, and extramedullary hematopoiesis (EMH). CD68 and CD163 stains were used to 

assess for macrophage activation and density. Clinical variables were correlated with splenic 

scores. Groups were compared using Fisher’s Exact Test and descriptive statistics. P<0.05 

indicated significance.

Results—Mean survival for AP lambs was 12±5d. There was no necrosis found in any of the 

groups. Vascular congestion and sinusoidal histiocytosis did not significantly differ between AP 

and control groups (p=0.72; p=0.311). There were significantly more pigmented macrophages 
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(p=0.008), CD163 (p=<0.001), and CD68 (p=<0.001) stained cells in the AP group. ETC and LTC 

demonstrated more EMH than AP spleens (p=<0.001).

Conclusions—During AP support, spleens appear to develop normally and exhibit an 

appropriate inflammatory response. After initiation of AP support, EMH transitions away from the 

spleen.
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Introduction

Prematurity is the leading cause of death around the world in children under age 5, with 

nearly 1 million children dying from complications of preterm birth (1). Extremely low 

gestational age newborns (ELGANS), defined as <28 weeks gestation, suffer 

disproportionate mortality and morbidity including respiratory failure, sepsis, necrotizing 

enterocolitis, and retinopathy of prematurity (1). A novel solution is the Artificial Placenta 

(AP) which preserves fluid filled lungs, avoids mechanical ventilation (MV), and maintains 

fetal circulation until the lungs are sufficiently developed for gas exchange (2–4). Several 

organ systems such as the brain, lungs, and gastrointestinal tract, have been evaluated in 

premature lambs supported by the AP (3, 5, 6). However, no studies to date have evaluated 

the premature spleen during AP support.

The spleen is the second largest immune organ and plays many important functions. These 

include filtering the blood, clearing blood-borne antigens, removing injured and old cells, 

fighting off infection, and extramedullary hematopoiesis during development (7) (8, 9). 

Studies have shown that individuals who are asplenic have a higher risk of infection with 

encapsulated bacteria, have increased leukocytosis, and exhibit changes to red blood cell 

(RBC), platelet, and white blood cell (WBC) morphology (10–12). In addition, premature 

infants are at risk of developing systemic infections and sepsis which is a common cause of 

death . The spleen has many important hematologic and immunologic functions yet may not 

be completely developed in preterm infants (8, 13). The AP offers a promising solution to 

the problem of prematurity, but it is important to understand its effects on every organ, 

including the spleen, prior to clinical translation. Prevention of sepsis and appropriate 

response to inflammation is critical during the premature period, but this area has yet to be 

investigated during AP support. . The aim of our current study was to evaluate injury, 

response to inflammation, and level of EMH in the spleens of premature lambs supported by 

the AP. We hypothesized that there would be no significant injury and normal splenic 

development during AP support.

Methods

Animal Care and Treatment

All sheep used in these experiments were treated humanely and in compliance with the 

Guide for Care and Use of Laboratory Animals, 8th edition (14). Procedures, protocols, and 

McLeod et al. Page 2

J Pediatr Surg. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



details of each experiment were also approved by the University of Michigan Institutional 

Animal Care and Use Committee (IACUC) (protocol 00007211).

Artificial Placenta Group

Pregnant ewes were anesthetized and underwent elective hysterotomies. Premature lambs 

(EGA 118-121d; n=14; Term=145d), whose lung development is equivalent to that of a 24 

week human neonate, were delivered and either placed directly on the AP (n=7) or MV for 1 

hour prior to AP support (n=7). Lambs were cannulated for ELCS using 10-14Fr cannulas 

(Terumo: Ann Arbor, MI) placed into the right internal jugular for drainage and umbilical 

vein for reinfusion. A soft 12F silicone cannula with a beveled tip was used for the 

reinfusion cannula in 3 lambs. An endotracheal tube (ETT) was placed and the lungs were 

fluid filled (amniotic fluid, Ringer’s Lactate, or perfluorodecalin [Origen: Austin, TX]), 

either immediately (n=7) or after 1 hour of MV (n=7). The ETT was left open to a fluid 

filled meniscus to allow for continued fetal breathing movements. VV-ECLS was initiated 

using ¼” tubing (Tygon: Lima, OH), a collapsible-tubing peristaltic pump (MC3: Ann 

Arbor, MI), and an oxygenator/heat exchanger (either Medos HiLite, Xenios: Heilbronn, 

Germany or Capiox Baby Rx, Terumo, Ann Arbor, MI; Figure 1). Two hundred units/kg/day 

of Epogen® was given to stimulate red blood cell production (n=6). For continuous 

hemodynamic monitoring and frequent arterial blood gas assessments, an arterial line (5F; 

Covidien-Medtronic: Minneapolis, MN) was placed into the umbilical artery for each lamb. 

Medication administration, total parenteral nutrition (TPN; ExactMix, Baxter Healthcare 

Corporation, Englewood, CO. Baxter International Inc. Supplied by the University of 

Michigan HomeMed- Home Infusion Pharmacy), and intravenous (IV) fluids were 

administered into either a triple lumen venous catheter (5 Fr; Covidien-Medtronic: 

Minneapolis, MN) placed into the umbilical vein (n=11) or directly into the circuit tubing 

(n=3). Prostaglandin E1 (Pfizer, New York, NY) (0.2mcg/kg/min) was continuously given 

during AP support to maintain a patent ductus arteriosus and fetal circulation. This was 

discontinued when lambs were transitioned to breathing air. Systemic anticoagulation using 

heparin sulfate (SAGENT, Schaumburg, IL) (100 U/hr, titrated to a goal activated clotting 

time (ACT) of 200-250 seconds) was given to prevent clotting, and solumedrol (Pfizer, New 

York, NY) 0.63 mg/kg was used to prevent hypocortisolemia and associated hypotension. 

Prophylactic IV antibiotics (piperacillin-tazobactam [Hospira Inc., Lake Forest, IL]; 

metronidazole [Baxter Healthcare Corporation, Deerfield, IL]), and antifungals (fluconazole 

[SAGENT, Schaumburg, IL]) were continuously delivered to prevent infection and sepsis. 

Occasionally, diazepam (2.5mg [0.7mg/kg] Hospira Inc., Lake Forest, IL) and 

Buprenorphine (0.1mg/kg; Parr Inc., Spring Valley, NJ) were used for sedation. During AP 

support ECLS settings and hemodynamics were monitored continuously. Electrolytes, ABG 

samples, urine output, and bowel movements were monitored every 3 hours. Lambs 

remained nil per os (NPO) during AP support. One of the lambs was transitioned to enteral 

feeds using a bottle once they were full term and weaned off the AP. In cases of volume-

resistant hypotension, vasopressors [norepinephrine (Claris LifeSciences Inc., North 

Brunswick, NJ) or dopamine (Baxter, Deerfield, IL]) were used to maintain a MAP >40 

mmHg if they were nonresponsive to fluids and blood administration. Nine of the lambs 

were transitioned off the AP to mechanical ventilation and three to breathing air on their 

own. Experiments were electively terminated after 12 days or sooner if the lamb was 
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unstable. At the completion of each experiment, lambs were necropsied, spleens were 

formalin fixed, and slides were prepared using Haematoxilin and Eosin (H&E; Fisher 

Scientific, Pittsburgh, PA), Anti-CD68 (Abeam, Boston, MA), and Anti-CD163 stains 

(Abcam, Boston, MA).

Tissue Control Group

Early (ETC; n=7) and Late (LTC; n=7) Tissue Controls were delivered between 105-121d 

and 125-131d, respectively, and immediately sacrificed.

Necropsy and Tissue Preparation

At the end of each experiment, lambs were euthanized and spleens were placed en-bloc in 

formalin for fixation. They were then sent to pathology for staining. Tissue sections were 

3-5μm thick and were assessed by a pathologist blinded to groups.

H&E, CD 68, CD163 Stains

H&E stained splenic slides were reviewed and scored from 0-3 (0-none, 1-mild, 2-moderate, 

3- severe) among 5 different categories [necrosis, congestion, sinusoidal histiocytes, 

pigmented macrophages, and extramedullary hematopoiesis (EMH)]. CD68 and CD163 

were used to assess for macrophage activation and density and were also scored. These 

variables were compared between groups (AP vs ETC vs LTC). Clinical data (mean arterial 

pressure [MAP], white blood cell count [WBC], hemoglobin [Hb], heart rate [HR], Platelets 

[Pits]) among the AP group were correlated with splenic pathologic outcomes.

Statistical Analysis

Among the AP group, continuous clinical variables (MAP, HR, WBC, Hb, Plts) were 

measured and correlated with splenic injury scores (“none”, “mild”, “moderate”, or 

“severe”) among the 7 histologic categories: H&E stained necrosis, congestion, sinusoidal 

histiocytes, pigmented macrophages, EMH, CD163 Stain, and CD68 Stain. Correlations 

were measured using Spearman’s rho with accompanying p-values. When comparing 

groups, a Fisher’s exact test was used to determine whether the patterns differed from what 

would be expected by pure chance. All analyses were conducted using R software: R 

Development Core Team (2008). R: A language and environment for statistical computing. 

R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://

www.R-project.org. Descriptive statistics were also used. P<0.05 indicated significance.

Results

Experimental Outcomes with AP Lambs

Mean GA for the AP group was 120±1d, with an mean birth weight of 3.2±0.6kg. ETC 

(n=7) and LTC (n=7) were delivered at 116±5 days and 128±2 days, respectively. Lambs 

supported on the AP (n=14) lived an mean of 12±5 days. Nine of these lambs were 

transitioned off the AP to breathing air after 1-3 weeks of AP support. Five of the AP lambs 

were given brief infusion of vasopressors (norepinephrine and dopamine) due to hypotension 

at some point during support. During AP support, lambs had an mean MAP of 50±7 mmHg 
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(16mmHg/kg) and median (IQR) of 48.3 mmHg (10.7), HR of mean 205±15 bpm 

(64bmp/kg) and median 206.1 (24.1), and flows were maintained at an mean of 353±63 

mL/min (110 mL/kg/min). AP lambs required 299±191 mL (94mL/kg) of pRBC 

transfusions to maintain Hb at a mean of 9.5±0.8 g/d and median (IQR) of 9.5 (1.1) g/dL. 

Mean WBC was 5.7±3 with a median (IQR) of 5.1 (2.8) and platelet was 155±79 with a 

median (IQR) of 122.2 (85.4) during support. Subgroup analysis of lambs who were 

transitioned directly to the AP compared to those who were MV for 1 hour did not affect any 

of the histological outcomes and were therefore excluded from this review. None of the AP 

lambs exhibited signs of sepsis or systemic infection.

Splenic Necrosis

There was no necrosis found in any of the spleens (AP, ETC, or LTC).

Splenic Sinusoidal Histiocytes

Decreased MAP (Median (IQR) of 52.19 (7.6) for no sinusoidal histiocytosis, 46.96 (5.0) for 

mild, and 41.39 (0.8) for moderate) was correlated with increased sinusoidal histiocytosis 

among the AP group (Spearman’s Rho= −0.684, p=.007). However, when comparing 

sinusoidal histiocytosis between groups, there was no significant difference seen (Fisher’s 

exact test p-value = 0.311).

Splenic Pigmented Macrophages

A lower Hb (median (IQR) of 9.9 (0.6) associated with mild, 9.3 (1.0) with moderate, and 

8.5 (1.0) with severe) was correlated with increased presence of pigmented macrophages 

(Spearman’s Rho = −0.405), however this was not statistically different from zero 

correlation (Rho P =0.151). When comparing groups, there was no “severe level” of 

pigmented macrophages in any of the groups (AP, ETC, or LTC), but there were 

significantly more mild and moderate pigmented macrophages seen in the AP group 

compared to the ETC and LTC (Fisher’s Exact Test p-value = 0.008).

CD163 Stain

No significant correlation between hemodynamic variables and the level of CD163 staining 

was found among the AP group (n=14). There was, however, significantly more CD163 

stained cells in the spleens of the AP group compared to both ETC and LTC (Fisher’s exact 

test p-value = <0.001; Figure 2).

CD68 Stain

When evaluating clinical variables, there was no significant correlation between WBC, HR, 

WBC, Hb, or Pits, and the level of CD68 staining within the spleens of the AP lambs. When 

comparing level of CD68 staining between groups, there was a significantly higher number 

of CD68 stained splenic cells in the AP group compared to both ETC and LTC groups 

(Fisher’s exact test p-value = <0.001; Figure 3).
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Splenic Vascular Congestion

Evaluation of hemodynamic variables compared to moderate and severe congestion in the 

AP group demonstrated no significant increase in congestion in relation to changes in the 

MAP, HR, WBC, Hb, or Pits. There was slightly more congestion/erythroblastic islands 

found in controls, but not statistically significant (p=0.072).

Splenic Extramedullary Hematopoiesis (EMH)

Clinical variables among the AP group were not associated with splenic EMH outcomes. It 

was found that the ETC and LTC groups had significantly more EMH compared to the AP 

group (Fisher’s exact test p-value = <0.001; Figure 4).

Gestational Age

There were no significant correlations between the 5 histologic categories and gestational 

age for any of the groups.

Discussion

Premature infants suffer from high rates of morbidity and mortality (1, 15). The AP is a 

promising alternative in the management of ELGANS and we have previously demonstrated 

ongoing development and organ protection in the lung, brain, and gastrointestinal tract (5, 

16, 17). We must also investigate its effects on other organ systems such as the spleen 

because sepsis is a major problem in prematurity and the spleen plays an important role in 

fighting infection, filtering the blood, and EMH, especially in premature infants (7, 9, 11). 

The current study demonstrated that during AP support splenic development continued, 

necrosis was absent, and congestion/erythroblastic islands were slightly less than those of 

controls but not significantly different. It was also found that AP lambs mounted appropriate 

inflammatory macrophage response to long term support and did not develop sepsis. In 

addition, EMH transitioned away from the spleen after delivery.

In human neonates and animal models splenic development plays important roles in 

immunity, hematologic filtering, and hematopoiesis (7, 12, 13, 18) (19, 20). In the ovine 

fetal model, splenic cellular distribution and maturation occurs between day 25 and birth. 

Initially mesodermal cellular formation occurs in the dorsal mesogastrium of the fetal spleen 

(day 25), then develops within the omentum (day 27), splenic parenchymal lymphocytes 

(day 45), and differentiation of T cell variants (day 55) (19). Between day 77-89 through 

birth, ovine spleens undergo cellular differentiation with MHCII and MHC I antigens, 

periarterial lymphatic sheaths (PALS), and periarteriolar T lymphocytes develop into the 

splenic follicles (19). Leukocytes, macrophages, and B cells migrate and distribute within 

the spleen from 40-134d in ovine gestation (term=145-150d) (20). Studies have shown that 

CD68 and CD163 can be used as a marker of macrophage presence and distribution. 

Specifically, CD163 stains mark a macrophage receptor for bacteria and macrophage cellular 

markers can be stained with CD68 (21). Our studies found an increase in CD163 and CD68 

stained splenic macrophages during AP support compared to both ETC and LTC (Rho 

P=<0.001). This suggests premature lambs mount an appropriate response to inflammation 

during long term AP support.
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Thrombocytopenia is a common finding in the neonatal intensive care unit (NICU), with 

extremely low birth weight (ELBW) infants at highest risk. A study evaluating 284 ELBW 

infants found that thrombocytopenia was found at a rate twice that of term infants in the 

NICU, and infants <800g were at the greatest risk (22). Sometimes thrombocytopenia can be 

associated with idiopathic thrombocytopenic purpura (ITP) and increased splenic 

histiocytosis (23–25). ITP has been studied in patients on ECMO indicating 

thrombocytopenia is not related to the duration of ECMO, but rather the severity of illness of 

the patient and the starting platelet level during ECMO initiation (26). ITP and macrophage 

response to inflammation were studied in our experiments. Thrombocytopenia did not 

develop in any AP lambs, and there was no association between WBC, HR, MAP, Hb, or 

Plts in relation to CD163 or CD68 stained splenic macrophages, indicating appropriate 

response to inflammation, but no signs of ITP.

Splenic vascular congestion related to erythroblastic islands are common in fetal spleen 

development (27). Erythroblastic islands contain specialized macrophages that enable the 

development and differentiation of erythroblasts (27, 28). Erythroblastic islands are 

composed of erythroblasts that develop and differentiate into mature red blood cells 

(erythropoiesis) at a rate up to 1010 RBC per hour (29). In our studies, AP lambs received 

200 units/kg/day of Epogen® to stimulate red blood cell production. Despite this 

medication, there were still higher levels of congestion/erythroblastic islands in the ETC and 

LTC groups compared to AP lambs, but this difference was not significant (Rho p =0.72). 

This shows that erythroblastic islands may decrease after birth but are overall similar to that 

of spleens in utero.

Neonatal sepsis is a common problem among premature infants (30). Infants treated with 

ECLS can develop a systemic inflammatory response (SIRS) with leukocyte activation, 

multiorgan dysfunction, and cytokine activation (‘cytokine storm’). A study evaluating pigs 

supported on ECMO found that increased inflammatory cytokines, mast cell degranulation, 

and increased TNF-alpha and IL-8 were associated with ECMO support (31). Appropriate 

distribution and response to inflammatory changes is important in the developing fetus to 

prevent death from sepsis. In our experiments, none of the AP lambs developed sepsis or 

signs of infection. Furthermore, none of the experiments demonstrated splenic necrosis. The 

association found between decreasing MAPs and mild to moderate sinusoidal histiocytosis, 

and increased CD68/CD163 cellular changes in the AP group may be explained by the 

expected inflammatory response seen with long term ECLS support and response to increase 

in cellular debris and sequestration.

Macrophages play an important role in regulating erythropoiesis, cellular differentiation, and 

breakdown of cellular debris of aged cells. It is common to find increased macrophages and 

pigmented macrophages in the spleen during fetal development and in preterm infants (29, 

32). Pigmented splenic macrophages can be caused by melanin, hemosiderin, ceroid/

lipofuscin accumulation from the breakdown of cellular debris from aged or damaged cells 

(33). Macrophages phagocytize melanosomes and synthesize their own, both of which lead 

to a pigmented appearance (33, 34). The role of pigmented cells may be related to 

cytoprotective functions or enhanced phagocytic properties; however, is not completely 

understood (33). In our experiments, there was no correlation between WBC, Hb, HR, MAP, 
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or Plts and the number of pigmented macrophages in the AP group, but there were 

significantly more pigmented macrophages seen in the AP group (p=0.008). This suggests 

that increased debris and cellular breakdown may be present in premature lambs with long 

term AP support. This is an expected finding and suggests that AP spleens responded 

appropriately to removal of splenic debris.

In addition to important immunologic functions, the spleen also plays a role in 

erythropoiesis and EMH (13). The spleen is one of the primary sites for EMH during fetal 

development, and contains myeloid precursors, erythroid precursors, and megakaryocytes. 

Splenic EMH can occur in relation to hemolysis, anemia, and systemic infection, but also as 

a primary site during fetal development (35). During fetal growth, active EMH occurs in the 

yolk sac and transfers to the fetal spleen and liver prior to migration to the bone marrow. 

Around 4-5 months gestation for human fetuses, EMH begins to shift to the bone marrow 

after birth and as a result the spleen usually shrinks in relation to shift of blood cell stores 

(10, 11, 18, 27). In our studies, there was significantly more EMH found in both control 

groups. This suggests that EMH transitions away from the spleen after delivery as seen in 

the literature.

Limitations of the current study include a small sample size. Another limitation is that 

splenic volume and weights were not measured during support or necropsy. Future studies 

should evaluate splenic size and changes in blood flow, as well as organ development and 

splenic injury after lambs have been transitioned off the AP and sent to the farm for up to 

one year of life.

Conclusion

The AP has great potential to improve mortality and morbidity in extremely premature 

infants. As the technology becomes closer to clinical applicability its effects on development 

of premature organ systems is vital. The current study demonstrated that there was an 

appropriate inflammatory response, and no sepsis during AP support. In addition, EMH 

transitioned away from the spleen after delivery, and congestion/erythroblastic islands 

decrease in frequency but are still similar to those in utero. Overall, this study gives an 

updated assessment of the effects of the AP on the developing premature spleen.
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Fig. 1. 
Schematic of the artificial placenta (AP) circuit utilizing VV-ELCS, collapsible-tubing roller 

pump (M-Pump), and oxygenator/heat exchanger in a premature lamb model. Ao: Aorta; 

IVC: Inferior Vena Cava; DV: Ductus Venosus; RA: Right Atrium; SVC: Superior Vena 

Cava; IJV: Internal Jugular Vein; VV-ECLS: venovenous extracorporeal life support.
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Fig. 2. 
Representative histological images comparing CD163 stained spleens from tissue control 

lambs (ETC and LTC) and AP Lambs. (A) ETC [CD163 Stain]; (B) LTC [CD163 Stain]; 

(C) AP Lamb [CD163 Stain]. ETC: Early Tissue Control; LTC: Late Tissue Control; AP: 

Artificial Placenta.
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Fig. 3. 
Representative histological images comparing CD68 stained spleens from tissue control 

lambs (ETC and LTC) and AP Lambs. (A) ETC [CD68 Stain]; (B) LTC [CD68 Stain]; (C) 
AP Lamb [CD68 Stain]. ETC: Early Tissue Control; LTC: Late Tissue Control; AP: 

Artificial Placenta.
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Fig. 4. 
Representative histological images comparing H&E stained spleens from ETC and AP 

lambs. (A) ETC [H&E Stain]: this is a representative tissue control image with congestion/

erythropoietic islands (score 3), EMH (score 3). and no necrosis, sinusoidal histiocytosis or 

pigmented macrophages (score 0); (B) AP [H&E Stain]: this is a representative image from 

AP lambs with sinusoidal histiocytosis (score 2), and no necrosis, congestion, pigmented 

macrophages, or EMH (score 0). ETC: Early Tissue Control; LTC: Late Tissue Control; AP: 

Artificial Placenta; EMH: Extramedullary Hematopoiesis.
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