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Abstract

Ex vivo perfusion systems offer a reliable, reproducible method for studying acute physiological 

responses of an organ to various environmental manipulations. unlike in vitro culture systems, the 

cellular organization, compartmentalization and three-dimensional structure of ex vivo–perfused 

organs are maintained. these particular parameters are crucial for the normal physiological 

function of the placenta, which supports fetal growth through transplacental exchange, nutritional 

synthesis and metabolism, growth factor promotion and regulation of both maternally and fetally 

derived molecules. the perfusion system described here, which can be completed in 4–5 h, allows 

for integrated, physiological studies of de novo synthesis and metabolism and transport of 

materials across the live mouse placenta, not only throughout a normal gestation period but also 

following a variety of individual or combined genetic and environmental perturbations 

compromising placental function.

INTRODUCTION

Organ perfusion systems can simulate physiological conditions, providing a framework for 

the study of numerous biochemical functions, including metabolism, membrane transfer, 

drug transport and delivery, toxicological studies and drug efficacy studies1–28. Ex vivo 
perfusion of isolated organs in particular allows for precise control of the physiological 

environment and can provide a unique opportunity for studying organ-specific physiological 

responses to environmental factors with a resolution and reproducibility that may not be 

possible in intact animals1–3,8–12,18,20,22,24–26,29,30. In this article, we describe the procedure 

used in our laboratory for the dissection and perfusion of mid-to-late-gestation mouse 

placentas.
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Development and applications of the protocol

To investigate directly the impact of placental function on fetal brain development9,31,32, we 

sought to devise a mouse placenta perfusion system allowing for transport and metabolic 

studies throughout gestation. This model can be used in a wide array of integrated 

physiological studies, such as assessing changes in placental de novo synthesis, molecular 

transport and metabolism of various compounds throughout normal gestation and amidst 

manipulations of genetic and environmental conditions. We recently used this method to 

demonstrate that a fraction of the maternal delivery of the essential amino acid tryptophan is 

enzymatically converted to serotonin within the placenta; the neo-synthesized placental 

serotonin is then released into the fetal blood stream through the umbilical vein, from where 

it can reach the fetal forebrain9.

The method described here allows for perfusions of live mouse placentas in early 

(embryonic day (E)12–14) and late pregnancy (E16–18), providing a framework for directly 

comparing physiology at different stages of pregnancy. Furthermore, the use of the mouse 

placenta as a model allows for direct investigation of the effect of a variety of perturbations, 

individually or in combination, such as genetic deletions, inflammation or maternal drug 

exposure on placental physiology. For instance, the ex vivo placenta perfusion system, 

combined with the application of transgenic mouse models such as trophoblastic or 

syncytiotrophoblastic-specific gene deletions33–36, allows for the unique opportunity to 

explore cellular and biochemical processes underlying the impact of environmental or 

maternal perturbations on placental function throughout gestation. Another potential 

application of the ex vivo perfusion system is the real-time, simultaneous visualization of 

blood flow and transport or metabolism of fluorescently labeled molecules across the live 

placenta. Our preliminary studies indicate that the ex vivo perfusion apparatus, coupled with 

a two-photon imaging system, can be used to monitor maternal and fetal blood flows 

simultaneously by infusing fluorescently labeled dextran molecules through the uterine 

and/or umbilical arteries (Supplementary Fig. 1 and Supplementary Video 1; N.G., J. 

Burford, J. Peti-Peterdi and A.B., unpublished data). This approach can also be used for in 
vivo visualization of cell dynamics in the mouse placenta37. Although this system has been 

used primarily for placental perfusions in our laboratory, the application of this method to 

other organs or tissue systems can be readily accomplished, pending that target organs have 

a simple path of blood irrigation (e.g., simple arterial-venous input/output).

Comparison with other methods

Ever since Panigel et al.4,13 demonstrated the first dual recirculation placental perfusion 

model in 1967 (ref. 14), human term placental perfusion studies have been preferred for 

pathophysiology, metabolism and developmental pharmacology studies. There are several 

benefits to conducting postpartum placental studies in humans. Perhaps most notably, the 

use of postpartum tissue precludes ethical concerns, as both the isolation and perfusion of 

placental tissue are noninvasive with regard to both the mother and the newborn. 

Furthermore, in vivo transplacental transfer data obtained by comparing maternal blood 

concentrations with fetal cord blood concentrations of a given compound at term make 

postpartum placental perfusion studies directly comparable to in vivo measures.
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However, the drawback of using term placenta is that mid-gestation and term placentas are 

very different in terms of transport and metabolic capacities, as suggested by reports of 

differential gene expression38–40. The transfer and regulation of compounds that enter the 

fetal blood supply are controlled by at least four distinct mechanisms, ranging from passive 

and active transmembranous transport to enzymatic metabolization and phagocytosis41–46. 

At the molecular level, changes in expression of transporter genes responsible for active 

transport of nutrients during pregnancy leads to a dynamic state of maternofetal and feto-

maternal transfer throughout gestation47–49. There are also physical differences in the barrier 

structure that emerge during gestation; for instance, in the human placenta the 

syncytiotrophoblastic cell layer is ~20 μm thick during the first trimester, and it 

progressively thins during gestation down to ~5 μm in thickness at term50–53. This change in 

thickness, coupled with an increase in the number of fetal capillaries, may also contribute to 

the dynamic state of transplacental transfer that changes continuously throughout 

gestation54.

Thus, very little is known about the transplacental transfer and metabolism of molecules at 

earlier stages of human gestation. However, this knowledge is crucial if we are to better 

understand the mechanisms underlying fetal programming of adult diseases. Indeed, it is 

now becoming evident that several metabolic, cardiovascular and even psychiatric disorders 

that manifest in adulthood are linked to alterations of maternal-fetal interactions and fetal 

development that occur at specific periods of gestation31,55–63. The existence of time-

sensitive windows during pregnancy for the development of specific mental disorders in the 

offspring suggests that alterations of maternal homeostatic conditions during early-to-mid 

gestation can have profound consequences on fetal brain development.

Another common method for studying placental physiology is in vitro culture of isolated 

placental cell types (e.g., trophoblasts). Although in vitro explant or dissociated cell culture 

systems allow for studies of transport and metabolic mechanisms at the molecular and 

cellular level, they lack the cellular organization, compartmentalization and three-

dimensional structure of intact, physiologically active placentas. These parameters are 

particularly important for the normal function of the placenta39,54,64,65.

Our ex vivo perfusion system can provide a direct validation of the role of cellular and 

molecular pathways initially characterized in vitro. Therefore, we see the ex vivo perfusion 

method as a complement to current in vitro methods. The overall principle of the method 

described is comparable to human placental perfusion systems, adapted for an organ of 

much smaller size. Because of key interspecies differences66,67, results obtained in the 

mouse model must always be carefully extrapolated to human placental physiology. Initial 

studies in our laboratory were devoted to determining the effect of perfusion rate, incubation 

temperature, incubation medium composition and various surgical techniques on the 

viability of the perfused organ. Below we present the optimized protocol that we are now 

using for the perfusion of mid-to-late-gestation mouse placentas. Despite the straightforward 

appearance of the techniques, some hands-on experience and fine motor control are 

necessary to obtain accurate and reproducible results. The incubation and infusing media 

should be optimized for each individual experiment, as some compositions may not be 

suitable for certain metabolic studies.
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Experimental design

In our experience and in that of others, it is essential to begin perfusing with fresh, viable 

tissue, as ischemic cell death progresses rapidly after mice are killed68–70. This implies that 

organs should be harvested as quickly as possible from the animal and transferred directly 

into a thermodynamically controlled incubation chamber that has been prefilled with 

oxygenated incubation medium. It should be noted that different tissues and organ systems 

require specific storage and incubation media71, and that each experiment should be 

optimized for the individual needs of the organ in question. In addition, organ viability 

should be monitored during and after perfusion to ensure that the specific medium and 

perfusion parameters meet the organ’s metabolic needs. Although the surgical and perfusion 

procedures are still being perfected, extra tissue to be used for cannulation can be kept on ice 

to limit the harmful effects of warm ischemia. However, in our experience, exposure to low 

temperatures increases vascular wall stiffness, which can impede the cannulation process. 

For this reason, we recommend the use of fresh tissue whenever possible.

Because of the small diameter of the vasculature of mid-to-late-gestation mouse placentas, 

the catheters used in this perfusion system are terminated with a polyimide-coated fused 

silica capillary tube, available in various sizes between 90 and 200 μm in external diameter. 

The optimal diameter of the catheter depends on the size of the vasculature in question, as 

well as on the operator preference. Although this perfusion system is optimized for use with 

E14 placenta, the system can be easily adapted to any mid-to-late-gestation mouse placenta 

simply by increasing or decreasing catheter size within this 90–200-μm range. Although 

smaller-diameter tubing may appear more straightforward for the cannulation of micro-

vasculature, tubing diameter is directly proportional to rigidity, and overly pliable catheters 

can be more troublesome than their larger counterparts. It is therefore our opinion that a 

catheter of just slightly smaller diameter than the vasculature in question should be chosen, 

as it provides the best compromise between rigidity and size.

Although the choice of medium is not completely evidence based, most researchers use 

culture or incubation media such as Dulbecco’s modified Eagle’s medium (DMEM) or 

Krebs-Ringer saturated with 95% O2/5% CO2 (refs. 9, 12, 19 and 27). In our experience, 

this oxygen saturation is sufficient to maintain placental health for the duration of the 

experiment (ANTICIPATED RESULTS). Perfusion studies conducted under relative 

hypoxia should be possible by changing the oxygen saturation of perfusion and incubation 

media. Specific medium may not be suitable to every experiment, and any medium that is 

capable of sustaining a viable organ throughout the duration of the experiment is suitable.

MATERIALS

REAGENTS

• Pregnant mouse with placental material of desired age ! CAUTION Animal 

tissue should be collected in compliance with legislative and institutional 

requirements.

• Isoflurane (Western Medical Supply, cat. no. 7263) ! CAUTION Isoflurane is a 

powerful anesthetic and should always be used inside a laminar flow hood.
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• PBS (VWR, cat. no. 97064-158; see Reagent Setup)

• L-Tryptophan (Sigma, cat. no. T0254)

• Ethanol (95%, vol/vol; Millipore, cat. no. EX0280-3)

• Ultrapure water

• Distilled water

• DMEM (Invitrogen, cat. no. 21063-045)

• NaCl (VWR, cat. no. BDH8014-500G)

• MgCl2 (VWR, cat. no. BDH0244-500G)

• KCl (VWR, cat. no. BDH0258-500G)

• Na2HPO4 (VWR, cat. no. JT3827-19)

• CaCl2 (VWR, cat. no. BDH4525-500GP)

• HEPES (VWR, cat. no. BDH4518-500GP)

• D-Glucose (VWR, cat. no. 97061-168)

EQUIPMENT

• BubbleStop syringe warmer (Automate Scientific, cat. no. 10-4-60-G)

• ValveLink 8.2 (Automate Scientific, cat. no. 01-18)

• Teflon valve box (Automate Scientific, cat. no. 02-01-02)

• Vacuum bottle, 4 liters (VWR, cat. no. 16331-100)

• Teflon tubing, 1/16th inch (Automate Scientific, cat. no. bi-20202275)

• Syringes, 60 ml (Automate Scientific, cat. no. 06-60C)

• Ultralow-flow peristaltic pump (×2) (Instech, cat. no. P720/10k)

• Low-flow peristaltic pump (Instech, cat. no. P720)

• USB interface for perfusion pumps (Bioptechs, cat. no. 13161603-13)

• C-Flex tubing, 0.020-inch inner diameter (i.d.) (Instech, cat. no. P720/TS-

BS020SBS)

• C-Flex tubing, 0.031-inch i.d. (Instech, cat. no. P720/TS-BS031SBS)

• Cyanoacrylate glue (Office Depot, cat. no. 903720)

• Micro-Renathane tubing, 0.033 inch (Braintree Scientific, cat. no. MRE-033-

CL-100)

• Silica tubing, 10 m, 090 μm (Polymicro, cat. no. TSP020090)

• Silica tubing, 10 m, 105 μm (Polymicro, cat. no. TSP040105)

• Silica tubing, 10 m, 150 μm (Polymicro, cat. no. TSP075150)

Goeden and Bonnin Page 5

Nat Protoc. Author manuscript; available in PMC 2017 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



• Silica tubing, 10 m, 200 μm (Polymicro, cat. no. TSP100200)

• Micro clamp (×5), 7 mm (Fine Science Tools, cat. no. 00396-01)

• Micro clamp, 11 mm (Fine Science Tools, cat. no. 00398-02)

• Incubation chamber (Warner Instruments, cat. no. QE-2)

• In-line heater (Warner Instruments, cat. no. SH-27B)

• Temperature controller (×2) (Warner Instruments, cat. no. TC324B)

• Bin cable (Warner Instruments, cat. no. 64-0106)

• Catheter holder (×3) (Bioscience Tools, cat. no. MH-2)

• Tubing holder (×2) (Bioscience Tools, cat. no. MTH-S)

• Medium-flow peristaltic pump (VWR, cat. no. 54856-075)

• Dremel rotary tool (Amazon, cat. no. DR8000-03)

• Eppendorf tubes, 1.5 ml

• Hypodermic needles, 27 gauge (VWR, cat. no. 15141-192)

• Hypodermic needles, 22 gauge (VWR, cat. no. MJ8881-250206)

• Forceps

• Surgical scissors

• Vannas spring scissors, 4-mm cutting edge (Fine Science Tools, cat. no. 

15018-10)

• Vascular clamp forceps (Fine Science Tools, cat. no. 00071-14)

• Surgical thread, 5/0 silk (VWR, cat. no. 100190-110)

• Dissection microscope

• 95% O2/5% CO2 gas tank with a regulator

• Polyvinyl chloride (PVC) tubing, 3/4 inch (VWR, cat. no. 89068-574)

• Dewar flask (VWR, cat. no. 82021-112)

• Liquid nitrogen

REAGENT SETUP

Preparation of buffer solutions—A variety of buffering solutions may be used to 

simulate maternal blood flow for the perfusion system. Freshly prepare buffer solutions and 

maternal and fetal input solutions on the day of the experiment using ultrapure water, and 

then store the solutions at 4 °C until use. Before perfusion, warm input solutions to above 

40 °C to promote degassing (see PROCEDURE Step 4), and then oxygenate the incubation 

buffer using 95% O2/5% CO2. The buffers we use are as follows: PBS, composed of 10 mM 

Na2HPO4, 2.7 mM KCl and 137 mM NaCl; HEPES, composed of 140 mM NaCl, 4 mM 
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KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM HEPES and 10 mM glucose; and DMEM (see 

Reagents).

EQUIPMENT SETUP

Perfusion system—Load the BubbleStop syringe warmer with 60-ml syringes and 

connect it to the Teflon valve box with 1/16th-inch Teflon tubing (Fig. 1a,b). Connect the 

valve box to the ValveLink 8.2 software and ensure that it is controlled by the software. 

Connect the output of the Teflon valve box to 1/16-inch Teflon tubing, stepped down to 

0.033-inch Micro-Renathane tubing, and then seal it with cyanoacrylate. Connect this 

Micro-Renathane tubing to the low-flow peristaltic pump, which delivers the simulated 

maternal input to the placenta. Bubble the incubation medium with 95% O2/5% CO2 

through 3/4-inch PVC tubing connected to a bubbling stone, and then pump through the 

medium-flow peristaltic pump into the in-line solution heater and finally into the incubation 

chamber. Use the TC324B temperature controller to control the in-line solution heater and 

the incubation dish to maintain a steady state of 37 °C. Stimulate the fetal circulation by 

infusing input medium from the BubbleStop syringe warmer through the umbilical artery via 

an ultralow-flow pump. Collect the flow through the umbilical vein by a second ultralow-

flow peristaltic pump and deliver it to a series of collection tubes. The low- and ultralow-

flow peristaltic pumps may be controlled using a computer interface through the use of a 

USB controller.

Peristaltic pumps and catheter design—Load the low-flow and ultralow- flow 

peristaltic pumps (Fig. 1c) with C-Flex tubing sets, 0.031-inch i.d. and 0.020-inch i.d., 

respectively. Connect Micro-Renathane tubing to the C-Flex tubing sets and seal them with 

cyanoacrylate. Terminate this tubing with one of four sizes of polyamide-coated fused silica 

capillaries and seal it with cyanoacrylate.

PROCEDURE

Preparation for the perfusion experiment ● TIMING 1.5 h

1| Turn the solution heater on and wait until it reaches 45 °C.

2| Prepare the desired incubation medium. To simulate physiological conditions, 

we use PBS, DMEM or HEPES buffer.

3| Prepare maternal and fetal input solutions. We use PBS, DMEM or HEPES 

buffer to simulate maternal and fetal blood supplies, spiked with our particular 

compound of interest.

4| Add the maternal and fetal solutions to 60-ml syringe tubes and place them in 

the syringe warmer to promote solution degassing and prevent air embolisms 

during perfusion (supplementary Video 2). Solutions should be near 

physiological temperatures as they enter the placenta.

▲ CRITICAL STEP The solutions should be warmed and agitated sufficiently 

to promote the release of gas at the new equilibrium temperature. Failure to 

sufficiently heat the solutions above the physiological temperature will result in 
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the release of gas (in the form of air bubbles) upon entering the organ, causing 

embolism, poor perfusion and organ death. The temperature at which the 

perfusate leaves the catheter and enters the uterine artery is lower (at 37 °C), as 

the catheters are submerged in the thermostatted incubation chamber for a 

sufficient duration to reach equilibrium.

5| Prewarm the incubation medium to 37 °C and oxygenate it by turning on the in-

line solution heater and bubbling 95% O2/5% CO2 through the solution.

6| Load the incubation chamber with a 60-mm tissue culture dish and secure it in 

place.

7| Turn on the incubation chamber heater and begin circulation of the incubation 

medium at a rate of 7 ml min −1 to ensure that the incubation environment is 

stabilized.

8| Turn on the vacuum system connected to the extraction tube to remove excess 

incubation medium.

9| Once maternal inputs are sufficiently warmed and degassed, activate the infusing 

and extracting peristaltic pumps at the desired rate of flow (Fig. 2). Allow the 

medium to flow for at least 15 min before cannulating the placenta, ensuring that 

all air has been removed from the catheters.

▲ CRITICAL STEP Peristaltic pumps should be calibrated and set to deliver 

and extract the medium at the known rate of flow for the organ in question. 

Because of substantial vascular remodeling, the physiological rate of flow for a 

mouse placenta is constantly increasing throughout development72–74. In 

accordance with published data75, we found a perfusion rate of 18 μl min −1 

through the uterine artery and 5 μl min −1 through the umbilical vasculature to 

be close to physiological values and effective at clearing endogenous blood 

pools in an E14 placenta; at the same time it was not so forceful as to damage 

the overarching structure of the organ (Fig. 2).

? TROUBLESHOOTING

10| Sterilize the surgical tools with 70% (vol/vol) ethanol, label the collection tubes 

for the fetal eluate and fill a Dewar flask with liquid nitrogen for snap-freezing 

samples after collection.

Collection and preparation of tissue ● TIMING 5–10 min

11| Euthanize a mouse by placing it in a desiccator filled with isoflurane gas to 

induce loss of consciousness. Once loss of consciousness is observed, quickly 

perform a cervical dislocation and proceed with organ retrieval.

! CAUTION Euthanasia through the use of isoflurane should be performed in a 

laminar airflow cabinet. Mouse tissue should always be collected in compliance 

with all relevant institutional animal care and use committee requirements.

Goeden and Bonnin Page 8

Nat Protoc. Author manuscript; available in PMC 2017 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



▲ CRITICAL STEP Mouse euthanasia and organ retrieval should be 

performed as quickly as possible, as organ viability declines rapidly 

postmortem.

12| Open the abdominal cavity of the euthanized mouse and lay out the uterine 

horns (Fig. 3a).

13| Select a placenta with a large and intact portion of the uterine artery, excising as 

close to neighboring branches as possible (Fig. 3b).

▲ CRITICAL STEP Maintaining as much intact uterine artery as possible will 

help with both cannulation and securing of the micro clamp. Well-sharpened 

spring scissors should always be used for severing vasculature, as a clean cut 

aids in visualization of the lumen during cannulation.

14| After severing the uterine artery, separate the desired amniotic sac from the 

surrounding embryos and place it in a culture dish containing 37 °C incubation 

medium (Fig. 3c).

15| Open the amniotic sac, separating the embryo from the placenta, and carefully 

sever the umbilical cord as close to the embryo as possible, preserving the 

umbilical vasculature for cannulation (Fig. 3d).

16| Transfer the placenta to the incubation chamber.

Cannulation of the placenta and flushing of maternal blood ● TIMING 20–25 min

17| Before cannulation of the placenta, remove the vitelline artery from the 

umbilical cord (Fig. 4a) and separate the umbilical artery and vein (Fig. 4b,c and 

supplementary Video 3).

▲ CRITICAL STEP Exceptional care must be taken when grasping or 

manipulating fetal vasculature. Whenever possible, all forceps grasps should be 

placed parallel to the artery or vein, along the vascular wall. Perpendicular 

placement of the forceps will pinch the vasculature, thus obstructing blood flow 

and potentially piercing the vascular wall, causing solution to leak from the 

artery or vein (Fig. 4c; see also supplementary Fig. 2 and supplementary Video 

2).

? TROUBLESHOOTING

18| Invert the placenta, exposing the maternal artery for cannulation (Fig. 4d). 

Lightly grasp the uterine artery with one pair of forceps while carefully inserting 

the catheter ~2 mm into the artery, through to one of the secondary arterial 

branches (Fig. 4e and supplementary Video 4).

▲ CRITICAL STEP In vivo, the closed nature of the maternal circulation 

provides sufficient pressure to pump the maternal blood through the secondary 

arterial branches. In this ex vivo setup, owing to the open nature of the uterine 

artery, the maternal flow must be infused directly into the secondary branch. For 
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a closed circuit perfusion, recirculation of the maternal solution can be achieved 

by cannulating the open end of the uterine artery and ligating the uterine vein.

19| Reposition one pair of forceps to hold the catheter in place while the micro 

clamp is applied (Fig. 4f).

20| Carefully invert the placenta to expose the umbilical vein and artery (Fig. 4g). 

Be careful not to disturb the cannulation of the uterine artery during this process.

21| Lightly grasp the umbilical artery and insert the catheter into the lumen (Fig. 4h 

and supplementary Video 5).

▲ CRITICAL STEP The umbilical artery is frequently void of blood at the 

start of the cannulation process, thus inhibiting visualization of the lumen. 

Furthermore, the thick wall of the umbilical artery can hinder cannulation. It is 

often helpful to lightly poke around the opening of the umbilical artery to 

expand the lumen and provide contrast between the artery and the arterial wall. 

Care must be taken during this step not to puncture or pierce the arterial wall.

? TROUBLESHOOTING

22| Carefully apply the micro clamp to the cannulated artery (Fig. 4i).

23| Continue perfusing for 15 min to remove native fetal and maternal blood pools 

(Fig. 4j–l).

24| Lightly grasp the umbilical vein and insert the catheter into the lumen (Fig. 4l).

▲ CRITICAL STEP The umbilical vein is greatly expanded when compared 

with the umbilical artery owing to the positive pressure from the infusing 

solutions. This facilitates cannulation of the umbilical vein and aids in 

visualization of the lumen. Placement of the micro clamp on the umbilical vein 

may not be necessary depending on your experiment. The use of an extracting 

flow rate slightly lower than the innate venous flow will help prevent collapse of 

the vascular wall, and the lack of a micro clamp will allow the excess eluate to 

flow directly into the bath.

? TROUBLESHOOTING

Perfusion and sample collection ● TIMING 2–3 h, depending on the number of samples

25| Continue the placental perfusion for the duration of the experiment, changing 

collection tubes and switching maternal inputs at the desired time points. 

Viability measures should be performed throughout and immediately following 

perfusion to ensure placental health for the duration of the experiment 

(ANTICIPATED RESULTS). Sample tubes should be snap-frozen in liquid 

nitrogen immediately after collection and stored at - 80 °C.

? TROUBLESHOOTING

Troubleshooting advice can be found in table 1. In the case of an arterial leak, see also 

supplementary Video 2.
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● TIMING

Steps 1–10, preparation for the perfusion experiment: 1.5 h

Steps 11–16, collection and preparation of tissue: 5–10 min

Steps 17–24, cannulation of the placenta and flushing of blood: 20–25 min

Step 25, perfusion and sample collection: 2–3 h

ANTICIPATED RESULTS

Typically, a mouse placenta at mid-to-late gestation is capable of sustaining flow in this ex 
vivo system for a minimum of 120 min before vascular collapse leads to reduced output 

from the umbilical vein. Several parameters are monitored to assay organ viability 

throughout perfusion; however, as noted earlier for human term placenta16, there is no 

standard set of parameters, and thus viability measures vary between laboratories. Common 

parameters include fetal circulation pressure, eluate pH, oxygen consumption, fetal oxygen 

transfer, glucose consumption, lactate production, the synthesis and secretion of proteins and 

cell death assays. Some indications point to fetal volume loss being the optimal measure of 

tissue viability and integrity20. However, there is no generally accepted maximum allowable 

volume loss and these measures vary across species. In our experience, fetal volume loss and 

vascular collapse precedes cell death, but additional viability measures should still be 

performed; therefore, we used a combination of placental lactate dehydrogenase (LDH) 

activity, fetal eluate loss and cell apoptosis assays as organ viability controls.

Fetal eluate volume should be monitored throughout the perfusion to confirm that no major 

volume loss is present. In our experience, an input of 5 μl min −1 through the umbilical 

artery of a healthy E14 placenta elicits a flow rate of 4.5 μl min −1 through the umbilical 

vein directly after euthanasia, with no more than an average fetal volume loss of 20% over a 

90-min perfusion (supplementary Fig. 3a). Consequently, perfusions yielding fetal volume 

loss in excess of 20% should be discarded.

In normal tissues, hypoxia, tissue damage and cell toxicity have been shown to increase 

metabolic activities, such as glycolysis76–78. Hypoxic conditions in term human placenta, 

such as those caused by incomplete perfusion, have been shown to enhance glycolysis and 

increase the activity of LDH, which converts pyruvate to lactate76. Quantification of LDH 

activity can therefore be used as a reliable measure of cell toxicity throughout placental 

perfusions. LDH assays can be performed using a colorimetric assay kit (Sigma, cat. no. 

MAK066) that quantifies placental production of NADH, an index of glucose conversion to 

pyruvate and thus of placental LDH activity. Results show that in our conditions placental 

LDH activity remains low and stable throughout the perfusion (supplementary Fig. 3b), until 

90 min after euthanasia. When we adjusted experimental parameters to allow for an 

increased perfusion time of 120 min, we observed a threefold increase in LDH activity, thus 

confirming that our experimental parameters are optimized for 90-min perfusions. Increased 

placental LDH activity indicates that cellular toxicity has commenced and the organ should 

be discarded.
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Caspase-3, a member of the cysteine-aspartic acid protease (caspase) family, which is 

sequentially activated during the execution phase of cell apoptosis79–82, can be used after 

perfusion as a marker for cell apoptosis. We stained fresh placentas, as well as perfused and 

unperfused placentas at 40, 80 and 120 min after euthanasia, for activated caspase-3 

(Millipore, cat. no. AB3623) as previously described83. We designated a region of interest 

within the decidua (0.6 mm2) across the different time points and conditions, and we 

performed cell counting across three sections for each time point under the criteria of 

colocalized activated caspase-3 and DAPI staining (supplementary Fig. 3c–l). In accordance 

with the lactate production assays, activated caspase-3 staining indicates that generalized 

cell apoptosis does not commence until well after completion of the perfusion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Overview of the ex vivo perfusion system. (a) BubbleStop syringe warmer (SW); Teflon 

valve box (VB); ValveLink controller (VC); low-flow peristaltic pump (LFP); medium-flow 

peristaltic pump (MFP); in-line solution heater (SH); incubation chamber (IC); temperature 

controllers (TC); ultralow-flow peristaltic pumps (ULP). (b) Layout and function of the 

components of the ex vivo perfusion system. (c) Polyamide-coated, fused silica capillaries of 

various diameters inserted into Micro-Renathane tubing of 0.033-inch i.d. and sealed with 

multiple applications of cyanoacrylate.
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Figure 2. 
Effect of perfusion rate on placental morphology. E14 mouse placenta sectioned at 10-μm 

thickness on a Reichert Jung 1800 cryostat and stained with H&E. (a) Maternal and fetal 

blood spaces of fresh unperfused placenta still contain large pools of maternal (white 

arrowheads) and fetal (black arrowheads) blood. (b) After perfusion through the umbilical 

artery with PBS at 5 μl min −1 and through the uterine artery at 16 μl min −1 for 80 min, the 

tissue is mostly devoid of blood, but the overreaching morphology is still intact. (c) After 

perfusion with PBS at 12 μl min −1 for 80 min through the umbilical artery, the organ is 

clearly distorted, blood spaces are compressed by the flow rate and membranous tissue is 

completely destroyed. All animal experiments have been conducted in accordance with the 

National Institutes of Health Animal Use Guidelines and approved by the Institutional 

Animal Care and Use Committee at The University of Southern California. Scale bars, 200 

μm.
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Figure 3. 
Extraction and isolation of an E18 mouse placenta. (a) Once the mouse has been euthanized 

and the peritoneal cavity opened, splay the uterine horns out to reveal the uterine artery for 

excision. (b) Remove the embryos surrounding the placenta of interest and preserve 4–5 mm 

of uterine artery for cannulation. (c) Once separated, immediately transfer the uterine 

segment containing the placenta of interest to the incubation chamber. (d) At this point, open 

the amniotic sac and separate the placenta from the embryo, severing the umbilical cord as 

near to the embryo as possible. All animal experiments have been conducted in accordance 

with the National Institutes of Health Animal Use Guidelines and approved by the 

Institutional Animal Care and Use Committee at The University of Southern California.
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Figure 4. 
Preparation and perfusion of mouse placental tissue. (a,b) After the placenta is removed 

from the peritoneal cavity, remove the vitelline artery (a) from the umbilical cord and 

separate the umbilical artery and vein (b). Be careful to avoid puncturing the vascular wall 

(c). (d,e) Invert the placenta, exposing the uterine artery (d) for cannulation with a 200-μm 

fused silica catheter (e). (f,g) Clamp the artery on to the body of the catheter using an 11-

mm micro clamp (f) and revert the placenta to the original orientation, exposing the 

umbilical vasculature (g). (h,i) Cannulate the umbilical artery with a 105–150-μm fused 

silica catheter (h), and then clamp with a 7-mm micro clamp (i). (j–l) Perfuse the mouse 

placenta through both the uterine and umbilical arteries for an additional 15 min before 

collections begin to remove all innate maternal and fetal blood. All animal experiments have 

been conducted in accordance with the National Institutes of Health Animal Use Guidelines 

and approved by the Institutional Animal Care and Use Committee at The University of 

Southern California.
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TABLE 1

Troubleshooting table.

Step Problem Possible reason Solution

9 Air bubbles Solution not prewarmed Ensure solution is prewarmed to at least 40–50 °C

Air pockets in catheters Agitate the catheters as they are flushed to ensure all air is purged.

17 Arterial leak Pierced or punctured wall An arterial leak can be fixed by suturing the vascular wall to the catheter downstream 
of the leak (Supplementary Fig. 2 and Supplementary Video 2)

21 Arterial rigor Excessive delay Surgical processes improve over time, decreasing the delay, but as a short-term 
solution the umbilical vein and artery can be separated after the uterine artery has been 
cannulated, reducing umbilical contraction and stiffening

24 Venous collapse Elevated negative pressure Lowering negative pressure and removing the complete vascular seal can improve 
perfusion efficiency, but it does lead to reduced collection rate

Vascular wall suction Use of a larger-diameter catheter can prevent possible wall suction, as the larger 
diameter is more difficult to obstruct
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