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Abstract

Decades ago the human placenta was thought to be an impenetrable barrier between mother and unborn child. However, the discovery of
thalidomide-induced birth defects and many later studies afterwards proved the opposite. Today several harmful xenobiotics like nicotine, heroin,
methadone or drugs as well as environmental pollutants were described to overcome this barrier. With the growing use of nanotechnology,
the placenta is likely to come into contact with novel nanoparticles either accidentally through exposure or intentionally in the case of potential
nanomedical applications. Data from animal experiments cannot be extrapolated to humans because the placenta is the most species-specific
mammalian organ 1. Therefore, the ex vivo dual recirculating human placental perfusion, developed by Panigel et al. in 1967 2 and continuously
modified by Schneider et al. in 1972 3, can serve as an excellent model to study the transfer of xenobiotics or particles.

Here, we focus on the ex vivo dual recirculating human placental perfusion protocol and its further development to acquire reproducible results.

The placentae were obtained after informed consent of the mothers from uncomplicated term pregnancies undergoing caesarean delivery. The
fetal and maternal vessels of an intact cotyledon were cannulated and perfused at least for five hours. As a model particle fluorescently labelled
polystyrene particles with sizes of 80 and 500 nm in diameter were added to the maternal circuit. The 80 nm particles were able to cross the
placental barrier and provide a perfect example for a substance which is transferred across the placenta to the fetus while the 500 nm particles
were retained in the placental tissue or maternal circuit. The ex vivo human placental perfusion model is one of few models providing reliable
information about the transport behavior of xenobiotics at an important tissue barrier which delivers predictive and clinical relevant data.

Video Link

The video component of this article can be found at http://www.jove.com/video/50401/

Introduction

The placenta is a complex organ which is responsible for the exchange of oxygen, carbon dioxide, nutrients and waste products and at the same
time able to keep the two blood circuits of the mother and the growing fetus separated from each other. Additionally, it prevents rejection of the
child by the maternal immune system and secretes hormones to maintain pregnancy. The cellular barrier is formed by the cytotrophoblast cells
which fuse and form a true syncytium without lateral cell membranes 4,5. The whole placenta is organized in several cotyledons, which contain
one fetal villous tree and represent one functional unit of the placenta.

The study of the placental barrier function was intensified with the discovery of the thalidomide induced malformations in the 1960's. For obvious
reasons translocation studies with pregnant women cannot be performed. Consequently, various alternative models have been developed 6,7.
The most promising and probably most clinical relevant model is the ex vivo human placental perfusion model developed by Panigel and co-
workers 2,3.

Many women are exposed to different xenobiotics such as drugs or environmental pollutants during their pregnancy 8. For some drugs which
were already administered regularly during pregnancy, in vivo studies can be performed by comparison of the maternal blood concentration with
that in umbilical cord blood. However, generally there is only limited information about the pharmacokinetics and -dynamics in the fetus and the
teratogenicity of these substances.
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For example opiates like heroin easily cross the placental barrier and can lead to intrauterine growth restriction, preterm delivery or spontaneous
abortion 9,10. So, in case of missing abstinence during pregnancy a replacement therapy with methadone is recommended. The ex vivo human
placental perfusion model revealed that the transfer of methadone into the fetal circulation is negligible 11, which correlates well with the
calculated cord blood-to-maternal blood concentration ratio after delivery 12.

Nanotechnology is a growing field especially in medicine. So, beneath the naturally occurring fine (< 2.5 μm in diameter) and ultrafine particles (<
0.1 μm in diameter) in fumes of forest fires, volcano eruptions and in desert dust, exposure to engineered nanomaterials (at least one dimension
< 0.1 μm 13) is increasing. This raised questions about the toxicological potential of engineered nanomaterials. Although no human hazard could
be proved yet, there are principal experimental studies indicating that engineered nanoparticles can cause adverse biological responses leading
to toxicological outcomes 14. Recently, some studies indicated that prenatal exposure to air pollution is linked to a higher respiratory need and
airway inflammation in newborns and children 15,16. In addition, small nanoparticles might be used as drug carriers to specifically treat either the
fetus or the mother. Therefore, it becomes evident that extensive studies of distinct xenobiotics or nanomaterials and their ability to cross the
placental barrier are required. An actual overview on the current studies on placental permeability to engineered nanomaterials is summarized in
Menezes et al. 2011 17 and Buerki-Thurnherr et al. 2012 7.

The ex vivo dual recirculating human placental perfusion model provides a controlled and reliable system for studying the placental transport of
various endogenous and exogenous compounds 3,11,12,18,19 and a wide range of other functions of the placenta like mechanisms responsible for
the development of pathological states like preeclampsia 20-22. In this protocol we focus mainly on the set up, handling and method that allow the
study of accumulation, effects and translocation rates of a broad set of xenobiotics or nanoparticles.

Protocol

1. Preparing the Perfusion System

1. Set up the perfusion system consisting of a water bath, a perfusion chamber, two columns for oxygenation, two peristaltic pumps, two bubble
traps, two flow heaters and one pressure sensor (Figure 1). Connect these components with tubing sections composed of silicone and
polyvinyl chloride materials according to the scheme in Figure 2. Finally there are two circuits representing the fetal and maternal circuit,
respectively.

2. Turn on the water bath, the flow heaters and the heating for the perfusion chamber. The temperature should be 37 °C.
3. Warm up the perfusion medium (NCTC-135 tissue culture medium diluted 1:2 with Earle's buffer (6.8 g/L sodium chloride, 0.4 g/L potassium

chloride, 0.14 g/L monosodium phosphate, 0.2 g/L magnesium sulfate, 0.2 g/L calcium chloride, 2 g/L glucose) supplemented with glucose (1
g/L), dextran 40 (10 g/L), bovine serum albumin (10 g/L), sodium heparin (2,500 IU/L), amoxicilline (250 mg/L) and sodium bicarbonate (2.2
g/L); pH 7.4) in the water bath.

4. Consecutively rinse the arterial systems of the fetal and maternal circuit with a) 200 ml distilled water, b) 50 ml 1% sodium hydroxide, c) 1%
phosphoric acid and d) again 200 ml distilled water (flow rate: 15 - 20 ml/min).

5. Connect the fetal cannula (Ø 1.2 mm; blunt needle should be attached to a modified winged needle infusion set) to the fetal arterial tubing.
6. Rinse the arterial systems of the fetal and maternal circuit with perfusion medium until all tubes contain medium (flow rate: 15-20 ml/min).

During this step fill up the bubble traps and remove all bubbles downstream of the trap. Then stop the pumps. It is really important that the
afferent arterial tubes are always free of bubbles; otherwise after cannulation especially the fine fetal vessels can rupture.

7. Turn on the gas flow. The maternal circuit is oxygenated with 5% carbon dioxide and 95% synthetic air and the fetal circuit with 5% carbon
dioxide and 95% nitrogen.

8. Start the recording of the pressure sensor.

2. Cannulating the Placenta

1. Obtain intact placentae from uncomplicated term pregnancies after primary cesarean section. Written consent has to be given (was obtained
in the case of our studies) by the mothers before delivery and the study has to be approved by the local ethics committee (was the case in
our studies). First visual control should be done by midwives to assure a healthy and intact placenta.

2. Cannulation of the placenta is a critical step! During perfusion every small disruption in the tissue can lead to a leak between the maternal
and fetal circulation. The placenta has to be obtained within 30 min after delivery.

3. Select an intact cotyledon at the marginal zone of the placenta without visible disruptions on the maternal side. At the chorionic plate, tie up
both associated branches of the umbilical artery and vein upstream to the later cannulation side (towards the umbilical cord) by using surgical
suture material. Make always two knots.

4. Cannulate the fetal artery first. The fetal placental arteries are always smaller and thinner than the veins.
5. Make a suture around the fetal artery, but do not tie it up immediately. Hold the vessel with a forceps, cut the vessel carefully and put the

small cannula (Ø 1.2 mm) in the artery. Then tie up the suture (two knots).
6. Proceed with the fetal vein in the same manner but use a bigger cannula (Ø 1.5-1.8 mm; blunt needle should be attached to a modified

winged needle infusion set).
7. Turn on the fetal pump (2 ml/min). If there is no visible leak and blood emanates out of the fetal vein cannula, slowly increase the flow up to 4

ml/min. Observe the pressure in the fetal artery, it should not exceed 70 mmHg. If fluid leaks out at the fetal or maternal cannula fix them with
another suture.

8. Place the placenta on the tissue holder with the fetal side up and pull the placental membrane and tissue over the spikes. In the end the
perfused cotyledon should be in the middle of the hole in the tissue holder.

9. Stabilize the part where only the membrane holds the placenta with a silicone membrane (Ø 1 mm) or alternatively two parafilm pieces.
10. Assemble the complete tissue holder, tighten the screws and cut the overhanging tissue. Please note that the venous and arterial cannulae

are not pinched but instead lay in the small channels of the tissue holder.
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11. Turn the tissue holder upside down, put it into the perfusion chamber and add the cover. Now, the maternal side should be at the top. Check
always if the fetal circuit is still intact and the medium is flowing out of the fetal vein tubing.

12. Turn on the maternal pump (12 ml/min). Introduce the three blunt cannulae (Ø 0.8 mm) at the end of the maternal artery tube into the
intervillous space by penetrating the decidual plate. To return the perfusate to the maternal circuit put one tube as venous drain which is also
connected with the maternal pump to the lowest position in the upper part of the perfusion chamber.

13. Connect the fetal vein cannula to the fetal vein tube.

3. Executing the Pre- and Experimental Phase of Perfusion

1. To allow the tissue to recover from the ischemic period after delivery and to flush out the blood in the intervillous space, an open pre-phase of
20 min is necessary. That means the maternal and fetal vein are not leading back to the arterial reservoir containing the perfusion medium.
Collect the fetal and maternal venous outflow in a bottle and discard it after the pre-phase.

2. To assess the integrity of the perfusion perform another pre-phase of 20 min but in a closed circuit. Use two separate reservoirs with
perfusion medium for the fetal and maternal circuit and close the circuits by leading the fetal venous outflow back in the fetal reservoir and the
maternal venous outflow back in the maternal reservoir.

3. For the main perfusion experiment prepare two flasks with 120 ml perfusion medium (one for the maternal and one for the fetal reservoir).
Add the radiolabeled 14C-antipyrine (4 nCi/ml; serves as positive control; CAUTION: radioactive substance) and the fluorescently labeled
xenobiotic or nanoparticles which one wants to analyze to the maternal reservoir. Mix the maternal perfusate well.

4. Start the experiment by exchanging the pure perfusion medium with the two prepared flasks (fetal and maternal reservoirs). Close the circuits
by leading the fetal venous outflow back in the fetal reservoir and the maternal venous outflow back in the maternal reservoir.

5. Continue the perfusion for 6 hr and take samples regularly. Always resuspend the medium in the fetal and maternal reservoir before
withdrawal.

6. Control the pressure in the fetal artery (should not exceed 70 mmHg), pH in both circuits (should be in a physiological range 7.2-7.4) and
the volume of both reservoirs (fetal volume loss should not exceed 4 ml/hr) during perfusion. If necessary adjust the pH values using either
hydrochloric acid or sodium hydroxide.

7. If the volume loss in the fetal reservoir exceeds 4 ml/hr there is a leak in the tissue and one has to stop the perfusion. The success rate of a
perfusion for 6 hr without leak is about 15-20%.

8. Stop the perfusion after 6 hr. Turn out the pumps, water bath, flow heaters and gas flow.
9. Remove the placenta from the tissue holder, cut the perfused cotyledon (brighter than the unperfused tissue) and weigh it.
10. Take samples from unperfused (part of the placenta which was cut in the beginning; could be already taken during the pre-phase) and

perfused tissue (each about 1 g) and store them at -20 °C until homogenization or in liquid nitrogen for later analysis. Fix another tissue
sample in 4% formalin for histopathological evaluation. The samples should include all layers of the placenta.

11. Clean the tubes after perfusion by successively rinsing the arterial systems of the fetal and maternal circuit with a) 200 ml distilled water, b)
50 ml 1% sodium hydroxide, c) 50 ml 1% phosphoric acid and d) again 200 ml distilled water (flow: 15-20 ml/min).

The entire working procedure of the placenta perfusion experiment is depicted in Figure 3.

4. Analyzing the Samples

1. Centrifuge the perfusate samples for 10 min at 800 x g before analysis to remove residual erythrocytes. Take the supernatant for the further
analysis. The samples can be left overnight at 4 °C. For the analysis of leptin and hCG production the samples can be stored at -20 °C.

2. To evaluate the permeability of the placenta analyze the 14C-antipyrine by liquid scintillation. Mix 300 μl of the fetal and maternal samples with
3 ml scintillation cocktail and measure for 5 min in a beta counter.

3. To assess the transfer of the fluorescent nanoparticles or the xenobiotic of interest read the fluorescence at 485 nm excitation and 528 nm
emission in a microplate reader (indicated wavelengths are for analysis of the yellow green label which we used for the nanoparticles).

4. To determine the viability of the placental tissue during perfusion measure the glucose consumption and lactate production in the fetal
and maternal circuit with an automated blood gas system. Additionally, evaluate the production of the placental hormones human
choriongonadotropin (hCG) and leptin in the homogenized tissue samples and the perfusates by enzyme-linked immunosorbent assay
(ELISA).

Representative Results

Figure 4A shows the perfusion profiles of small polystyrene particles (80 nm) which were transported across the placenta compared to bigger
polystyrene particles (500 nm) which were not transferred to the fetal compartment. Each data point represents the mean particle concentration
to the given time point of at least 3 independent experiments. For polystyrene nanoparticles the placental transfer is size-dependent 19. After
3 hr of placenta perfusion already 20-30% of the initially added 80 nm polystyrene particles were transferred from the maternal to the fetal
circuit, while the 500 nm polystyrene particles were not appearing in the fetal circuit even after 6 hr of perfusion. Nevertheless, the maternal
concentration of the 500 nm particles is decreasing. Fluorescence images on histological section of the tissue after perfusion showed that these
particles accumulate in the villi of the placenta (data not shown). Figure 4B depicts a characteristic perfusion profile of the radiolabeled 14C-
antipyrine. Antipyrine as a small lipophilic molecule is distributed over the placental barrier via passive diffusion and serves as control for the
integrity of the circuits. After 4-6 hr of perfusion an equilibrium between the fetal and maternal antipyrine concentration should be built 23. To
assess and compare the placental transport rate of xenobiotics the fetal-to-maternal drug concentration (F/M) ratio is usually displayed (Figure
5).

Through the analysis of lactate and placental hormone (human choriongonadotropin and leptin) production as well as glucose consumption the
viability and functionality of the placental tissue during the perfusion could be monitored (Figure 6). The values for the perfusions with xenobiotic
should always be in the same range as the values from control perfusion without xenobiotic. In addition, histopathological evaluation of the
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perfused placental tissue could be performed. A comparison with non-perfused placental tissue could then reveal pathological changes due to
perfusion (e.g. bacterial contamination) and therefore could serve as another quality control parameter.

Further representative results obtained with the ex vivo dual recirculating human placental perfusion model were published recently 11,19.

 
Figure 1. Ex vivo human placental perfusion set-up. 1) Water bath with maternal and fetal reservoirs, 2) perfusion chamber, 3) bubble trap, 4)
oxygenator columns, and 5) flow heater.

 
Figure 2. Schematic illustration of the ex vivo human placental perfusion model. FA: fetal artery; FV: fetal vein; MA: maternal artery; MV:
maternal vein; BT: bubble trap; PS: pressure sensor

 
Figure 3. Working procedure of an ex vivo human placental perfusion experiment. After delivery the placenta has to be cannulated within
30 min. Before the 6 hr experimental phase with recirculation an open pre-phase and closed pre-phase should be performed for at least 20 min
each.
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Figure 4. Perfusion profiles of polystyrene particles and 14C-antipyrine 19. Perfusion profile of polystyrene particles in the sizes 80 nm
(n=4) and 500 nm (n=3). Initially 25 μg/ml particles and 4.2 nCi/ml 14C-antipyrine were added to the maternal circuit. The amount of particles
(A) and 14C-antipyrine (B) were measured in the maternal (M, solid symbols) and fetal (F, open symbols) circuits after the indicated time points.
Displayed is the mean concentration ± SE. Click here to view larger figure.

 
Figure 5. Size-dependent transfer of polystyrene particles across the human placenta 19. The ratios between fetal and maternal
concentrations of 14C-antipyrine and polystyrene particles were calculated after 180 min of placenta perfusion. Data represent the mean ± SE of
at least 3 independent experiments. The control column depicts perfusions without particles but with 14C-antipyrine. (* p < 0.05 compared with 80
nm ratio value).

 
Figure 6. Viability of the placental tissue during perfusion 19. (A) Glucose consumption and lactate production in the perfused placenta.
Displayed is the sum of changes in total content in the circuits (fetal and maternal) over time divided by the weight of the perfused cotyledon.
(B) Normalized net production (NP divided by initial tissue content T0) of the placental hormones human choriongonadotropin and leptin. Data
represent the mean ± SE of at least 3 independent experiments.

Discussion

Beneath the dual recirculating perfusion showed here, there are several other experimental configurations possible depending on the question
which has to be answered. Particularly open placental perfusions are commonly used to assess the drug clearance at steady-state concentration
3. The recirculating perfusion set-up can be also applied to confirm active transport of endogenous or exogenous substances. For this approach
the same concentration of the xenobiotic has to be added to the maternal and the fetal circulation. Assumed that there is active transport against
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the concentration gradient, accumulation of the test substance in either one of the both circuits may be observed 24. Of note, the addition of the
test substance only to the fetal circuit is also feasible and can reveal the mechanism of transport across the placental barrier of this particular
substance 25.

The protocol has evolved over time and can vary between different research groups especially concerning the flow rate, composition of perfusion
medium, form of oxygenation and heating 26,27. Especially the flow rate can influence the time at which transplacental transfer occurs. To control
this, the addition of a passively transported reference compound like antipyrine is important. The transfer rate of the xenobiotic can be always
compared to the transfer rate of antipyrine (F/M ratio should be above 0.75) 26. Since the antipyrine transfer is mainly limited by the flow and
exchange surface, this comparison takes differences in the flow and the size of the perfused cotyledon into account which could vary between
the experiments. In addition, FITC-dextran could be added to the fetal circuit to serve as control for the integrity of the barrier 26. Fetal volume
loss is also used as marker for the barrier integrity. Usually a fetal fluid loss up to 4 ml/hr is allowed 28, but there is no generally accepted limit.

Obviously, there are some disadvantages of the ex vivo human placental perfusion method like inter-individual variations and a low success rate
(15-20%). Moreover, a perfusion period of 6 hr cannot simulate a chronic drug treatment and therefore can't completely exclude the transfer of
a xenobiotic after long-term exposure. Another limitation of the model is that mainly the transplacental transfer at term is assessed while the
transport rate at early gestational ages when the barrier is thicker remains still unknown. Indeed, perfusion of first trimester placentae is possible
but the availability of these placentae is rather limited. Nevertheless, up to now the ex vivo placental perfusion method is the only model to study
the transport of various xenobiotics or nanoparticles in organized human placental tissue. While toxicodynamics in the ex vivo human perfusion
model can be analyzed only in the placental tissue, animal experiments can indeed provide also information about the embryotoxicity. Though,
because of the anatomic differences of the placental barrier between humans and rodents these results cannot be extrapolated to humans 4,5.
Another possibility to investigate transplacental transfer may be cell culture models like primary cytotrophoblasts, choriocarcinoma cell lines,
isolated plasma membrane vesicles or placental tissue explants 29. The most used model is the BeWo cell line; these cells are derived from a
malignant gestational choriocarcinoma and can form a confluent monolayer on a permeable membrane, so transport studies can be performed.
Results of transport studies using the BeWo cell model correlate well with results obtained in the ex vivo human placental perfusion 30. However,
to study the details of drug transport (e.g. contribution of a specific transport protein) and metabolism, the BeWo cell model may be more feasible
primarily because it is easier to handle and susceptible to manipulation like expression of genetically altered transporters or enzymes, but
regarding general drug transfer studies the reliability of this model is limited. It lacks blood flow and the integrity of the monolayer has to be
evaluated carefully since it depends on several factors like cell culture conditions, seeding density, exposure duration and the membrane insert
6,29.

Different xenobiotics and also nanoparticles bind to various plasma proteins which can significantly influence the transplacental transfer 31;
considering the binding to plasma proteins is therefore important. The perfusion medium contains bovine serum albumin, the most frequent
plasma protein. Recently, a study showed that the transfer ratios of various substances obtained with the ex vivo human placental perfusion
model correlate well with the in vivo cord blood to maternal blood concentration ratios when the transfer ratios were adjusted according to the
extent of plasma protein binding 12.

Overall, the ex vivo placental perfusion model is a valid and reliable method to study the transport across the human placenta and to predict the
in vivo transplacental passage of xenobiotics and nanoparticles.
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