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The placenta is a fetal organ that separates the maternal from the fetal circulation and mediates
the transfer of nutrients between the mother and the fetus. Placental transfer of nutrients occurs
across the placentalvilli, which are finely branched tree-like structures. Nutrients fromthe matemal
blood in the intervillous space cross the villous barrier and then enter the fetal capillaries. A healthy
pregnancy outcome is dependent on adequate placental transfer of gases and nutrients from the
maternalto the fetalcirculation. Impairments in nutrient transfer lead to altered fetal growth, which
also has health implications in later life. While the transport mechanisms that mediate this transfer
are known, the ways in which these interact as a system are not well understood.

Mathematical modelling provides a tool to enhance the interpretation of placental transfer
experiments. In this thesis, physiologically based compartmental models were employed for the
study of nutrient transfer between the mother and the fetus and validated with data from ex vivo
placental perfusion and in vivo clinical experiments. With respect to previous models, a more
extensive range of modelling applications is presented in this thesis including several different
transport mechanisms. Model implementation was carried out for fatty acids, amino acids and
cortisol. In particular, fatty acids were studied extensively in vivo and in vitro. In addition, a 3D image
based modelling approach of the placental microstructures was carried out. The main novelty
compared to previous approaches was that the transport of nutrients in the maternal blood was
modelled explicitly and a study of nutrient uptake with respect to different maternal blood flow
rates was performed.

The main objectives of this thesis were to increase the biological understanding o f placental transfer
and to provide a platform for quantification, prediction and evaluation of nutrient transfer across
the placenta. This may ultimately form the basis for clinical tools to help physicians to prevent,
recognise, intervene and cure problematic pregnancies.

The main results of the thesis were that placental metabolism was found to play a rate-limiting role
in fatty acid and amino acid transfer and that the flow environment in the placental microstructure
had a significant effect on limiting transfer. Examples of application of the proposed models to
experimental data from external collaborators was successful and enhanced their interpretation
and value.

Future work needs to focus on the further investigation of placental metabolism, such as the
localisation and characterisation of metabolic sub compartments. Moreover, future modelling
investigation of the 3D microstructure of the placenta should focus onthe inclusion of both matemal
and fetal capillary flow and the implememntation of more complex transport mechanisms. The
models developed in this thesis could equally be used to study the transfer of other substances, e.g.
drugs or toxins, in normaland altered pregnancies. In this respect, the models presented should be
integrated as part of the realisation of a “virtual” placenta.
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Chapter 1: Introduction

Pregnancy is a critical period of physiological change for the mother while the feto-
placental unit develops within the uterus. Pregnancy lasts around 39 weeks. During the
pregnancy, the placenta is the organ separating the maternal from the fetal blood, while
supporting the normal growth and development of the fetus. Fetal growth is dictated by
interaction between the fetuses genetic potential and the supply of maternal nutrients via
the placenta [1]. Placental pathologies are the main cause (65%) of intrauterine fetal death
after the 20™ week of pregnancy [2]. Thus, analysing the placenta is of great interest as it
may help to determine the origin of pregnancy outcomes, which spans from abnormalities
in placental physiology (e.g. maternal floor infraction), to diseases that do not originate in
the placenta but cause abnormal placental function (e.g. maternal under-perfusion) and to
abnormalities in the intrauterine environment (e.g. altered expression of nutrient
transporters). Although the placenta is usually discarded after birth, it is a unique source of
information and can be studied immediately after birth (e.g. ex vivo perfusions or tissue
analysis).

Nutrient flux across the placenta is dependent on the accessibility of the placental structure
(micro- and macro-structure), nutrient-specific transporters, utero-placental and umbilical
blood flows. Transfer of highly permeable molecules, such as oxygen, is particularly
dependent on flow, while for less permeable substances, such as fatty acids, the placenta
possesses specific membrane transport systems that will be rate determining.

Fatty acids are the building blocks for cell membranes and precursors for several
biosynthetic pathways. They serve many critical roles in fetal life including the development
of the fetal brain and fat accretion [3-5]. It has been shown an association between the
percentage of maternal plasma omega-3 fatty acid during gestation and the development
of cognitive functions in the neonate [6]. Nonetheless, fatty acids are hydrophobic
compounds in a hydrophilic environment and their passive transport mechanisms across
biological membranes is not well understood, placental transport included. A novel multi-
compartmental model of the placental fatty acid transfer will be presented in the thesis.
This model will be adapted to two experimental studies by external collaborators to

simulate placental fatty acid transfer under different operating conditions.
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Another important class of nutrients for a healthy fetal growth are the amino acids. They
are the building blocks of proteins. Impaired fetal growth, such as intrauterine growth
restriction (IUGR), has been shown to be associated with inadequate placental amino acid
transfer [7-9]. Amino acid transport across the placental membranes is actively mediated
by a range of distinct membrane transporters, however the ways in which these
transporters interact as a system is hard to predict intuitively. An adaptation of a pre-
existent multi-compartmental model of the placental amino acidtransfer, including several
transport mechanisms, will be presented in the thesis and for the first time compared to
experimental data.

Not only nutrients get across the placenta, also hormones. Cortisol is a hormone secreted
by the mother that is increased in response to stress. Perinatal exposure to higher levels of
cortisol retards the fetal growth leading to low weight offspring [10]. In order to protect
the fetus, the placenta activates an enzyme, 11B-hydroxysteriod dehydrogenase 2 (11B-
HSD2), which converts cortisol into its inactive form, cortisone. This protects the fetus from
exposure to maternal cortisone. Nonetheless, the efficiency of this biochemical “barrier” is
not clear. A novel compartmental model of the placental cortisol and cortisone transfer will
be presented in the thesis, including the enzymatic conversion from cortisol to cortisone.
Placental morphology may become a major factor limiting transfer for small solutes [11].
For example, severe abnormal placental physiology cancompromise oxygen transport with
immediate fetal impact and may lead to permanent fetal brain damage and death [12]. It
was, therefore, a major objective to use modelling to evaluate the effect of the placental
geometry, especially by including the microscale features where the transfer is thought to
occur. Nonetheless, placental morphology is highly complex, and its representation has
previously mainly consisted of 1D or 2D structures or simplified 3D continuum approaches
[11]. Inthis thesis, an innovative method employing 3D image based modelling using finite
element analysis will be implemented, with the focus on the impact of the maternal blood
flow on placental transfer, which has not been considered previously.

Overall, computational methods will provide useful tools in helping to understand the
underlying biology, to provide predictive methods that can be integrated into the design of
experimental studies and ultimately to provide a support platform to facilitate clinical
decisions. Although most of the effort in this project was invested in modelling placental
transfer of specific nutrients (in particular fatty acids), the approach could be equally

applied to other nutrients or drugs. In addition, the 3D image-based finite element



modelling (FEM) approach presented at the end of the thesis, not only complements the
compartmental modelling approaches but also represents a very innovative field with
significant potential to be expanded into further multiscale modelling studies, going from

the microscale to the entire placenta.

1.1  Summary of the aims of the thesis

The main aims of this thesis are:

1) Propose a novel compartmental model for the transfer of fatty acids across the placenta
2) Apply the fatty acid model to

a. compare lean and obese pregnant mothers

b. analyse in vivo experimental data
3) Extendthe compartmental approachtothe placental transfer of amino acids and cortisol

4) Develop microscale 3D models for the placental transfer of a diffusive solute

A general modelling paradigm will be followed, where possible, throughout the thesis as outlined

in Fig. 1.1.

1.2 Thesis structure

The text is structured as follows: the present introductory Chapter 1, followed by a Background
Chapter 2 providing an overview of the placental physiology, nutrient transport, perfusion
experiments and previous modelling work. The model of fatty acidstransferis presentedin Chapter
3andappliedto an exvivo placental perfusionexperiment. A further ex vivo application of thisfatty
acid transfer model was presented in Chapter 4, where aninvestigation was carried out to compare
the transfer of fatty acids betweenlean and obese mothers. An example of an in vivo application of
the fatty acid model was presented in Chapter 5, where the model was adapted to study the
placental transfer of fatty acids in pregnant women. A modelling evaluation of the effect of
placental blood flow on the transfer of amino acids is presented in Chapter 6. A first modelling
exploration of cortisol transferis presented in Chapter 7. The 3D image based model forthe effect
of the placental microstructure on transferis presented inChapter 8. Finally, in Chapter9, the thesis
concludes with an overall discussion of the modelling results, including perspectives for future

work.



Chapter 1 Introduction
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Figure 1.1. Workflow paradigm for developing the placental models in this thesis.

The modelneeds to incorporate aspects of the placentaltransfer system alongside the experimental

design. As part of the modelling process, a number of necessary simplifications and assumptions will

be selected in accordance with the scope of the investigation and the level of available knowledge.

Once the modelstructure has been determined, simulations are carried out and a set of parameters

of interest can be estimated from the experimentaldata. If required, as indicated by the simulation

results, the model structure can be refined in an iterative loop (dashed line).



Chapter 2: Background

The placentaisthe interface between the motherand the growingfetus. It supplies the fetuswith
water, nutrients and oxygen, while clearing carbon dioxide and other wastes from the fetal
circulation. It is a selective barrier between the maternal and fetal circulations and has metabolic
and endocrine roles, thus fulfilling functions of multiple organs. Understanding the placental
function is important in order to understand fetal development. Studying the placenta may help
the assessment of baby healthrisks as a valuable source of information about the development of
the baby during pregnancy. The rate of nutrient transfer is greatest in the third trimester of
pregnancy (from 24" week of gestation until birth) and the mature placenta willbe the focus of the

work presented in this work.

2.1 Structure of the placenta

The placentaisa fetal organ developed by almost all mammals during pregnancy, including Homo
Sapiens (Fig. 2.1). A healthy human placentais a disk-like with an average diameter of 22 cm [13].
The average thickness of the delivered organis 2.5cm and the average weightisaround 450 g [13].
The two faces of the placenta are the chorionic plate (which stemsthe umbilical cord, Fig. 2.2A) and
the basal plate (which attaches to the uterine wall, Fig. 2.2B). The placentaseparates the matemal
fromthe fetal blood anditis subdivided into functionaltransfer units, called cotyledons orlobules.

Itis estimated that a healthy placenta has more than twenty cotyledons [13].

Umbilical —
Cord

Figure 2.1. Overview of the placental location and womb anatomy.

Image adapted from [13].
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Figure 2.2. Appearance of the human placenta. (A) Chorionic plate. (B) Basal plate.
Image adapted from [13].

The placentais derived from embryonictissuesand does not contain any maternal tissue as part of
its structure. Maternal blood leaves the maternal vascular system when it spills out into the
intervillous space from uterine spiral arteries. The maternal blood then percolates between the
placental villi leaving via openings into uterine veins where it re-enters the maternal vascular
system. The oxygenated blood flows in by the uterine spiral arteries and the deoxygenated blood
is drained by the uterine decidual veins (Fig. 2.3). Although many years of human placentastudies
have passed, the exact number of spiral arteries and decidual veins perfusing the placenta is still
unknown owing to the difficulty finding the vessels and distinguish between arteries and veins at
the delivery[13]. The physical space in which the spiralarteries bring the blood is called intervillous
space that is the space between the fetal villi.

The placenta has a villous structure, where the villi have a tree-like shape. The villi form the
intervillous space in a conformation that augment their surface available for exchange, which is
estimatedtobe around 13 m? [14]. As a tree, it has several generations of branches that differ by
their calibre, stromal structure, vessel structure and location within the villous tree. According to
these criteria, five villi types are distinguished: stem villi (300—3000 um of calibre), immature
intermediate villi (60—-200 um of calibre), mature intermediate villi (40-80 um of calibre), terminal
villiand mesenchymal villi (30—80 um of calibre) [13]. Inside of each villus, fetal capillaries stream
fetal blood fromthe umbilical arteries to the umbilical vein. All the nutrient exchange between the
mother and the baby take place at the surface of the villi (Fig. 2.5). In particular, the exchange
mainly occurs in the smallest branches of the tree, i.e. the terminal villi(at the micro-scale level of

the placental structure, Fig. 2.4 A, B, C).



Inside the terminal villi the fetal capillaries are located close to the Syncytiotrophoblast [13], and
sometimesthe distance between the villimembrane and the capillaryis furtherreduced (vasculo-
syncytial membranes [13]). Generally, between the villous and inner fetal capillaries, there are
three mainstructural layers (Fig. 2.3, 2.6): (1) The syncytiotrophoblastis a thin trophoblastic cover
in the form of a syncytium (asingle cell or cytoplasmic mass containing several nuclei in which the
cytoplasm of constituent cells is continuous), characterized by a mother-facing brush border
membrane, and named micro-villous membrane (MVM) which is in direct contact with the
intervillous space. On the fetal side of the syncytiotrophoblast there is the basal membrane (BM)
[15]; (2) The stroma is a connective tissue with structural functions and contains few fibroblasts
and macrophages (called Hofbauer cells). (3) The fetal capillary endothelium, whose endothelial
cells surround the vessel, are characterized by clefts between them.

Nutrient transfer from motherto fetus passes through the different compartments and barriersin
this order: maternal arterial blood, uterine spiral artery, intervillous space, MVM of the
syncytiotrophoblast, BM of the syncytiotrophoblast, stroma, fetal capillaries, umbilical vein, and
fetal arterial blood. This pathway is reversed for transfer of fetal wastes to the mother.

The role of the fetal capillaries endothelium as a barrier is unclear [16, 17]. For nutrients such as
glucose and amino acids, it is believed they simple diffuse through the junctions between
endothelial cells. However, itis less clear how hydrophobicnutrients, such as fatty acids, cross this
barrier, as they need to be bound to a carrier protein. Among the physical components of the
placental system, the syncytiotrophoblast has a very dynamic environment possessing metabolic

and regulatory pathways. The syncytiotrophoblastis consideredthe main transport barrier [18-20].
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Figure 2.3 A schematic cross-section of the human placenta.
The maternal side of the placenta originates from the uterus wall and has vessels (spiral arteries)
bringing the oxygenated maternal bloodinto the intervillous space, which is the space between each
villous tree and the spiral arteries outlet. The deoxygenated blood is drawn from the intervillous
space into the decidual veins. The fetal side of the placenta is represented by the fetal capillaries
and originates from the fetus. The villi are in a tree-like configuration and they have branches of
several calibres. The insert to the right shows in detail a schematic cross-section structural layer of
the placenta. They are the syncytiotrophoblast layer (where some nuclei are illustrated (N))
possessing two membranes, the microvilli membrane (MVM) and the basal membrane (BM),
respectively facing the maternal and the fetal blood; The inner villous is vascularized by the fetal
capillaries (FC), which are surrounded by the endothelial cells (EC), with a thin layer of connective
tissue (stroma). Note that, although this is a commonly used schematic, the actual structure

possesses more discretely divided lobules (cotyledons). Image modified from [21].



Figure 2.4. Placental villous type microscope photographs.
(A) Mature intermediate villus. (B): Zoom of the mature intermediate villus showing the branching
into terminalvilli. (C): A group of terminal villi, with the central one showing a typically constricted

neck region and a dilated final portion. Image taken with permission from [13].

stem villus mature intermediate villus terminal villi

Figure 2.5. Schematic of the typical structure of the inside of a placental villous.

Location of fetal vessels inside a villous tree. The blue colour represents the fetal arteries and
arterioles (de-oxygenatedblood). The red represents the fetal venules and veins (oxygenated blood).

Green stands for the stroma. Image adapted from [13].
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trophoblast stroma

endothelium

Figure 2.6. Terminal villi 3D images.
Confocal 3D projection images of placental terminal villi from term human placenta showing the
three structural layers: The outer layer trophoblast localizing the MVM (in blue). The connective

stroma (in red). The fetal capillary endothelium (in green). Image courtesy of Prof. R.M. Lewis,

University of Southampton.

2.2 Placental functions

The placenta has multiple roles, mediating selective transfer of various types of molecules:
nutrients, gases and wastes as well as being an endocrine organ that secretesthe hormones, which

adapt maternal physiology to support the pregnancy.

221 Transfer of substances and gasses between maternal and fetal circulations

Factors that influence transport across the placenta include uterine and umbilical blood flow, the
area available for exchange, placental metabolism and the membrane transport system. Altered
fetal growth is likely to occur as a consequence of one or more impairments of these factors [15,
16]. Transfer of highly permeable molecules, such as oxygen and carbon dioxide is particularly

influenced by the flow [17]. For less permeable substrates, the placenta possesses both active and
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passive transport mechanisms [18] (Fig. 2.7). There is also a paracellularroute across the placenta
that is not well defined due to the syncytiotrophoblast’s lack of junctions between cells that
normally mediate paracellular diffusion. However, despite an absence of an obvious physical route,
there is clear evidence that such a route exists [22].

The primary barrier for the transport is commonly thought to be the syncytiotrophoblast layer.
Therefore, the characteristics of both MVMand BM will have a majorinfluence onthe net placental

nutrient transport.

Pores Transporter proteins Coated pits
Mother | l
I L
Placenta
' A
: ) |
Fetus Y
Na*
ENDOCYTOSIS/
DIFFUSION TRANSPORTER-MEDIATED EXOCYTOSIS
s . ™\
Facilitated Exchange Active
transport transport transport
\ J
Gases, FFAs, urea  Glucose, FFAs Amingacids lgG

Figure 2.7. Diagram of the main processes of transport typically found in the placental
membranes.
Diffusion is the passage of simple molecules through the lipid bilayers or pores following the
thermodynamic gradient (e.g. this is the case for O,). Transporter-mediated refers to transport
across the membranes dependent on carrier proteins embeddedin the membrane, which commonly
facilitate the transport across the lipid bilayer of hydrophilic molecules. Transported-mediated can
be passive (Facilitated transport, e.qg. for glucose, and Exchange transport, e.q. for specific amino
acids) or active (Active transport, e.qg. for certain amino-acids or ions), in which the transporter
pumps against the gradient. Active transport can be a combination of primary Exchange transport
and secondary Active transport (e.g. for specificamino acids). Endocytosis/exocytosis is the process
of invagination/expulsion of vesicles containing molecules (e.g. immunoglobulin G, IgG). Note that,
although no one has ever found actual pores in the placental membranes, they are sketched here to

represent potential mechanisms for the paracellular route. Image adapted from [23].
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2.2.2 Fatty acids

A fatty acid is a carboxylicacid with an aliphatic chain characterised by the presence of single
(saturated) or double bonds(unsaturated). Fatty acids form lipids (i.e. fat) whenone or many (non-
esterified)fatty acids (NEFA) esterifywithan alcohol, such as glycerol, forming the compound called
ester. The most common esters are the triglycerides(TG), cholesteryl esters (CE) and phospholipids
(PL). Mainly, TGformthe lipid depositinthe tissueanditis used as cellular fuel, CEand PL form the
membranes, and all of them have several metabolic functions. Fatty acids vary in length and they
can be short-chain (C < 14) or long-chain (C> 14) fatty acids. They can also be classified according
to the degree of double bonds in their carbon chain as saturated (no double bonds),
monounsaturated (one double bond) and poly-unsaturated fatty acids (PUFA, multiple double
bonds). Long-chain fatty acids are found in appreciable amountsinthe humans, and the PUFA are
of particular metabolicand immune response importance. When PUFA have their first double bond
inthe third carbon, they are called omega-3 (similarly, when they have the first bound on the sixth
carbon, they are called omega-6). Another classification of fatty acids (typical for the PUFA) is if
theyare “essential”, i.e.if the human body cannot synthetize them but they are still necessary for
the regular maintenance of the body. Many omega-6 and omega-3 are essential fatty acids. For
example, Linoleic Acid (LA) is an essential omega-6 PUFA and Docosahexaenoic Acid (DHA) is an
essentialomega-3PUFA. The essential PUFAare considered of critical importance fora correct fetus
growth [5]. For sake of terminology, when using the term fatty acids we willreferto the long-chain

fatty acids in —cis conformation, as the -trans configuration is not found in nature.

2.2.2.1 Fatty acids in the placenta

Although the fetus might be able to synthesize saturated fatty acids and simple unsaturated fatty
acids de-novo from glucose [24], the fetus cannot make long chain polyunsaturated fatty acids and
these must be transported from the mother across the placenta [25]. The fetus needs these long
chain polyunsaturatedfatty acids to maintainthe composition of its cell membranes and deficency
leads to neurodevelopmental impairment.

Once ingested as part of the diet, lipids are broken down into fatty acids that are absorbed by the
gut endothelium where they are predominantly converted into TG. As TG is not watersoluble, itis
released into the body encapsulated into a form of lipoprotein called chylomicron [26].
Chylomicrons transport this exogenous dietary triglyceride to the body tissues, especially musde
and adipose, where the fatty acids are released by lipases. The chylomicron remnants are then
taken up by the liver.

Within the body, endogenous lipid metabolism is controlled by the liver that secretes esterified

fatty acids in lipoproteins that transport them around the body. Lipoproteins are classified upon
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theirdensity, whichisinversely proportional to the amount of triglyceride they contain (very low-
density lipoproteins VLDL, low density lipoproteins LDL, mediumdensity lipoproteinsMDLand high
density lipoproteins HDL). Lipases act on the chylomicron and lipoproteins to release fatty acids,
some of which are taken up by the tissuein whichthe lipases work. Lipases catalyse the dissociation
of esters(e.g. TG) into NEFA. NEFA is the primary form in which afatty acid can move across plasma
membranes. Other routes include lysophospholipid transporters and endocytosis of lipoproteins.
The lipases are found in several tissues, such as adipose tissue, muscles, heart, liver and placenta
[27, 28].

During a healthy pregnancy, the maternal lipid profile shifts from an anabolic to a catabolic state
and this results in gestational hypertriglyceridemia. This elevates the plasma concentrations of
triglycerides (+300%), cholesterol (+25-50%) and the lipoprotein, all this favouring their availability
for the fetus [5]. The placenta takes up and transports fatty acids in their non-esterified form
(NEFA), however, the availability of NEFA is limited since the majority of the fatty acids are in the
lipoproteins [29]. Lipases onthe MVM degrade the TG within the lipoproteins into NEFA and make
them available to the placentaforuptake. There are specificlipases for TG (lipoprotein lipase, LPL)
and PL (endothelium lipase, EL) [27, 30] to break down the lipases to provide NEFA at the MVM
(Fig. 2.8A). For the sake of terminology, from now on, when we refer to fatty acids, we mean the

non-esterified fatty acids (NEFA).

2.2.2.2 Fatty acid transport in the placenta

Because fatty acids have low solubility in aqueous solutions such as blood plasma and interstitial
fluids (e.g. intervillous space or syncytiotrophoblast cytosol), fatty acids require binding proteinsto
increase their concentration in those compartments [31, 32]. Plasma albumin binds the majority of
the fatty acids in the blood. Since albumin cannot cross the plasma membrane, the fatty acids
detach forming a local fatty acid transport gradient across the membrane [33]. The albumin
association-dissociation with NEFA is in equilibrium. However, the mechanisms of dissociation of
NEFA from albumin for the membrane transport is under debate, where dissociation may either
occur before approaching the membrane [33] or in the proximity of the membrane [34]. Some
authors have speculated the existence of a specific membrane mediator for albumin [33].

Experimental evidence exists for both simple(e.g. flip-flop [35]) and protein mediated transport of
fatty acids across the plasma membranes [31]. Simple diffusion is thought sufficiently rapid to
supply the cell when the fatty acids are non-ionized and primarily in the situation of fatty acids
concentrations ratio with albumin concentration greater than 3 [36]. However, if the unboundfatty
acids adjacentto the membrane they are ionized at physiological pHand the fatty acid to albumin

ratio was found in pregnant mothers to be in the range of 0.78-1.3 [5, 37]. Thus, the placental

13



Chapter2 Background

membranes were found to preserve saturable kinetics [38] and membrane transport proteins for

fatty acids are expressed in the placenta (Fig. 2.8A, B):

FABP (fatty acid binding protein): Family of membrane proteins that have been shown to
be the most outwardly located acceptor in the plasma membrane. They facilitate the
diffusion by increasing the local extra-to-intracellular fatty acid gradient and decreasing
the diffusion distance in the unstirred bilayers [39].

FATP (fatty acid transport protein): Integral membrane proteins that present CoA-
synthetase activityand may directly translocate freefatty acids across the membrane and
also direct them to acyl-CoA conversion, facilitating their metabolism within the
syncytiotrophoblast. Present in both MVM and BM[40].

FAT/CD36 (Fatty acid translocase): Multi-functional protein, involved alsoin the placental
fatty acid transfer. Itis unclear whether it might directly function as a translocase or if it

binds the fatty acids tothentransferthem to FATP. Presentin both MVMand BM [40, 41].

Inside of the cell, inthe syncytiotrophoblast cytosol, the fattyacids may bindto carriers to improve

their transportability in an agueous environment [32]. The intracellular-FABPs were found in the

placenta(H-, L-) [42]. The function of these proteinsisto transport the fatty acids around within

the cell to each possible destination, e.g. oxidation, nuclear signal, to BMin order to pass to the

fetal circulation etc. [43] (Fig. 2.8B).

Overall, the fatty acids transportis driven by the concentration gradient (see example Fig. 2.9) and

itisbelievedto primarily rely onfacilitated transport to supplythe fetus withfatty acids, however,

the contribution of the simple diffusion is not known. In addition, the contribution of lipases,

albuminandinternalcarriers (e.g. L-FATP)to the overall transferis not clear. To complicate things,

the different fatty acids may behave differently in uptake, metabolism and release.
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Figure 2.8. Uptake and cytosol regulation of fatty acid in the placenta.

eicosanoid synthesis, activation of nuclear transcription factors
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(A) Mechanisms involved in the uptake of circulating maternal fatty acids by placental tissue.
Circulating TG and PL are degraded to free fatty acids by specific lipases (LPL and EL) found on the
MVM. Then, NEFA can enterthe cytosolvia the membrane proteins (facilitated transport) or passive
facilitated diffusion. Image modified from [25]. (B) An overview of the fatty acid transport across
the placenta. Membrane proteins mediate fatty acid uptake into the syncytiotrophoblast (or this
may occur by simple diffusion). Within the cell, the NEFA are bound by different fatty acid binding
proteins trafficking the lipids towards the basal membrane, f-oxidation, TG esterification,
like PPAR/RXR etc. Image modified
from[40]. Inboth (A) and (B) the NEFA is the only lipid capable of crossing the plasma membranes.
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Figure 2.9. Example of fatty acid gradient and concentrations.
The net direction of the gradient is from mother to fetus. The albumin ratios are different as the
fetal circulation may be more disposed to sequestrate the inlet fatty acids (each albumin can bind

5-7 NEFA [33]). Image adapted from [5].

2.2.3 Amino acids

Amino acids are the building blocks of proteins that formthe cellular machinery. The fetus cannot

make essential amino acids and therefore there must be a net transfer of essential and non-

essential amino acids. Transfer of non-essential amino acidsis alsoimportant as these can only be

made by using amino groups from other amino acids. Amino acids uptake across cellular

membranes is mediated by specific membrane transport proteins [44, 45] (Fig. 2.10):

e Accumulative transporters, which accumulate amino acids in the intracellular pool against
their transmembrane concentration, usually by co-transporting extracellular sodium.

e Exchangersaltertheintercellularaminoacid composition by exchanging amino acids between
the inside and outside of the cell.

e Facilitated transporters, which allow net transfer of amino acids across the basal membrane

For example, System A (accumulative transporter) transports glycine against its gradient via a
coupling with the intracellular sodium gradient. Once inside the cell, the glycine can then be
exchanged with another extracellular amino acid via System L (exchanger). This mechanism is an

example of secondary active transport [45]. The placentaexpresses more than 20 differentamino
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acids transporters. In addition, the paracellular route remains a possibility [22] and the BM has been

suggested to possess also facilitated efflux transporters [46].

Placenta’s
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Figure 2.10: Schematic of the amino acids transporters in the placental membranes.
Transport proteins mediating amino acid transport are depicted in both MVM and BM. Categorized
by their transport mechanisms, these transport proteins include accumulative transporters (Ac),
exchangers (Ex), and facilitative transporters (F). Paracellular diffusion (PD) is also depicted as a

potential route. Image taken with permission from [47].

2.2.4 Cortisol

Cortisol is a steroid hormone that is produced in humans by the zona fasciculata of the adrenal
cortex within the adrenal gland. It is released in response to stress and low blood-glucose
concentration. Cortisol is not solublein waterand most of circulating cortisol in the bloodstream is
bound to the plasma proteins (90% with corticosteroid binding protein) [48]. Little is known about
the nature of the transmembrane transport of cortisol although thisis likely to be a key processin
the tissue-specific regulation of cortisol action. Currently, no specific transporter is known for
cortisol; it is therefore still assumed that this hormone moves through the plasma membrane by
passive simple diffusion whenit has to exertits cytosol functions. Nevertheless, there is evi dence
of saturable kinetics in liver cells [49]. In the placenta the enzyme 11R-hydroxysteriod
dehydrogenase 2 (11R8-HSD) converts the cortisol into an inactive form cortisone, thusit has been
proposed as the mechanism guarding the fetus against over-exposure of cortisol during the

pregnancy [50].
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2.25 Respiratory gasses, water and ions

Oxygen and carbon dioxide freely cross the plasma membrane following their gradient. Gradients
are thus maintained by the placental flows [51]. Nonetheless, the 99% of oxygen in the blood is
transported bound to haemoglobin, and association-dissociation binding limits the transfer [52].
Interestingly, the oxygen affinity of fetal haemoglobin is higher than that of the maternal
haemoglobin, which some researchers believe to facilitate oxygen transport from the mother to
the fetus and carbon dioxide transfer from the fetus to the mother [53].

Wateris believed to passively cross the placenta, with the transferrate defined by the hydrostatic
and osmotic pressures. Water transfer may be also facilitated by water-channel-forming integral
protein as found expressed in the membranes of the syncytiotrophoblast [54]. The filtration is the
process by which waterand hence its solutes cross the membrane due to the hydrostatic pressure.
Osmosisreferstothe passive diffusion of wateracross a solvent-only permeable membrane. Most

of theions are actively transported across the placental membrane, e.g. sodium and chloride [54].

2.3 Endocrine and immune functions of the placenta

The placenta is an endocrine organ secreting hormones into both the maternal and fetal
circulations. These hormones contribute to the maintenance of pregnancy and the maternal
adaptations required to support the pregnancy (e.g. the hyperglycaemia and lipidemia). For
example,the oestrogen causes breast enlargement in preparation for th e lactation and uterine
growth for the fetus and it is produced by the placenta[55].

The placenta protects the fetus frombeinginfected by several diseasesthus providing a protective
interface between the twobloodcirculations that cannot mix [56]. Although some xenobiotics can
be transferred by some of the placental transport mechanisms, the placenta arranges several
protective mechanisms that diminish fetal exposure to dangerous agents. On one hand, there are
special export pumps, on the other, special enzymes [57, 58]. Nevertheless, there are other
substances (such as alcohol) that can still cross the placentaand have adverse effects on the fetus

[53].
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2.4 Placental insufficiency

During pregnancy, the fetus requires adequate nutrition for growth and development, while
nutrient deficiency or surplus supply may result in abnormal fetal growth and dise asesin future
life. Intrauterine growth restriction, (IUGR) affects 10% of all pregnancies and the placenta is
reported to be under-perfused, small in overall size, with reduced cell volumes, decreased
intervillous space and villous surface area and abnormal villous angiogenesis [59-61]. These
conditions contributeto reduced overall placental transfer of amino acids and oxygen (which may
lead to hypoxia) causing retardation of fetal growth in IUGR that can result in disease such as
impaired neurological development after birth [59]. On the other hand, an oversupply of nutrients
may occur when the motheris diabetic, gestational diabeticor obeseyielding a conditionin which
the babyislarge for gestational age (LGA). LGA may predispose to develop obesity in later life and
raises the possibility of an intergenerational cycle of obesity [62]. Moreover, pathological disorders
can alsooccur to the mother. For example, maternal anemiaand preeclampsiawere reported to
be related to under-perfused placentas that also have low villous surface area [63].

In the third trimester of pregnancy, the rate of accretion of fatty acids in the fetusis 7 g per day.
The fetal brain is composed of lipids at 50-60% and includes high proportions of very-long fatty
acids, especially docosahexaenoic acid (DHA) and arachidonic acid (ARA) [64, 65]. DHA and ARA
alsoare highly concentrated in the membranesof the retina [65, 66]. Impaired transfer of LCPUFA
isassociated with defectsinthe development of the fetal brain, hormonal environment,increased
risk of abnormal development of the lungs [67, 68], and cardiovascular systems [69]. In particular,
the DHA was found of particularimportance duetoitsinvolvementin thefetal neurodevelopment,
learning ability and visual acuity [6, 70].

Amino acid transport and restricted amino acid transfer have been associated with impaired fetal
growth [71]. Prenatal exposure to corticoids retards the fetal growth leading to low weight

offspring that might lead to diverse health problems in future life [72].

2.5 Experimental approaches to study placental transfer

Moderntechnologies provide numerous ways to study the placenta. However, few measurements
are ethical in humans, to the extent that even oxygen content in the umbilical arteries and vein
(whichisageneral and imprecise characteristic of the placental oxygentransport function) is rarely
available. Moreover, the internal placental structure has been only obtained after birth, but even
fora delivered human placenta, no high-resolution large-scale 3D structure is available. Depending

on the question of interest, the following methods can be employed:
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e Invivo flux technique which measures the net effect on nutrient concentrations
from blood samples;
e  Culturedcell methods, which investigate the transport regulation separated from
other cells and other endocrine influences.
e Membrane vesicle techniques that observe the behaviour of the spherical cell
membranes prepared from the placental tissue.
e The ex vivo perfusion, where an explanted placenta is connected to tubes to
replicate in vivo-like conditions in a perfusion chamber.
Obviously, each method has its strengths and weakness. The cell culture methods and the
membrane vesicletechniques are preferred for the membranetransport. They can provide kinetics
data even for a specific transporter. Oocytes, which are induced to over-express specific human
transporter proteins, are usedfor observing uptake of the substrateinto the cellsfromthe extemal
environment while maintaining normal intracellular cell operations (e.g. metabolism and
intracellular concentrations) [73]. Intra-vesicular and extra-vesicular buffer solutions could be
added to maintainanormal environmentas well asto pre-setthe desired experimental conditions
[74]. Nonetheless, when the experimentalist wants to extract summary conclusion about the
overall transfer of asubstancethe organ perfusionis preferred, since the extracellular environment
is far much more complex than represented in vitro. The perfusion of the entire placenta is not
necessary: the lobular organization of the placenta permits the perfusing of only one lobule
(cotyledon) instead of the whole organ. Cotyledon perfusion is not only considered accurate but
easierto set up [75].
There are three main components making up the perfusion system, a maternal reservoir, a fetal
reservoirand the organ chamber (Fig. 2.11). The maternal reservoir contains the solution to transfer
whichiswell mixedbefore perfusing. Thisreservoir represents the maternal blood. The placentais
collected as soon as possible afterbirth, and a cotyledon catheterised in the fetal artery and vein,
and catheters inserted in the basal plate to represent the maternal spiral arteries. Maternal and
fetal arterial perfusionis established from the respective reservoirs and the maternal and fetal
venous exudate collected separately. Depending on the experiment, the venous outflow can be
reconnected to the artery (a closed system) or not (an open system). The schematic of an actual

perfusion set-up is presented in Fig. 2.12.

20



Maternal @
artery
-
o O

P ) Foetal
artery
(o]
000
Foetal
venous
oo |outflow

Fetal reservoir 1

7 Maternal |y
venous
outflowl=

Placental Chamber

r

Maternal circuit Foetal circuit

Figure 2.11: Typical ex vivo placental perfusion schematic.
Starting from the left, the maternal reservoir in a closed loop configuration. In the middle, the
placental chamber containing the cannulated cotyledon. On the right, the fetal reservoirs, one
collecting the transferred solute and the other containing the fetal input buffer. P stands for pump.

Image modified from [13].

Figure 2.12: Ex vivo perfusion system.

Cylinder shaped box is the perfusion chamber, where the explanted placenta is placed. Two pumps
(white devices) are the maternal (right) and fetal (left) circulation pumps. The maternalreservoir is
the glass bottle on the right, which is weighted down by a red circle and immersed in a blue solution,
which has maintaining functions. A beaker (in front of the chamber) collects the fetal exudate
containing the substances that crossed the placenta. The beaker is then moved for measurement.

Image taken in the Medical University of Graz, Perfusion Laboratory, Austria, March 2015.
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In the perfusion experiments, the measurements are usually extracted as:

e The concentration of solute in the maternal reservoir (after a mixing phase);

e Depending on the configuration of the maternal circulation, measurements can be made
of the concentration of solute in the maternal efflux (open loop), or the concentration of
solute flowing through the tube going from the chamber to the reservoir (closed loop).

e The concentration of solute in the efflux coming from the fetal side of the placenta.

Tracers and labelled compounds are usually used as solutes in transfer studies together with
unlabelled and endogenous substances. The tracers can be boluses or infused continuously.
Obviously, the choice of experimental conditions may require modifications to the perfusion set-
up described here.

Overall, the perfusion system providesan excellent model in which to study placental transfer [76].
Nevertheless, there are issues that should be considered when interpreting the data. One
consideration isthat maternal side perfusion may not fully represent utero-placental perfusion that
occurs in vivo via the spiral arteries [77]. This may affect the efficiency of mixing within the
intervillousspace and thus the efficiency of transfer. Furthermore, when the transfer of a particular
soluteisstudied, in general perfusion of onlythis single solute is performed. However, for example,
the amino acid transfer is likely to be determined by the interaction between amino acids, and

therefore experimentalists are continuously improving their perfusion techniques [78].

2.6 Review of placental modelling

In this section, the literature on previous placental modelling efforts is reviewed. From the early
70s, investigators have developed modelling interests in the placenta that ranged from the
macroscopicto the microscopicscale. Modelling of the placenta has been mostly focussed on blood
flows, gas and nutrient transfer. Nevertheless, other modelling approaches need to be mentioned

(but not discussed further):

e Placental development and shape [79, 80].
e Mechanical properties of the placenta [81].
e Signalling pathways and placental biochemistry [82, 83].

e Risks of placental infections [84].

2.6.1 Placental geometry and blood flow

In the past, experimental methods of investigation that were based on radiography and casting

techniques were used to graphically mimicthe flow patternin the branching villous structure of the
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placenta [85]. Mathematical modelling was used to describe the two circulations as simple tubes
to investigate the effect of different flow patterns. Briefly, one or a set of oxygenated tubes
exchange solute (mostly gas) with one or a set of deoxygenated tubes. During the process, an
exchange equilibrium is achieved. The two sets of tubes represent the two circulations (i.e.
maternal and fetal) in the placental system. Five flow patterns were proposed: pool flow, double
pool flow, counter-current flow, concurrent flow and cross-counter flow (Fig. 2.13). The cross-
current pattern was found as the closest to the human placenta system, whilst the most efficient
one wasthe counter-current pattern foundin the pig’s placenta [51, 86]. Albeit thisdescription was

very pragmatic, they oversimplified the dynamics of the placenta.
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Figure 2.13. Blood flow patterns used for placental modelling.
The letters M and F mark the maternal and the fetal flows and the volume in-between represents
the placenta, in which the solute is exchanged. The red arrows represent the oxygenated blood,
while the blue ones the deoxygenated blood. The violet arrows depict an intermediated
concentration of solute. When the fetal arterial blood (blue) flows through the tube (ortubes) there
is an exchange of solute with the maternal arterial blood (red) until an equilibrium condition is
achieved. Several conformations were proposed, although the counter-current and cross-current

configuration were most commonly used for the placental system. Image modified from [11].

Due to the morphological and physiological complexity of the placenta, efforts in modelling the
placenta have split into those that focus on modelling the maternal side with simplifying
assumptions about the fetal side, and vice-versa. The maternal flow in theintervillous space around
the villi branches has been modelled using Darcy’s law for flow in porous media [87], as a uniform
flow field [88, 89], or using Navier-Stokes equations in combination with images of the villous tree

[90]. The work that employed porous media proposed a hemispherical geometry to representa
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cotyledon structure, the so-called placentome [87]. Building on the placentome idea, a stream-tube
flow configuration was proposed to model the maternal flow between the villi (Fig. 2.14), which
allowed predicting the maximum oxygen uptake as a function of maternal flowand villidensity [88].
However, these studies were based on simplified macroscale geometries of the placentome
therefore did notrepresentthe characteristicvillous shapes atthe microscale. Infact, the specific
3D morphology of the placentais highly likely to play a key role in the overall transfer, both locally
at the microscale as well as at the macroscale and recent advances in imaging technology have
allowed 3D image based models to be developed. For example, the maternal flow has been
modelled to study the shear stress exerted by the maternal blood on the villous surface [90, 91]
(Fig. 2.15). However, these studies did not include nutrient transport.

The effect of the placental microstructure on transfer has been simulated in realistic 2D sections
[92] or 3D reconstructed geometries [93] (Fig.2.16), yetin both cases, the capillarieswere assumed
as perfect sinks (i.e. concentration fixed at zero) and the maternal flow was neglected. Further
studies have been performedto modelthe 3D fetal flow both at the microscale [94] and macroscale
[95], however, thisfield is rather new and still needs a lot of work. Recent work has modelled the
fetal blood flow as Stokes flow inside the capillary of a small reconstructed portion of the terminal
villi[96], in order to assess vascular resistance and oxygen transfer efficiency. More extensive
literature outside the direct scope of this thesis is available, with additional studies focussing
specifically onspiral artery modelling [97, 98], villous tree structure and umbilical cord circulation

[99-102], and water exchange [103, 104].
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Figure 2.14. A stream-tube model of oxygen exchange in the placentome.
Curved arrows on the right show maternalblood losing oxygen while going from the central cavity
to the decidual veins. Schematic curved lines on the left show stream-tubes of blood flow. Image

adapted from [88].
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Figure 2.15. Example of 3D reconstructed placental villi and simulated flow.
(A) Reconstruction from imaging data of terminal villi. (B) The geometry of the simulation of the
solid containing the villi. A laminar flow entered the solid on top (inlet rad solid face) and exited at
the bottom of the solid (blue outlet face), mimicking the intervillous space and the maternal flow.
(C) Simulation result where high levels of shear stresses were highlighted in red. (D) Simulation

results of shear stresses as a function of flow velocity. Image adapted from [90].
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Figure 2.16: Workflow of the 3D rendering of the placental blood capillaries.
(A) Confocal microscopy stack of images of a terminal villous: red is the syncytiotrophoblast layer,
green is fetal capillaries endothelium. (B) Segmentationand imaging elaboration : 2D map image of
the different structures: blue syncytiotrophoblast layer, beige stroma, red capillary. (C) 3D meshing
method as a point-cloud representation. (D) 3D rendering as a solid (using tetrahedra) of the point-

cloud. Image modified from [93].

2.6.2 Compartmental modelling

Compartmental modelling is a mechanistic approach based on the law of mass conservation and
often used in the context of biological networks or systems. Each physical space is considered a
compartment, where the solute is assumed well mixed within the invariable volume. In fact,
geometrical dependence of the concentration with the volume is neglected and therefore the use
of partial differential equationsis nolonger needed. This entails that the mathematical description
has less parameters and boundary conditions, overall simplifying the system representation.

Each compartmenttranslatesinto one ODE per solute with the concentration of the solute as the
state variable with respect to time. Within the system of ODEs, the equations for different solutes
can be coupled by chemical reactions converting one solute into another. Ageneral form follows:

LY — flelp,0),u(),pl  clty) = ¢ (2.)

where c is the n-dimensional concentration vector; u are the r-dimensional differentiable input
functions; tis the time; p is the v-dimensional parameter vector as part of the model framework
(including the compartment volume). Eq. 2.1 can generate non-linear or linear autonomous first
order ODE dependingonthe system framework. For a discussion and methods of solving the ODE

referto [105]. Forstability of these systemsreferto [106]. Compartmental modelling has been used
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for placental modelling purposes [107-110], which will be discussed in more detail in the sections

below.

2.6.3 Placental fatty acid transfer modelling

The only model describing fatty acid transfer across the placenta dates back to 1976 by Hummel
et alandis based on rat placenta [111]. They proposed a simple 3 compartments model using one
tracer inorderto investigate the rat placental fatty acid metabolism. They concluded that only 5%
of the taken up fatty acids took part to the transfer, while the rest was accumulatedin adead end
compartment. This was a very simple model based on the knowledge at the time.

Otherrelevant works have studiedthe fatty acid in other human tissues, such as the myocardium,
showing that the influx of fatty acid in the tissue was saturable, as the fatty acid concentration
increased in the circulating blood [112]. Another study showed the effect of albumin-fatty acid
association-dissociation limited the uptake [34]. Other examples of modelling the fatty acids by

compartmental models have been carried out in the blood (Fig. 2.17) [113, 114].
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Figure 2.17: Two-compartmental fatty acid model example.
Example of fatty acid modelling and metabolism in the blood. Compartment A represents the
plasma free fatty acids pool. Compartment B represents all the metabolic pools that receive fatty
acids from the plasma free fatty acid pooland subsequently return them to the NEFA pool. A are the

rates. Image adpted from [114].

2.6.4 Placental amino acid transfer modelling

Amino acid uptake across cellular membranes is mediated through a combination of active and
passive transporter processes. These mechanisms can be separated into accumulative, facilitated

diffusion and exchanger transporters. Amino acid transporters can be further categorized into
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distinct systems depending on characteristics such as substrate specificity and sodium dependence
(e.g. System A [46]). It is worthwhile mentioning a compartmental modelling approach for the
amino acid placental transport by Sengers et al [107]. In this model, maternal, syncytiotrophoblast
layer and fetal capillaries volumes were distinguished in order to study the transport between
compartments using facilitated transporters kinetics. Membrane nutrient transport experimentsare
often carried out under the assumption that transport can be described as a Michaelis-Menten
process due to the simplicity of this approach. Michaelis-Menten kinetics can operate in two
limiting regimes, i.e. the linearand the saturated or constant regime. The linear regime can describe
transporter behaviour at low substrate concentrations when the fluxes are proportional to
concentration, while saturation occurs when the maximum transporter capacity is reached at high
substrate concentrations. Note thatin the linear regime the unidirectional uptake behaviour cannot
be distinguished from simple diffusion.

Experimental studies usually employ a range of initial concentrationsand then measure the initial rate
of uptake to determine the Michaelis-Menten parameters. However, this approach masks the
underlying carrier mechanisms, in particular for bidirectional transport and cases whereintracellular
concentrations vary. For example, an integration of compartmental modelling with more
mechanistic carrier mediated membrane transporter models for amino acid exchange and
facilitated transport was employed [47]. Here, the amino acid transporter X can bind either with
substrate A or substrate B and subsequently the complex AX or BX can undergo a conformational
change to expose the binding site to the other side of the membrane to enable transfer of the

substrate across the membrane (Fig.2.18). For a detailed discussion see [47, 108].
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Figure 2.18: States membrane carrier model used for modelling the transport of amino acids.
The generic amino acid A and B bind with the carrier X either at the side | or Il of a membrane. Carrier
X can undergo a conformational change exposingits binding site to the other side of the membrane

either with a substrate or on its own. K is a dissociation constant and k and h control the rate of
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translocation between the different transporter states in the models. Image taken with permission

from [47].

2.7 Summary

Overall, the placenta plays a fundamental role in ensuring normal fetal development during
pregnancy. However, there are still significant gaps in our knowledge of how the placenta actually
functions, as it is not very accessible to study in vivo and due to limitations in the available
experimental methods. Mathematical modelling approaches have been thus developed to provide
additional insight, however, these have focussed mainly on flow and oxygen transfer, and often over-
simplified the system. In the next Chapters of thisthesis, we will propose novel modellingapproaches
to characterise the transfer of specific substances across the placenta, in comparison with

experimental data.
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Chapter 3: Modelling the transfer of fatty acids across

the placenta

The followingjournal paper has been published based onthe work presented in this chapter:

1. S. Perazzolo, B. Hirschmugl, C. Wadsack, G. Desoye, R.M. Lewis, B.G. Sengers, Theinfluence
of fetal metabolism on fatty acid transfer to the fetus. The Journal of Lipid Research, \VV58-

2 443-454, American Society for Biochemistry and Molecular Biology, 2016.
The following conference paperhas been published based onthe work presented in this chapter:

1. S Perazzolo, B Hirschmugl, C Wadsack, G Desoye, RM Lewis, BG Sengers. Computational
modelling of fatty acid transport in the human placenta. Engineering in Medicine and

Biology Society (EMBC), 2015 37th Annual International Conference of the IEEE, 2015.

Main contributions:

1. Settingupa novel mathematical modelforthe transfer of fatty acids from the maternal to
the fetal circulation and its possible implementations, applications and upgrading.

2. Testing and identification of the dominant rate limiting mechanisms involved in the fatty
acid transfer.

3. Quantification of the transfer fluxes, such as placental uptake, placental tissue metabolism
and delivery to the fetal circulation.

4. Settingoutargumentsinfavour of the placental metabolism as akey limiting factor for the

fatty acid transfer to the fetus.

The experiments and the extracted set of data conducted as part of this chapter were carried out

by Dr Birgit Hirschmugl, Medical University of Graz, Austria.

3.1 Introduction

Long chain fatty acids are essential for the development of the fetal brain, visual system and as
biosynthetic precursorsforhormones [3]. Impaired placental delivery of fatty acidsto the fetus may
result in developmental changes with consequences for the life-long health of the offspring [62].
The mechanisms of fatty acid transfer to the fetus are not fully understood nor which of these
mechanisms are likely to be rate determining. In this study, placental fatty acid transfer will be

investigated using placental perfusion in combination with computational modelling.
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The low solubility of fatty acids means that they are typically bound to carrier proteins e.g.
lipoproteins, albuminin plasmaand specificfatty acid binding proteins within the cytosol. Plasma
albumin concentrations have been shown to be an important determinant of placental fatty add
transfer [115]. Withinthe cytosol, fatty acid binding proteinsinthe placentaincludethe heart type
(H-FABP) and liver type (L-FABP) [43], to facilitate the cytosolic transfer [32]. Fatty acids transfer
the human placenta following an overall concentration gradient with concentrations higher in
maternal plasma than in the fetal capillaries [5].

Between the maternal and the fetal blood, the syncytiotrophoblast layer of the villous tree is
considered the primary barrier to nutrients transferthrough the human placenta [5, 19]. Membrane
transport of fatty acids may occur by both simple [35] and facilitated diffusion [31]. The relative
contribution of simple and facilitated diffusion of fatty acidsis disputed but fatty acid transporters
are found inthe maternal-facing microvillous plasma membrane (MVM) of the syncytiotrophoblast
and in the fetal-facing basal membrane (BM) [116]. These membrane transporters include
members of the fatty acids transport protein (FATP) family, fatty acid binding protein plasma
membrane (FABP-pm) and the fatty acid translocase FAT/CD36 [117].

Membrane transport of nutrientsis widely believed to be a rate determining step in their transfer,
butinthe heart, ithas been proposedthat fatty acid uptake is determined by metabolicrat e within
the cell [118]. Thefirststepin fatty acid metabolismis conversionto acyl-CoA. Thisis mediated by
long chain fatty acid acyl-CoA synthetase in the cytosol or, for the FATP family of membrane
transporters, directly associated with the membrane transport protein [119, 120]. Acyl-CoA can
then be esterified intodifferent lipid pools, triglycerides, phospholipidsand cholesterol esters [121,
122], enter the B-oxidation pathway [123, 124] or be utilised for the biosynthesis of eicosanoids
[125]. As most fatty acids are converted to Acyl-CoA in the cytosol the fatty acid concentration
would be expected to be low. Placental metabolism poses a problem for fatty acid transfer, as the
acyl-CoA and their products cannot easily be released to the fetal circulation. Thisis analogous to
anunresolved problem withplacental glucose transfer, as glucoseis normallyconverted to glucose-
6-phosphate assoon asitentersthe celltrappingitthere [126]. Glucose transferred to the placenta
must somehow bypass this process as there is no placental glucose-6-phosphatese. However, the
placenta does express genes for enzymes that can release fatty acids from acyl-CoA, triglyceride
and phospholipid pools [124, 127]. It has been suggested that glucose and fatty acid transfer may
occur preferentially inregions of vascular syncytial membrane where diffusion distance is low and
metabolism may be limited [128].

Compartmental modelling has provided insight into the placental transfer of amino acids, in
particular highlighting the role of amino acid metabolism [107, 108, 110]. Similarly, mathematical
modelling could help interpret the factors that affect fatty acid transfer as it is currently not clear

which of these will be rate determining. The aim of this study is to identify and evaluate the main
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factors which determine fatty acid transfer across the placenta, by combining ex vivo placental

perfusion experiments and computational modelling of the resulting data.

3.2 Methods

3.21 Placental ex vivo perfusion

Healthy women with uncomplicated pregnancies were asked to participate in this study prior to
elective caesarean sections. All women provided written informed consent and the study was
approved by the ethics committee of the Medical University of Graz (EK No. 24-529 ex 11/12).
For the 6 healthy placentas perfused in this study maternal BMI was (mean and SEM) 28.4 + 10.6
kg/m?, placental weight 665 + 83 g and gestation length was 38.8 + 0.4 weeks.

The perfusion methodused in this study was previously described by Schneider etal. [129]. Briefly,
within 20 min after delivery each placentawas examinedin orderto find a single intact cotyledon.
The corresponding artery and vein pair, supplying the cotyledon, was cannulated and the cotyledon
flushed immediately with pre-warmed perfusion medium. The perfusion medium consists of phenol
red free DMEM of 1g/I glucose (Gibco, UK) and Earl’s buffer of 116.4 mmol/I NaCl, 5.4 mmol/I Kd,
1.2 mmol/I NaH,PO,, 0.8 mmol/I MgS0,*7 H,0, 1.8 mmol/I CaCl,, 26.2 mmol/I NaHCO; mixedina
3:1 ratio (Merck, Darmstadt, Germany), 250 mg/l amoxicillin (Sigma-Aldrich, Steinheim, Germany),
10 g/l dextran FP40 (Serva, Heidelberg, Germany), a total concentration of 11.1 mmol/I glucose
(Merck, Darmstadt, Germany) and 5 g/l bovine serum albumin essentially fatty acid free (Sigma-
Aldrich, Seinheim, Germany).

The cannulated cotyledon was placed in the pre-heated (37°C) perfusion chamber and the fetal
circulation flow rate (Qf) was setto 4 ml/min. Thereafter, the maternal circulation was established
at a flow rate (Qy,) of 8.4 ml/min and both circulations were kept in the open circuit mode for 30
min. The maternal reservoir was changed to 200 ml perfusion medium containing 0.5% essential
fatty acid free bovine serum albumin (BSA, Sigma-Aldrich, Schnelldorf, Germany) and *3C-fatty acid
(37.2 uM 16:0, 40.5 uM 18:1, 1.6 uM 18:2 n6, Sigma-Aldrich, Schnelldorf, Germany)and unlabelled
fatty acids (0.78 uM 20:4 n6, 0.2 uM 20:5 n3, Sigma-Aldrich, Schnelldorf, Germany). The fetal
circulation contained 0.5% BSA as an acceptor for fatty acids and was kept in open circuit mode
throughout the experiment. The maternal perfusate was recirculated for 180 min. Samples were
takenfrom maternal artery and vein and from the fetal veinat 0, 10, 20, 30, 60, 90, 120, 150 and
180 min. Adjacent, the maternal reservoir was changed to perfusion medium containing 0.5% BSA
and both circulations were kept open during this washout phase. Sample collection was performed
at 0, 10, 20 and 30 min during the washout phase. After removal of red blood cells, the samples

were stored at -80°C until analysis.
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3.2.2 Fatty acid analysis by GC-MS

Lipid extracts from samples collected during the perfusionexperiment were extractedaccording to
the method previously described by Matyash et al. [130]. Non-esterified fatty acids were
determined by Trace-DSQ Gas Chromatography-Mass Spectrograph (GC-MS, Thermo Scientific,
Waltham, USA) on electron impact MS mode, as previously published by Fuchs et al. [28]. Briefly,
the sample solution is injected into the GC inlet where it is vaporized and swept onto a
chromatographiccolumn by the carrier gas (helium).The sample flows through the column and the
compounds comprising the mixture of interest are separated by virtue of theirrelative interaction
with the coating of the column and the carrier gas. The latter part of the column passesthrougha
heated transfer line and ends at the entrance to ion source where compounds eluting from the
column are converted to ions. A mass analyser, which separates the positively charged ions
according to various mass related properties. After the ions are separated, they enter a detector
the output from which is amplified to boost the signal. The detector sends information to a
computerthatrecordsall of the data produced, converts the electrical impulsesinto visual displays
and hard copy displays.

The model development, parameter sensitivity and analysis of transfer mechanisms was first
performed using datafrom an initial experiment with 90 min of 3C-fatty acid infusion, followed by
a 30 min washout. Once the computational model was derived for this case, the same modelling
methodology was applied to estimate the model parameters based on the data from the 180 min

13C-fatty acid infusion + 30 min washout experiments (N = 6).

3.23 Uptake and delivery mass balance

Mass balance calculations for the placental system were carried out using the experimental

concentration data. Thus for 3C-fatty acids:

U= [ (Copg = Cy) Quelt, (3.1)
d = [[7" c;,Qpdt, (3.2)

u (umol) was the uptake by the placenta from the maternal circulation and d (umol) was the
amount of fatty acid delivered to the fetal circulation (fetal delivery). ¢ (umol/I) was the measured
concentration: the subscript ma, mv and fvreferred to the experimental maternalartery, matemal
veinand the fetal veinmeasurements sampled overtime. 7p.r=180 minwas the experimental 3C-
fatty acid perfusion time for N = 6. The mass balance for *C-fatty acid was b;,, = u-d. If b = 0 the
entire amount of 3C-fatty acid taken up by the placentawas delivered tothe fetal circulation. For

b > 0 a certain amount of 13C-fatty acid was taken up by the placentabut notdelivered to the fetal
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circulation and thus had to be retained by the placenta. For the endogenous fatty acids the net
release from the tissue was estimated as the sum of the amount of fatty acids recovered in the
maternal reservoir and the amount of fatty acids recoveredin the fetal efflux: b.,s, =d - u. Thus,

when b >0a certain amount of endogenous fatty acid was released by the placental tissue.

3.24 Mathematical modelling

Based on the placental physiology and experimental setup, the main compartments involved in
fatty acid transfer included in the model were (in order from maternal to fetal circulation): the
experimental maternal reservoir R, the maternalintervillous space M, the syncytiotrophoblast fatty
acid pool S (i.e. those intracellular fatty acids available for transport) and the feto-placental
capillaries F. Connectedto S, an additional compartment P was added in order to account for the
placental metabolism(Fig. 3.1). The placental metabolism represented all metabolic pathways that
may occur in the placental tissue including reversibleand irreversible processes. We will referto P
and the placental metabolism as described here as the “metabolicpool”. This pool represents the
sum of fatty acids that have been subject to metabolic processes including esterification (into
triglyceride, phospholipid and cholesteryl-ester pools) and irreversible loss such as biosynthesis of
eicosanoid or B-oxidation. The model configuration was based on current understanding of
maternal to fetal transfer of fatty acids [131]. The volume of each compartment was assumed
constant and well-mixed. Concentrations in the model were defined in accordance with the
measured data, representing both unbound fatty acids and those bound to carriers. The placental
metabolism was assumed to occur in the syncytiotrophoblast cytosol. The resulting model is

described by the following set of governing equations:

dstR: 7 (= QuCr+ QuCn ), (3.3)
ddL:/I - ﬁ( QuCr — QuCy —Jmvm ), (3.4)
% = Vl_s(]MVM —Jem —Jace +Jret), (3.5)
2 = 2 (Jace = Jrel) 9
T = (= QrCr+ QeCrimp + Jom ) (3.7)

Concentrations C=C{(t) (umol/l) and volumes V(l) of the compartments were indicated with the
relevant subscripts (with Vp= V4. Crinp Was the fetal umbilical artery input concentration, which
was zeroin the experiments. Qu(l/min) was the maternal circulation flow. Qr(l/min) was the fetal
circulation flow. fuvwm (umol/min) and /s (umol/min) were respectively the net fluxes across the

MVM and BM. /[ac (umol/min) and J./(umol/min) were respectively the fluxes of fatty acids from
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the pool Sto the metabolicpool (accumulation pathway) and from the metabolic pool back to pool

S(release pathway).
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Figure 3.1. Compartmental model schematic for fatty acid transfer across the placenta.
R was the maternalreservoir; M was the maternalintervillous space; S was the syncytiotrophoblast
fatty acid pool (intracellular fatty acids available for transport) and P the metabolic pool, both
contained in the syncytiotrophoblast volume; F was the fetal compartment of the placenta,
representing the fetal capillary volume. The maternal circulation was perfused in closed circuit with
flow Qu= 8.4 ml/min. Juvm and Jsm (umol/min) were the net fluxes across the placental membranes
MVM and BM, respectively. J.c and [ (umol/min) were the metabolic fluxes representing the
accumulation and release due to placental metabolism. The fetal circulation was perfused in an

open circuit with flow Qr=4 ml/min.
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Chapter 3 Fatty acid transfer

3.24.1 Membrane transport model

The membrane fluxes Jy and Jz,, were modelled to represent a saturable bidirectional process.
All different transport mechanisms, including dissociation and bindingsteps, were lumpedtogether
in asingle “apparent” transport process. For the sake of simplicity, each fatty acid was considered
independently, i.e. without an explicit model of competition. The same functional form was

assumed on both MVM and BM, as follows [47]:

Cm Cs )
= vyawm - 3.8
Jmvm MYM\kmym+Cn  Kmvm+Gs/' 38
— CGs _Cr )
JBm = VM (KBM+Cs Kom+Cr/" (3.9)

The parameters vmmand veu(umol/min) represented the maximumflux capacity of the respective
membrane. Kuand Kzv (umol/l) were the fatty acid dissociation constants for each membrane,
with Kuvm = Kz = K Note thatfor K>> Cthisfunction reducestoa simple diffusive process. Thus,
the fluxes are consistent with the concentration gradient: when Jum > 0 the netflux goesfrom M

to S; when /i > 0the net flux goes from Sto F.
3.24.2 Metabolic pool model

The metabolism fluxes J.c and /- representing an enzymatic cascade, were approximated as a

single “apparent” metabolic process with Michaelis-Menten kinetics. Thus:

Vinax,accCs
= — 3.10
]acc Km,acctCs '’ ( )
v relCp
g = maxreltP (3.11)

Km,re1+Cp

Vmax and K, were the Michaelis-Menten parameters. Viarepresents the maximumconversionrate
achievable by the “apparent” enzyme. K is the fatty acid concentration at which the conversion
rate is equal to Vma/2, and it represents the inverse of the affinity of the fatty acid to the
conversion. For the sake of simplicity, Kmacc= Kmre = Kn assuming that accumulation into the
metabolic pool and release from the metabolic pool had the same apparent kinetics. An estimate

for K» was 435 umol/I [132, 133].
3.2.4.3 13C-fatty acid modelling simulations

The model initial conditions were (z(0) = ¢.(0), with ¢, the maternal artery measurements

(corresponding to the concentration in the reservoir R), while the initial 3C-fatty acid
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concentrations in all other compartments were set at zero. The *C-fatty acid amount used in the

experiments were much lower than the metabolic K. Thus, Eq. 3.8-9 simplified:

Vmax,accCs ~ Vmax,accCs .
acc = - - ka,tT‘aCCSI fOI‘ Km>>C5, (3.12)
Km,acctCs Km
Vmax,relCP Vmax,relCP
Jrel = ~ = ky tracCp, for Kp>>Co. (3.13)
Km reitCp Km

Kotrac (Mint) and Az (Mint) were linear rate parameters, where the former represented the

accumulation and the latter the release metabolic pathway.
3.24.4 Endogenous (unlabelled) fatty acids modelling simulations

The model initial conditions forthe maternal and fetal compartmentwere Ci(0) = c,,,(0) and C+0)
= ¢,(0) respectively, with ¢, the maternal vein measurements (representing the intervillous space
M) and c;, the fetal vein measurements (representing the fetal capillaries volume F). The initial
concentrationinthe reservoir Rwas setto zero for most of the endogenous fatty acids, except for
those that had been added in together with the 3C-fatty acid in the experiment at time zero (see
methods). The initial syncytiotrophoblast concentration Cs(0) = (¢m,(0) + ¢4,(0))/2, as an estimated
value according to the overall gradient expected at time 0. In addition, it was assumed that the

endogenous pool was large with Cp(0)>> K., [134] and Cp(0) >> C5(0). Thus, Eq. 3.8-9 simplified

as:
Vmax,accCs Vmax,accCs k C f
= . = . = or K,,>>Cs; 3.14
]acc Km,acc+Cs Km aendo“S, m Sr ( )
Vmax,relCP Vmax,relCP
rel = = = Kroendo for Co>>Ki,. (3.15)

Km,reitCp Cp

Kksendo (Min't) represented the accumulation metabolic pathway as a linear rate.

Kkroendo (Umol I'tmint) represented the endogenous metabolicrelease pathway as a constant rate.

3.2.5 Parameter estimation

The model parameter values were reported in Tab. 1, with mass (kg) of the perfused cotyledon
equated to the approximate total volume V,,, in litres [107]. Volumes of M, S and F compartments
were calculated based on volume fractions of 34%, 15% and 7.5% of V., [107]. Moreover, the
membrane dissociation constant K (Eq. 3.8-3.9) for different fatty acids were based on
representative valuesfrom the literature (Tab. 3.1). The set of parameters to estimate was given
by Pira = [V Vam Katrs Kierd] for the 13C-fatty acid, while pengo = [ Vi, Ver, Kaendo, Kroendo] for the

endogenous fatty acids. Considering the measurement ¢, for the k-th compartment and the i-th
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Chapter 3 Fatty acid transfer

time-point, and y;; as the model concentrations for the k-th compartment made at time Jj, the

estimation of p was about resolvingaleast square problem of the residual sum of squares. Follows:

2
Py = argmin T[Sy (cii = yii) | x = [tra, endo], (3.16)
p

With h = 3 compartments and m the total number of time-points. Simulations and parameter
estimations were implemented in MATLAB2015a (The MathWorks, Inc., Natick, USA).

The governing model equations were numerically solved with Runge-Kutta 4 (MATLAB: Ode45).
Runge-Kutta is a family of iterative methods used for solving first order ODE by discretization of
time (t,) and approximation of the solution (y,). When the initial conditions and the initial time are
set, at each temporal step (h), the algorithm computes: t,.; =t, + h; Yo =y, + h 23—, bik;. Where
k; represent predictive increment functions (see [135] for further details), b;are coefficientsand s
is the order of the method. Normally avery good estimation occurs at the 4" order (s=4) in which
the global truncation erroris O(h*) and the local truncation error is O(h°).

The non-linear least square problem (non-linear data fitting) as in Eq. 3.16, was carried out using
the Trust-Region-Reflective algorithm (MATLAB: Isgnonlin). The basic idea is to approximate a
residual sum of squares function f with a simpler function g, which reasonably reflects the
behaviour of function fin a neighbourhood N around the point p,. The neighbourhood N is the trust
region. Atrial step s is computed by minimizing (or approximately minimizing) over N. The point p,
isthe initial choice of pandit will be iterated in orderto find that p that satisfies f. Thisis the trust-
region sub-problem. Foreachregion a quadratic approximation g is defined by the firsttwo terms
of the Taylor approximation; the neighbourhood N is usually spherical or ellipsoidal in shape. The
current point p is updated to be p + s if f(p + s) < f(p); otherwise, the current point remains
unchanged and N, the region of trust, is shrunk and the trial step computation is repeated. For
discussion on convergence, choice of s and further discussion refer to [136, 137].

The integrals of Eq. 3.1 and 3.2 were solved using the trapezoidal numerical integration (MATLAB:
trapz) [138].

A summary of the model parameters was reported in Table 3.1. Although these values could be
enoughrepresentative in this context, asensitivity analsysis will have to be carried out in orderto

assess possible effects of such assumptions.
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Table 3.1. Summary of the fatty acid transfer model parameter values.

Parameter Value Unit Description

Vi 0.20 | Maternal reservoirvolume

Vi 0.34Viry | Intervillous space volume

Vs=V, 0.15Veory | Syncytiotrophoblast volume

Ve 0.075Vior, | Fetal capillaries volume

Qu 0.0084 I/min  Maternal circulation flow

Qr 0.0040 |/min  Fetal circulation flow

K 0.22 umol/l  Dissociation constantforsaturated fatty acid [139-141].

Dissociation constant for mono-unsaturated fatty acid [139,

K 0.18 umol/l

141-145].

Dissociation constant for poly-unsaturated fatty acid (C<20)
K 0.15 pmol/l

[38, 139, 141].

Dissociation constant for very long-chain poly-unsaturated
K 0.06 umol/l

(C20) [141].

Metabolicpool accumulation and release affinity constant
K 435 pmol/I

[132, 133].

41
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3.2.6 Non-saturable transport test

The impact of simple diffusion as opposed to a saturable transport process on the overall transfer
of fatty acid across the placental membranes was evaluated by modifying the membrane fluxes

from a saturable to a non-saturated simple diffusive process. Thus:

Juvm = auym(Cy — Cs), (3.17)
Jem = am(Cy— Cs). (3.18)

gmvn and gz were the diffusion rate capacities of the membranes (I/min). In addition, a model was

tested using the saturable form for /s (Eg. 3.8) and simple diffusion for /s (Eq. 3.11).

3.2.7 Sensitivity analysis

The sensitivity analysis of the model was carried out, in which each parameterwas variedin turn,
while all others were kept fixed at their reference values (either best-fit estimates or as given in
Table 3.1), evaluating the impact on the uptake and delivery for 3C-fatty acid, and the maternal
and fetal recovery for endogenous fatty acids. An analysis of the controlling effects of the
parameters and mechanisms affecting uptake and transferin the system was carried out, in which
the MVM maximum rate vy, was varied overthree orders of magnitude and for each fixed value
of vy the other parameters were fitted according to the criterion in Eg. 3.14 to determine the

impact on the quality of fit of different combinations of parameters.

3.2.8 Statistics

Statistical comparisons between two groups were performed using the unpaired t-test. Statistical
analysis of comparison among multiple fatty acids was performed using One-Way-ANOVA
(MATLAB: multicompare) with Turkey-Kramer post-hoc correction. Statistical significance was

assumed with when p £0.05. Data are presented as mean values and SEM.

3.3 Results

Afteraninitial phase of approximately 10 min the fetal vein concentrationsreached asteady state,
while maternal vein and reservoir concentrations gradually decreased for 3C-fatty acid and
increased forendogenous fatty acids overtime (Fig. 3.2A). In addition, the washout phase showed
a quick drop followed by another steady state both in maternal and fetal vein concentrations, in

particular for the endogenous fatty acids (Fig. 3.2B).
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The proportion of 13C-fatty acid fatty acid in the maternal reservoir taken up by the placenta was
on average 61 + 10% with no significant difference between fatty acids (Fig. 3.3A). The placental
13C-fatty acid mass balance b was greater than zero and it was estimated that on average 93.8 +
0.8 % of the 13C-fatty acid taken up from the maternal circulation was retainedin the placenta while
the remaining 6.2 £ 0.8 % was delivered to the fetal circulation (Fig. 3.3B), with no statistical
differences between fatty acids.

The endogenous fattyacids mass balance b was greaterthan zero, demonstrating that a substantial
net amount of fatty acid was released by the placenta into the circulations. On average, and
summing both circulations, the measured amount of palmiticacid (C16:0) was the highest (39+ 8%
of the total, p < 0.05), followed by linoleic (C18:6n2) (26 + 8%), oleic (C18:1) (14 + 4%) and
arachidonic acid (C20:4n6) (10 + 5%) (Fig. 3.4A). Excluding arachidonic acid and eicosapentaenoic
acid, which had been added in the experiment, the average amount of endogenous fatty acid
released from the placental tissue and recovered in the maternal circulation was 78 £ 5% of the
total, while theremaining 22 + 5% was found in the fetal circulation. Thisis reflected in the recovery

of different endogenous fatty acids (Fig. 3.4B).
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Figure 3.2. Experimental data vs. model results for palmitic acid.
(A) For the 3C-palmitic acid (**C-PA) added to the maternal reservoir. (B) For the endogenous
palmitic acid (C16:0) released from placental tissue. The experimental data were represented as
hollow circles and the model best fit by solid line. The syncytiotrophoblast prediction was
represented by a dashed line due to the lack of measurements available to compare with the model.

Similar results for other subjects and fatty acids.
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Figure 3.3. Comparison of 13C-fatty acid uptake and transfer in the perfused placenta.
(A) 13C-fatty acid taken up by the placenta from the maternal circulation as a percentage of the
amount initially present in the reservoir. (B) *3C-fatty acid delivered to the fetal circulation as a
percentage of the amounttaken up by the placenta. 13C-PA: labelled palmitic acid; *C-OA: labelled
oleic acid; *3C-LA: labelled linoleic acid; No statistical differences were found. Data is expressed as

mean + SEM (N =6).
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Figure 3.4. The release of endogenous fatty acids from the perfused placenta: mass balance results
(t = 0-180 min).

(A) Endogenous fatty acid release by the placenta. (B) Percentages of the fatty acid release

recovered in the maternal circulation and in the fetal circulation as part of the total released.

Maternalrecovery was significantly higher than fetal recovery for all fatty acids except C20:5n3 *p

< 0.01. Allvalues in expressed as means + SEM (N = 6).
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331 Modelling results

The model concentrations were found to correspond well to the experimental data (R2 > 0.8, Fig.
3.2). The model could not fit the experimental data without the metabolicpool, as the absence of
metabolism would result in a 15 fold over-prediction of the fetal delivery of 13C-fatty acids.

The parameter estimation results are summarised in Fig. 3.5A (N = 6). For the 3C-fatty acid, the
MVM rate capacity vy Was found to be much larger than vgy, on the BM by more thantwo orders
of magnitude. The accumulationrate k, ., was found similaramong *3*C-fatty acid with an average
value 0of 0.9 + 0.1 min* (results notshown). The release rate for *3*C-fatty acid k,,, was found to be
Oforall 3C-FA. The results for the endogenousfatty acids are summarised inFig. 3.5B (N =6), where
the MVM maximum rate capacity was two orders of magnitude larger than that of the BM. The
Vumvm Was higher for the palmiticacid (C16:0) and linoleic acid (C18:2n6) compared to the rest,
exceptthe oleicacid and arachidonicacid (C20:4n6) (p<0.01). vgy was higherfor the palmiticacid
with respect tothe rest(p<0.01). The accumulation pathway rate constant k; ¢4, for the metabolic
pool was higherfor the a-linolenicacid (C18:3n3) comparedto the rest exceptdihomo-y-linolenic
acid (C20:3n6) and eicosapentaenoicacid (C20:5n3) (p<0.01) (Fig. 3.6A). The release pathway rate
constant kyge.qo Was the highest for the palmiticacid (C16:0) (p<0.01), while oleic acid (C18:1),
linoleicacid (C18:2n6) and arachidonicacid (C20:4n6) were larger with respect to rest of the fatty
acids (p<0.01) (Fig. 3.6B).
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Figure 3.5. Maximum transport rate model parameters for MVM and BM.
(A) 13C-PA: palmitic acid labelled fatty acid; *3C-OA: oleic acid labelled fatty acid; *3C-LA: linoleic acid
labelled fatty acid. (B) Endogenous fatty acids membrane rate capacities ° differed from the rest of
the endogenous fatty acids except those marked with ® (p < 0.01); ® were not different with the rest
of the substrates (p < 0.05). © differed from the rest of the endogenous fatty acids (p < 0.05). All

values expressed as mean + SEM (N = 6).
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Figure 3.6. Endogenous fatty acid model parameter estimation for the metabolic pool pathway.
Metabolic pool release pathway rate constant (Ko enq0, Umol ' min*?). The substrates labelled ©
differed from the rest of the endogenous fatty acids (p<0.01); the substrates. ( B) Metabolic pool
accumulation pathway constant (k,, min™). ® differed from the rest of the endogenous fatty acids. °
differed from the rest of the endogenous fatty acids but not within the same group (p<0.01). <9+
differed from the rest of the endogenous fatty acids but not within the same group (p<0.01). All

values expressed as mean + SEM (N = 6).

3.3.2 Non saturable membrane transport

The modifiedmodelwith both the MVMand BMmembrane fluxesimplemented as simple diffusive
processes (using Eq. 3.17-3.18 instead of Eq. 3.8-3.9), could represent the experimental 13C-fatty
acid data, but failed to do so for the endogenous fatty acids. In particular, for the endogenous
simulations, the “diffusive” model could not follow the fetal vein steady state and the washout
phase (results not shown). Another ‘mixed’ version of the model was evaluated in which the MVM
flux was kept as asaturable mechanism (Eq.3.8) and the BMas a simple diffusive process (Eq. 3.18).
Again, this model could not fit the endogenous fetal vein steady state (results not shown).
Therefore, when simple diffusion was implemented as the sole mechanismin either membrane this

led to a worse fit of the data.

333 Parameter sensitivity analysis and fitting procedure

The model sensitivity analysisin Fig. 3.7A suggested that the uptake was sensitive to the metabolic

pool accumulation rate k, ., for the *C-FA. Delivery to the fetus was sensitive to changes in the
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fetal flow Qy, the BM rate capacity vz, and the membrane parameter K. For the endogenous fatty
acids in Fig. 3.7B, the sensitivity analysis showed that the parameters that produced the largest
effects onthe absoluteamount of fattyacid released to the maternal circulation were the metabolic
incorporation and release parameters, k;, endo, Kro, endo, @and the reservoir volume Vi. The fetal delivery
instead reported sensitivity for the vz, the metabolic accumulation rate k; ena0, K and Qg Similar
results were found for the other 1*C-fatty acid (results not shown).

The ability of the model to explain the experimental data was investigated further by studying the
interactions between different combinations of parameters (Fig. 3.8). vy, Was varied, while the
other parameters were fitted according to Eq. 3.16, and the goodness of the fit of either the
maternal or fetal data were reported as R? (red and orange lines). The maternal-side data
representedthe uptake process, the fetal-side data represented the delivery. To the left of the
vertical dashed line, the uptake could not be fitted since the membrane transport capacity vy
was too low to follow the experimental decrease in maternal concentrationsovertime observed in
Fig. 3.2A (i.e. even for the maximum possible gradient across the MVM with syncytiotrophoblast
concentrations C; equal to zero). To the right, the uptake was fitted well irrespectively of the
increasing values of vy, as this was compensated by an increase in syncytiotrophoblast
concentrations C, (loweringthe MVMgradient), viaareduction in the metabolicaccumulation rate
parameter k.. Once the MVM uptake capacity was large enough, it was not limiting anymore and
uptake was determined by the metabolic accumulation rate, which approached a constant value.
The fetal delivery became well fitted towards the right when vg,, fluctuations stabilised once
sufficiently high syncytiotrophoblast concentrations C; were available for BM transport, while
furtherincreases were irrelevant. The best fit (vertical dotted line) was found on the right side in
this stable region. Thus, also considering that only 6.2% of the total tracertaken up by the placenta
was delivered to the fetal circulation, fatty acid uptake was primarily controlled by the rate of
incorporation into the metabolic pool, while the delivery was controlled by the combination of

metabolic pool and BM rate capacity.
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Figure 3.7. Sensitivity analysis for the model parameters with respect to the total uptake and
delivery of (13C-PA).

The x-axis represents the fold change in parameters compared to the reference values. The y-axis

represents the change in the amount of either uptake or delivery of 3C-PA. (A) Analysis for the

estimated parameters with respect to the uptake. (B) Analysis for the estimated parameters with

respectto the delivery. (C) Analysis for the model parameters with respect to the uptake. (D) Analysis

for the model parameters with respect to the delivery. Similar results for other subjects and other

fatty acids.
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Figure 3.8. Experimental data can be represented over a wide range of MVM transport

capacities
The MVM rate capacity vy, (x-axis) was varied over a range of fixed values, while the other
unknown parameters were fitted again for each value of v, to best represent the data. The red
and orange lines indicate the R? forthe maternal-side concentrations and fetal-side concentrations
afterthe initial phase (t210 min). The left vertical line (dashed) is the minimum value of v, below
which the experimental uptake could not be represented (see text). The right vertical black line
(dotted) indicates the best fit found previously. Highervalues of vy, tend to equalise the maternal
and syncytiotrophoblast fatty acid concentrations in the model (C, normalised by the maternalvein
measurement at 90 min of perfusion). This implies that for high v, uptakeis only determined by

k., which approaches a constant value. Similar results for other subjects and other fatty acids.

3.4 Discussion

This study presents a mathematical model that is able to represent the experimental data for
uptake and release of both perfused exogenous **C-fattyacids and the unlabelledendogenousfatty
acids. A key finding of the model was that when modelling membrane transport alone the model
could not fit the experimental data, as fetal delivery would be over-predicted by a factor 15. In
orderfor the model towork, it was necessary to model a separate metabolicpool representing all

metabolic processes (incorporation of fatty acids into other lipid pools as well catabolism). The
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model supported higher permeability of the maternal side of the placentato fatty acids compared
to the fetal side. The model suggested that on the MVM the rates of the metabolic processes are
dominant in determining fatty acid uptake, while both metabolic processes and basal membrane

transport processes are rate determining for placental fatty acid transfer to the fetus.

3.4.1 Transport across placental membranes

The microvillous membrane (MVM) was found to have a greater flux capacity than the BM based
on boththe experimental dataand model simulations. This was supported by the obse rvation that
78% of all endogenous fatty acids recoveredwere found in the maternal reservoir even thoughthis
operated in closed circuit (which would reduce net transfer due to re-uptake). The inequality
between the MVM and BM membrane capacities could be due to differences in transport across
the membrane, forinstance due to differences in transporter activity. However, it may also be due
to other factors, which are not explicitly included in the model but are bundled in the model
parameter v, such as exchange area, diffusion across the stroma and endothelial permeability.
Similarly, the dissociation constant K used to represent the saturation process could implicitly
account forthe competitionamong fatty acids (apparent K,,,is higherin the presence of competitive
substrates). Increasing the flows inthe maternal and fetal circulation was not predicted to influence
placental fatty acid uptake, while fatty acid delivery to the fetus was predicted to be sensitive to
the fetal blood flow (Fig. 3.7B). However, this modelling prediction needs to be tested by future
experiments.

There were a number of assumptions within the model that are relevant to our understanding of
underlying physiological processes. Membranetransport of fatty acidswas implemented within the
model as a saturable process, without excluding the potential contribution of simple diffusion
(which cannot be distinguishedfrom facilitated transportin the linear regime). While we could not
distinguish between simple and facilitated diffusion for the 3C-fatty acid, the quality of fit was
reduced when models based on pure simple diffusion were attempted for the endogenous fatty
acids. The model did not distinguish between membrane transport kinetics and the kinetics of
disassociationofinsoluble fatty acids from binding proteins in the plasma or cytosol. Depending on
the physiological or experimental system, the effectsof albuminassociation and dissociationon FA
transfer may need to be takeninto account explicitly [31, 34, 118, 146]. Furthermore, we need to
be aware that othertransport processes may exist, including active and selective transport systems

(e.g.therecently discovered DHA transporter [147]) and endocytotic uptake of lipoproteins [148].
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3.4.2 Placental metabolism determines uptake of maternal fatty acids

Our initial assumption was the membrane transport would be the rate determining factor for
placental fatty acid uptake by the placenta. However, modelling of the experimental data suggests
that fatty acid metabolism and not membrane transport will be the main rate determining factor.
This is because when membrane transport has a high capacity, the transmembrane gradient
becomes smalland metabolism becomes the rate determining driver of uptake. A similar conclusion
about the role of metabolism was reached in a study of fatty acid uptake into cardiac myocytes

[118].

3.43 Placental metabolism may bufferthe supply of fatty acids to the fetal circulation

In contrast to the maternal side of the placenta, on the fetal side the model predicts that both
metabolism and membrane transport will influence the supply of fatty acids to the fetus. This is
because the placental-fetal transport capacity is lowerthan for maternal-placental transport. While
transport capacity is more important on the fetal side of the placenta, the driving force for fatty
acid transport is still the transmembrane fatty acid gradient that is determined by incorporation
andrelease of fatty acids by the metabolic pool. We suggest that the metabolic pool may buffer the
transfer of fatty acids to the fetal circulation. This is supported by our observations of a relatively
constant steady state of the fetal vein fatty acid concentrations irrespective of variations in the
maternal concentrations.

The washout phase of the experiment provides important support for the role of the metabolic
pool, in particular, the results for the endogenous fatty acids. When switched to open circuit
perfusion, the maternal vein concentration dropped quickly and stabilised at the same level as at
the start of the experiment, when the maternal arterialinput concentrationfrom the reservoir was
zero. This rapid drop, followed by a new equilibrium in output, is only possible if the intracellular
concentration thatis readilyavailablefortransportrepresents only avery smallfraction of the total
fatty acid in the tissue (whetherfree orincorporated within more complex lipid classes). Thisisin
accordance with a previous study in rat placenta, which estimated that during maternal to fetal
transfer, fatty acids pass through a small placental compartment that accounts for only 5% of the
total placental free fatty acid [111].

In addition, the fetal response during washout is illustrative as it displays a similar drop and new
equilibrium, whereas the only external change is the switch to open circuit perfusion on the
maternal side. The explanation provided by the model is that the concentration of fatty acids
available for transport in the syncytiotrophoblast drops rapidly due to the increased transport to
the maternal side (most fatty acids diffuse out the maternal side as it is the route of least

resistance), reducing the gradients driving BM transport. According to our model scheme, the
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internal concentrations available for transport are then sustained at a constant lower level by
release fromthe metabolic pool and this concentration determines the transport across the BM.
The model assumesthe metabolic pool islocated within the syncytiotrophoblast because thisisin
direct contact with the maternal plasma. However,we cannot exclude a role for other placental cell
typesand a recent study has suggested a role forthe cytotrophoblastinlipid metabolism [149]. In
the current study, we obtainedaninitial estimation of the metabolicactivityin the placental tissue.
Importantly, future studies are needed to determine specifically which lipid pools the fatty acids
taken up by the placentaare incorporated into and the rate of beta-oxidation of these fatty acids.
This may be of clinical relevance as placental lipid metabolismis reported to be altered in diabetic
pregnancy [150, 151]. While the perfusedplacentais a highly useful model, it must be remembered
that there will be many differences in vivo including the concentrations of maternal and fetal
substrates and hormones which may both influence placental metabolism and transport.
Furthermore, in the perfusion model, the total availability of fatty acids to the placenta will have
been lowerthan in vivo as we only perfused with alimited number of fatty acids and there will not
be any release of fatty acids from lipoproteins. Lower fatty acid availability could potentially have
influenced the proportion of fatty acids entering the metabolic pool and the metabolic capacity of

this pool needs to be investigated further.

3.44 Differences between fatty acids

Thereis preferential transfer of specific LCPUFA across the placentareferred to as biomagnification
[152]. It has beenassumed that thisis due to preferential transport of LCPUFA, but it may be that
differential metabolism underlies this process. The estimated endogenous MVM and BM
membrane transport capacities and metabolicrate parametersin the model displayed considerable
variation betweenfatty acids. The accumulation rate parameters inthe model displayedthe highest
values for a-linolenic acid (C18:3n3) and eicosapentaenoic acid (C20:5n3), which in combination
withrelease could indicate atighter metabolic control of their syncytiotrophoblast concentrations
for these omega-3fatty acids. Thisisin accordance with results of a recent cohort study where the
portions of linoleic acid and a-linolenic acid as long-chain precursors were lower in fetal than in
maternal plasma [153] supporting our idea that the metabolic pool may buffer the transfer of
specific fatty acids to the fetal circulation. These estimated parameters clearly indicate biological
variation in the underlying processes but should not be over-interpreted as they incorporate a

range of factors not explicitly captured within the model.
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3.5 Conclusion

In summary, a combined computational-experimental approach was adopted highlighting the
importance of the metabolicpool inthe placental transfer of fatty acid. We propose that fatty acid
uptake isregulated by metabolism ratherthan microvillous membrane transport and that del ivery
of fatty acids to the fetusis determined by both metabolism and basal membrane transfer. The
modelling framework can be extended furtherin the future as new data becomes available to
describe in more detail the metabolic pathways and transport mechanisms involved, including
interactions and competitionbetween fatty acids, which were presentlynotincluded. In particular,
thisshould be informed by more detailed experimental analysis of metabolic sub-compartments in

placental tissue.
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Chapter 4: Modelling transfer of DHA in obese mothers

Main contributions:

1. Application of the previouslypresented model (Chapter 3) to a similar experiment, but now
focussed on comparing lean and obese mothers.

2. Model assessment of differences in kinetic parameters for 3C-DHA in obese subjects

3. Model evaluation of a series of different 1*C-DHA dosages in a lean subject to further
characterize the particulartransfer behaviour of DHA and to assess the ability of the model

to make predictions outside of the concentration range originally fitted.

The experiments conducted as part of this chapter were carried out by Dr Birgit Hirschmugl, Medical

University of Graz, Austria.

4.1 Introduction

Inthis chapter, the model presented in Chapter 3 was applied foracomparison studybetween lean
mothers and obese mothers for a particular fatty acid, docosahexaenoic acid (DHA).

Worldwide, the incidence of obesity in mothers is increasing at an alarming rate (one-third of
women in the USA), and the number of children with obesity is a particular concern [154]. Obese
mothers are defined as BMI > 30 kg/m2. Although it has been established that there is a
correspondence between high BMI and fetal overgrowth [155, 156], there is still debate about the
underlying causesfor that correlation [157]. What is established though, is that maternal obesity
can also affect the infant’s health by increasing fetal adiposity [62], inducing early onset of
metabolicdisorders such astype 2 diabetes [158], and increasing the risk of birth defects [159]. In
particular, the transfer of docosahexaenoicacid (DHA) may be altered in obese mothers [160], with
likely consequences foracorrect fetal development [6]. Therefore this chapter will focus primarily

on modelling the transfer of DHA to evaluate any differences between leanand obese populations.

4.2 Methods

Placentas were obtained from women between 18 and 29 years old, with uncomplicated
pregnancies after overnight fasting and elective caesarean sections. The study population was
divided into two groups. Placentas from women, with a body mass index (BMI) before pregnancy
below 25 kg/m? were included in the lean group (N = 8) whereas, placentas from women, with a
BMI above 30 kg/m?were included the obese group (N =7). All women provided written informed

consentand the study was approved by the ethics committee of the Medical University of Graz (EK
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Chapter 4 DHA transfer and obesity

No.24-529 ex 11/12). Data were extracted from the dual ex vivo perfusion in a similar experimental
setup reportedin Chapter 3.3.1. Measurementswere carried out as described in Chapter3.3. The
difference with the previous protocol was that the maternal vein concentration was collected only
att =90 min. An additional experimentwas carried outin asingle lean subject, where *C-DHA was
addedtwotimes, first ata physiological concentration of 0.3 umol/l att =0, and then an additional
dose of 1.5 umol/I (5 fold higher) att = 120 min, to test the ability of the model kinetics to predict
the response for different dosages of DHA outside of the range that was originally fitted. All data

reported mean + SEM.

4.2.1 Mathematical modelling

The model described in Chapter 3.3 was applied to this experiment and fitted to the dataset
described in the previous paragraph using the same methodology as described previously. Model
parameters (those not to be estimated from the data) for obese were summarised in Table A.1
(Appendix A). Analysis of statistical differences in the parameters was carried out as described in
Chapter 3.3.8. For the experiment in which *C-DHA was added twice at different concentrations
the same modelswere set upin series but with differentinitial conditions according to the different
dosages. In this case, the model was only fitted to the data for the lowerdose duringthe first 120
min of the experiment, and the same set of kinetic parameters was then used to predict the

response to the second higher dose from 120 min onwards.

4.3 Results

Data analysis revealed that the uptake of fatty acid did not differ significantly between thelean and
obese groups, with values of respectively 29+ 9% and 29 + 11% of the initial amount given (Fig.
4.1A). Similarly, no statistical difference wasfoundin the overall combined delivery of all labelled
fatty acids to the fetal circulation, which was respectively 7.7 £ 3.2% of the total taken up by the
placenta for the lean group and 11.3 + 4.0% for the obese group (Fig. 4.1B). Looking more closely
at the different species of fatty acids, delivery of DHA appeared to be higherin the obese group,
however, thiswas not statistically significant. Overall no statistical differences werefoundin uptake
and delivery between thelean and obese groups and between different fatty acids wi thin the same

group.

58



* -Lean
Il Obese

40

35

30

25

% of '*C-FA taken up

20

15

10

180.pA Bc-oa P 3¢-DHA

-Lean

w

% of taken up 13C-FA and
delivered to the fetal circulation

13c_pa ¥c0A Bea ®C-DHA

Figure 4.1. Mass balance results of the uptake and delivery of 3C-FA from the lean and obese
study.
(A) Labelled fatty acid taken up by the placenta from the maternal circulation as a percentage of
the amountinitially presentin the reservoir. (B) Labelled fatty acid delivered to the fetal circulation
as a percentage of the amount taken up by the placenta. 3C-PA: labelled palmitic acid; *3C-OA:
labelled oleic acid; 3C-LA: labelled linoleic acid; 3C-DHA: labelled docosahexaenoic acid. No
statistical differences were found between the lean and obese group. Data is expressed as mean *

SEM.
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Chapter 4 DHA transfer and obesity

4.3.1 Parameters of the model for **C-DHA

The model concentrations were able to effectively match the experimental data (Fig. 4.2). The
kineticmodel parameters estimated for :3C-DHA are presentedin Fig. 4.3. Within each group, the
Vi Was significantly higherthan the vgy, by around 3 orders of magnitude. Comparing the control
and obese group there was a trend for a difference in the metabolism parameter k.., but this was
not significant (p =0.08). The estimated parameter k,,for metabolicrelease of 13C-DHA during the
experiment was zero in both cases.

Fig. 4.4 displaysthe results for the additional test experimentin which the perfusion was continued
with a second higher dose at t = 120 min. This demonstrated that the model could predict
reasonably well perfusion experiments for different 23*C-DHA input conditions based on the kinetics
estimated previously. Note that due to the experimental variationin this particular case the initial
concentrations values used forthe model were based on the initial doseadministered, rather than

the first concentrations measured.

0.45 O MA data
© MV data
= 0.4 O FV data
= =
2 0.35 MA model
o -MV model
& 03 —S model
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£ o5 FV model
1]
[&]
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g 02
-
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0 20 40 60 80 100 120

perfusion time (min)

Figure 4.2. Example of the model fitting the perfusion data for the *3C-DHA of one obese subject.
Circles represent the experimental data, solid lines the model best fits. Blue represented the
maternalartery (MA); green the maternalvein (MV); black the syncytiotrophoblast compartment
(S), red the fetal vein (FV). Note that maternal vein concentrations were measured only at t = 90

min, whilst no experimental data was available for the syncytiotrophoblast concentrations.
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Figure 4.3. Model parameters for 3C-DHA. Lean vs. Obese.
Estimated model parameters for *C-DHA. Black bars indicate the control group; gray barsthe obese
group. V. was the maximum uptake flux parameter for the MVM (umol/min); Vg, was the
maximum flux parameter for the BM (nmol/min); k,.. wasthe metabolic accumulation rate constant
(1/min). The rate constant k,.; for metabolic release of labelled fatty acid from the placental tissue
was equalto zero and notreported in the graph. All bars are shown as mean + SEM. There were no
statistically significant differences between control and obese groups but there was a trend for a

difference in k.. (p = 0.08).
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Figure 4.4. Modelresults and prediction when two doses of 3C-DHA were given at different times.
Model best fit result when 0.3 umol/l of 1*C-DHA was added at time zero, followed by the prediction
when 1.5 umol/l of *C-DHA was given at t = 120 min. The total perfusion time was 210 min. Circles
represent the experimental data, solid lines for the model concentrations and predictions. Blue
represented the maternal artery (MA); green the maternal vein (MV, t = 90 min only); black the
syncytiotrophoblast compartment (S, no experimental data available); red the fetal vein (FV). The
model parameters were estimated solely based on the data from the first phase of the perfusion
experiment (0-120 min) and then applied to predict the second phase of the experiment (120-210
min). Note that initial concentrations values used for the model were based on the initial dose

administered.
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4.4 Discussion and future work

In this chapter, the application of the model from Chapter 3 was carried out for compari son of two
groups, lean mothers and obese mothers. The methodology, experimental data and results were
similar to those discussed in Chapter 3. No statistical differences were found both in the
experimental dataandin the estimated model parameters betwee nthe two groups for each fatty
acid. However, previous studieshave indicated that maternal obesity may influence pregnancy lipid
transfer mechanisms [157], and other obesity-related factors, such as a larger fetus or higher
circulation flow rates need to be accounted for. Among the fatty acids studied, docosahexaenoic
acid DHA (an essential fatty acid) is thought to play a crucial role in normal fetal growth [6].
Modelling the transfer of DHA in this study showed a trend towards higher placental metabolism
forlean subjects compared to obese, however, this did not achieve statistical significance (p=0.08).
That metabolism playsakey role in controllingthe transfer of fatty acids to the fetusinthe placenta
was found in the previous Chapter 3. Therefore, investigation of the DHA metabolic pathways
should be the first priority to shed light on the DHA transfer mechanisms. Furthermore, to improve
the assessment of DHA kinetics and as an initial study to test the predictive capabilities of the
model, DHA wasinjected in serieswith different dosages (Fig. 4.4). The modelwas used to estimate
the kinetic parameter based on the first phase of the experiment from 0 to 120 min and those
parameters were then used to predict the behaviour during the second phase of the experiment
from 120 to 210 min afterthe second dose had been administered. This demonstrated that, based
on this initial set of parameters, the model could also reasonably well predict the behaviour for a
much higher input dose (note that the nominal input concentration at t = 120 used in the model
appeared to be higher than the actual measurements, offsetting the whole curve). From this the
following observations can be made: (1) results provide initial support forthe predictive power of
the model; (2) Increasing the maternal DHA translates in increasing fetallevels of DHA; (3) no effects
of saturation for the DHA transfer kinetics were observed.

In addition to placental transfer, future work should focus on other obesity-related factors such as
specific flow rates and fetal metabolism influencing the fatty acid transfer in pregnancy in vivo.
Furthermore, the additional DHA experiment should be expanded to te st the model further using

higher dosages and over longer time scales.
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Chapter 5: Modelling fatty acid transfer in vivo

Main contributions:

Adaptation of the fatty acid model presented in Chapter 3 to an in vivo experiment
Application of the model to test which classes of lipid are taken up by the placenta

Modelling assessment of differences in kinetics between fatty acids types

ol

Model prediction of the total netamount of fattyacid reaching the fetusfrom the maternal

blood during the experiment.

The experiments conducted as part of this chapter were carried out by Dr. Antonio G. Gazquez,
University of Murcia, Spain. The experiments were designed by a group led by Professor Elvira

Larque as part of the Early Nutrition Project FP7-289346-EarlyNutrition.

5.1 Introduction

Inthis chapter, the model presented in Chapter 3was modified to representan in vivo experiment.
Orally absorbed fatty acids are taken up by the intestinal epithelium and synthesised into
triglyceride (TG) before being released into the circulation as triglyceride within membrane bound
lipoproteins (chylomicrons). These will deliver fatty acids to peripheral maternal tissues (adipose,
muscle) and to the liver. The appearance of labelled free fatty acid, phospholipid (PL) and
cholesteryl ester (CE) inthe circulation represents the release of free fatty acids from these tissues
and the release of lipoproteins containing the esterified forms (TG, PL, CE). The placentais able to
take up free fatty acids (NEFA) from maternal plasma and expresses enzymes that can release the
fatty acids within plasma triglycerides. The fatty acids within maternal plasma phospholipids and
cholesteryl esters are less readily available to the placenta [157].

Overall, the behaviour of fatty acidsinthe body is very complexand our current knowledge of lipid
kinetics from ingestion to incorporationinto the fetusis limited. Since this thesis focusses on the
placenta, we will not consider modelling of the pregnant mother’s body (see for whole-body
modelling examples [161, 162]). Instead, the modelling approach will consider the maternal plasma
lipid profile as input and the plasma umbilical cord values as the output of the placental system.
Using the model will allow to predict the total amount of fatty acids transferred to the fetus during

the experiment, which cannot be measured experimentally.
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Chapter 5 Placental fatty acid transfer in vivo

5.2 Methods

An eligible group of 10 pregnant women was chosen with BMI < 25 kg/m? (lean), age between 18
and 35 years, non-smoking. An additional group of 10 obese women BMI > 25 kg/m? were also
considered forcomparison withthe lean group, however, due to the similarity of the results, these
will be presented as an appendix (Appendix A — In vivo fatty acid modelling transfer in obese
mothers). All women provided written informedconsent and the study was approved by the ethics
committee of the University of Murcia, Spain. Five fatty acid isotopic tracers were administered
orally atdifferent times before birthby planned caesarean section, in theform of NEFA: 13C-OA (BC-
18:1, oleic acid tracer), 3C-LA (*3C-18:2 n-6, linoleic acid tracer) and '3C-DHA (*3C-22:6 n3,
docosahexaenoicacid tracer) at -12h, 3C-PA (}3C-16:0, palmiticacid tracer) at -8h and 3C-SA (3*C-
C18:0, stearic acid tracer) at -4h (Fig.5.1). All the tracers were administered orally to the mothers
at 0.5 mg/kgbody weight, except for *C-DHA, which was given at 0.1 mg/kg body weight. Tracers
concentrations were measured in maternal plasma collected at different times before birth (time -
8 h,-4h and at 0 h (delivery)) (Fig. 5.1). Measurements at birth (time zero) were collected also for
placental tissue, umbilical cord vein plasma and umbilical cord artery plasma. Each measurement

was used to determine the fractions of the different lipid classes, NEFA, TG, PL and CE.

13G-18:1, 13C-18:2 n-6, 13C-22:6 n-3 -12h
13G-16:0 -8h
13G-18:0 _4h
v v v v v
-12h -8h -4h -2h Oh (delivery)

Maternal Blood Sampling

Figure 5.1. In vivo tracer study intake protocol.
Tracers were administered orally to the mothers at different times before birth (delivery/time zero).
13C-0A (oleic acid tracer), *3C-LA (linoleic acid tracer) and **C-DHA (docosahexaenoic acid tracer) at
-12h, 13C-PA (palmitic acid tracer) at -8h and 3C-SA (stearic acid tracer) at -4h. Samples to determine
the maternal plasma lipid concentrations were collected at the times indicated by the vertical

dashed arrows.
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5.2.1 Computational modelling

Four physical spaces were identified (Fig.5.2). The first is the maternal plasma in which the lipid
concentrations were measured. From the maternal plasma, the uptake flux transfers anetamount
of lipids to the placenta compartment. The placenta compartment represented the whole organ
with no metabolic pools attached. From the placenta, thereis a net flux towards the fetal plasma
compartment representing the delivery to the fetus. The concentrations in the fetal plasma
compartment are considered to correspondto the fetal umbilicalartery plasmallipid concentrations
measured. From the fetal plasma compartment, a net flux was defined, representing the lipid
deposition rate into the fetal tissue as the final destination of the lipids.

The model input was considered to consist of the measured maternal plasma concentrations,
effectively prescribing the concentrationsin the maternal plasma compartment. Although the NEFA
are considered the only lipid class able to move across membranes, the system transforming the
TG, PLand CE to transportable NEFA atthe local level nearthe membraneis unclear. Therefore, we
tested two input hypotheses, which we will subsequently refer to as case 1 and case 2. In Case 1,
the uptake into the placentais a function of the sum of the maternal plasmalipid classes, NEFA +
TG +PL+CE. InCase 2, the uptake into the placentais afunction of the sum of just two lipid classes,
NEFA + TG. Case 2 considers the fatty acids NEFA and TG as the classes more readily available to
the placenta [157].

The fluxes between compartments were modelled using linear kinetics, i.e. the flux leaving the
compartment is proportional to the compartmental concentration. This is supported by the fact
that tracer concentration was much lowerthan those forendogenous fatty acids were [163]. Only
uni-directional fluxes were assumed to represent the in vivo net fluxes based on the overall

concentration gradients from mother to fetus.
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Maternal
plasma

Placenta

Figure 5.2. In vivo modelling schematic.
The four components shown represented (from left to right): the tracer concentration in the
maternalblood plasma; the tracer in the placentaltissue; the tracer concentration in the umbilical
artery blood plasma; and the concentration of tracer in the fetal tissue as the final destination of
the fatty acids. Compartments are connected by unidirectionalfluxes, representingthe net transfer
occurring from mother to the fetus. J ke is the placental uptake flux, Jgeiver, is the release flux of
fatty acid from the placenta to the umbilical cord, Jeeranissue is the flux of fatty acid taken up by the

fetal tissue (fetal metabolism flux).

Model equations for the concentrations C(umol/I) are:

ac
d_tp = %P(]uptake _]delivery ), (5.1)
ac
d_: = V_lF(]delivery _]fetaltissue)» (5.2)

The equations for the fluxes J (umol/min) were:

]uptake = kuptake Cwm (5.3)
]delivery = kdelivery Cp, (5.4)
]fetaltissue = kfetaltissue Cr. (5.5)

Cw (umol/1) was the maternal plasma input concentration; Crand Cr (umol/l) were the placental
and fetal plasma compartmental concentrations. Volumes followed the same subscript
nomenclature. k (I/min) were the flux rate constants for each compartment. Note that the
concentrationinthe fetal tissue itself is not modelled, as only the total output based on Jrtarissue is
of interest. The parametersto estimate werethus the values of kthatdetermine the lipid fluxes. It
was assumed that OA, PA and SA have similarkinetics [5, 39], therefore 13C-OA, 3C-PA and 13C-SA
were fitted together using a single set of kinetic parameters for the three tracers. Similarly, since
13C-LA and '3C-DHA are both very-long chain fatty acids, these were assumed to have the same
kineticsin the firstinstance [37]. The fitting procedure used forthe estimation of the k parameters

is defined by:
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ke =argminy, [Z?il;(cj.i = ¥ji) ] (5.6)
k L

The setof parameters to estimate was given by k = [ Kuptake, Kaeiivery, Kretatiissue] fOr each group of 13C-
fatty acids. Considering the measurement ¢;;for the j-th compartmentand the i-th time-point,and
;i as the model concentrations for the j-th compartment made at time /. Eq. 5.6 is similar to Eq.
3.16 inSection 3.3.5, but divided by cto give arelative measurement, thus equalising the weight of
each measurementinthe search of the minimum. This choice was due to the different magnitudes
between the tissueand fetal measurements, wherethe use of an absolute residual sum of squares
would only have weighted the tissue, neglecting the contribution of the fetal points.

Parametersvaluesusedinthe model and for data calculations are provided in Table 5.1. As a first
approach, we averaged the clinical parameters (N = 10, Table 5.2). For example, the placental
weight used in the model was the mean of the placental weights of the 10 subjects. Sample lipid
concentrations were also averaged for each time-point (N = 10) and the model was fitted to this

“average subject”.
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Chapter 5 Placental fatty acid transfer in vivo

Table 5.1. Parameter used for modelling in vivo.

N = 10 subjects. Values as mean + SD.

Parameter

Value

Maternal weight

NEFA oral intake

Maternal haematocrit
Uterine artery blood flow
Uterine artery plasmaflow
Placentaweight

Fetal weight

Fetal haematocrit
Umbilical vein blood flow
Umbilical vein plasmaflow
Fetal bloodvolume

Fetal plasmavolume

74.6 £ 6.3 kg

0.5 or 0.1 mg/kg body weight

0.331 +0.3
541 ml/min [161]
362 ml/min
0.61+0.12 kg
3.24+0.4Kg
0.48 £ 0.03
347 [164]
180 ml/min
0.341

0.18 1 [165]

Note that: maternal weight, fetal weight, placental weight, oral intake, maternal haematocit

and fetal haematocrit were collected clinically; uterine blood flow, umbilical blood flowand fetal

plasma volume were found in literature; uterine plasma blood flow, umbilical plasma blood flow

and fetal blood volume were inferred from relationships between clinicaland literature values.
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53 Results

Experimental measurements at birth are reported in Fig. 5.3. The maternal lipid profile was
characterized by large fractions of TGand PL, in differentamountsfor each fatty acid. The placental
tissue was characterized mainly by PL, while the fetal lipid profile in turn was again characterized
mainly by TG and PL.

The following presentation of the modelling resultsisdivided intotwo sections: Case 1 was the case
when maternal input Cy, was the sum of all the maternal plasmalipid classes (NEFA+PL + TG + CE),

while for Case 2 C,, was NEFA + TG.
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Figure 5.3. In vivo dataset at t =0 (at birth). Results presented as mean + SEM.
Each baris thesum of the NEFA (blue), TG (azure), PL(green), and CE (yellow) for each of the tracers.
OA = Oleic acid, LA = Linoleic acid, DHA = Docosahexaenoic acid, PA = Palmitic acid, SA = Stearic
acid.(A) Maternal plasma concentrations. (B) Placental tissue concentration. (C) Fetal plasma

concentration. CV was the cord vein; CA was the cord artery.
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5.3.1 Case 1: Placental uptake of maternal TG + NEFA + PL + CE

Fitting the 3C-OA, 3C-PA and '3C-SA data with a single set of parameters k resulted in an overall
satisfactory fit (Fig. 5.4A). In addition, looking closer, the modelled fetal concentrations showed an
overall good fit for most of the small fetal plasma values (Fig. 5.4B). In contrast, fitting the 3C-LA
and '3C-DHA data with a single set of parameters k did not produce a satisfactory fit (Fig. 5.5), in
particularfor the placental tissue concentrations of DHA. The values of the estimated parameters

were reported in Table 5.2.
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Figure 5.4. 12C-OA, 13C-PA and 13C-SA fit results for the case in which the input was the sum of all

lipid classes (TG + NEFA + PL + CE).

Model prediction (solid lines) vs. experimental data ( circles, asterisks, triangles) at time 0. Blue for

the maternal plasma, orange for the tissue content, purple for the cord vein plasma, yellow for

cord artery plasma. From left to right, results for *C-OA, 3C-PA and *3C-SA, respectively given at -

12h, -8h and -4h. All data reported as mean + SEM. (A) model predictions. (B) Close up of model

predictions for the fetal side.
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Figure 5.5.13C-LA and 3C-DHA fit results for the case in which input was the sum of all lipid classes
(TG + NEFA + PL + CE).

Model prediction (solid lines) vs. experimental data (circles, asterisks, triangles). Blue for the

maternal plasma, orange for the tissue content, purple for the cord vein plasma, yellow for cord

artery plasma. Left panelfor 33C-LA, right panelfor3C-DHA, both given at -12h. All data as mean *

SEM.
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Table 5.2. Model parameter fitting results for Case 1 (input as TG + NEFA + PL + CE).

Model parameters OA PA SA LA DHA
Kuptake (MI/min) 4.2 4.2 4.2 0.97 0.97
Kaetvery (MI/min) 7.5 7.5 7.5 0.95 0.95
Ketattissue (MI/min) 163 163 163 20.5 20.5
Predicted total fetal 4.96 pmol  2.28 umol  0.13 pmol ||0.61 pmol  0.08 pmol
tissue metabolism-

accumulation (output)

Experimental amounts* OA PA SA LA DHA
givento mother 132 pmol 145 pmol 131 umol 133 umol 23 umol
Total maternal delivery 473 umol 253 umol 25 pmol 684 pmol 81 umol
to the placenta(input)

in placental tissue at 0.45 umol  0.87 umol  0.38 umol | 0.74 umol 1.42 umol
birth

infetal plasmaat birth  0.0065 pumol 0.0112 pmol 0.0026 pumol

estimated placental 1.05%
transfer®

0.91%

0.53%

0.0135 umol 0.0021
pmol

0.089% 0.095%

*Calculated from dataand usingassumptions outlined in Table 5.1 (e.g. fetal plasmavolume).

* Output/Input: Predicted fetal tissue metabolism-accumulation as a fraction of total maternal

delivery tothe placenta.
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5.3.2 Case 2: Placental uptake of maternal TG+NEFA

Fittingthe 3C-OA, 3C-PA and 13C-SA data with one set of parameters k resulted in a satisfactory fit
(Fig. 5.6A). The close up of the fetal concentrations showed good fits for most of the small fetal
plasmavalues (Fig. 5.6B). Fittingthe *C-LA and 3C-DHA data with a single set of parameters k was
again not able to represent the experimental results satisfactorily (Fig. 5.7). Estimated parameter
valueswere reportedin Table5.3. Case 2 did not produce rele vant differencescompared with Case

1
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Figure 5.6.12C-0OA, 13C-PA and 13C-SA fit results for the case in which input was the sum of
TG+NEFA.

Model prediction (solid lines) vs. experimental data (circles, asterisks, triangles). Blue for the
maternalplasma (NEFA +PL), orange for the tissue content, purple forthe cord vein plasma, and
yellow for cord artery plasma. (tot) = PL + TG + NEFA + CE. From left to right, results for 3C-OA,
13C-PA and 13C-SA, respectively given at -12h, -8h and -4h. All data reported as mean + SEM. (A)
model predictions. (B) Close up of model predictions for the fetal side.
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Table 5.3. Model parameter fitting results for Case 2 (input as TG+NEFA).

Model parameters OA PA SA LA DHA

Kuptake (M1/min) 5.1 5.1 5.1n 3.1 3.1

Kaetvery (MI/min) 6.6 6.6 6.6 0.60 0.60

Ketattissue (MI/min) 149 149 149 14.2 14.2

Predictedtotal fetal 4,88 pmol 2.48 pmol 0.13 pmol 0.45 pmol 0.08 pmol

tissue

metabolism-

accumulation (output)

Experimental OA PA SA LA DHA

amounts*

givento mother 132 pmol 145 umol 131 pmol 133 pumol 23 umol

Total maternal 383 umol 231 pmol 21 umol 200 pmol 34 umol

delivery

to the placenta(input)

inplacental tissueat  0.45 umol 0.87 umol 0.38 pmol 0.74 umol 1.42 umol

birth

infetal plasmaat birth 0.0065 pmol 0.0112 umol 0.0026 pumol (0.0135 umol 0.0021 umol
estimated placental 1.3% 1.1% 0.6% 0.22% 0.25%

transfer®

*Calculated from dataand usingassumptions outlined in Table 5.1 (e.g. fetal plasmavolume).

*Output/Input: Predicted fetal tissue metabolism-accumulation as a fraction of total maternal

delivery tothe placenta.
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5.4 Discussion

A modelling approach forthe transfer of fatty acid from maternal plasmato fetal plasmabased on
in vivo measurements was presented. Such modelling provided flux estimates for the uptake,
delivery and fetal deposition duringthe 12 hours of the experiment. Each flux can be calculated by
multiplying the corresponding estimated parameter k with the concentration at given time points.
Although in Chapter 3 metabolism was shown to be very important for the uptake from the
maternal circulation, here it was not included in first instance and therefore the estimated fluxes
represent the minimum fluxes necessary to match the measured data. In reality, higherfluxes can
occur for the uptake from the maternal circulation if the loss due to placental metabolism is
included; however estimating thisis currently not possible due to the lack of direct measurements
of the maternal arterial-venous difference in vivo. In addition, preliminary tests including placental
oxidation (as linearkinetics)in the model did not produce significantly different results (results not
shown).

A mainresult of the modellingwas that when comparing the different lipidinput classes Case 1 and
Case 2 did not show a different fitquality (Fig. 5.4 vs. Fig. 5.6) and parametervalues (Table 5.2 vs.
Table 5.3), therefore we found that the system converting the plasma lipids into a transportable
formis fastenoughin both casesto match the fetal need. WhatisinterestingisthatforCase 2, i.e.
whentheinputisonly TG and NEFA, the total maternal delivery to placentais similar compared to
Case 1forOA, PAand SA (e.g. PA 253 umol vs 231 umol) butsignificantly decreasedfor LA and DHA
(e.g. LA 658 pmol vs. 200 pmol). Thus, itis possible that LA and DHA rely also on PL as source of
placental input, although actual uptake cannot be directly verified in vivo.

Data for OA, SA and PA could be fitted reasonably well with a single set of parameters. Using
information from different time points of fatty acid administration allowed to predict the overall
time course with more confidenceratherthan fitting each tracer alone based on asingle end point,
which would give a better individual fit but less certainty about the time course. In particular, a
coherent picture of fatty acid transfer emerged, with initial high rates of uptake following
administration leading to a peak, which then subsided as maternal input concentrations decreased
over time (Fig. 5.4).

While OA, PA and SA could be representedreasonably well by the same kinetics, LA and DHA could
not. In fact, DHA had on average a relatively high place ntal tissue concentration that could not be
fitted with the current model as it was inconsistent with the measured concentration gradient
between compartments. The fact that DHA may have a unique behaviour,in terms of transport and
metabolisminthe placental system has been proposed previously [6, 65, 166]. In addition, LA and
DHA were given atthe same time(-12 h) and therefore there was less confidencein the time course

prediction, potentially missing out the appearance of a peakinthe tissue afteradministration and
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therefore leading to under-prediction of the transfer. Thus, for OA, PA and SA the predicted fetal
tissue metabolism/accumulation and therefore the estimated placental transfer was considered
more reliable (notethatfor PAand SA the values of fetal tissue accumulationreportedin Table 5.2
and Table 5.3 were lower asthese fatty acids were administered at latertime points). In addition,
the model results can be related back to the initial dose administered. Forexample, around 4% of
the given oral dosage of OA can be predicted to be incorporatedinto the fetal tissue after 12 h of

in vivo experiment.

5.5 Future work

Future work must focus on fillingthe gaps in data in terms of tissue contentand umbilical plasma
concentrations in-between -12 h and 0. This would strengthen the OA, PA and SA prediction, and
may resolve the LA and DHA prediction. An example of such a dataset was provided although just
arudimentary one (See nextsection). Inaddition, LA and DHA should be studied separately due to
the particular importance and potentially distinct behaviour of DHA.

Application of the model for comparison between lean and obese mothers was also carried out
(Appendix A).It was found that the parameters forthe obesegroup werevery similarto those from
the lean group, which would indicate thatany changesintransferin obesity might be explained by
other obesity-related factors (e.g. clinical parameters such as a bigger placenta and higher flow
rates). It has to be noted thatonly averaged patient resultswere modelled and at this pointand no
statistical comparison between the lean and obese groups could be performed, as individual
patients in the obese group displayed considerable variation within some cases, where umbilical
artery concentrations were higherthanin the vein, implying uptake from the fetus. Therefore, this

warrants further investigation in the future.

5.5.1 Example of additional time course dataset

The previous experiment combined data from different fatty acids given at different time points,
assuming the same kinetics. Interestingly, an additional preliminary experiment had been
performed where the same fatty acid was administered to different patients either12 hor 4 h
before birth. In both cases, maternal plasma samples were collected at birth and at 3, 2and 1 h
before birth. Tissue and fetal plasma were collected also at birth. Data at birth were reported as
bar graphsin Fig. 5.9. Combining the data of these 12 h and 4 h experiments in a single timeline
allowed assembling a “more” complete set of time course information (Fig. 5.10).

Comparingthe measurements foradministration 4 h before birth with those foradministration 12
h before birth, it is clear that lipid compartmentalization is different: maternal plasma was

characterized by TG, placental tissue by PL and fetal cord plasma by TG and PL (Fig. 5.9).

81



When LA and DHA were fitted separately, but now with this new more detailed time course
information, a better fit was achieved than previously observed (Fig. 5.10), providing thus a
suggestion to improve the experimental design for modelling purposes. In addition, the different
maternal inputscenarios Case 1 (TG + NEFA + PL) and Case 2 (NEFA + TG) were also tested for this
application (note CEwas not measured forthe 4 h experiment). When using only maternal NEFA +
TG as input (case 2), there was an under-prediction of placental tissue values, possibly due to a
sharperdropin maternal concentrations overtime (results case 2 not shown). Again, this pointsto

the question whether for LA and DHA the phospholipids PL may take partin the uptake process.
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Figure 5.9. Lipid distributions in the maternal plasma, placental tissue and fetal plasma either 4 h
after administration (left column) or 12 h after administration (right column) in the experiment.
(A) Maternalplasma lipid distributions of tracers 4 h after administration. (B) Maternal plasma lipid
distributions of tracers 12 h afteradministration. (C) Placentaltissue lipid distributions of tracers 4
h afteradministration. (D) Placentaltissue lipid distributions of tracers 12 h after administration. (E)
Fetalplasma lipid distributions of tracers 4 h after administration. ( F) Fetal plasma lipid distributions
of tracers 12 h afteradministration. Note that measurements forthe 4 h experiment did not include

CE. All data presented as mean + SEM.
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plasma, orange forthe tissue content, purple forthe cordvein plasma, yellow for cord artery plasma.
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Chapter 6: Modelling phenylalanine transfer across the

isolated perfused human placenta

The followingjournal paperhasbeen published based on the work presented in this chapter:

Lofthouse EM, Perazzolo S, BrooksS, CrockerIP, GlazierJD, Johnstone ED, Panitchob N, Sibley CP,
Widdows KL, Sengers BG, Lewis RM, Phenylalanine transfer across the isolated perfused human
placenta: an experimental and modelling investigation. American Journal of Physiology-RICP,

V310-9 R828-R836, 2015.
My main contributions:

1. | adapted an existing generic amino acid transport model to be applicable to the
experimental design for this study, including relevant substrates and different flow rates.

2. I modelled placentaltransfer dataforthe amino acid phenylalanine and used the modelto
analyse the underlying physiological processes by comparing different potential transfer
mechanisms.

3. In light of these results | adapted the model to include metabolism and reran the

simulations, which revealed the influence of amino acid metabolism on transfer.

The experiments conducted as part of this chapter were carried out by Dr Emma Lofthouse, Faculty

of Medicine, University of Southampton, UK.

6.1 Introduction

Amino acid transferisakey placental functionrequired for fetal growth, which is reduced ingrowth-
restricted pregnancies [167]. To understand why placental amino acid transfer becomes restricted
in these pregnancies, we need to define the factors that may be limitingto this process. It is clear
that net placental amino acid flux to the fetus is dependent upon membrane transport proteins
localised to the microvillous (MVM) and basal plasma membranes (BM) of the syncytiotrophoblast
[168]. However, othervariables, such as blood flow or metabolism could be equally limiting to net
placental amino acid transfer [78].

Amino acid transfer across the placentais an active process that occurs against a concentration
gradient, anditis mediated by exchanger and facilitated transporters.In particular, exchangers are
expressed in both the MVM and BM, while facilitated transporters are only expressed in the BM
[169]. Also, paracellular diffusion could be present butis generallythought to be of lessimportance.

Placental amino acid transfer has not generally been considered to be flow-limited [168, 170].
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Nevertheless, previous modelling of the placental amino acid transfer has suggested that flow may
be an important determinant [107, 108], however those results lacked experimental validation.
Thus, inthe present study, weset outto investigatethe question of what are the main mechanisms
and factors influencing the transfer of amino acid across the placenta. Although experimental and

modelling approaches were carried out for this study, in this text we will focus on the latter.

6.2 Methods

Human placentas were collected from daytime term vaginal deliveries from uncomplicated
pregnancies at the Princess Anne Hospitalin Southampton,in accordance with the ethical approval
from the Southampton and Southwest Hampshire Regional Ethics Committee (REC approval
number 11/sc/0323). Placentas were perfused usingthe methodology established in the group of
Prof. Lewis at Southampton General Hospital, i.e. similaras described in Section 2.5 (to note

maternal openloop here), but using open loop perfusion for both maternal and fetal circulations.

6.2.1 Experimental methodology

Phenylalaninewas chosen as the candidate aminoacid as it is a substrate for both exchangers and
facilitated transporters [171]. It is also not catabolised (i.e. phenylalanine hydroxylase is not
expressed) within the humanplacenta [172]. The maternal circulationwas perfusedwith 2.7 nmol/I
14C-phenylalanine. Initial baseline maternal and fetal flow rates were 14 and 6 ml/min respectively
for 30 min. As outlinedin Fig. 6.1, maternal flow rate was then changed from 14 ml/min to 10
ml/min, back to 14 ml/min and then 18 ml/min, foran houreach. During each hour, fetal flowrates
were changedto 3, 6 and 9 ml/minfor 20 min each. In each 20 min block, sampling of the matemal
and fetal venous exudate was performed at 5, 10, 15 and 18 min, respectively. Finally, both
circulations were perfused with buffer that did not contain **C-phenylalanine for 15 min to wash
out the tissue. Followingthe perfusion protocol of 220 minin total, the cotyledon was analysed to
determine the amounts of intracellular amino acids in the tissue.

Experimental measurement of the placental uptake (mol/min) was calculated from the difference
in concentration (mol/l) between maternal arterial and maternal venous outflow, multiplied by
maternal flow rate (I/min). Placental transfer (mol/min) was calculated from fetal vein

concentrations (mol/l) multiplied by fetal flow rate (I/min).
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Figure 6.1. 2“C-phenylalanine experimental design of the flows.
Stepwise changes in maternal and fetal perfusion flow rates from the beginning of **C-phe tracer
infusion. Following an initial 20 min equilibration period, flow rates were varied every 20 min and
maternal and fetal venous outflow samples collected at 15 and 18 min to determine uptake and

transfer, respectively. Image modified from [110].

6.2.2 Computational modelling

A compartmental model was constructed to represent the intervillous space, syncytiotrophoblast
and fetal capillaries (Fig. 6.2A) and using relative volume fractions from the literature [107]. The
model implemented the labelled phenylalanine (**C-phe) as the amino acid of interest for the
transfer. Intracellular (endogenous)unlabelledamino acidswere groupedin two classes: those that
can be transported by facilitated and exchange transporters, and those that can be transported
only by exchanger transporters. In addition, simple diffusion was included (paracellular route).
Transport of amino acids across the placenta will be studied as (i) purely by simple paracellular
diffusion, (ii) transporter mediated and (iii) simple diffusion plus transporter mediated. For the
transporter mediated case simulationswere carried out with or without metabolism. An additional
modelling simulation was carried out for physiological maternal input concentrations for the case
of transporter mediated transfer, including metabolism. Modelling results will be compared to
experimental results. Flow rates were based on the experimental protocol outlined in Fig. 6.1.
Fluxes between compartments were modelled by assumingthat the relevant transporterscould be
grouped togetherin generic exchange and facilitated transporters as outlined in Fig. 6.2B. The

model was built and solved in MATLAB 2014b.
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Figure 6.2. Phenylalanine conceptual and modelling outlines.
(A) Compartmental modelling schematic with nomenclature used in the equations. (B) Conceptual
outline of phenylalanine transport acrossthe humanplacenta showingthe transporters in the MVM

and BM. Images taken from [110].

6.2.2.1 Compartmental modelling

A compartmental modelling approach was adopted based on previous work [107], but with the
inclusion of metabolism. Briefly, the placenta was represented as three separate volumes,
corresponding to the maternal intervillous space, syncytiotrophoblast, and fetal capillaries,
respectively.Allcompartments wereassumed well mixed. The transfer of amino acids betweenthe
compartments was modelled as fluxes mediated by the exchange transporters in the MVM and

facilitative and exchange transporters in the BM:

Intervillous space:

B = o = = T (6.1)
Syncytiotrophoblast:

%]S = ,,i ek = Jaok = It = Jimetan) (6.2)
Fetal capillaries:

= 5 U o LA L TR (63
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where [A]'is the concentration (mol/l) of “*C-phe in compartment j, and v; is the volume of
compartmenti (I).]j;j represents the net molecular flux (mol/min) of *C-phe from compartment
i to j mediated by transporter x. Here, i,j = [m, s, f], where m stands for the maternal, s for
syncytiotrophoblast,and fforfetal compartments. x =[ex, fa], denote the exchange and facilitative
transporters, respectively.]ﬁﬂowis the net molecular flux of **C-phe due to blood flow, with k =
[m, fl, being m and f the maternal and fetal circulation flows, respectively. J} o¢qp is the
consumption of *C-phe A by metabolic processes (for phenylalanine primarily protein synthesis)
and :;;}]: the flux due to simple diffusion (paracellular route). Note that simulations were carried

out either for transporters alone or for diffusive transfer alone by omitting the relevant terms in

the compartmental model equations.
6.2.2.2 Transport modelling

A carrier-based modelwas used to represent the transporters involved in the amino acid transport
across the placentaas mentionedin Section 2.6.4and depictedinFig.2.18. For further reading refer
to [169]. For the exchanger (ex) model, the netflux]ﬁf’” (mol/min)of **C-phe from compartment /

to compartment I/ is given by:

-1 _ [A"[R1Eh—[A1T[R] L

aex = Vex i Trorl +{motll) 2+ ot L TotlL (6.4)
and for the facilitated transporter (fa):

I>I _ (4l _ (4! )
Jafa =Vra (Kfa+[Tot]}a Kfq+[Tot]!] (6.5)

where [A]'is the concentration (mol/l) of 1*C-phe in compartmentiand [Tot]'is the total sum of all
substrates of either the exchanger or facilitative transporter in compartment i, while [R], is the
sum of all exchanger substrates, excluding **C-phe. Kis the dissociation constant (mol/I) for the
exchanger (K.,) or facilitated transporter (Kj,), and the maximum transport rate V., for the
exchanger is V,, (mol/min) or for the facilitated transporter V;, (mol/min).

Intracellularunlabelled amino acidsinthe model were represented by two genericamino acids to
differentiate between substrates that are transported by both exchange and facilitated
transporters, and substrates transported by exchange transporters only. Forthe first genericamino
acid, i.e. substrates transported by facilitated transporters and exchangers, an intracellular
concentration was applied of 3132 umol/l [173, 174], which is the sum of the intracellular
concentrations availablein the literatureforthe following amino acids: alanine, isoleucine, leucine,
methionine, unlabelled phenylalanine, tyrosine, tryptophan and valine. For the second generic

amino acid, i.e. those amino acids transported by exchangers, but not facilitated transporters, an
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intracellular concentration of 4491 umol/l was applied [173, 174], which is the sum of the
intracellular concentrations available in the literature for the following amino acids: asparagine,
cysteine, glutamine, glycine, histidine, serineand threonine. Previous dataindicate thatin perfused
human placentas, there were few significant decreases in intracellular amino acid concentrations
overthe course of an experiment [175]. As such, the intracellular concentrations of the two generic
classes of amino acids described here were kept constant within the model throughout the
simulations.

MVM and BM exchangers were assumed to be symmetricwith the same dissociation constantson
either side of the membrane in MVM and BM (K. = 200 pmol/l; Kz, = 1000 pumol/I) [176]. The
maximum transport rates V., were fitted by manually adjusting the parameters so that the model
matched the average of the experimental steadystate placental uptakeand transfervalues over all
flow conditions. In the first instance, the BM exchanger and facilitated transporter were assumed
to have the same V,,, to reduce the number of parameters required for the model.

The simulation using maternal physiological concentrations of unlabelled amino acids in the
maternal input was carried out, where amino acids were grouped by transport mechanisms (as
done intracellularly) with maternal inlet values found in literature [174]. For exchange and
facilitated substrates, this was 615 umol/l, and for the exchanger only substrates, this was 915

umol/I.

6.2.2.3 Transfer as result of flow

Blood flow inand out of the maternaland fetal compartmentsresultsina netflux]iﬂow (mol/min)

as follows:

jll;l,flow = Fi([A]én - [A]i) (6-6)

where [A], is the inlet concentration (mol/l) of *C-phe in compartment i and [A] is the

concentrationinthe compartment. F; is the constant flowrate in and out of compartment i (I/min).
6.2.2.4 Metabolicmodelling

Metabolism of amino acids was represented by linear kinetics assuming an unsaturated process

with rate constant Kerap-

jfl,metab = Kmetan[A]® (6.7)

where J3 etap IS the metabolic rate (mol/min), [A]* is concentration (mol/I) of **C-phe in the
syncytiotrophoblast, and k..., is the rate constant (I/min). This represents metabolic removal of

phenylalanine, and as there is no phenylalanine hydroxylase activity, this is likely to represent

90



primarily protein synthesisincorporation. k..., Was fitted by manually adjusting the parameter so
that the model matched the average of the experimental steady state placental uptake and transfer

values over all flow conditions.
6.2.2.5 Diffusion modelling

To determine if paracellular diffusion could explain the transfer of phenylalanine, the effective
diffusive permeability was fitted by manually adjusting this parameter so that the model matched
the experimentalaverage steadystate placental uptake. The following equationwas used to model

the flux due to simple diffusion:

],ﬁ;; = Vdif([A]m —[AV), (6.8)

where V5 is the effective diffusive permeability constant (I/min).
6.3 Results

6.3.1 Experimental data and results

The average cotyledon weight was 42.0 + 9.7 g (N = 5 placentas). Based on the steady state
measurementsoverthe course of the experiment, *C-phenylalanine uptake percotyledon was 4.6
1+ 0.7 nmol, 15% of which 0.7 £ 0.02 nmol was transferred to the fetal circulation, leaving 3.9 £ 0.01
nmol retained within the perfused cotyledon (N =5). The concentration of free *C-phenylalanine
in the tissue was 1.0 + 0.7 nmol/cotyledon and that incorporated into protein was 1.2 + 0.5
nmol/cotyledon. Total recovery of **C-phenylalanine was thus 2.2 + 0.8 nmol/cotyledon, which
equates to 56 % of the tracer retained in the tissue (N =5).

Experimental uptake of *C-phenylalanine increased withincreasing maternal flow (N=5 placentas,
p = 0.011) but was not related to fetal flow (Fig. 6.4A). There were no significant interactions
between maternal and fetal flow.

Net flux of 1*C-phenylalanine (mol/min) to the fetus was unaffected by varying fetal (p = 0.89) or
maternal (p = 0.94) flow rates, norwas there an interaction between maternal and fetal flows (p =
0.95, N =5, Fig.6.4A). As such, the increase in placental uptake withincreasing maternal flow did
not translate into an increased transfer to the fetal circulation. A more detailed overview of the

experimental results is reported in the published paper [110].
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6.3.2 Placental uptake of *C-phenylalanine, modelling results

An overview of the model predictions as a function of time input levels (Fig. 6.3A) is pre sented in
Fig.6.3B for the model based on exchange and facilitated transporters, including metabolism. The
overall modelling results reportedin Fig. 6.4B, C showed that transfervia membrane transporters
(MVM exchange, BM facilitated transport and exchange), resulted in the best match for the
experimental results for uptake from the maternal circulation.

More specifically, modelling results fitted the experimental data better with uptake by transporter
(R2=0.77, Fig. 6.4C) rather than simple diffusion (R2=0.02, Fig. 6.4B). For the former, the predicted
total uptake was 3.9 nmol, whichis of the same orderas the experimental value of 4.6 £ 0.7 nmol.
The modelleduptake trendsfortransporter mediated uptake (Fig. 6.4C) followed the experimental
findings, i.e. uptake increased when maternal flow was increased, but was relatively insensitive to
changesinfetal flow. Thisincontrast to the case of paracellular diffusion where a clear dependency
on fetal flow could be observed (Fig. 6.4C). A simulation was also conducted in the presence of
physiological maternal concentrations of amino acids. In this case, there was only a marginal effect
of flow on phenylalanine uptake (Fig. 6.4D).

Although for the transporter model the predicted uptake from the maternal circulation was
essentially identical if modelled with or without placental metabolism, metabolismwas included in
Fig.6.3, 6.4C and 6.4D because this will proveto be fundamental later to match the transferto fetal
circulation. The combined paracellular diffusion plus transporter model could only provide a good

match for uptake if diffusion was very low and therefore it was not pursued further.
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Figure 6.3. Placental **C-phe model predictions as a function of time for the transporter-based
model including metabolism.
(A) Maternal and fetal circulation flow inputs for the model corresponding to the experimental
protocolin Fig. 6.1. (B) Model predictions of the concentrations in the compartments, where blue
represents the maternalartery, green the maternalvein, black the syncytiotrophoblast and red the
fetal capillaries. Parameters were manually adjusted to match the experimental uptake and
delivery, V., = 3000 nmol/min on the MVM, V., = Vi, = 1000 nmol/min on the BM and Kpetar = 0.1

I/min. (C) Close-up of the lower intensity model concentrations of figure B
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Figure 6.4. Placental phenylalanine uptake data and modelling.
(A) Experimental uptake of 1*C-phenylalanine across the perfused placental lobule. Uptake of C-
phenylalanine from the maternal circulation was associated with maternal (p = 0.011) but not fetal
flow rates (p = 0.41). There were no significant interactions between maternal and fetal flow (p =
0.96). Data presented as mean + SEM, N = 5 placentas. (B) Predicted uptake of phenylalanine if
transfer is mediated by simple diffusion. Note, maternal uptake levels could not be matched and
there was no fit between predicted uptake and experimentaldata (R? = 0.02) (C) Predicted uptake
of phenylalanine if transfer is mediated by facilitated and exchange transporters. There was good
fit between predicted uptake and experiential data (R? =0.77) (D) Predicted uptake of phenylalanine
tracer at physiological maternal arterial amino acid levels if transfer is mediated by transporters
and assuming intracellular metabolism. In this case, because amino acid concentrations within the
perfusate are much higher, delivery is no longer rate limiting and maternalflow does not determine

uptake. Image taken from [110].



6.3.3 Placental transfer of *C-phenylalanine, modelling results

The computational model was used to predict placental transfer assuming simple diffusion (Fig.
6.5B) and transport (MVM exchange, BM facilitated and exchange), firstly in the absence of
metabolism (Fig. 6.5C), and secondly with metabolism assumed (Fig. 6.5D). The model assuming
syncytiotrophoblast metabolism (Fig. 6.3), provided the best overall qualitative representation of
the experimental data, as observed from Fig. 6.5D. Nonetheless, there was still a progressive
increase in phenylalaninetransferassociated with increasing maternalflowand the quantitative fit
was poor (R? = 0.14). This model estimated atotal placental transfer of 0.8 nmol, which was close
to the experimental value of 0.7 £ 0.02, and combined with the uptake amount, the amountleftin
the placental tissue was predicted to be 3.4 nmol, which again was close to the experimental value

of 3.9+ 0.01 nmol.
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Figure 6.5. Placental phenylalanine transfer showing experimental data and predicted transfer
under certain assumptions.

(A) Experimental transfer of *C-phenylalanine across the perfused placentallobule. The transfer
of phenylalanine to the fetal circulation was not related to maternal (p = 0.89) or fetal (p = 0.94)
flow rates and there were no interactions between maternal or fetal flow (p = 0.95). Data are
presented as mean = SEM, N =5 placentas. (B) Predicted transfer of phe if transferis mediated by
simple diffusion. In this case uptake and transfer are equal and fetal flow has the predominant
effect on transfer. (C) Predicted transfer of phenylalanine if transfer is mediated by transporters
and assuming no intracellular metabolism. Because uptake is greater than transfer, intracellular
phenylalanine concentrations rise over time driving a progressive increase in transfer across the
course of the experiment. This scenario does not reflect the experimental data. (D) Predicted
transfer of phenylalanine if transfer is mediated by transporters and assuming intracellular
metabolism. While transport with metabolism demonstrates the closest agreement to the
experimentaldata (R? = 0.14), none of the model outputs showed enough good fit, indicating that
other factors are required to fully account for the mechanisms underlying transfer of

phenylalanine. Image taken from [110].
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6.3.4 Sensitivity analysis for the transporter model, including metabolism

Parameter variation was undertaken in the transport model with metabolism included, in which
the effect of a 5-fold increase and decrease in model parameter on the uptake/transfer of
phenylalanine was considered. The sensitivity analysis for uptake indicated that V,,,, and K for the
exchangeronthe MVMare the major determinants of transfer (Fig. 6.6). The sensitivityanalysis for
transferindicated thatthe V,,,, of the facilitated transporter on the BM, followed by the V,,,, of the
exchanger on the MVM, are major determinants of transfer, when metabolic rate is applied as a
major limiting factor. Sensitivity analysis showed that uptake under experimental conditions was
dependentonthe ratio between Kand V., in the linearregime (Fig. 6.6A). As regards to the BM,
transferwas highly sensitive to rate of metabolismand V., of the facilitated transporter (Fig. 6.6B).
However, when sensitivity analysis was performed including physiological amino acid
concentrations, distinct differences were observed, particularly in regard to uptake where
metabolism, and to a lesserdegree facilitated transporter V..., now affected the model (Fig 6.6C,

Fig. 6.6D).
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Figure 6.6. Parameter variation of the amino acid model.
(A) Sensitivity analysis for placental uptake indicated that it was dependent on the ratio between K
and V... in the linear transport regime. (B) Sensitivity analysis for placental transfer indicated that
it was highly sensitive to metabolic rate and V .., of the BM facilitated transporter. Note that this
sensitivity analysis is based on the low uterine arterial phenylalanine concentration used in in the
experimental model. Parameter variation showing the predicted effect of a 5-fold increase and
decrease respectively in model parameter on uptake or transfer of phenylalanine using conditions
assumed for the physiological modelling. (C) Sensitivity analysis for placental uptake using
conditions assumed for the physiological modelling indicated that it was dependent on MVM
exchanger V., and metabolic rate. There is a marked difference between predicted sensitivities
underexperimentaland physiological conditions. ( D) Sensitivity analysis for placental transfer using
conditions assumed for the physiological modelling indicated that it was sensitive to metabolic rate

and V., of the MVM transporters and BM facilitated transporter. Image taken from [110].
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6.4 Discussion

This study demonstrates that factors additional to transporter activityand flow determine placental
transfer of phenylalaninetothe fetal circulation. A possible mechanism was proposedinthe form
of the inclusion of a metabolic pathway mediating the transfer. Including metabolism resulted in
the best predictions when compared to the experimental data.

Experimental results indicated that there were no significant interactions between maternal and
fetal flow. As such, the increase in placental uptake with increasing maternalflow didn ot translate
into an increased transfer to the fetal circulation. Model outcomes must mimic these results.
Two distinct mechanisms of placental transfer were explored using the model, in which the amino
acid was transferred across the placenta either by simple diffusion or by transporters (or by a
combination of the two mechanisms). Simple diffusion, which represents the paracellular route,
could only match experimental transferto the fetal circulation, butimportantly could not be made
to match the high level of uptake fromthe maternal circulation observed in the experiments. Even
when massively increasing the diffusivity parameter, effectively equalising the concentrationsin
the maternal and fetal compartments, this was not enough to match uptake, as this became limited
by the maternal and fetal flows. From this, it could be concluded that simple paracellular diffusion
is unlikely to be the sole physiological route for placental transfer.

On the other hand, for the model based on the transporters a satisfactory fit for the uptake was
achieved, and maternal flow dependency was achieved as observed in the experiment. However,
note that for the simulation under physiological conditions, no flow dependency of uptake was
found. In this case, because amino acid concentrations within the maternal input perfusate are
much higher than the labelled phenylalanine, transporters are saturated and maternal flow does
not further affect uptake.

Predicted uptake matched the experimental uptake with or without metabolism, however, transfer
could be matched only when metabolism was included. In fact, forthe model without metabolism,
the intracellular concentration accumulated, increasing linearly over time, which implied a
proportional increase in transfer (Fig. 6.5C), which was not observed in the experiment.

Within experimental variation the transfer observed in the experiment was surprisingly constant
(Fig. 6.5A), independent of flow. This could also imply that the transporters were saturated;
however thisis unlikelyas the tracer concentration is well belowthe K,,and in this range flux should
increase proportionally with concentration (even if transfer of the unlabelled substrate were
saturated).

While metabolismis likely to play akey role, nevertheless, the model could not fully reproduce the
constant rate of phenylalanine transfer observed experimentally (Fig. 6.5D). The reason for this is

thatin the model linear kinetics were assumed for metabolism and every time maternal uptake is
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increased this would directly lead to a higher equilibrium of intracellularamino acid concentration
(Fig. 6.3, syncytiotrophoblast), thus increasing the concentration gradients that drive amino add
transport across the BM. Only if intracellular phenylalanine concentration was fixed, could the
model provide agood representation of our experimental data. Therefore, for metabolismto fully
explain the data there would need to be tight regulation of metabolism in order to maintain a
constant free intracellular phenylalanine concentration at the BM interface. Previous work in the
guinea pig has suggested an important role for protein metabolism in amino acid transfer [177],
and phenylalanine catabolism or sequestration within intracellular organelles could regulate the
free amino acid pool available for transport.

While all the factors modelled are necessary for transfer, it isimportant to identify those that are
most likely to become rate limiting and thus have greatest clinical relevance. The modelsensitivity
analysisidentifies those factors that, assuming the modelis representative, havethe biggest impact
on phenylalanine transfer. It is important to note that the sensitivity analysis favoured different
factors under experimental (low phenylalanine concentrations) and physiological amino acid
concentrations. However, it appears that MVM exchanger activity, BM facilitated transporter
activity and incorporation of amino acids into protein were predicted to be the primary
determinants of placental transfer.

In conclusion, this experimental and modelling study suggests that transporter activity is a major
determinant of phenylalanine transfer across the perfused human placenta, but flow is not. In
addition, the modelling approach leads us to conclude that also otherfactors, such as metabolism
within the placenta, play a previously underappreciated role.

Future work should focus on modelling the placental amino acid metabolism in a more
sophisticated way, thus shedding light on specific metabolic sub-compartments and their

contributiontothe intercellular concentration, which may be instrumental in regulating transfer.
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Chapter 7: Modelling cortisol transfer across the human

placenta

Main contributions:

e First model of cortisol-cortisone transferin the placenta
e Comparison of modelling results with previously published experimental data

e Model evaluation to determine the most important mechanisms involved

7.1 Introduction

Natural glucocorticoids, such as the stress hormone cortisol in humans belong to the group of
steroid hormones that are secreted from the adrenal cortex in response to environmental or
physiological stress [178]. Prenatal exposure to corticoids retards the fetal growth leading to low
weight offspring that might lead to other health problems in future life [179]. In order to protect
the fetus from this exposure, the placenta possesses an enzyme (11B-HDS), which converts the
cortisol to cortisone, the inactiveform of the cortisol. Therefore, this enzyme represents effectively
a “barrier” mechanism preventing excessive quantities of cortisol reaching the fetal circulation
[180, 181].

Little isknown about the nature of the transmembrane transport of cortisol although thisiis likely
to be a key process in the tissue-specific regulation of cortisol action. Currently, no specific
transporteris known for cortisol; it is therefore still assumed that this hormone moves through
the plasma membrane by passive simple diffusion. Its hydrophobic nature may permit this;
however, there is new evidence of carrier mediated transport in the liver [182], where the
transport may be a combination of simple and facilitated diffusion. The effect of the albumin and
cortisol binding globulinon the placentaltransportis not clear [181]. Yet, some authors concluded
that albumin had virtually no effect on transfer of cortisol into human placental trophoblast [183].
In this work we will model the system mediating transfer of cortisol from the mothertothe fetus
and investigate the role of the placentaas a “barrier” preventing maternal cortisol overexposure

to the baby.

7.2 Methods

A compartmental model was built accounting for the experimental setup and the main physical
spaces of the placenta(Fig7.1). The experimental cortisol perfusion technique was presented by

Benediktsson et al [181]. It consists of an ex vivo perfusion system (see Section 2.5) with matemal
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and fetal open loops and with the continuous provision of cortisol over time from a reservoir.
Three different cortisol input concentrations (mimicking lower, normal and higher than
physiological cortisol levelsin maternal blood) were used during the time course experiment and

this was modelled using the step function for Cy,.: (nmol/l) and depicted in Fig 7.2.
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Figure 7.1. Model schematic of the transport of cortisol in placenta (Cortisol study).

The tracer is perfused in the maternal circulation (maternal artery) reaching the maternal part of
the placenta (M). The MVM and BM membrane plus the Syncytiotrophoblast represents the
placental barrier for transfer. In the Syncytiotrophoblast, the conversion of cortisol to cortisone

occurs; Frepresents the fetal capillaries. The cortisone transport is represented by dashed gray lines.
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Figure 7.2. Experimental infusion over time; modelling input function.
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The compartmental model had 3 compartments, the maternal intervillous space M, the
syncytiotrophoblast, and the fetal capillaries F (Fig. 7.1). The maternal compartment,
syncytiotrophoblast and fetal capillary volumes were derived from literature [107]. The set of
parameters was entirely chosen from existing literature except for V118=HDS(nmol/min), which

was estimated by manually matching the data from Benediktsson et al [181].

The model is defined mathematically by the following set of equations:

dc
d_:d = ﬁd( —knmvm Cu+ kpymCs — QuCy + Qu Cinput ), (7.1)
dc
d—ts = VLS(‘F knmymCu — knymCs — kpuCs+ kpuCr— kcCs), (7.2)
dc
d—: = é(— kgmCs+ kpuCr — QrCr), (7.3)

With the usual convention and nomenclature usedin thisthesis, Care the cortisol concentrations
in each compartment, Q,, = 10 ml/min, Qs= 6 ml/min, Vs= 6.6 ml and V= 3.3 ml. The transfer
across each membrane was assumed to occur only by simple diffusion, for simplicity in first instance
equal diffusive permeability was assumed Ky = kan = 2.0 pl/min [184].

In particular, the conversion of cortisol to cortisone is assumed to occur inside the
syncytiotrophoblast determined by a rate constant k. (pul/min). Enzymatic reaction converting
cortisol (active form) to cortisone (inactive form) ismediated by the 11R-HDS enzyme and therefore

modelled as Michaelis-Menten kinetics with K,118=#DS=50 nmol/I [180]:

113—HDS
Vimax

k= (7.4)

K.,lnlg_HDS+ Cs :

7.2.1 Cortisone model

In parallel, cortisone can be modelled using the same approach as for cortisol (Eq. 7.1-7.3), with the
exceptionthatthe maternal inputis zeroandthe source termis positive. Cortisone originates from
the conversion of cortisol following the rate determined by Eq. 7.4. Experimentally cortisone is
found both in maternal and fetal circulation, in particular in the maternal output at higher
concentrations than expected, therefore after conversion, a certain amount of cortisol is
transferred back to the maternal circulation (Benediktsson PhD Thesis, 1997 [181]), as indicated in
Fig.7.3. Based on the modelled concentrations of cortisol and itsinactive form cortisone, the total

steroid load could be predicted.
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7.3 Results

Results showed that the model rapidly reached steady state after changing the input levels, with
Y 118=HDS - 3000 nmol/min. (Fig 7.3A). The cortisone reaches the steady states with a small delay
due to the enzymaticconversion process (Fig. 7.3B). The amount of cortisol and cortisol predicted

with the current modelling assumptions was found to closely correspond to previously published

experimental results (Fig. 7.4).
A B
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Figure 7.3. Cortisol modelling prediction results.
(A) shows the cortisol concentrations in the simulation. (B) shows the cortisone concentrations; the
syncytiotrophoblast (black line) and the maternal concentration (green line) overlap but there is a

small difference with the sysncytiotrophoblast being slightly higher than the maternal

concentration.
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Figure 7.4 Results of cortisol transfer data (experiment vs. model).
Fetal steroid load (output) vs. the maternal infusion (input). The amounts are divided by the mean
value of the cotyledon (38 g) and the experimentaltime (130 min). The black squares represent the
cortisol (mean + SD) as part of the total steroid load measured. The empty bullets represent the
cortisone (mean + SD) as part of the total steroid measured. Above the empty bullets is given the
relative percentage of cortisone out of the total steroid load. (A) Experimental results published by
Benediktsson et al[181]. Image taken from [181]. (B) Modelling results reported in the same format

to allow comparison with those depicted in (A).
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7.4 Discussion

The model could simulate the cortisol and cortisone concentration to resemble the experimental
results obtained by Benediktsson et al. [181]. Compared to other parameters in the model, the
value of V;118=HDS= 3000 nmol/min suggests a large placental capacity of conversion which is not
saturated even when the maternal cortisol concentration increases, emphasizing thus the key role
of enzyme metabolism in the function of the placenta as a protective barrier. At current
concentrations, simple diffusion across the membranes and metabolism/conversion operatein the
linearregime, in particular for metabolism thisis due to its K1#~HDS= 50 nmol/I. Hence, in future
experiments we suggest to raise the cortisol concentrationuntil saturationoccurs. Saturation could
be due to transport, metabolism, or both. In order to distinguish effects of transport and
metabolism, we suggest including the use of specific inhibitors blocking the enzyme in the design
of future perfusion experiments.

Although the model confirmedand contributed to the understanding of the biological problem, the
current experimental data is limited. Additional time points are necessary to explore in detail the
dynamics of the cortisol-cortisone transfer and conversion system, as at the moment solely the final
experimental measurements wereavailable. In addition, the maternal exudate should be collected

and measured since this would provide a better estimate of uptake.
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Chapter 8: Modelling the effect of intervillous flow on
solute transfer based on 3D imaging of the human

placental microstructure

The followingjournal paper has been submitted based onthe work presented in this chapter:

1) S Perazzolo, RM Lewis, BG Sengers. Modelling the effect of intervillous flow on solute
transfer based on 3D imaging of the human placental microstructure. Submitted to Annals

of Biomedical Engineering, 2017.
The following conference paperhas been published based on the work presented in this chapter:

1) S Perazzolo, RM Lewis, BG Sengers. Modelling nutrient transfer based on 3D imaging of
the human placental microstructure. Engineering in Medicine and Biology Society (EMBC),

38th Annual International Conference of the IEEE, 2016.
Main contributions:

¢ Implementation of an imaging-based 3D modelling of placental microstructure

e Modelling of the maternal flow as well as the maternal transport of substances (novelty
with respect to previous 3D modelling)

e Simulating the maternal flow at lower or higher than physiological rates (novelty with
respect to previous 3D modelling)

e Modellingthe villous barrier as diffusive barrier and the fetal capillaries as perfect sinks

e Assessing the importance of maternal flow local conditions on the transfer

e Assessing that different villi have different uptake capacity

8.1 Introduction

The placental structure and function has been described in Chapter 2, and it has been shown to be
altered in babieswho grow poorly in the womb and in response to maternal disease and lifestyle
factors [62]. Understanding whetherthese changesin placental structure help orimpair placental
function, particularly in terms of gas and nutrient transfer, is an important question. In particular
gas, anaesthetics and other small diffusive solutes are thoughtto be highly dependent on the flow
and placental morphology [185]. Thus, with respect to previous compartmental modelling, the
placental structure is now included in the computational characterization of the modelling

approach (solving partial differential equations).
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Chapter 8 Placental 3D modelling, maternal flow and transfer

Improved imaging techniques are allowing detailed 3D imaging of the placental villi over wider
areas that now allow detailed mathematical modelling of these processes to predict how changes
in placental structure may affect placental function. A more extensive discussion on previous
modelling approaches was presented in Section 2.6.

The objective of this study is to evaluate the effects of maternal blood flow inthe intervillous space
onthe placental transfer of solutes, modelling bothmaternal flows as well as solute transport, using
3D image based models of the placental microstructure. With the term solute, we will referto any
small molecular species whose transport mechanism can be described by simple diffusion, e.g.
anaesthetics and other gases. With respectto previous approaches, the novelty of our approachiis
to include the solute transport in the maternal circulation. In addition, the hydraulic permeability
of the maternal circulation associated with the placental microstructure was estimated and the
placental uptake was calculated as a measure of transfer for a generic solute. In particular, the
effect on uptake was assessed of different maternal blood flow rates below and above the normal

physiological range.

8.2 Methods

8.2.1 3D reconstruction of the placental microstructure

Tissue was collected from healthy term placentas after deliverywith written informed consent and
ethical approval from the Southampton and Southwest Hampshire Local Ethics Committee
(11/5C/0529).

Samples were collected within 30 min of delivery and villous tissue was dissected and fixed in 4%
paraformaldehyde in PBS at 4°C overnight and then stored in PBS at 4°C. Villous fragments were
dissected from the fixed tissue and permeabilized in 1% triton X-100 for 2 h, washed in PBS, and
incubated overnight with 10 pg/ml Biotin-Datura Starmonium Lectin (DSL, Vector laboratories)
which binds specific carbohydrates on the syncytiotrophoblast; 10 ug/ml Rhodamin-Pisum Sativum
Agglutinin (PSA, Vector laboratories) which binds specific carbohydrates in the stromal tissue; 10
ug/ml FITC-Aleuria Aurantia Lectinto (AAL, Vectorlaboratories) which binds specific carbohydrates
on the fetal capillary endothelium. Samples were washed in PBS and incubated with Strptavidin-
680 (Licor) and 11 nmol/I DAPIfor 2 h then washed in PBS. Samples were cleared through a series
of 10%, 25%, 50% and 3 x 97% 2, 2'-thiodiethanol (TDE, Fisher Scientific, UK) in PBS for at least 30
minutes per step. Samples were stored in 97% TDE at 4°C until imaging.

The placental villous fragments were imaged with a Leica TCS SP5 laser scanning confocal

microscope. Foreach batch, a control sample run without lectin or primary antibody (butincluding
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DAPI and any secondary antibodies) was imaged and this sample was used to determine
background fluorescence levels for each channel.

Six confocal fluorescence microscopysamples of placental tissue were collected (N=6). Each sample
had dimension of 0.78 x 0.78 x 0.25 mm (heightx width x depth). From each sample, images were
collected at different depths with sampling space of 1.99 um (fora total of 125 imagesin the depth
direction). Each image had resolution of 1026 x 1026 pixel with sampling of 0.76 um between pixels
(Example in Fig.8.1A). One additional image sample was collected with resolution of 1.5x 1.5x 4.2
um (heightx width x depth) and dimensions of 1.55 x 1.55 x 0.41 mm (heightx width x depth, 1033
x 1033 x 100 pixels) to test the simulation for even larger sample volumes. Voxel resolution was
reduced to 5 um in all directions to reduce imaging analysis and computation. The impact of
reducingimage resolution on the used metrics in this Chapter (permeability and uptake) was camied
out (Appendix B). Images were filtered to reduce the background noise (normal Gaussian filter).
From the image stack, a 3D structure was segmented using ScanlIP (Simpleware Ltd, UK). Post-
reconstruction smoothing was employed to improve the volumetricimperfection, e.g. small holes
or sharp tipsin a domain. Volumetric meshing was carried out by ScanlP (Simpleware Ltd, UK)
exploiting its automatic procedure [186]. A mesh reduction was carried out to reduce the
computational burden (and letthe numerical solutionto converge) by the Simpleware’ s coarseness
factor of -50, which generated the most coarse mesh available [186]. Such coarseness factor
reduced the number of mesh elements of about 80%. The impact of reducing the mesh resolution
on the used metrics in this Chapter (permeability and uptake) was carried out (Appendix B). The
mesh was imported into COMSOL Multiphysics 5.2 (COMSOL Inc., USA) where the model was set
up for finite elementanalysis (FEA) (Example in Fig. 8.1B). The problem was solved in steady state
with the GMRES iterative solver optimised with the Incomplete LU preconditioner. Briefly, GMRES
providesthe numerical solution of a non-symmetric system of linear equations using the linear least
square problem at each iteration [187]. Incomplete LU is a matrix optimisation of sparse matrixes
that improves the iteration computation of GMRES [188].

Simulationswere carried out using the IRIDIS 4 Computing Cluster (University of Southampton, UK)
using a 16 core node (2.6 GHz) with 64 GB of memory.

Results were expressed as mean + SD (N = 6). The relationship between permeability and

geometrical properties or uptake was represented by Pearson’s correlation coefficient r.

8.2.2 Modelling assumptions

The reconstructed 3D solid consisted of three main domains: 1) The intervillous space, i.e., the
volume around the villi; 2) The villous barrier, as composed of the syncytiotrophoblast and the

stromal layer (DSL+PSA staining); 3) The fetal vessels, represented by the endothelium wrapping
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Chapter 8 Placental 3D modelling, maternal flow and transfer

the fetal capillaries (AALstaining). For simplicity, it was assumed that the endothelium was part of

the volume of the placental capillaries.

8.2.3 Intervillous space blood flow modelling

Fluid flow in the intervillous space was modelled to represent the maternal blood flow percolating
around the villi. The fluid was modelled as Newtonian and incompressible. The fluid flow regime

was modelled as Stokes flow (creeping flow) [87, 98] and described by:
0 =V[—pI + u(Vu+ (Vu)7)] (8.1)
V-u=0. (8.2)

u and p were respectively the velocity (m/s) and pressure (Pa). /was the identity tensor. u=3.2
mPa-s was the dynamic viscosity representative for blood [189]. The typical pressure gradient in
the placental cotyledon has been estimated as 36.2 Pa/cm [87, 97]. Thus, a pressure difference of
2.9 Pa(P;,— P,,:) was applied along one of the longest dimensions of the sample (L=0.76 mm) (Fig.
8.1B). On the remaining outersurfaces of the sample, a no-flux boundary condition was imposed.

No-slip boundary conditions were applied for the fluid at the villous boundary walls.

8.24 Permeability of the placental structure

The hydraulic permeability of the placental structures kK (m?) was estimated according to Darcy’s

law for porous media:

K=—a<, (8.3)
AP

where Q(m3/s) isthe volumetricrate and AP = P;,— P,,:(Pa). a = uL/A, with u the dynamicviscosity
of the fluid (Pa-s), L (m) the length of the sample over which the pressure drop takes place and A
(m?) the cross-sectional area. Q was calculated by integrating the normal fluid velocity over one

cross-sectional area.

8.2.5 Solute transport modelling

The solute transport in the intervillous space is governed by the advection-diffusion equation:
ac
rn + V(=DVC) + uVC = R. (8.4)

C (mmol/l) was the solute concentration and R (mmol |1 s) represented the solute reaction rate

that may occur during transport. D (m?/s) was the diffusivity of the solute. The diffusivities were
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considered constantandisotropic. The fluid velocity u was inferred from Eq. 8.1. For simplicity, we
chose just one solute and no solute reactions.

A solute input concentration C;,, was prescribed as a constant value at the same inlet face as the
inflow (Fig. 8.2A). The initial concentrations in the intervillous space C; and the villous barrier C,
required by COMSOL 5.2 were set to zero (Note however that the problem was solved in steady
state). The model did not include blood flow in the fetal vessels, instead, the effect of the solute
uptake by the fetal capillaries was simplified by constraining the solute concentration in the fetal
vesselstozero (perfect sink condition). Thus, fetal vessel concentration C;, was set and maintained
constant at zero. No solute metabolism was assumed to occur in each domain. Parameters for
oxygen were used in Eq. 8.4 as it is a small solute that moves across the plasma membranes and
the connective tissue by simple diffusion [185]. The parameters usedin Eq. 8.4 forthe transport of
the solute were taken as: C;, = 0.1 mmol/I [87], and diffusivity in the fluid D; =1.67 x 10° m?/s [87].
The model considered the villous barrier as a purely diffusive barrier with D,, =0.95 x 10° m?/s
[52].Transfer of solute across the villousbarrier, denoted as uptake g (mol/s), was calculated as the
surface integral of the normal solute flux perarea entering the villous barrier surface, based on the
internal villous concentration.

The pressure difference was varied over awide range around the physiological pressure from 1000
fold lower (0.0029 Pa) to 100 fold higher(290Pa) to study the uptake as a function of the resultant
fluid velocity.

An estimate of the total relative placental uptake fraction a,,; at the macroscale can be found by
takingthe average relative uptake (N =6) forthe microstructural samples simulated and repeating
this over the length of the flow path through the placenta. Relative uptake is defined here as the
uptake g (mol/s) divided by theinletface flux J;, (mol/s),i.e. representing the fraction of influx taken
up by the placental villi.

The cotyledon distance between inflow and outflowis around 1.3 cm [97] (Fig. 2.14), which equals
to aroundthe length of 16 samples. We can considerthe average samplewithits average uptake q
(mol/s) and its average inlet face flux J,,, (mol/s) repeated by 16 times in series to represent the

cotyledon uptake a;,; from the spiral artery (inlet) and the decidual vein (outlet). Thus:

Qpop =1 — ( —]iin)w. (8.6)

An additional test was carried out to evaluate the maximum transfer capacity of the placental
barrier alone, neglecting the intervillous space blood flow. The concentration was set constant to

C;, outside the villous barrier and it was kept as a perfect sink condition in the fetal capillaries.
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8.3 Results

The reconstructed volume of the villi occupied 28 + 10% of the overall sample volume. The outer
surface of the villi was 1.44 + 0.38 mm?, while the fetal capillary surface was 0.66 + 0.29 mm?
corresponding to a ratio of 2.18 between the outer villous surface and the fetal capillary surface
(Fig. 8.1B). A representative example of simulation results is shown in Fig. 8.2A. Qualitatively, the
flow velocity and the solute concentrations were higher in areas with less dense villi, thus
highlighting depleted regionsin proximity of denser villous structures (Fig. 8.2B). The magnitude of
the flux through the villous surface showed areas with higher flux capacity (Fig. 8.2C). Similarly,
when the magnitude of the flux entering the fetal capillaries was considered, it showed
correspondingareas of higher flux capacity (Fig. 8.2D). In combination, these results indicated that
those villi most protruding in the intervillous space displayed a higher flux capacity compared to
the bulk of the villous structure.

The sensitivity analysis (Appendix B) demonstrated that reducing the image resolution had no
significant impact on the permeability estimate, while it led to under-prediction of the uptake (-
15%) for 5 um voxel compared to full resolution, probably due to a loss of capillary detail. The
computational time was reduced by 90% for 5 um resolution. The mesh coarseness did not have a
significantimpact on the permeability estimate while reducing the number of elementsled to over-
prediction of the uptake (+18%) for the coarse mesh, which corresponded to an 80% reduction in

the number of elements and a 78% reduction in computational time.
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Figure 8.1. Examples of confocal imaging and 3D placental reconstruction
(A) Confocal image with tissue-specific labelling of the three villous structures. Blue for the
syncytiotrophoblast, red for the stroma and green for the fetal vessel endothelium. (B) Sample
showing the 3domains considered in this study: intervillous space, villous barrier and fetal capillaries
(all dimensions in mm). Pressure and concentration boundary conditions were prescribed for an
inflow/inlet face. The outflow/outlet surface is the opposite face of the rectangular sample. P ;,, Py,
are the applied pressure, with P;, > P,... C;, is the inlet concentration. J;,, J,.., are the solute fluxes.

Dy, Dy, are the diffusivities in the intervillous space and villous barrier, respectively.
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Figure 8.2. Example of 3D simulation results modelling flow and solute transport.
Shades of red represent higher values of units, shades of blue represent lower values of units. (A)
Maternalblood absolute velocity field in the intervillous space (m/s) on a plane in the longitudinal
direction and red streamlines depicting the main flow routes (flow direction indicated by black
arrows). (B) Corresponding concentration distribution on the same plane in the longitudinal
direction (mol/m?). Blue zones correspond to depleted regions. (C) Solute flux through the villous

barrier (mol/(m?s)). (D) Solute flux into the fetal capillaries (mol/(m?s)).
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8.3.1 Simulation of physiological conditions

The permeability and uptake values under physiological conditions (AP = 2.9 Pa) were reportedin
Table 8.1. The average hydraulic permeability of the samples was k = 1.62 + 1.35 x 10°m?2. The
average total uptake of the sampleswas g = 1.98 * 0.83 x 10*mol/s. Permeability and uptake
produced similar results when simulationswere repeated in differentdirections (i.e. alongthe other
sample dimension of 0.78 mm: k=1.33 £+1.10x 10°m?, g =1.91 £ 0.67 x 10**mol/s). Villous volume
fractions and villous barrier outer surface showedaninversely proportional trend with pe rmeability
(r = -0.68 and r = -0.69 respectively), reflecting the fact that less dense samples have lower
resistance to fluid flow. Surprisingly, uptake g was found to be independent from permeability (r=
0.01), despite the lower villous surface area available for uptake in the less dense samples. To
investigate this further, also the uptake efficiency of the tissue was evaluated by calculating the
uptake per unit of villous volume or surface area. Uptake per unit of villous volume displayed a
weak correlation (r=0.22) with permeability, while uptake per unit of villous outer surface and fetal
capillary surface displayed anincreasing trend with permeability (r=0.47and r=0.52, respectively).
The average relative uptake of the samples was 22+ 19 % (N =6), i.e. on average 22% of the solutes
enteringthe sample volume was taken up by the placental structure in the steady state. Thus, the
estimate for macroscale uptake from Eq. 8.7, was a;,; = 0.98, i.e. on average around 98% of the

solute entering the cotyledon is taken up by the placental villi.

Table 8.1. Physiological condition simulation results.

Stack  Villi volume, % Villibarrier  Capillaries Permeability k  Uptake g Relative

number of total volume  surface surface (1019 m?2) (105 mol/s) uptake
(mm?) (mm?) %

1 22 1.35 0.76 20.5 2.77 50

2 25 1.56 0.24 18.6 1.44 4

3 22 0.89 0.42 39.7 1.56 3

4 31 2.06 0.76 6.5 1.97 18

5 49 1.34 0.73 1.5 0.98 38

6 23 1.46 1.06 10.1 3.15 17
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8.3.2 Effect of maternal blood flow rate

Simulationschangingthe intervillous space pressuresgenerated proportional changes in velodities,
as would be expected for Stokes flow. Similarly, permeability did not change with pressure. For
pressures higher than physiological the simulations repeated with the full Navier-Stokes equation
did not change the results. Absolute uptake q increased with the pressure and was observed to
level off for very high pressures (Fig. 8.3A). On the contrary, relative uptake showed that the

percentage of solute input transferred to the fetus decreased for higher pressure (Fig. 8.3B).

8.3.3 Simulation without maternal blood flow

Simulating the villous barrier alone without modelling the maternal flow resulted in an averaged
villous uptake of 4.86 + 2.57 x 10*mol/s, which represents 2.45 times higher flux through the

villous barrier compared to the simulations including maternal flow.
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Figure 8.3. Uptake as a function of inlet pressure
(A) Absolute uptake of solute into the placental structure q (mol/s). (B) Relative uptake of solute into
the placentalstructure as the ratio of the uptake q and the inlet flux expressed as a percentage. The

vertical dashed line represented the value corresponding to the physiological pressure gradient in

the intervillous space. Mean +SD (N = 6).
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8.3.4 Simulation of larger structures
An example simulation result under physiological conditions fora 1.55 x 1.55 x 0.41 mm sample is
reportedin Fig. 8.4. Qualitatively the same results found for the smallervolume samples appear to
be repeated here, i.e. the protruding villi most exposed to the flow displayed higher flux capacities

and similar zones of relative solute depletion were found. Permeability and relative uptake were

also in the same range as for the smaller samples.

10° mol/(m3s)

6

Figure 8.4. Example simulation of a larger sample.
Sample with dimension 1.55 x 1.55 x 0.41 mm (height x width x depth). Maternalflow streamlines
are represented by red lines (direction given by black arrows). Solute flux per unit of area through
the villous barrier is mapped with colours corresponding to high (red) and low (blue) flux intensity,

respectively.
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8.4 Discussion

This study highlights the importance of the local maternal flow conditions in the placental
microstructure for solutetransferto the fetus.By adoptinga3Dimage based approach thisallowed
us to model boththe detailed flow environment as well as the transportand distribution of solute
in the intervillous space. Thisapproach complements previous studies that have assumed uniform
maternal concentrations. Testing with uniform maternal concentrations instead of modelling
intervillous flow resulted in around 2.5-fold higher uptake and would thus overestimate transfer
under physiological flow conditions. Thisis furtherillustrated by the fact that only at very high flow
rates simulations with or without flow converged to the same maximum uptake values since
intervillous concentrations become uniform (Fig. 8.3A).

Flow simulations under physiological conditions resulted in an average blood velocity of 0.1 cm/s
in the intervillous space, which is in accordance with previous estimates [90, 97]. Notably, the
distribution of solutes in the intervillous space revealed areas of lower concentrations at steady
state (Fig. 8.2B). This indicated that the villous bulk may hinder flow resulting in more stagnant
regions, whilethe extended villimay be more exposed and favour transfer. Indeed, by studying the
uptake capacity of the villous barrier, the extended terminal parts of the villi displayed a larger
uptake capacity (Fig. 8.2C), which would likely be due to a combination of the effects of reduced
villous barrier thickness and increased exposure of these villi to the flow. Previous studies have
investigated the role of barrier thickness and fetal capillary density [92, 93], but neglectedthe local
effects of maternal flow. Interestingly, the placental transfer was found to be relatively constant
for sampleswith widely varying permeability. The reason for this was that less dense microvillous
structures had a lower surface area available for uptake, but this was compensated by increased
flow due to their higher permeability. Indeed, less dense samples displayed increased efficiency
with higher uptake per unit of villous area. This indicates that local flow exposure and the
occurrence of depleted regions playanimportantrolein the overall efficiency of placental transfer.
Uptake increased with pressure difference and only levelled off at flow rates well above
physiological to aconstantlevel determined by the resistance of the villous barrier (Fig. 8.3A). Thus
the maternal flow rate was the main determinant oftransfer,in accordance with the literature [51].
Note that while for higher flowrates the absolute uptake increased, the overall efficiency of uptake
would be reduced, i.e. the relative uptake decreased (Fig. 8.3B) since the inflow of solutes was so
fast that only a smaller fraction could be absorbed by the villi.

Maternal blood flow was assumed to be in in the Stokes regime. The Reynolds number for the
samplesbased on a maximum sampledimensionof 0.76 mm s 0.26. Repeating withthe full Navier-
Stokes equations forthe higher flowrates did not change the results. Model parameterswere based

on oxygen due its small size and diffusive nature as well as its biological importance. However,
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haemoglobin binding kinetics were not considered, so results should be considered representative
for a generic small solute. Only diffusive transport through the villous barrier was modelled,
representing solutes with high membrane permeability. However, by incorporating membrane
transporter behaviour (e.g. facilitated diffusion), the model could be applied to a wide range of
solutes, such as amino acids and fatty acids [47, 169, 190].

The choice to proceed by first choosing the imaging resolution and then chose the coarseness of
the mesh was the only method that provided a convergence to the numerical solution. In fact,
without decreasing the imaging resolution down to a factor of 5, the imaging and segmentation
analysis wasimpracticable. Nonetheless, gettingalowerimaging resolution avillimay become less
representative (e.g. blocky) and that would affect the local flow. Thus, by varying the imaging
resolution and mesh coarsenesswithin the model simulation, they didnot change the permeability
(Appendix BFig.B1, Table B.1) and only had a reduction effect on uptake (Appendix B Fig.B2, Table
B.1). In addition, varying the flow direction did not change the results, overall confirming the
robustness of the overall image based modelling approach.

For large pressure differences, concentrationsin the intervillous space become uniform and it was
found this affected the accuracy of the calculated uptake flux when based on extemal
concentrations, therefore uptake was calculated based on the concentration gradient within the
villous barrier at all times.

Samples displayed considerablevariability (Table 8.1). Modelling larger re presentative volume sizes
would reduce the inter-sample variability and reduce the effect of boundary conditions, although
this is not expected to change the overall results (Fig. 8.4).

Importantly, fetal capillaries were treated as a perfect sink, i.e. kept at zero concentration, which
was a first practical assumptionthatallowed us to estimate the efficiency of the transfer interms
of the maximum possible fluxes across the placental barrier. However, in reality, this representsan
over-estimation of the transfer and could be solved by modelling specifically the fetal placental
blood flow [94-96]. Future work could also include the mechanical movement of the villi in the
intervillous space, which may adapt and change their positions with the flow rate intensity and
direction.

The model could be appliedto compare normal and altered pregnancies, which may have different
transfer efficiencies related both to changes in morphological structures and flow patterns. For
example, in preeclampsiaorintra uterine growth restriction (IUGR) the pressure in the intervillous
space was estimated to be 5 to 10-fold higher [91, 97], and diabetic placentas display distinct
differences in structure [191, 192].

In conclusion, modelling placental solutetransfer based on 3D imaging of the placental morphology

provides a quantitative and diagnostic platform to assess placental solute transfer, which will
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contribute significantly to our understanding of the impact of placental microstructure in health

and disease.
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Chapter 9: Discussion

In this thesis, a range of distinct butinterrelated modelling approaches has been proposed for the
transfer of biological relevant substances between the mother and the fetus across the placenta.
Modelling provided a powerful tool to enhance the understanding of the placental system, to
predict and interpret experimental results, and has the potential to provide a diagnostic platform
in the future.

With the exception of Chapter 8, all models developed as part of this thesis employed the
compartmental modelling approach. Compartmental modelling has an excellent trade-off between
complexityand predictive power and works wellforthose systems wherethe biological spaces can
be considered well-mixed [105]. In addition, compartmental modelling is able to provide a
prediction of those biological pools that are inaccessible, i.e. those compartmentsthat cannot be
directly measured experimentally. For instance, in the placental transfer of fatty acids, the
syncytiotrophoblast concentration over time is inferred from the modelling.

One of the main results obtained using compartmental analysis, as reported in this thesis and
published [109, 110, 190], was that placental metabolism was found to be a key determinant of
transfer. Thisrepresents anovel view of placental transfer since the study of placentaltransfer has
mostly focussed onthe membranetransporters [108] or blood flows [185]. By the term metabolism
inthisthesis, we meantthe set of processestaking place inthe placental tissue that do not directly
participate in the transfer. For example, fatty acids undergo irreversible (e.g. oxidation) and
reversible pathways (e.g. esterification); amino acids form protein; cortisol is inactivated by
conversioninto cortisone. Fromthese findings, it can be concluded that placental metabolism may
play an important role in buffering the release of nutrients to the fetal circulation (Fig. 9.1). In
accordance with this, in the mass balance calculations, animportant fraction of the labelled input
intothe system was found either missing or presentin the tissue at the end of the experiment. In
addition, fetal concentrations werefoundto be low and constant over time, even if maternal inputs
were much higher and presented abrupt changes.

Overall, compartmental modelling is an effective computational method to investigate biological
problems, however, the well-mixed assumption may not always be true and may need to be
revisiteddependingon the physiological questionunder consideration. For example, whenthe local
flow conditionsinthe intervillous space are thought to be important, the geometry of the placental
structure should be considered [185]. In particular, this could be the case for small solutes thatare
transferred by simple diffusionratherthan membranetransporters, e.g. gasessuch as anaesthetics.
To address this, we proposed a computational modelling approach based on 3D imaging of the

actual placental microstructures, focussing on the microvilli as the place of placental exchange
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between the maternal and fetal circulations. This consisted of generating a finite element mesh
based on the reconstructed geometry from 3D confocal microscopy imaging data, setting up the
flow and convection-diffusion problemsinvolved and performing the analysis. The novelty of this
approach was that we explicitly modelled the nutrient transportin the maternal circulationin the
intervillous space, whereas in previous studies the intervillous space was commonly assumed as
homogenous, with the outer villous surface set to a certain uniform reference concentration. It was
foundthat intervillous blood flow did not homogenously perfuse the intervillous space, leading to
local differencesin concentration. Thus, the efficiency of transfer was influenced by the interaction
between the intervillous blood flow and the placental microstructure. Although this approach
requires high efforts in terms of imaging and computational resources, it represents the state of
the art in modelling the placental transfer of nutrients, leading to improved understanding of the

placental structure-function relationships.
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Figure 9.1. Placental metabolism as a buffer for nutrient delivery to the fetal circulation.
Schematic of the potentialrole of the metabolicpoolin nutrient transfer. The metabolic pool could
function as a buffer modulating uptake to achieve a more favourable delivery to the fetusin terms
of release rates, overall quantities and types of compounds. On the MVM the undulating arrows
represent any sort of dynamic fluctuations in uptake from the maternal circulation, while the
straight arrows on the BM represent a more steady delivery to the fetus. Dashed lines represent

diffusive processes.
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9.1 Recommendations for future work and applications

The firstrecommendationforfuture workisto focus on the investigation of therole ofthe placental
metabolism.We would propose asub-compartmentalization of what we called the metabolic pool.
For example for fatty acids, the measurement of different labelled lipid classes in the placental
tissue, as carried out in Chapter5, should be included in every perfusion/in vivo study of fatty acid
transfer from mother to fetus. In this regards, additional placental tissue timepoints, as well as
measurement of thoseirreversible processes (e.g.CO, measurement for oxidation), would improve
the study. These latest recommendations applyas well foramino acids and cortisol. In fact, certain
metabolic pathways may be altered in specific clinical conditions and therefore influence the
pregnancy outcomes. For example, altered placental tissue phospholipids metabolism was found
in pregnancies of diabetic mothers [150]. Furthermore, oxidation was reduced in favour of
esterificationinto triglycerides in pregnancies of mothers affected by gestational diabetes [151]. If
a metabolic pathway willbe recognizedas a major control pointin pregnancy fora certain nutrient
(e.g. fatty acid), modelling represents a tool to evaluate the impact of the condition and inform
diagnosis and treatment.

The second recommendation forfuture work would be to extend the model in vivo as introduced
in Chapter5. Dependingonthe availabledata, the current placental models could be incorporated
into whole body physiological-based pharmacokinetics (PBPK) models. This would allow the study
of in vivo nutrient transferfrom administration to specificorgan uptake, and therefore this type of
modellingis commonly used for preclinical tests of drug kinetics [193]. Thisis particularlyimportant
as due to ethical considerations pregnant populations are scarcely included in such studies [162,
194] and currently detailed modelling of the placentais missing. Including the models presented in
this thesis into PBPK models would thus represent an important step forward in resolving these
issues (Fig. 9.2).

A third recommendation is to improve the 3D modelling approach by extending the size and
number of placental samples to further capture biological variability. In addition, a range of
different solute transport mechanisms can be included (e.g. facilitated transport). Reducing the
computational effort will be importantthough and for this purpose, tissue staining, image analysis
and Finite Element Analysis should be further optimised.

The PBPK model has the potential to be implementable on PCor laptopinthe clinic. Clinicians can
measure clinical parameters, e.g. in vivo concentrations and ciculation flows, and then enter this
informationintothe model to potentially diagnose whetherthe efficiency of solute transferto the
fetus is normal or at risk of being abnormal.

Overall, the present modelling approacheshave been designed to be as open as possibleto include

other substances such as drugs, pathogen or pollutants. The 3D microstructural models also have
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the clear potential to be incorporated into multi-scale models to represent transfer for the placenta
as awhole. Additionally, lowerscale mechanisms can be implemented into these models, such as
for example specific kinetics associated with different membrane transport mechanisms.

The visionary objective of this study was to create a range of models as an integrated part in the
realisation of a “virtual” placenta. Ultimately, this could even lead to the concept of an artificial
placentato supportdifficult pregnancies. Itis worth to reminding ourselves that not only the baby
but also the mother could suffer from pregnancy complications. Realising this vision will have to
have the full support of experimentalists and clinicians; because good model outcomes are the

results of good modelling and good data.
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Figure 9.2. Example schematic for incorporating the current placental model into whole body
pharmacokinetic (PBPK) models.
Schematic of a whole-body physiological model, adapted from commonly employed
pharmacokinetic models. The modelinput is either an intravenous injection (IVdose) or oral dosage.
The models discussed in this thesis can be included to extend the generic fetoplacental unit in the

schematic, for example with respect to the transfer of fatty acids. Image modified from [162].
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Appendix A  In vivo fatty acid modelling transferin obese mothers

Clinical and modelling methods are described in Section 5.2, and repeated for a group of 10 obese
mothers chosen with BMI > 25 kg/m?2. The clinical parameters are reported below (Table A. 1), as
well as the data at birth and modelling results (Table A. 2, Table A. 3) in comparison with the lean
group already presented in the main text of Chapter5. Clinical parameters such as placental weight
and flow rates were in general increasedfor obe se subjects. Fatty acid measurements were similar
to the lean group when considered at time zero (birth). Comparing the set of estimated model
parameters between the lean and obese “average subject” showed similar results. Following the
same lines as in the discussion of Chapter 5, the OA, SA and PA results could be estimated
adequately with asingle set of parameters, while LA and DHA raised similarissues. For OA, SA and
PA the obese group showed similar transfer predictionsas the lean group, while the lower predicted
transferfor LA and DHA inthe obese group would need to be confirmed. In addition, the different
maternal input scenarios were testedfor the obese mothers, whichhave been found to have higher
TG levelsintheirblood than normal weight mothers [195]. However, Case 1(input as NEFA + TG +
PL + CE) and Case 2 (input as NEFA + TG) produced similar results as found for lean subjects.
Statistical assessment between the two groups must be done as part of future work, however, this
was presently not possible using the model since some subjects were heavily affected by
measurementerrors,forexample displaying areversedgradient between umbilical cord artery and
vein concentrations, implying uptake from the fetus.

We speculate that any differencesin transfer of OA, SAand PA from motherto fetus between lean
and obese mothers [196], this may reside in differences in clinical parameters (e.g. higher placenta
weight and flow rates) rather than the intrinsic membrane transfer behaviour as represented by
the rate constants kin the model. Hence, we suggest a wider population study for assessing such

factors.
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Table A. 1. Parameter used for modelling the lean and obese subjects in vivo.

N =10, Values as mean +SD

Parameter

Lean Value

Obese Value

Maternal weight
NEFA oral intake
Maternal haematocrit

Uterine artery blood

flow

Uterine artery plasma

flow
Placentaweight
Fetal weight
Fetal haematocrit

Umbilical vein blood

flow

Umbilical vein plasma

flow
Fetal blood volume

Fetal plasmavolume

74.6 £ 6.3 Kg

0.5 or 0.1 mg/kg body weight

0.331 £0.3

541 ml/min [161]

362 ml/min

0.61+0.12 kg
3.24+ 0.4 Kg
0.48 + 0.03

347 [164]

180 ml/min

0.341

0.18 | [165]

93.6 + 14 Kg

0.5 or 0.1 mg/kg body weight

0.345 +4.3

598 ml/min [161]

392 ml/min

0.75+0.1Kg
3.51+0.5Kg
0.45 + 0.03

376 [164]

208 ml/min

0.371L

0.21 [165]
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Table A. 2. Leanand Obese mothers: Comparison of estimated model parameter for OA, PA, SA.

Results for Case 1 (input as TG + NEFA + PL + CE).

Model parameters OA PA SA

Lean Obese ([Lean Obese (Lean Obese
Kuptake (M1/min) 4.2 5.1 4.2 5.1 4.2 5.1
Kaetvery (mM1/min) 7.5 9.2 7.5 9.2 7.5 9.2
Ketattissue (M1/min) 163 219 163 219 163 219

Predicted total fetal 4,96 5.49 228 2.06 0.13 0.13
tissue metabolism-

accumulation
(output, pumol)

Experimental OA PA SA
amounts*

Lean Obese ([Lean Obese (Lean Obese

givento mother 132 165 1451 182l 1311 164l
(nmol)

Total maternal 473 465 253 210 25 23|
delivery

to the placenta
(input, umol)

inplacental tissue at (.45 0.52 0.87 1.04 0.38  0.46
birth (umol)

infetal plasmaat 0.0065 0.0061 [0.0112 0.0126 [0.0026 0.0035
birth (umol)

estimatedplacental 1,05% 1.18% [0.91% 0.98% [0.53% 0.57%
transfer®

*Calculated from dataand using assumptions outlinedin Table A. 1 (e.g. fetal plasmavolume).

*Predicted fetal metabolism-accumulation as afraction of total maternal delivery to placenta
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Table A. 3. Lean and Obese mothers: Comparison of estimated model parameter for LA, DHA.

Results for Case 1 (input as TG + NEFA + PL + CE).

Model parameters LA DHA

Lean Obese | Lean Obese

Kuptake (MI/min) 0.97 |0.96 0.97 |0.96
Kaelvery (MI/min) 0.95 |0.81 0.95 |0.81
Kretattissue (MI/min) 20.5 20.6 20.5 20.6
Predicted total fetal tissue 0.61 0.49 0.08 0.06

metabolism/accumulation
(output, umol)

Experimental amounts* OA PA

Lean Obese | Lean Obese

givento mother (umol) 133l 167 23| 29
Total maternal delivery tothe placenta 133 1671 81 771
(input, pmol)

in placental tissue at birth (umol) 1.02 1.28 0.23 0.26l
infetal plasmaat birth (umol) 0.0133 0.0146 |0.0020 0.0015
estimated placental 0.089% 0.064% |0.095% 0.071%
transfer®

*Calculated from dataand using assumptions outlinedin Table A. 1 (e.g. fetal plasmavolume).

*Predicted fetal metabolism-accumulation as afraction of total maternal delivery to placenta
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Appendix B Impact of imaging and mesh resolutions on modelling of nutrient transfer based

on 3D imaging of the human placental microstructure

Assessments about the impact of imaging resolution and mesh coarseness were carried out taking
six small placentalsamples (0.2x 0.2 x 0.2 mm, length x width x height) randomly and following the
protocol for reconstruction stated in methods of Chapter 8. Sensitivity was tasted against

permeability and uptake, which are the metric for transfer described in Chapter 8.

Imaging data sensitivity analysis
The image resolution sensitivity had not significantimpact on the permeability estimate (Fig. B. 1),
while it underpredicts the uptake (-15% for 5um resolution) (Fig.B. 2). The computational time was

reduced of -90% for 5um resolution.
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Figure B. 1. 3D Imaging resolution vs. permeability.
Each placental sample permeability k (m?) was studied as a function of theimaging resolution from
which it was reconstructed. Moving from left to right the resolution decreased (0 = full resolution).
Each colourwas a placentalsample and each triangle was a sample test result (values interpolated
by dashed lines to show a trend). Black dashed vertical line was the imaging resolution chosen for

the study.
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Figure B. 2. 3D Imaging resolution vs. uptake.

Each placentalsample uptake g (mol/s) was studied as a function of the imaging resolution from

which it was reconstructed. Moving fromleft to right the resolution decreased (0= full resolu tion).

Each colour was a placental sample and each triangle was a sample test result (values interpolated

by dashed lines to show a trend). Black dashed vertical line was the imaging resolution chosen for

the study.

Mesh sensitivity analysis

Mesh coarseness sensitivity had not significantimpact on the permeability estimate while it over-

predicts the uptake (+18% for -50 parameter). The computational time was reduced of -78% for -

50 parameter (Table B. 1). Note that, without reduction of the imaging resolution, the simulation

did not converge. After establishing that a resolution decrease was necessary we studied the

coarseness impact.

Table B. 1. 3D imaging study in vivo results vs. mesh resolutions.

Mesh coarseness Number of Permeability Uptake Computational
(Simpleware Tetrahedral (m?) (mol/s) time
parameter) (min)

-50 (value chosen)| 107e3 5.52e-10 0.78e-15 55

-25 143e3 5.57e-10 0.70e-15 90

0 (not refined) 544e3 5.57e-10 0.65e-15 240
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